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RESUMEN

La plantas pueden desarrollar nuevos érganos post-embrionariamente. Esta capacidad
de desarrollo depende de la actividad de los meristemos apicales, los cuales son un
grupo de células indiferenciadas que establecen el nicho de células troncales. Este
nicho se divide para seguir manteniendo el meristemo y para proporcionar células que

se diferenciaran en los diferentes 6rganos.

El Meristemo Apical Aéreo (SAM) transita por diversas etapas durante el ciclo de vida de
una planta. En Arabidopsis thaliana, este meristemo da lugar al establecimiento de la
roseta, posteriormente se convierte en el meristemo de inflorescencia que produce hojas
caulinares y ramificaciones en sus flancos. Finalmente, forma los meristemos florales
que daran lugar a los érganos florales incluido el pistilo en donde después de la
fertilizacion se generaran las semillas con las cuales se mantendra y propagara la
especie. En contraste con el SAM, que es un meristemo indeterminado a los largo del
ciclo de vida de las angiospermas, los meristemos de hojas y de flor son meristemos
determinados cuyas células troncales se agotan una vez que se desarrollan los 6rganos

correspondientes.

La transicion del estado vegetativo al estado reproductivo esta fuertemente regulado y a
esta etapa del desarrollo la conocemos como la “floracion”. La floracién es fuertemente
influenciada por factores ambientales como el fotoperiodo y la temperatura aunque
también es regulada por factores intrinsecos de las plantas, como por ejemplo la edad y
la fisiologia. Para entender la base genética que sustenta la transicion a la floracion, se
ha identificado una intrincada red genética con base a diferentes mutantes afectadas en
el tiempo de floracion bajo diferentes condiciones de crecimiento. Siete vias
parcialmente independientes de regulacién han sido propuestas. Sin embargo, cada vez
es mas claro que estas vias estan interconectadas y resulta dificil encasillar a cada uno

de los actores moleculares identificados como especifico de cada una de ellas.



Mediante el empleo de mutantes y lineas de sobreexpresion para XAANTAL2 /
AGAMOUS-LIKE 14 (XAL2 / AGL14) cuyo gen codifica para un factor transcripcional
MADS-Box, se determind que, este gen es necesario y suficiente para inducir la
floracién principalmente en fotoperiodo de dia corto. Utilizando RT-PCR cuantitativo se
determiné que XALZ2 forma parte de una red de regulacién genética que activa a AP1,
ademas se demostré mediante hibridacion in situ que XAL2 /| AGL14 es un gen que se
expresa en los meristemos de inflorescencia y de flor. Por otra parte, la sobreexpresion
de XAL2, asi como AGL24 y SOCT1 alteran el mantenimiento y determinacién de los
meristemos florales produciendo flores con caracteristicas vegetativas en las cuales se
encontro que XALZ2 regula directamente a TFL1. Finalmente con base en los resultados
obtenidos en este trabajo y la evidencia reportada por otros grupos de investigacion fue
posible la modelacion del sistema de regulacién genético que establece los meristemos
vegetativos, de inflorescencia y el de flor asi como la modelacion del paisaje epigenético
que permiti6 mostrar el destino de las células asi como la transicion en estos

meristemos en las plantas silvestres y en las lineas de sobre-expresion de XAL2.



ABSTRACT

The ability of plants to develop new organs post-embryonically, depends on the activity
of apical meristems which are a group of undifferentiated cells that establish what is
known as stem cell niche along plants life. This cell niche, is continuously dividing to

maintain the meristem and provide cells which will differentiate into different organs.

The Shoot Apical Meristem (SAM) goes through various stages during the life cycle of a
plant. In Arabidopsis thaliana, this meristem favors the establishment of the rosette,
which later transits to the inflorescence meristem to produce cauline leaves and
branches in their flanks and later on it forms the floral meristems that will lead to the
floral organs. After ovules mature inside the carpels, double fertilization occur to form the

seeds that will maintain and propagate the species.

The SAM transitions are highly regulated. In this work we particularly focus in the
vegetative to reproductive transition or flowering and the maintenance of the flower
meristem. This stage is strongly influenced by environmental factors such as light
photoperiod and temperature and is also affected by the plant physiology and aging..
Seven independent pathways have been proposed based on several mutants that have
been identified under different growing conditions. However, it is clear that these
pathways are interconnected and that it is difficult to define each molecular actor as
specific to each pathway. Therefore, an intricate genetic network is regulating flowering

transition.

In this work, we demonstrate that XAANTAL2 | AGAMOUS LIKE 14 (XAL2 | AGL14) a
MADS-box transcription factor is necessary and sufficient to induce flowering, particularly
under short-day growing condition. By RT-gPCR it was demonstrated that XAL2 belongs
to the gene regulatory network that induce AP17. and by using in situ hibridization it was

shown that XALZ2 expression was detected in inflorescence and flowers meristems. On



the other hand, overexpression of XAL2, AGL24 and SOC1 are able to induce TFLT,
explaining at least partially the vegetative traits in these lines. Finally, with our results
and other evidence previously reported by other groups it was possible to propose a
gene regulatory network and epigenetic landscape models to understand normal and
altered cell fate and transitions of the vegetative, inflorescence and floral meristems in

Arabidopsis wild-type plants and the overexpression lines.



1. INTRODUCCION.

1.1. Desarrollo Vegetal.

Las plantas son organismos que crecen y se reproducen en el sitio de germinacion de la
semilla y su desarrollo es plastico, es decir, tienen que ajustarse constantemente a las
condiciones ambientales que experimentan debido a su condicion sésil (Ausin et al.,
2005). Por esta peculiaridad, las plantas son excelentes modelos que permiten estudiar

mecanismos de integracion de sefiales ambientales.

Una de las diferencias mas grandes entre animales y plantas, es que en los primeros
los patrones de desarrollo se determinan esencialmente antes del nacimiento y todos
los dérganode un individuo adulto se conforman durante el desarrollo embrionario
(Capron et al., 2009), con excepcién de algunos animales, como por ejemplo aquellos
que sufren metamorfosis. En contraste, las plantas pueden desarrollar nuevos 6rganos
después del desarrollo embrionario (Walbot y Evans, 2003). Esta capacidad de
desarrollo depende de las actividades de los meristemos apicales, los cuales son un
conjunto de células indiferenciadas (pluripotenciales) que se dividen para seguir
manteniendo el meristemo y para proporcionar células que posteriormente se
diferenciaran en los 6rganos (Kaufmann et al., 2010). De esta manera, las células
meristematicas generan dos células: una de ellas conservara la caracteristica de
mantenerse indiferenciada (como la célula madre) y la otra seguira proliferando hasta
qgue entra en un proceso de diferenciacion. Durante la diferenciacion, las células de un
linaje atraviesan por cambios, dando como resultado que la célula adquiera la
morfologia y las funciones de un tipo celular especifico y diferente al resto de tipos

celulares del organismo (Long y Barton, 1998).

1.2. Meristemos apicales en las plantas.

Durante la embriogénesis las plantas angiospermas generan dos tipos de meristemos:

el de la raiz (RAM por sus siglas en inglés Root Apical Meristem) y el aéreo (SAM,



Shoot Apical Meristem), los cuales originan diversos tipos celulares y érganos a través

del ciclo de vida de las plantas (Doerner, 2003; Figura 1).

El RAM produce las células que formaran todos los tejidos de la raiz, como la raiz
primaria, las raices laterales y los pelos. Este 6rgano tiene diversas funciones en la
planta ya que le sirve de sostén, la abastece de nutrientes y agua indispensables para
el crecimiento, etc. En general, el crecimiento y desarrollo de la raiz ocurre por debajo
de suelo (Petricka et al., 2012). En cambio, el meristemo aéreo es el responsable de la
arquitectura aérea de la planta, la cual esta a la vista. Este meristemo es el encargado
de producir hojas, ramas, tallos, flores, meristemos axilares etc. (Barton y Poething,
1993; Barton, 2010; Bowman y Eshed, 2000). Por lo tanto, la funciéon y comportamiento
celular de los meristemos es fundamental para el crecimiento y desarrollo de las
plantas, de tal manera que senales tanto intrinsecas como externas a lo largo del ciclo
de vida de las plantas modulan el desarrollo de los meristemos lo que repercute

indudablemente en la arquitectura general de la planta (Medford et al., 1992).



Figura 1. A partir de los meristemos apicales se desarrollan todos los érganos de las plantas a lo largo de
su ciclo de vida. Dos meristemos apicales se observan desde la embriogénesis. El color purpura
representa el conjunto de células (SAM) que daran origen a toda la arquitectura aérea de la planta,
mientras que el color azul representa el RAM que dara origen al sistema radicular. La flecha representa
el establecimiento de los meristemos desde la embriogénesis hasta la etapa adulta de la planta.

1.3. El meristemo apical aéreo.

El meristemo apical aéreo de las angiospermas consiste en un pequefio domo celular
compuesto de diferentes regiones o capas celulares. Para fines de este trabajo nos
centraremos en las transiciones del meristemo apical aéreo, el cual tiene un arreglo
celular que esta bien estudiado. Con base en analisis citologicos se han propuesto dos
principales formas de organizacion del meristemo apical aéreo (Carles y Fletcher, 2003),
la mas evidente es por capas, las cuales han sido nombradas como L1, L2 y L3 (Figura
2). La tunica esta formada por las capas L1 y L2. La capa L1 es la responsable de
generar la epidermis mientras que capa L2 genera células del mesofilo y células
germinales, por ultimo la capa L3 es la responsable de generar los tejidos mas internos,

como el tejido vascular. Las células que se encuentran en la capa L3 conforman lo que



se conoce como el corpus y las células que la conforman se dividen en todas las
direcciones, a diferencia de las células de las capas L1 y L2 que se dividen solamente
de manera anticlinal (Clark, 1997; Carles y Fletcher, 2003; Sablowski, 2007).

Sobrelapada a la organizacion anterior (capas L1, L2 y L3), existe otra por medio de
zonas. La zona central se encuentra en el centro del meristemo y resguarda al nicho de
células troncales que tienen baja actividad mitética y en la parte basal se encuentra el
centro organizador el cual da la identidad a las células troncales; a su alrededor se
encuentra la zona periférica con una alta proliferacion y a partir de la cual se originan los
meristemos laterales, debajo de la zona central se localiza la zona costillar la cual ha

sido poco estudiada (Figura 2; Sablowski, 2007).

Figura 2. Distribucidn de las capas celulares en el meristemo apical aéreo de A. thaliana. Las células mas
externas en contacto con el ambiente forman la capa L1, la capa celular adyacente es la capa L2.
Finalmente las células mas internas forman la capa L3 (cada una de las capas esta marcada en color
verde de diferente intensidad). Sobrelapada a la organizacién antes mencionada se encuentra: La zona
central marcada en color purpura, la zona periférica, marcada en verde mientras que la zona costillar lo
conforman el resto de las células. El centro organizador se muestra al centro compartiendo el dominio de
expresion de WUS delimitado en rojo. Tomado y modificado de Sablowski, 2007.

Para obtener un equilibrio en el tamaio del meristemo se requiere de genes que
promuevan la proliferacion y otros que lo delimiten. En el meristemo apical aéreo se ha

descrito un mecanismo que regula su organizacion a través de un asa de regulacion



entre los genes CLAVATA3 y WUSCHEL (WUS). WUS codifica para una proteina
homeodominio que se expresa en el Centro Organizador (CO) de la zona central del
meristemo apical aéreo (Laux et al., 1996) y le da la identidad a la células troncales.
CLAVATA 1, CLAVATA 2 (CLV1, CLV2), CORYNE (CRN) CLAVATA 3y (CLV3) son
requeridos para limitar el tamano del meristemo apical aéreo, al reprimir la expresion de
WUS via una cadena de transduccidon de senales por fosforilacion (Clark et al., 1993;
Clark et al., 1996; Laux et al., 1996; Clark et al., 1997).

Las mutantes para los genes CLV presentan fenotipos de meristemos aéreos
agrandados y aglomerados mientras que en la mutante wus se observd que terminan su
crecimiento antes de tiempo y carecen de dérganos florales internos debido a una
aberrante division de las células del nicho de células troncales. (Clark et al., 1993; Clark
et al., 1996; Laux et al., 1996; Clark et al., 1997).

CLV1 y CLV2 forman parte de una familia de receptores identificados en animales y en
plantas (Jinn et al., 2000). El gen CLV1 codifica para una proteina que consiste de 21
repetidos extracelulares ricos en leucina, un dominio transmembranal y un dominio
intracelular con actividad serina/treonina y su expresion se observa fuertemente en la
capa L3 de la zona central del meristemo apical aéreo (Clark et al., 1993; Clark et al.,
1996; Clark et al., 1997). El gen CLVZ2 codifica para un receptor que consiste de un
dominio transmembranal tipo LRRs y un tallo citoplasmico de 11 aminoacidos, ambas
proteinas contienen cisteinas en sus dominios extracelulares que forman homo y
heterodimeros a través de puentes disulfuro. El patron de expresion de este gen es
ubicuo en comparacién con los otros dos genes CLV (Jeong et al., 1999). El gen CLV3
se expresa en las capas L1y L2 de la zona central del SAM y codifica para un péptido
extracelular de 96 aminoacidos que se ha sugerido es el ligando del homodimero de
CLV1 y del heterodimero CLV2-CRN que actuan como sus receptores (Muller et al.,
2008).

El balance entre la regulacion de los genes CLV3 y WUS permite la correcta formacion

del meristemo, se sabe que WUS se expresa en el CO pero su proteina migra hacia las
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capas L1 y L2 en donde se une y activa al promotor de CLV3, esta induccion da como
resultado que CLV3 secreta un péptido inmaduro que migra de las capas L1 y L2 al CO
para reprimir a WUS para lo cual requiere de modificaciones postraduccionales que le
permiten que sea percibido por fosfatasas que son importantes para que se de la
correcta interaccidbn con los receptores CLV1 y CLV2 para desencadenar la
transduccion de senales para llevar a cabo la represion. (Fletcher et al., 1999; Kondo et
al., 2006; Ohyama et al., 2009; Heidstra y Sabatini, 2014). Esta asa de regulacion
existente entre WUS-CLV3 asegura un numero constante de células en el nicho de
células troncales en la zona central (Schoof et al., 2000; Barton 2010; Brand et al., 2000;
Schoof et al., 2000; Muller et al., 2008). Adicionalmente, también se ha observado que la
hormona citoquinina juega un papel importante en la regulacion WUS-CLV3, activando a
WUS (Gordon et al., 2009; Chickarmane et al., 2012). Sin embargo, al aplicar
citoquininas exdgenamente no se ha observado que esto afecte el tamafio del
meristemo apical aéreo en plantas silvestres, lo cual sugiere que hay un mecanismo de
amortiguamiento en el que miembros de receptores quinasa de la familia ERECTA se

han visto involucrados (Chickarmane et al., 2012; Uchida et al., 2012).

El SAM o Meristemo de Inflorescencia (MI) se encuentra indeterminado por la continua
expresion de WUS en el centro organizador y la capacidad de las células troncales de
mantenerse indiferenciadas y proliferando por la accion de los genes KNOX y las
citoquininas (Leinfried et al., 2005; Scofield et al., 2006).

1.4. Transiciones en el meristemo apical aéreo de Arabidopsis thaliana.

El meristemo apical aéreo de A. thaliana pasa por diversas etapas durante el ciclo de
vida de la planta. Una vez que la semilla germina, el meristemo apical aéreo produce
s6lo hojas dando origen a la roseta (su tamafio y forma, depende hasta cierto punto de
las condiciones ambientales). Cuando la planta alcanza la madurez, el meristemo apical
aéreo se convierte en el meristemo de inflorescencia, el cual genera un escapo que

produce ramas y hojas caulinares en sus flancos y dara origen a los meristemos de flor
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que se diferenciaran en los o6rganos florales (Figura 3; Sablowski, 2007; Huijser and
Schmid, 2011).

Figura 3 Etapas de transicion del meristemo aéreo en A. thaliana a lo largo del ciclo de vida. La flecha
representa el desarrollo a lo largo del tiempo hasta llegar a la etapa donde se generan las flores, a la cual
se le conoce como etapa reproductiva.

En Arabidopsis thaliana la transicion de la etapa juvenil a la adulta, durante el desarrollo
vegetativo se caracteriza por la aparicion de caracteres morfolégicos en las hojas de la
roseta, por ejemplo, la aparicién de tricomas en la parte abaxial y se observa un
aumento en la longitud de la hoja (Willmann y Poething, 2005). Ademas, las plantas son
capaces de responder a estimulos que inducen la floracién. Cuando el meristemo
vegetativo, que unicamente produce hojas de roseta, se convierte en un meristemo de
inflorescencia la planta transita a la floracion y se dejan de producir las primeras (Araki,
2001). Casi simultaneamente al establecimiento del meristemo de inflorescencia se
forman los meristemos florales adyacentes al meristemo de inflorescencia y ambos
tipos de meristemos mantienen sus identidades uno al lado del otro hasta la

senescencia. Todas las transiciones del SAM son controladas por un sistema de de
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regulacion genética y epigenética intimamente relacionada con las condiciones

ambientales.

1.5. Transicion a la floracion.

Con base en el analisis de mutantes afectadas en el tiempo de transicion a la floracion
en A. thaliana, se han podido identificar una multitud de genes que participan en
respuesta a una o a varias condiciones ambientales por lo que se establecieron
diferentes vias de senalizacion. Sin embargo, cabe aclarar que cada vez hay mas
evidencia que indica que todas estas vias estan interconectadas. Hasta el momento se
han descrito siete "vias" de regulacion del tiempo de transicion a la floracién en A.
thaliana: una via dependiente de la duracién de la luz referida como via del
fotoperiodo, una independiente del fotoperiodo denominada via auténoma, otra
dependiente de giberelinas y la dependiente de bajas temperaturas conocida como
vernalizacién (Figura 5; Wilson et al., 1992; Michaels et al., 2000; Suarez-Lopez et al.,
2001; Mouradov et al., 2002; Sheldon et al., 2002; Yoo et al., 2005). Adicionalmente,
tres vias mas han sido propuestas, una que considera cambios en la temperatura
ambiental de crecimiento de la planta a la cual se le ha denominado como via
termosensora, otra que depende del estado de desarrollo de la planta a la cual se le ha
llamado via del envejecimiento (Figura 5; Wang et al., 2009, Balasubramanian et al.,
2006, Srikanth y Schmid, 2011) y la que es regulada por la trehalosa (Wahl et al., 2013;
Tsai y Gazzarrini, 2014). A continuacién se describen brevemente cada una de las

"vias" de sefalizacidn como se ha postulado en la literatura.

1.5.1. Via del fotoperiodo.

El fotoperiodo es percibido en las hojas, en las cuales existen sefiales moviles que se
transmiten al meristemo apical aéreo para inducir la floracion (Srikanth y Schmid, 2011).
La cascada de eventos responsable de detectar la longitud del dia y la subsecuente
iniciacién de la floracion es referida como via del fotoperiodo (Srikanth y Schimid.,

2011). En esta via, las plantas mutantes de los genes que participan en ella, presentan
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un fenotipo de floracién tardia bajo la condicion de fotoperiodo de dia largo, es decir en
un fotoperiodo de 16 h de luz por 8 h de oscuridad (Koornneff et al., 1998), pero florecen
al mismo tiempo que las plantas silvestres en condiciones de dias cortos (8 h de luz por
16 h de oscuridad).

La respuesta al fotoperiodo presenta dos componentes, el primer componente es el
sistema para la deteccion de la luz. En las plalitiis(lexisten tres clases de
fotoreceptores especializados para este fin. Las fototropinas y los criptocromos detectan
la longitud de onda para la luz azul y los fitocromos detectan las longitudes de onda para
luz roja y el rojo lejano (Neff et al., 2000; Franklin et al., 2005). Mediante una cascada de
sefalizacion que involucra varios genes de regulaciéon de ciclo circadiano, estas sefiales
se integran con ayuda del gen CONSTANS (CO; Rédei 1992; Koornneef et al., 1991;
Putteril et al., 1995) y GIGANTEA (GI; Rédei 1992; Koornneef et al., 1991; Mizoguchi et
al., 2005).

El segundo componente comprende la transduccion de sefiales sincronizadas por el
ciclo circadiano y se basa en un mecanismo por el cual las plantas pueden medir la
duracion del dia (Alabadi et al., 2001; Suarez-Lépez et al., 2001; Doyle et al., 2002,
Srikanth y Schimid, 2011; Andrés y Coupland 2012). El ciclo circadiano es un
mecanismo con una periodicidad de 24 h que regula un alto porcentaje de genes en A.
thaliana, este ciclo comprende tres asas de regulacion interconectadas: el asa de
regulacion central y las asas de regulacion de la mafana y de la tarde que pueden ser
tanto positivas como negativas (Imaizumi., 2010). En A. thaliana, la capacidad para
distinguir la duracion del dia y la noche se basa en la coincidencia de un “reloj” interno
de la planta el cual esta representado por el patrén de la expresiéon de CO un gen que
codifica para un factor transcripcional con dedos de zinc, el cual responde a la luz.
(Putteril et al., 1995). Experimentos con construcciones que presentan una expresion
inducible de CO mediante dexametasona demostraron que CO promueve la floracion al
inducir la transcripcion de FLOWERING LOCUS T (FT), el cual codifica para una
proteina globular, similar a la familia de inhibidores de RAF cinasas y proteinas de union

de fosfatidil-etanolaminas (Kobayashi et al., 1999) de igual manera que a TWIN SISTER
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OF FT (TSF) en respuesta a la luz. (Samach et al., 2000; Suarez-Lopez et al., 2001,
Yamaguchi et al., 2005).

La regulacion de CO no es unicamente a nivel transcripcional sino que también
presenta regulacion en la estabilidad y acumulacion de su proteina (Suarez-Lopez et al.,
2001). En la regulacion de CO interviene el ciclo circadiano de 24 h, por lo que la
transcripcion y la traduccidn de su mensajero varia dependiendo de las condiciones del
fotoperiodo en la cual crecen las plantas. Durante las condiciones de fotoperiodo de dia
largo los niveles de expresion de CO se van incrementando durante el dia presentando
los niveles mas altos durante la tarde, de tal manera que la traduccion de la proteina de
CO alcanza los niveles suficientes para activar a FT e inducir la floracién. Un caso
diferente se presenta en el fotoperiodo de dia corto en el cual no se alcanzan los niveles
adecuados de la proteina CO para inducir a FT debido a que en la oscuridad la proteina
se degrada via el proteosoma, dando como consecuencia un retraso en la floraciéon

(Suarez-Lopez et al., 2001; Imaizumi, 2010).

Durante el fotoperiodo de dia largo la luz promueve la interaccién entre Gl y una familia
de ubiquitina ligasas con caja F, como FLAVIN-BINDING, KELCH REPEAT F-BOX 1
(FKF1, Nelson et al., 2000). Estas interacciones estabilizan las proteinas, permitiendo la
degradacion de un conjunto de genes que reprimen a CO, incluyendo numerosos
factores de transcripcion DOF como CYCLING DOF FACTOR (CDF) que retrasan la
floracién por reprimir los niveles de expresién de CO (Fornara et al., 2009). A nivel post-
transcripcional CO es degradado en la noche por la ubiquitina ligasa CONSTITUTIVE
PHOTOMORPHOGENIC 1 (COP1) y en la manana por una via activada por el
fitocromo B (PHYB).

Los niveles de regulacion transcripcional y post-transcripcional aseguran que CO active
la transcripcion del florigeno FT y TSF solamente durante el fotoperiodo de dia largo. FT
es capaz de translocarse desde las hojas al meristemo de inflorescencia en donde se
une a FLOWERING LOCUS D (FD), un factor de transcripcion tipo bZIP, de esta

manera se forma el complejo FT/FD el cual regula a genes que promueven la floracion
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en el meristemo apical aéreo (Abe et al., 2005; Wigge et al., 2005). CO también activa
al factor transcripcional MADS-box SUPPRESSOR OF OVEREXPRESSION OF
CONSTANS 1 (SOCT1), en parte a través de FT (Yoo et al., 2005). Ademas, SOC1 es
regulado por todas las vias de floracion por lo que se le ha considerado como un
integrador de todas las sefales (Lee et al., 2000; Samach et al., 2000; Moon et al.,
2003; Lee and Lee, 2010). Aunque se desconoce hasta el momento cémo se
estructuran los complejos proteicos del que forma parte y que le permite responder a las

diferentes sefales que conducen a la transicion floral.

1.5. 2. Via de Vernalizacion.

A. thaliana al igual que muchas plantas que habitan en regiones con estaciones
del afo marcadas, atraviesa por un periodo invernal a bajas temperaturas y esta
condicion favorece la floracion de forma acelerada (Sheldon et al., 2000). La via de la
vernalizacion se detectd estudiando a aquellos mutantes que eran incapaces de
responder a esta condicion, y que por lo tanto, seguian floreciendo como las plantas
silvestres sin vernalizar (Koorneef et al., 1998). La via de vernalizacion favorece que las
plantas florezcan porque reprime la transcripcion de FLOWERING LOCUS C (FLC) en
respuesta a tiempos prolongados a bajas temperaturas (Michaels y Amasino, 2001).
FLC codifica para un factor transcripcional tipo MADS-box, el cual funciona como un
represor de la transicion a la floracion al unirse a las cajas CArG del promotor de SOC1
y FT reprimiéndolos e impidiendo asi su expresion (Michaels y Amasino, 1999; Michales
y Amasino, 2000; Searle et al.,, 2006). Durante la vernalizacion, actuan procesos
epigenéticos que reprimen la expresion de FLC lo que conlleva a la activaciéon de SOC1
y FT por lo tanto se induce la floracién (Michaels y Amasino, 1999; Sheldon et al., 2002;
Sheldon et al., 2006).

Se ha identificado que los genes VERNALIZATION1, VERNALIZATIONZ 'y
VERNALIZATION INSENSITIVE3 (VRN1, VRN2 y VIN3 respectivamente) estan
involucrados en la represion epigenética de FLC (Gendall et al., 2001; Levi et al., 2002;
Sung et al., 20006).
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VRN1 participa en el proceso de vernalizacidn y codifica para una proteina que se une a
ADN vy su papel es mantener la represion epigenética de FLC (Levy et al., 2002). VRN2
codifica para el homodlogo de Suppressor of Zeste 12 (Su(z)12) identificado inicialmente
en Drosophila, y ahora se sabe que esta involucrado en procesos de represion
epigenética en animales y plantas, formando parte del complejo represivo Polycomb 2
(PCR2) el cual confiere silenciamiento epigenético estable al represor de la floracion
FLC (Gendall et al., 2001). EI complejo PCR2 cataliza la metilaciéon de la lisina 27 de la
histona H3 (H3K27me) que es una modificacion asociada con represion transcripcional
apagando la expresion de FLC (Gendall et al., 2001). VIN3 posee un dominio tipo Plant
Homeo Domain (PHD) el cual es caracteristico de los componentes que forman parte de

los complejos de remodelacion de cromatina (Sanchez y Zhou, 2011).

Mediante el empleo de mutantes para VRN1y VRN2 se determiné que en la
vernalizacion se puede reprimir a FLC, sin embargo este estado no se mantiene cuando
la planta deja de estar en vernalizacion (Sheldon et al., 2006), estos resultados sugieren
que VRN1 y VRNZ2 no estan involucrados en el establecimiento del silenciamiento de
FLC en respuesta a bajas temperaturas, pero si participan en el mantenimiento de la
represion cuando la planta se desarrolla en condiciones de temperatura normales de
crecimiento. En el caso de VIN3 su expresion se induce en vernalizacion y se ha
propuesto que su participacion es establecer el estado represivo de FLC (Sung vy
Amasino, 2004).

Por otra parte, también se ha demostrado que LIKE HETEROCHROMATIN PROTEIN 1
(LHP1) también llamado TERMINAL FLOWER 2 (TFL2), es un homologo de
HETEROCHROMATIN PROTEIN 1 (HP1) identificado en animales y levaduras, es
necesario para mantener el estado reprimido de FLC durante la vernalizacion (Mylne et
al., 2006; Sung et al., 2006).

FLC por otra parte es activado con ayuda del complejo PAF1, el cual fue identificado
inicialmente en levadura. En Arabidopsis se han identificado varios genes homdélogos a
este complejo como por ejemplo VERNALIZATION INDEPENDECE 4 'y
VERNALIZATION INDEPENDECE 5 (VIP4 y VIPS5), los cuales reclutan a proteinas con
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actividad de metil transferasas (Zhan y Van Nocker, 2002; Zhang et al., 2003). El estudio
de los mutantes de estos complejos en Arabidopsis ha demostrado que en su ausencia
se suprimen los niveles de FLC, lo que sugiere que el complejo PAF1 es indispensable

para mantener los niveles de FLC para reprimir la floracion (He et al., 2003).

Adicionalmente se ha observado que FLC puede generar un transcrito antisentido, el
cual es diferencialmente expresado a diferentes temperaturas, este transcrito regula
negativamente su propia expresion favoreciendo la transicion a la floracion. El transcrito
antisentido mas grande de FLC se transcribe iniciando en la region 3' UTR donde se
encuentra el poly (A), finalizando su expresion rio arriba del sitio de inicio de la
transcripcion del mensajero en direccidon sentido. Se sabe que el inicio de la
transcripcion del mensajero antisentido es independiente de la transcripcion del
mensajero sentido de FLC. A este transcrito antisentido se le denominé como COOLAIR
(cold induced long antisense intragenic RNA) y se mostrd recientemente que es la
primera respuesta al tratamiento por frio y es capaz de reprimir la transcripcién de la
hebra sentido antes de que VIN-3 (VERNALIZATION INSENSITIVE 3) genere un efecto
en la represion epigenética de FLC (Bond et al., 2009; Swiezewski et al., 2009).
Adicionalmente se ha observado que cuando las plantas son sometidas a un
tratamiento por frio, FLC es capaz de transcribir de manera sentido el intron 1, dando
origen a un transcrito que se le ha denominado COLDAIR (Cold assisted intronic
noncoding RNA), el cual se encontré que se asocia con el nucleo del complejo 2
represivo de Polycomb (PRC2) y se ha observado que su ausencia provoca disminucion
del silenciamiento epigenético llevado a cabo por el complejo remodelador de

cromatinas de las proteinas Polycomb (PcG).
1.5.3. Via dependiente de Giberelinas.
Diversas variantes del acido giberélico han sido identificadas en plantas, hongos y

bacterias, pero solamente unas cuantas presentan actividad biolégica. La enzima
GIBBERELLIN 20 OXIDASA (GAZ200x), es la responsable de catalizar varios pasos
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importantes en la sintesis de la giberelinas por llevar a cabo reacciones de oxidacion en
varios precursores, el efecto mas fuerte de estas hormonas se presenta en condiciones
no inductivas de luz, es decir en fotoperiodo de dia corto (Hedden y Phillips, 2000;
Mutasa-Gottgens et al., 2009). Las giberelinas son hormonas vegetales que tienen
diversas funciones en el desarrollo de las plantas como son: la expansion de la hojas,
elongaciéon del tallo, germinacion de las semillas, etc. Ademas son importantes para
inducir las transiciones de fase durante el desarrollo de las plantas (Mutasa-Gottgens et
al., 2009).

La ausencia de giberelinas afecta la transicion a la floracion en Arabidopsis lo cual se
ha observado en mutantes incapaces de sintetizarla o en mutantes afectadas en su
sefalizacion. Plantas mutantes en el gen GA17 el cual codifica para una ent-caureno
sintasa A, que es la enzima responsable de catalizar el primer paso en la sintesis de la
hormona GA, tardan mas tiempo en florecer en comparacién con las plantas de tipo
silvestre cuando son crecidas en dia corto (Wilson et al., 1992). Algo similar ocurre con
plantas mutantes afectadas en la sefalizacion de esta hormona. El receptor para
giberelinas fue identificado en arroz y mediante comparaciones con el genoma de
Arabidopsis se encontraron tres genes homélogos con funciones redundantes a los
cuales se nombré6 como GIBERRELLIN INSENSITIVE DWARF1A (GID1A),
GIBERRELLIN INSENSITIVE DWARF1B (GID1B) y GIBERRELLIN INSENSITIVE
DWARF1C (GIB1C). Mutantes sencillas para cada uno de estos genes fueron
nombradas respectivamente como gid71a, gid1b y gid1c y se encontré6 que en las
mutantes sencillas no se presentaban defectos obvios al compararlas con plantas de
tipo silvestre (Griffiths et al., 2006). Sin embargo cuando se generaron mutantes
multiples, se encontré6 que las plantas tienen defectos como por ejemplo en la

elongacion del hipocétilo y en el tiempo de floracién (Griffiths et al., 2006).

La estructura cristalografica del receptor GID1 demostré que éste contiene un sitio de
unién a giberelinas y se determind que es posible que se forme un puente de hidrogeno
entre el grupo hidroxilo del carbono 3 de la molécula de la giberelina con la tirosina 31

del receptor, lo cual induce un cambio conformacional en el extremo N-terminal
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favoreciendo la interaccidon de las proteinas DELLAS con el receptor para generar el
complejo GA-GID1-DELLA (Willige et al., 2007; Murase et al., 2008; Shimada et al.,
2008).

De esta manera, mientras que la ausencia de giberelinas favorece la acumulacion de
proteinas DELLA, las cuales a su vez reprimen respuestas a giberelinas, la formacion
del complejo GA-GID1-DELLA estimula la degradacion de las proteinas DELLA, esta
observacion se determind por los estudios que se llevaron a cabo en arroz en el gen
GIBERRELLIN INSENSITIVE2 (GID2) y en Arabidopsis en el gen SLEEPY1 (SLY1),
ambos genes codifican para proteinas de caja F, las cuales son componentes del
complejo SCF (Sasaki et al., 2003; McGinnis et al., 2003).

Bajo condiciones de fotoperiodo de dia corto, donde la temporalidad de luz no esta
participando activamente como inductora de la transicion a la floracion, debido a que la
expresion de FT es baja, la floracién en Arabidopsis depende en buena medida de las
giberelinas (Wilson et al., 1992). Las plantas afectadas en los procesos antes
mencionados (sintesis o senalizacion de GA) pueden recobrar parcialmente su tiempo
de floracién al suministrarse giberelinas exdbgenamente. Estas hormonas promueven la
expresion tanto de SOC7 como de LFY (Achard et al., 2004; Blazquez et al., 2000;
Moon et al., 2003).

1.5.4. Via auténoma.

Esta via responde a sefiales intrinsecas del desarrollo y es independiente de las
sefales externas. Las plantas mutantes en la via autbnoma son aquellas en las cuales
sus genes al estar mutados, provocan que las plantas presenten floracion tardia en
condiciones tanto de dia corto como largo, sin embargo el fenotipo puede ser suprimido
por vernalizacion (Koornneef et al., 1998). Genes de la via autbnoma regulan de forma
negativa la acumulaciéon del ARN mensajero de FLC cuando las plantas no han pasado
por la época invernal por lo que en la ausencia de cualquiera de ellos, FLC inhibe la

floracion (Michaels y Amasino, 1999; Searle et al., 2006). Son varios los genes que
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codifican para proteinas que participan en este proceso: FCA, FPA, FLK (FLOWERING
LATE KM MOTIF) FY, FVE, FLD (FLOWERING LOCUS D) vy LD
(LUMINIDEPENDENS). FCA, FPA y FLK codifican para proteinas de union a RNA, las
cuales heterodimerizan con FY'y FVE, que codifican para proteinas con repetidos WD-
40 (Marquardt et al., 2006). Estos heterodimeros afectan post-transcripcionalmente el
mensajero de FLC evitando que este sea traducido. Adicionalmente, FY junto con FCA
participa en el procesamiento del ARN. LD codifica para un proteina homeodominio
(Lee et al., 1994). FVE y FLD son homdlogos del complejo de desacetilasas de histonas
de humanos (HDAC) que también limitan la acumulacion de FLC por participar en la
remodelacion de cromatina (Koorneef et al., 1991; Michaels y Amasino., 1999; Michaels
y Amasino 2001; Henderson y Dean, 2004).

1.5.5 Via termosensora.

Las plantas son organismos muy sensibles a la temperatura y pueden percibir cambios
tan sutiles como 1°C (Kumar et al., 2010). Normalmente la temperatura de crecimiento
en el laboratorio para A. thaliana se encuentran entre 20°C y 23°C, pero se ha

demostrado que ligeros cambios en la temperatura de crecimiento por ejemplo a 27°C
acelera la floracion (Kumar et al., 2012). Se ha visto que la sefal de la respuesta a los
cambios pequefios de temperatura se integran por debajo del gen CO
(Balasubramanian et al., 2006). Recientemente se ha demostrado el mecanismo por el
cual se acelera la floracion. Se sabe que los aumentos en la temperatura de crecimiento
favorecen la transcripciéon del factor PHYTOCHROME INTERACTING FACTOR4 (PIF4)
el cual a su vez activa al florigeno FT directamente al unirse a su regiéon promotora
(Kumar et al., 2012). Las sefales dadas por la temperatura son mediadas a través del
nucleosoma conteniendo la histona H2A.Z (Kumar et al., 2010) de esta manera al haber
incrementos de temperatura, el nucleosoma libera a la region regulatoria de FT siendo
accesible para PIF4, dando como resultado una unién mas fuerte que favorece la
transcripcion de FT, por lo tanto un incremento del florigeno induce la floracién al activar
a SOCT (Searle et al., 2006). Por otra parte, SHORT VEGETATIVE PHASE (SVP) es un

factor transcripcional tipo MADS-box que participa sensando la temperatura ambiental y
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reprime a FT al unirse directamente a cajas CarG localizadas en su promotor (Lee et al.,
2007).

1.5.6 Via del envejecimiento y la regulacién mediada por la trehalosa.

Se ha utilizado como marcador del envejecimiento los niveles de expresion del
microRNA156 (miR156), ya que se ha visto que estos van disminuyendo gradualmente
a medida que la planta se desarrolla y envejece (Wu and Poething, 2006; Wang et al.,
2009). Esta via propone que los genes SQUAMOSA PROMOTER BINDING PROTEIN-
LIKE 3y 9 (SPL3 y 9) son los blancos del miR156. Cuando se analizaron plantas
jovenes en ausencia del fotoperiodo de dia largo se encontraron altos niveles de
miR156, pero bajos niveles de SPL3 y SPL9. Con el paso del tiempo, los niveles de
miR156 disminuyen y aumentan SPL3y SPL9 favoreciendo asi la floracion (Wang et al.,
2009).. Otros genes de la familia SPL han sido involucrados en transiciones de fase, por
ejemplo, mediante el estudio de la sobreexpresion de los genes SLP3, SPL4 y SLP5, se
observd que redundantemente integran las sefiales provenientes de las vias autonoma,
del fotoperiodo, giberelinas y envejecimiento para favorecer la fase reproductiva (Jung et
al., 2012; Porri et al., 2012; Yu et al., 2012) y que su regulacion es afectada de diversas
maneras en las condiciones de dia corto, estos tres genes son regulados
negativamente por el miR156 dependiendo de la edad de la planta, pero son activados
por SOC17 por medio de la via dependiente de giberelinas (Jung et al., 2011, 2012).
Mientras que en dia largo, SOC1, FT y FD regulan a SLP3, SPL4 y SLP5 en las hojas
en respuesta a las sefales del fotoperiodo (Jung et al., 2012). EI miR172 participa en la
regulacion del tiempo de floracion, y se sabe que SPL9 es su activador transcripcional el
cual actua posiblemente redundantemente con otros genes SPL, como SPL10 en su
regulacion. (Zhao et al., 2007; Wu et al., 2009). Mediante el empleo de la doble mutante
spl9 spl15 se ha encontrado que SPL15 participa en la regulacion de miR172
promoviendo su transcripcion (Wu et al., 2009). Por otra parte, miR156 regula la
expresion de miR172, aunque esta regulacién no es reciproca y se ha determinado que
la expresion de miR156 y miR172 tiene patrones inversos, es decir cuando uno aumenta

el otro disminuye (Wu et al., 2009).
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El miR172 promueve la floracibn por medio de un mecanismo de represion post-
trancripcional de los genes TARGET OF EAT1, TARGET OF EAT2 y TARGET OF EAT3
(TOE1, TOE2 y TOE3), SCLAFMUTZE (SMZ) y SCHNARCHZAPFEN (SNZ), que son
represores de FT, todos pertenecientes a la familia de genes AP2-like (Aukerman y
Sakai 2003; Mathieu et al., 2009; Yant et al., 2009).

Recientemente se ha confirmado que el estado metabdlico de las plantas, es decir si la
planta cuenta con las reservas energéticas adecuadas se favorece la transicién a la
floracién. Una de estas reservas energéticas es la trehalosa-6-fosfato (T6P) y desde
hace mucho tiempo se sospechaba que la sefalizacion mediante los azucares estaba
implicada en esta transicion del desarrollo (Wahl et al., 2013; Tsai y Gazzarrini, 2014).
Ultimamente se descubrié que la T6P funciona en el SAM como una molécula sefial que
regula a genes implicados en la via del envejecimiento inhibiendo al miR156 que a su
vez reprime a los genes SPL3, SPL4 y SPL5 mientras que en las hojas se observo que
T6P favorece la floracion por la via del fotoperiodo al inducir la expresion de FT (Wahl et
al., 2013; Tsai y Gazzarrini, 2014).

Figura 4. Integracion de los diferentes componentes que participan en la transicion a la floracién. En A.
thaliana la transicion a la floracion inicia después de pasar por un estado vegetativo. El sistema de
regulacion genético ha sido inferido con base en mutantes de pérdida de funcidn y lineas de
sobreexpresion. Hasta el momento, se han identificado siete vias genéticas que participan en este
proceso, aqui se muestran: La via del fotoperiodo, la via de vernalizacioén, la via auténoma, la via
dependiente de giberelinas, la via del envejecimiento, la via termosensora y al via en la que participa la
trehalosa. Varias de estas vias convergen en genes claves a los cuales se les conoce como integradores
(SOC y FT) y que ademas son promotores de la floracion porque inducen a genes de identidad floral
como AP1 y LFY. Por otra parte, también hay genes que son represores de la floracién, el mejor ejemplo
estudiado es FLC (Tomado y modificado de Fornara et al., 2009).
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1.6. Identidad del meristemo de Inflorescencia y el meristemo de flor.

Mientras que los meristemos apicales (RAM y SAM) son del tipo indeterminado, es decir
continuan produciendo células hasta la senescencia, los meristemos florales son
determinados y cesan la produccion de nuevas células después de que se han
desarrollado los ¢érganos florales (Okamuro et al., 1996; Laudencia-Chingcuanco y
Hake, 2002; Jack, 2004). Estas transiciones son reguladas genéticamente de forma
que el desarrollo prosiga finalmente hasta la generacion de flores sin presentar

reversiones (Baurle y Dean, 2006).

Existen genes que mantienen la identidad del meristemo de inflorescencia, tal es el
caso de TERMINAL FLOWER1 (TFL1) que codifica para una proteina pequenala cual
tiene homologia con proteinas de union a fosfatidiletanolamina (Bradley et al., 1997). En
plantas mutantes para este gen se han observado dos caracteristicas que las distinguen
de las plantas de tipo silvestre, por un lado la floracion es temprana y por el otro, el
meristemo de inflorescencia eventualmente adquiere identidad floral lo cual provoca que
se genere una flor terminal (Shannon y Meeks-Wagner, 1991; Alvarez et al., 1992).
TFL1 pertenece a una familia de proteinas en las que se encuentra también
FLOWERING LOCUS T (FT), sin embargo el mutante en este ultimo gen tiene fenotipos
opuestos a {fl1 (Kobayashi et al; 1999; Hanzawa et al., 2005; Hanano y Goto, 2011;
Wickland y Hanzawa 2015). Mediante herramientas moleculares se ha demostrado que
TFL1 se expresa en meristemos axilares jovenes y en el meristemo de inflorescencia su
patron de expresion se limita a la zona central (Conti y Bradley, 2007). Sin embargo, la
proteina es capaz de moverse y su rango de accién es mas amplio en el meristemo de
inflorescencia donde reprime a LEAFY (LFY) y APETALA1 (AP1; Conti y Bradley,
2007).

Por otra parte, el meristemo de flor esta especificado y le dan identidad un grupo de
genes: LFY (Schultz y Haughn, 1991; Huala y Sussex, 1992; Blazquez et al., 1997), AP1
(Irish y Sussex, 1990; Gustafson-Brown et al., 1994) y CAULIFLOWER (CAL, Kempin et

al., 1995), siendo LFY el que induce directamente a los otros dos (Mandel et al., 1992;
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Weigel et al., 1992; Parcy et al., 1998). LFY, es fundamental tanto para la especificacion
de la identidad del meristemo floral como para activar a los genes homedéticos que
participan en el desarrollo de los 6rganos florales (Weigel and Meyerowitz, 1993; Lamb
et al., 2002). LFY codifica para un factor transcripcional identificado hasta el momento
sblo en plantas (Schultz y Haughn, 1991; Weigel et al., 1992). LFY se expresa en las
hojas durante el estado vegetativo pero después se expresa fuertemente en los flancos
del meristemo de inflorescencia, justo en las células que daran origen al meristemo de
flor en una zona conocida como anlagen (Blazquez y Weigel, 2000). Los mutantes /fy
producen un gran numero de hojas, meristemos laterales e inflorescencias secundarias
y los alelos débiles de este mutante son capaces de producir flores, pero son anormales
y presentan caracteristicas de inflorescencia (Weigel et al., 1992; Vijayraghavan et al.,
2005).

AP1 es un factor transcripcional del tipo MADS-box cuyo mutante produce flores con
caracteristicas de inflorescencia (Irish y Sussex, 1990; Bowman et al., 1993). Este gen
es inducido por el dimero FT-FD y adicionalmente presenta una retro-regulacion
positiva con LFY, permitiendo que este permanezca activo durante todo el desarrollo del
meristemo de flor. Ademas, AP1 y LFY son funcionalmente redundantes en el
mantenimiento de la identidad de este meristemo (Huala y Sussex, 1992; Abe et al.,
2005). CAULIFLOWER (CAL, Kempin et al.,, 1995) y FRUITFUL (FUL, Mandel y
Yanofsky, 1995; Gu et al., 1998) son homdlogos y funcionalmente redundantes con
AP1, por lo que la doble mutante ap? cal y la triple mutante ful ap1 cal, presentan
fenotipos mas severos que el mutante sencillo, dando como resultado inflorescencias
reiterativas que dan la apariencia de una coliflor en lugar de la formacion de flores
(Ferrandiz et al.,, 2000). Cabe sefalar que FUL normalmente se expresa en el
meristemo de inflorescencia donde tiene un papel importante en la indeterminacion de
este meristemo y en el desarrollo del tejido vascular (Melzer et al., 2008). En presencia
de AP1, FUL no se expresa al inicio del desarrollo del meristemo de flor, por lo que al
parecer solo puede llevar a cabo la funcién de AP1 en su ausencia (Blazquez et al.,
2006).
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Tanto los meristemos de inflorescencia como los meristemos de flor coexisten en el
meristemo apical sin perder su identidad. Se ha observado que esta restriccion de
dominios se debe a la represién mutua entre TFL1 y los genes de identidad floral (LFY,
AP1y CAL). (Figura 5; Liljegren et al., 1999; Ratcliffe et al., 1999; Moon et al., 2003; Liu
et al., 2013). De esta forma, cuando LFY y AP1 se expresan ectopicamente en la
mutante tfl1 se favorece la formacion de flores terminales (Shannon y Mekks-Wagner,
1991; Bradley et al., 1997; Conti y Bradley, 2007). En contraste, si LFY y AP1 son
mutados, TFL1 se expresa en el meristemo de flor y se indetermina (Ratcliffe et al.,
1999).

Figura 5. Represiéon mutua entre el meristemo de inflorescencia y el de flor. LFY, AP1y CAL son genes
que promueven la identidad del meristemo de flor expresandose en los estados de desarrollo floral 1y 2,
mientras que TFL1 ayuda a mantener la identidad del meristemo de inflorescencia.

1.7 Determinacion del meristemo floral.

Los meristemos florales se encuentran localizados a los flancos del meristemo de
inflorescencia y presentan caracteristicas celulares similares a la organizacion que tiene
el meristemo apical aéreo. La mutante wus produce un numero cercano normal de
sépalos y pétalos en los verticilos externos. Sin embargo, pierde la capacidad para
generar los 6rganos que producen los verticilos internos y usualmente terminan en un
estambre solitario. Estos fenotipos revelan que la actividad de WUS es necesaria para

mantener cierto numero de células en el meristemo floral (Schoof et al., 2000).
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Adicionalmente se sabe que LFY actua junto con WUS para inducir a AGAMOUS (AG)
para formar los estambres y carpelos (Lohmann et al., 2001). A diferencia del meristemo
apical aéreo la expresion de WUS en el meristemo floral se mantiene solamente hasta el

estado de desarrollo 6 cuando AG reprime la expresion de WUS (Lenhard et al., 2011).

Un mecanismo molecular adicional que induce AG, involucra a otros genes, ahora
sabemos que REBELOTE (RBL) el cual codifica para una proteina de funcién
desconocida, SQUINT (SQN) que codifica para una ciclofiina y ULTRAPETALA1
(ULTT) que codifica para un supuesto factor de transcripcion (Prunet et al., 2008)
actuan redundantemente para inducir la expresion de AG el cual a su vez reprime la
expresion de WUS, mediante dos vias diferentes, una directa en la cual AG se une a
dos cajas CArG aproximadamente 1 kb rio arriba de la region codificante de WUS, las
cuales son cruciales para su represion (Liu et al., 2011) y otra via indirecta en la cual
AG induce la activacion transcripcional de KNUCKLES (KNU), un factor transcripcional
con dedos de zinc tipo C2H2 que también reprime a WUS. La represion de WUS da
como consecuencia la inactividad del nicho de células troncales de la flor y por lo tanto
el meristemo floral se determina (Payne et al., 2004; Sun et al., 2009) después de que
se han formado los évulos en el gineceo, asi como un numero fijo de 6rganos florales
(Figura 6; Lenhard et al., 2001; Lohmann et al., 2001; Sablowski, R., 2007; Prunet et al.,
2008).

Figura 6. La represion de WUS en el estado 6 floral via AG y KNU permite que el meristemo floral se
determine al agotarse el nicho de células troncales.
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1.8. El fendmeno de reversion floral.

La reversion floral se ha definido como el retorno o regreso a un estado de produccion
de hojas después de haberse desarrollado la flor, una definicion mas relajada de este
término seria regresar a un estado temprano o anterior en el desarrollo (Tooke et al.,
2005), esto implicaria una reprogramacion celular. Hay dos formas de reversion: 1)
Reversion del meristemos de inflorescencia: este tipo de reversién se observa cuando
el desarrollo vegetativo ocurre después o es intercalado con el desarrollo de
inflorescencia. 2) Reversion del meristemo floral: este tipo de reversiéon produce una
forma de flor alterada o incompleta, con algunas partes reemplazadas por caracteres
vegetativos o puede continuar la proliferacién después de la formacion de los érganos
florales (Tooke et al., 2005).

La reversion floral en Arabidopsis thaliana no es comun en plantas de tipo silvestre, pero
se ha reportado que meristemos florales se comportan como meristemos de
inflorescencia en algunos mutantes (Okamuro et al., 1996; Mizukami y Ma; 1997,
Ferrandiz et al., 2000). Por ejemplo, en las plantas mutantes ag, la doble mutante ap1
clv1 y la planta heterocigota Ify/LFY son capaces de producir primordios florales que
‘revierten” a meristemos de inflorescencia una vez que los verticilos florales o los
organos florales son producidos cuando éstas son crecidas en condiciones de dias
cortos (Clark et al., 1993; Mizukami et al., 1997; Okamuro et al., 1996).

En otro tipo de mutantes se observa la reversion cuando el meristemo de inflorescencia
produce primordios que con frecuencia se comportan como meristemos de
inflorescencia secundaria, esta forma de reversion es clasica en la doble mutante ap1
cal y de manera mas severa se observa en la triple mutante ap7 cal ful, molecularmente
se determiné en estas lineas mutantes que no tienen la expresion de LFY pero si
presentan una expresion ectépica de TFL1 en los meristemos laterales (Ferrandiz et al.,
2000).

Para el establecimiento del meristemo floral se requiere de la expresion de genes de
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LFY, AP1yl CAL como se mencion6 anteriormente, asi como por la expresion de genes
que regulan la transicién a la floracion como AGL24, SOC1 y SVP durante los primeros
dos estados del desarrollo del meristemo floral cooperando con los genes que le dan
identidad. Sin embargo, se ha observado que AGL24, SOC1 y SVP son reprimidos por
AP1 y LFY a partir del estado tres del desarrollo del MF (Yu et al., 2004; Liu et al.,
2007). De esta forma, los patrones de expresion indican que AGL24 se expresa en el
meristemo de inflorescencia y en la tunica en meristemos florales jovenes de los
estadios 1y 2 (Yu et al., 2004). SOC1 se expresa en el meristemo de inflorescencia
pero casi esta ausente en los estadios 1y 2 de la flor y se vuelve a expresar ligeramente
en el centro de la flor en el estadio 3, mientras que SVP apenas es detectable en el
meristemo de inflorescencia, pero es fuertemente expresado en los estados 1y 2 de la
flor (Liu et al., 2007). Estos datos, ademas de las evidencias genéticas, aunadas al
analisis de inmunoprecipitacion de la cromatina, permitieron establecer que AGL24,
SOC1 y SVP junto con AP1 reprimen la induccion de SEPALLATA 3 (SEP3) en los
primeros dos estados del desarrollo floral, evitando asi la activacién temprana de los
genes homedticos de las clases B y C (Pelaz et al., 2000; Gregis et al., 2008; Immink et
al., 2009; Liu et al., 2009) y por otra parte la union de AP1 junto con AGL24, SOC1, SVP
y SEP4 reprimen la expresion ectopica de TFL1 en el MF (Liu et al., 2013).

Sin embargo, resulta interesante que la expresiéon constitutiva de AGL24, SOC1y SVP
en plantas silvestres que tienen a LFY y AP1 funcionales, da como resultado flores que
mantienen caracteristicas de inflorescencia e indeterminacién (Yu et al., 2004; Liu et al.,
2007). Por ejemplo la expresiéon constitutiva de AGL24 favorece la “reversion floral” al
desarrollar una inflorescencia que emerge del interior del gineceo (Yu et al., 2004). En
plantas 35S:SOCT las flores tienen pétalos verdes parecidos a sépalos, sin embargo en
la planta 35S:AGL24 35S:SOC1 se observa un fenotipo que produce diversas flores
secundarias que emergen a partir de un mismo meristemo floral (Liu et al., 2007). En la
linea 35S:SVP las flores son estructuras quiméricas conformadas por hojas, hojas
carpeloides y estambres, pero en la linea 35S:AGL24 35S:SVP el fenotipo que se
observa en la flor es mas parecido a un meristemo de inflorescencia (Liu et al.,

2007).Estos fenotipos se han observado también cuando se han sobre expresado los
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homologos de AGL24 de otras especies de plantas de forma heter6loga en Arabidopsis
(Masiero et al., 2004;Trevaskis et al., 2007). .Por lo tanto, toda esta informaciéon nos
indica que o bien la reversién.floral se puede dar aun en presencia de AP1 en estas
lineas de sobreexpresion, o los caracteres de inflorescencia que se observan no son

debidos a la reprogramacién del MF, que son puntos que se ahondaran en este trabajo.

1.9. Especificacion de los verticilos florales.

Una vez establecido el meristemo de flor, éste comienza a diferenciarse en los verticilos
florales (Bowman et al.,, 1991; Coen y Meyerowitz, 1991; Mandel et al, 1992). LFY y
AP1 dirigen la expresion de genes homedticos florales que en A. thaliana daran origen
a: cuatro sépalos, cuatro pétalos, seis estambres y dos carpelos fusionados que
conforman el gineceo (Coen y Meyerowitz, 1991; Blazquez et al., 2006). La flor es una
estructura muy importante en las plantas porque en ella se produciran las semillas con
las cuales se propagara la especie. Su regulacion genética ha sido estudiada con
detalle y gracias a los analisis de dobles mutantes y perfiles de expresion de genes que
participan en su desarrollo, se ha logrado proponer un modelo de regulacion que
establece el patrén basico de desarrollo, el cual es conocido como modelo ABC del
desarrollo floral (Figura 8). A continuacion se describe brevemente cada uno de los

componentes de este modelo (Bowman et al., 1991; Coen y Meyerowitz, 1991).

Genes de la clase A. Esta clase de genes esta representada por los genes AP71 y
APETALA 2. Son responsables de mantener la identidad de sépalos y en combinacion
con los genes de clase “B”, son responsables de establecer la identidad de pétalos. La
ausencia de ellos en mutantes provocan fenotipos homeéticos en la flor, por ejemplo en
apetala 2 se generan carpelos en lugar de sépalos y estambres en lugar de pétalos

(Bowman et al., 1989; Meyerowitz et al., 1989; Bowman et al., 1991).
Genes de la Clase B. Los genes que pertenecen a esta clase son APETALA 3y

PISTILLATA, estos genes como se mencion0 anteriormente son los responsables de

generar los pétalos con la participacion de los genes de clase “A” que en conjuncion
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con los genes de clase “C” son los responsables de establecer los estambres. Las
mutantes para estos genes generan sépalos en lugar de pétalos y carpelos en lugar de

estambres (Bowman et al., 1989; Bowman et al., 1991).

Genes de la Clase C. El gen que representa a esta clase es AGAMOUS, el cual es
responsable de generar los carpelos en el centro de la flor y los estambres son
generados alrededor de estos en combinacion con los genes de la clase “B” como se
menciono previamente. Las mutantes para este gen provocan un cambio de identidad
de estambres a pétalos y de carpelos a sépalos, ademas de que estas flores son
indeterminadas porque AG es un represor de WUS como se menciond anteriormente
(Bowman et al., 1989; Yanofsky et al., 1990; Bowman et al., 1991).

Figura 7. Modelo ABC del desarrollo de la flor. Este modelo establece que los genes de las clases A, By
C del desarrollo floral son los responsables del establecimiento de los verticilos florales que de afuera
hacia adentro originaran: sépalos, pétalos, estambres y carpelos funcionados en un gineceo.
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1.10. Los factores transcripcionales MADS-box y su participacion en el desarrollo

de las plantas.

En las secciones anteriores se puede observar que los factores de transcripcion tipo
MADS-box tienen un papel preponderante en la transicion a la floracion, el
establecimiento de los meristemos florales y en la identidad de los verticilos florales, por

lo que para fines de este trabajo se describen brevemente a continuacion.

Los factores transcripcionales con dominio MADS constituyen una familia muy
conservada en eucariontes que se caracteriza por tener un dominio de unién a ADN
cuyo acronimo MADS fue otorgado con base a las primeras letras de los genes de
diversas especies en que fueron inicialmente identificados: MCM1 de Saccharomyces
cerevisiae, AGAMOUS de Arabidopsis thaliana (Yanofsky et al., 1990), DEFICIENS de
Antirrhinum majus y SERUM RESPONSE FACTOR de Homo sapiens (Shore y
Sharrocks, 1995). En el genoma de A. thaliana existen mas de 100 genes AGAMOUS-
LIKE (AGL) y muchos de los genes de esta familia tienen un papel fundamental en la
regulacion de diversos procesos de desarrollo, ademas de los ya mencionados, como
por ejemplo: el desarrollo de la raiz, mantenimiento del estado vegetativo, el desarrollo
de la vaina, la gametogénesis, el desarrollo del o6vulo, etc. (Figura 8; Coen y
Meyerowitz, 1991; Honma y Goto, 2001; Ng y Yanofsky, 2001; Yu et al., 2002;
Parenicova et al., 2003; Martinez-Castilla y Alvarez-Buylla, 2003; Tapia-Lépez et al.,
2008; Smaczniak et al., 2012, Garay-Arroyo et al., 2013).

Existen dos linajes de genes MADS-box, los del tipo | parecidos a SERUM RESPONSE
FACTOR de humano y los del tipo I, homologos a MYOCYTE ENHANCER FACTOR-2
ambos presentes en plantas y animales (Black and Olson; 1998: Chai y Tarnawski,
2002). Adicional al dominio MADS, los del linaje tipo Il o MICK presentan un dominio |
(intermedio) no conservado, el dominio K (Keratin-like) el cual se ha demostrado es
importante para las interacciones proteina-proteina y el dominio C o carboxilo terminal,

el cual es variable y puede actuar como un dominio de activaciéon en trans que es
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importante para determinar la especificidad de las interacciones entre proteinas
(Purugganan et al., 1995; Riechmann y Meyerowitz 1997; Jack, 2001; Ng y Meyerowitz,
2001). El dominio MADS de estas proteinas reconoce a una secuencia concenso en el
ADN de los genes blanco conocida como caja CArG ([5-CC(A/T)6-GG3"];Shore and
Sharrocks, 1995).

Por estudios genéticos, ensayos de doble, triple y cuadruple hibrido en levadura asi
como por la inmunoprecipitacion de algunos complejos, se ha propuesto que las
proteinas con dominio MADS actuan como hetero y/o homodimeros que pueden
conformar tetrameros entre ellas o con otro tipo de proteinas para llevar a cabo su

funcién transcripcional (Honma y Goto, 2001; de Folter et al., 2005).
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Figura 8. Participaciéon de los genes MADS a través del ciclo de vida de A. thaliana. Esta crucifera pasa
por diversas etapas durante su ciclo de vida y los genes MADS-box juegan papeles muy importantes en
los procesos que se indican en el esquema. Una vez que la semilla germina se genera una plantula, la
cual después origina una planta con una roseta joven hasta formar una roseta adulta, la cual transita
hacia la floracion, momento en el cual se generan los botones florales que produciran las flores, dentro de
estas estructuras ocurre la doble fecundacion, posteriormente las vainas elongan y permitirdn el
desarrollo de las semillas a partir de las cuales originaran una nueva generacion de plantas (Tomado y
modificado de Smaczniak et al., 2012).

1.11 Empleo de modelos para estudiar los sistemas de regulacién genética

El empleo de modelos matematicos que expliquen los sistemas de regulacién genética

ayuda a establecer relaciones no intuitivas en un determinado proceso en el cual
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participan un conjunto de genes y/o proteinas. En plantas este tipo de modelos han sido
utilizados para explicar diversos procesos como por ejemplo, el desarrollo de la flor, la
Inmunidad vegetal, transporte de auxinas, desarrollo de las hojas (Alvarez-Buylla et al.,
2010; Band et al., 2012; Merks et al., 2011; Muhammad et al., 2013). Para que un
modelo sea creible debe cumplir con tres caracteristicas: debe ser verificable, validado y
evaluado. Los modelos ayudan al avance cientifico de diversas maneras, por ejemplo, la
experimentacion es muy importante en los descubrimientos del quehacer cientifico, sin
embargo cuando numerosos resultados son obtenidos como por medio de la
secuenciacion masiva, estudios de transcriptomica, proteémica, metaboldmica etc. los
datos y la informacién generada es dificil de procesar, interpretar e integrar; en este
sentido los modelos pueden ayudar ordenando la informacion generada por la
experimentacion y pueden proporcionar hipétesis de trabajo la cual puede ser probada
posteriormente en el laboratorio. De esta manera la combinacion entre los datos
obtenidos experimentalmente y las consideraciones tedricas ayudan a la generacion de
buenos modelos, con lo cual se pueden realizar predicciones que ayudan al avance

cientifico.

Hace unas décadas atras se habia considerado que en biologia del desarrollo un
fenotipo era causado por un gen, sin embargo con el paso del tiempo esta idea se ha
revolucionado y ahora sabemos que un mismo fenotipo puede ser causado por multiples
genes. En un proceso dinamico donde participan varios genes o proteinas, estas
interacciones pueden ser representadas graficamente mediante un sistema de
regulacion genética, el cual ilustra de manera sencilla todas las posibles interacciones
de la red (Darabos et al., 2011).

Los sistemas de regulacion genética son considerados en la actualidad muy importantes
para estudios de frontera en las ciencias biolégicas (Drabos et al., 2011). Uno de los
primeros modelos dinamicos empleados es el sistema booleano al azar. En este sistema
los componentes estan representados por nodos Yy las interacciones estan indicadas por
uniones entre los nodos e indica cdmo cada nodo ejerce una influencia con los que

interacciona, por ejemplo las flechas indican activacion mientras que las barras indican
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represion (Alvarez-Buylla et al., 2010). En el sistema booleano las dinamicas de cada
nodo se simplifican lo mas posible, generalmente con valores de 0 que indican por
ejemplo que los genes estan apagados y 1 indican que estan encendidos. (Alvarez-
Buylla et al, 2010; Greil, 2012).

En biologia de sistemas es necesario utilizar herramientas bioinformaticas y modelos
computacionales que permitan el estudio integral de los procesos bioldgicos en
disciplinas tan complejas como la genética, fisiologia, bioquimica, etc. (Darabos et al.,
2011; Gril, 2012). En el presente cada vez mas se conjuntan los datos experimentales
con los analisis bioinformaticos y modelos computacionales para contar con una vision

mas completa de lo que ocurre en un proceso biolégico.

1.12 La diferenciacién celular y el paisaje epigenético.

Las células durante el desarrollo atraviesan por distintos estados celulares, algunas
células permanecen indiferenciadas como las que se encuentran en el nicho de células
troncales mientras que otras se especializan y se diferencian (Grafi, 2004; Takahashi,
2012). La diferenciacion es el proceso que atraviesa una célula a partir de estar en un
estado indiferenciado y llegar a un estado en el cual la célula adquiere caracteristicas
que le permiten desempefar una funcidon especifica alcanzando la maduracion, este
proceso en los seres vivos esta regulado por un intrincado sistema de regulacion
genético que es influenciado por factores hormonales y ambientales (Grafi, 2004;
Takahashi, 2012).

Conrad Hal Waddington establecié una analogia del proceso anteriormente mencionado
y en 1957 propuso el paisaje epigenético el cual es una descripcidn grafica del curso por
el cual atraviesa una célula en desarrollo hasta llegar a la diferenciacion, este paisaje lo
representd en una superficie inclinada en la cual se encuentran esferas las cuales hacen
alusion a las células indiferenciadas que van rodando hasta caer dentro de sumideros o
valles que representan la terminacion del destino de las células porque han alcanzado la

madurez. Estas células no pueden salir de los valles normalmente porque han adquirido
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estados estables que dan como resultado la determinacién celular (Bhattacharya et al.,
2011; Takahashi, 2012). Sin embargo, Waddington también pensd que el destino celular
podia modificarse y que las células podrian salir de los estados estables en lo que se
encontraban y llegar a otros estados diferentes lo cual lo representé como una especie
de puente entre los valles (Bhattacharya et al., 2011;Takahashi, 2012).

En biologia del desarrollo los términos de: desdiferenciacion, reprogramacion,
transdeterminacion y transdesdiferenciacion son utilizados para explicar la conversion
de las células una vez que han adquirido identidad celular. La desdiferenciacion es el
proceso por el cual la célula de un estado especializado regresa a través del paisaje
epigenético para convertirse en una célula inmadura hasta llegar a un estado
indiferenciado. Mientras que la reprogramacion o reversion, transdeterminacion y
transdesdiferenciacion, son el proceso por el cual las células en un estado pueden pasar
de un destino celular a otro sin llegar a ser una célula indiferenciada (Takahashi, K.,
2012).

Figura 9. Paisaje epigenético de Waddington. Es una descripcion grafica para explicar como la célula en
estado indiferenciado puede pasar por diversas crestas hasta llegar a un sumidero del cual
normalmenteya no puede salir y en donde adquiere identidad celular (Tomado y modificado de
Bhattachrya et al., 2011).
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2. ANTECEDENTES.

XAL2 | AGL14 es un factor transcripcional perteneciente a la familia de genes MADS-
box el cual se encuentra dentro del clado de SOC1, AGL19, AGL42, AGL71y AGL72
(Parenicovaa et al., 2003). Todos los genes de este clado con excepcion de XAL2 se ha
demostrado que participan en la transicion a la floracién (Schoénrock et al., 2006; Dorca-
Fornell et al., 2011). Anteriormente otros grupos habian reportado que XAL2 es un gen
especifico de raiz (Rounsley et al., 1995; Schoénrock et al.,, 2006) en donde
efectivamente tiene un papel muy importante en su desarrollo. Sin embargo, en el
laboratorio de Genética Molecular, Evolucién, Epigenética y Desarrollo de Plantas se
encontré que una linea de expresion disminuida para XAL2 (ahora denominada como
xal2-2 presentaba retraso en su tiempo de floracion al compararse con plantas de tipo
silvestre en condiciones de dia largo (Villajuana-Bonequi, 2005; Garay-Arroyo et al.,
2013).

Adicionalmente XAL2 / AGL14 es capaz de interaccionar con otras proteinas con
dominio MADS, en ensayos de dos hibridos con: SOC1, AGL24, FUL,
SHATTERPROOF 1y 2 (SHP1 y SHP2), SEP3 y ARABIDOPSIS B SISTER-2 (ABS-2;
de Folter et al.,, 2005). De los cuales SOC1, AGL24 y FUL son importantes en la
transicion a la floracion (Hempel et al., 1997; Borner et al., 2000; Lee et al., 2000; Nessi
et al., 2000; Liljegren et al., 2000; Michaels et al., 2003; Liu et al., 2007, Liu et al., 2008;
Lee and Lee, 2010). Este trabajo sugiere que XAL2 pueda participar de forma conjunta
con estas proteinas en la transicion a la floracion y en el mantenimiento del meristemo
de flor. Con base en estos antecedentes se propone conocer con mas detalle como
XALZ2 participa en la transicion a la floracién y las posibles relaciones genéticas en

relacion a algunos otros componentes que participan en la floracion.
Por lo tanto, el presente trabajo tuvo por objeto conocer cual es la participacion de XAL2

en el tiempo de floracion, cuales son sus relaciones genéticas y explicar los fenotipos

de la linea de sobreexpresion.
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3. HIPOTESIS.

XAL2 es parte de la red de regulacion genética que participa en la transcion a la
floracién, junto con SOC1, AGL24y SVP.
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4. OBJETIVOS.

4.1. General

“‘Determinar la participacion de XAL2 durante la transicién a la floracién y en el

mantenimiento del meristemo floral en Arabidopsis thaliana“.

4.2 Particulares

1.- Determinar el tiempo de floracién de xal2-1 y xal2-2 bajo condiciones de fotoperiodo

de dia corto, dia largo, vernalizacion y tratamiento con giberelinas.

2.- Analizar la regulacion transcripcional de XALZ2 en la red de regulacion que participa

en la transicion a la floracion en dia largo.

3.- Determinar el patrén de expresién espacio-temporal de XAL2 en el meristemo de

inflorescencia y en el meristemo floral.

4.- Documentar el fenotipo de la linea de sobreexpresion en condiciones de crecimiento

de dia largo y corto.

5.- Determinar si XAL2 es capaz de inducir la expresion de TFL1 directamente.
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5. MATERIALES Y METODOS.

A continuacidn se describen las técnicas utilizadas para este trabajo y que no fueron
detalladas en el articulo Pérez-Ruiz et al., 2015. Para complementar la informacion

revisar la metodologia del articulo.

5.1. Extracciéon de ADN de Arabidopsis thaliana.

Se tomaron 1-3 hojas de plantas creciendo en condiciones de temperatura y humedad
controlados. Las hojas fueron congeladas y trituradas en N, liquido con ayuda de
morteros de porcelana. Posteriormente se adicionaron 150 yl de un amortiguador de
extraccion: (6.9 M de urea, 0.31 NaCl, 0.1M Tris-HCI pH 8.0, 0.02 M EDTA pH 8.0 y
0.11 M de sarcosina). Después se adicionaron 100 ul de fenol/cloroformo (1:1). Se agité
en vortex y se centrifugd a 8049 g por 5 min. El sobrenadante se transfiri6 a un nuevo
tubo y se adicion6 2 veces el volumen de etanol, se agit6 nuevamente y se centrifugo
de igual manera que el paso anterior. Se retir6 el sobrenadante y se adicionaron 500 pl
de etanol al 70% para lavar las sales de la pastilla, se centrifugd 1 min y se dejo
secando al aire. Finalmente la pastilla se resuspendié en agua grado biologia molecular

y se le adiciond 1 pyl RNAsa A (Invitrogen), a una concentracion de 1 mg/ml.

5.2. Obtencion de ARN y sintesis de ADN complementario.

De plantas de 14 dias de edad crecidas en placas Petri se colecto la parte aérea y esta
se trituré en morteros de porcelana previamente enfriados con N liquido hasta obtener
un polvo muy fino. Posteriormente el ARN fue extraido utilizando el reactivo de Trizol
(Invitrogen) de acuerdo a las especificaciones del fabricante. Una vez obtenido se
cuantific6 y 2 pg fueron utilizados para la sintesis del ADNc utilizando la enzima

Superscript Il (Invitrogen), siguiendo el protocolo del fabricante.

5.3. Preparacion de células competentes Escherichia coli DH5a, para

electroporacion.
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A partir de una colonia aislada previamente, se inocularon 10 ml de medio Luria Broth
(LB; el cual se prepard con 10 g de triptona, 5 g de extracto de levadura y 10 g de NaCl
en 11 de HyO) se dejo creciendo toda la noche a 37°C en agitacion de 300 rpm en una
incubadora (New Brunswick Scientific Co, serie 25) y este pre-cultivo sirvio para inocular
1 | de medio LB, el cultivo se creci6 hasta una D.O. de 0.5-0.6 a 560 nm
(aproximadamente 2-4 h) en las mismas condiciones de agitacion y temperatura que el
pre-cultivo. Posteriormente se dejaron enfriar los matraces por 10-15 min en hielo. El
cultivo fue transferido a botellas de 500 ml y fueron centrifugados en una centrifuga
Beckman J2-21 utilizando un rotor de angulo fijo por un tiempo de 10 min a una
velocidad de 1400 g. La pastilla obtenida se resuspendié en 5 ml de agua enfriada a
4°C (fria) y se afadio el mismo volumen de agua fria (por ejemplo, si se utilizd 1 | de
medio, se utiliza 1 | de agua fria). Se agitd en vortex y se centrifugé nuevamente a 1400
g. Posteriormente, la pastilla se resuspendiéo en 5 ml de agua fria en tubos falcon vy
después se adicioné agua fria, la mitad del volumen inicial de medio LB que se utilizé
para el cultivo (por ejemplo 500 ml si se utilizé 1 | de medio). Se centrifugd nuevamente
a 2744 g. La pastilla obtenida se resuspendié nuevamente en 20 ml de glicerol al 10%
frio. Se mezcld en vortex y se transfirié a tubos Corning de 50 ml, para centrifugarse 10
min a 1400 g. Se elimind el sobrenadante y se adicionaron 2-3 ml de glicerol al 10%, se

mezclo bien y se hicieron alicuotas de 40 ul que se congelaron en Ny liquido y al

finalizar se conservaron a -70°C.

5.4. Preparacion de células competentes para electroporacion con Agrobacterium

tumefasciens.

Para la preparacion de células competentes, se inoculé la cepa de Agrobacterium
tumefasciens C58 en un placa conteniendo medio LB, se colocd a una temperatura de
28-30°C por dos dias. Una vez observado el crecimiento en la placa se tomé una
colonia bien aislada, con ayuda de un palillo estéril y se inocul6 en un tubo conteniendo
3 ml de medio LB y se dejo crecer a 28-30°C por 1 dia hasta observar el crecimiento de
las bacterias. 100 pl del pre-cultivo fueron inoculados en 100 ml de medio LB + 0.1%

glucosa, y se incubd a 28-30 °C. El cultivo fue monitoreado hasta que este alcanz6 una

43



D.O. 600 = 0.5-0.7 e inmediatamente se incubo el matraz en hielo. Posteriormente, se
colectaron las células centrifugando por 15 min a 4032 g en botellas de 250-500 ml.
Después las células fueron lavadas en 10 ml de HEPES 1 mM pH 7.0. Se centrifugd
nuevamente en tubos de 50 ml. Se repitié el lavado tres veces mas. Se lavo la pastilla
con 10 ml de glicerol al 10% y se centrifugd nuevamente. Finalmente las células se
resuspendieron en un volumen de 500-700 pul con glicerol al 10% y se hicieron alicuotas
de 40 ul en tubos eppendorf de 600 ul. Las alicuotas se congelaron en N liquido y se

almacenaron a -70 °C.

5.5. Transformacién por electroporacion de células de Agrobacterium

tumefasciens.

Para este fin, se descongelé en hielo una alicuota de células previamente almacenadas
a -70°C. Se pre-enfri6 la celda de electroporacion (BioRad). Se mezclaron 10 ng de
plasmido (el que se necesitaba clonar) con 40 ul de las células y se transfirieron a la
celda, formando un puente entre las dos placas de metal. Posteriormente, se utilizd un
electroporador (E.C. Apparatus Corporation modelo EC100). Se ajusté el voltaje a 2800
V, se coloco la celda y se dio el choque eléctrico. Se recolectdé de la celda la mayor
cantidad de la mezcla, la cual se incubé en 1 ml de medio LB por 1 h a 30 °C con
agitacion en una incubadora (New Brunswick Scientific Co, serie 25). Después se
centrifugé a 504 g x 1 min y se decanto la mayor cantidad de medio y la pastilla se
resuspendio en 100 ul del mismo medio, lo cual fue plagueado en placas conteniendo
LB con el antibidtico respectivo (rifampicina y ampicilina), se incubd por dos dias a

30°C. Se verifico que el plasmido se haya integrado.

5.6. Transformacioén de Arabidopsis thaliana con Agrobacterium tumefaciens.

Se inocularon 5 ml de medio LB complementado con 50 ul/ml con los antibidticos

(kanamicina, rifampicina y ampicilina, para la cepa C58) y se incubo por 2-3 dias a 300

rom a 28°C en una incubadora (New brunswick Scientific, serie 25). Posteriormente se
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escalo el cultivo a 250 ml de medio LB con los mismos antibidticos y se dejo en
agitacion toda la noche a 28°C. El cultivo fue colocado en botellas de 500 ml de
capacidad, previamente enfriadas en hielo. Se centrifugé a 5488 g x 15 min. Una vez
obtenida la pastilla, se resuspendié en medio de infiltracion (2.2 g de MS, 50 g de
sacarosa, 500 ul de silwet 77 y se ajusté a un volumen de 1 I). Se utilizaron plantas
jovenes (de 3-4 semanas de edad) que presentaban inflorescencias para la
transformacion. A estas plantas se les cortaron previamente las vainas y la mayor
cantidad de flores, para dejar solo los botones florales. Se sumergieron por inversion
para que las inflorescencias quedaran dentro de la solucion de infiltracion durante 15-20
s, las macetas con las plantas se colocaron horizontalmente en charolas y se cubrieron
con bolsas de plastico obscuro por 1 dia para permitir la recuperacion debido al estrés

que se sometieron y se recuperaron la mayor cantidad de semillas.

5.7. Microscopia de luz y electrénica.

Para la documentacién fotografica mediante microscopia de luz de los fenotipos florales
de la plantas y de las flores, se utilizé un microscopio de diseccion (Olympus SZ60) al
cual se le mont6 una camara fotografica (Olympus C-5060) con ayuda de un adaptador.
Para mayores aumentos se utilizd6 un microscopio optico (Olympus BX60). En el caso
del material analizado por microscopia electronica de barrido, las muestras fueron
fijadas y secadas con CO,, después fueron cubiertas con oro y visualizadas en un

microscopio electrénico (Jeol LTD) en la Facultad de Ciencias de la UNAM.

5.8. Experimentos de Hibridacion in situ.

A continuacion se describe esta técnica a partir de la obtencion del tejido. Como
recomendaciones generales siempre se deben de usar guantes, limpiar el area de

trabajo con solucion eliminadora de ARNasas y todo el material usado debera lavarse

con H,O DEPC activo. Tener presente que trabajamos con ARN.
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5.8.1 Obtencion de tejido vegetal: Se sembraron 5 semillas en tierra por cada una de
las 48 macetas, una vez que las plantas crecieron tanto de la linea silvestre como la de
xal2-2, se seleccionaron escapos de 10 cm de longitud, y a las inflorescencias de estos
escapos se les elimin6 la mayor cantidad de botones florales con ayuda de pinzas de

diseccion para que el meristemo de inflorescencia quedara lo mas desnudo posible.

5.8.2 Fijaciéon: Una vez que se obtuvieron las inflorescencias (al menos 30), estos
fueron fijados en una solucién conteniendo 300 ml de PBS (130 mM NaCl, 7 mM
Na;HPO4, 3 mM NaH,PO, a pH 11, utillizando NaOH el cual se calentd
aproximadamente a 60°C en el microondas por un periodo de 30-45 s). Se adicionaron
10 gramos de paraformaldehido, se agité muy bien para que se disolviera. Después se
reajustd el pH a 7 utilizando H,SO4 concentrado, se espero a que la solucién se enfriara
y se coloco en hielo. El fijador frio se adiciond a tubos de vidrio en donde se colocaron
las inflorescencias (se pueden usar los frascos de centelleo). Las muestras sumergidas
en el fijador se sometieron al vacio por dos rondas de 20 min y en cada ronda se liberd
poco a poco el vacio con el fin de infiltrar el fijador. Finalmente las muestras se dejaron
a 4°C por 10-12 h.

5.8.3 Hidratacion: Una vez concluida la fijacion se procedi6 al proceso de
deshidratacion a temperatura ambiente, para este fin se prepararon diluciones de
alcohol al 60%, 70% 80%, 90%, 95% y 100% y se fueron sustituyendo cada 30 min
después del proceso de fijacion, se dejaron las muestras en etanol al 100% por 8-12 h
en refrigeracién a 4°C toda la noche (en este paso las muestras se pueden dejar el fin

de semana).

5.8.4 Infiltracion de Citrisolv: se prepararon soluciones en las proporciones 3:1, 1:1,
1:3 etanol:citrisolv (Fisher Brand) y se fueron cambiando cada 30 min, hasta que al final
se cambio por solo citrisolv (Fisher Brand), el cual se cambio dos-tres veces, cada 30

min a temperatura ambiente.
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5.8.5 Infiltraciéon de parafina: Después de que las muestras se dejaron en citrisolv al
100%, los viales se introdujeron en un horno a 56°C (Fisher Scientific, 650D) por
aproximadamente una hora. Después se fue adicionando parafina fundida, y se dej6
reposar por otra hora. Se elimind el 50% del contenido de citrisolv-parafina (hay que
tener cuidado de que no se tiren las muestras) y este cambio se realizé de 6-8 veces,
para ir infiltrando poco a poco la parafina, finalmente el vial se dejoé en parafina toda la

noche para que se evaporara el citrisolv.

5.8.6 Preparacion de muestras en bloques de parafina: Se limpiaron perfectamente
los moldes de acero inoxidable con citrisolv caliente a 58°C para eliminar la parafina de
muestras anteriores. Los moldes se dejaron remojando en H,O DEPC activo por al
menos 2 h, se secaron con toallas de papel hasta su uso.

Los cartuchos de soporte para las muestras también se lavaron con H,O DEPC activo.
Con ayuda de pinzas de plastico se tomaron las muestras y se colocaron en moldes
calientes, se acomodaron las muestras, se fijaron permitiendo que la parafina se
solidificara un poco, se colocé encima el cartucho de plastico y se adicion6 parafina
hasta que se cubrié la muestra, después los moldes se colocaron sobre hielo para
permitir la solidificacion de la parafina, transcurridos 10-20 min se separaron los
cartuchos de los moldes ya que la parafina estd completamente solidificada, estas

muestras se guardaron a 4°C (se pueden almacenar hasta un afno).

5.8.7 Cortes finos: Para este fin se sacaron del refrigerador los bloques conteniendo
las muestras y se dejaron aproximadamente 1 h a temperatura ambiente para que la
parafina no estuviera tan dura. Se colocaron las muestra dentro del bloque y se elimind
con navajas el exceso de parafina (formando un trapecio), se ajustd el micrétomo
(Microm HM330) a un grosor del corte de 6-8 uM y se procedié a seccionar, una vez
que empiezaron a salir los tejidos cortados de las muestras, estos se colocaron en
toallas de papel, y se cortd todo el bloque, después las muestras se colocaron sobre
portaobjetos cargados positivamente, se analizaron bajo el microscopio estereoscopico
(Olympus SZ60) y se seleccionaron los mejores cortes para posteriormente guardarse a
4°C.
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5.8.8 Preparacion de las ribosondas: Se busco en la base de datos del National
Center for Biotechnology Information (NCBI), una regién del gen XAL2 que no hibridara
cruzadamente con ningln otro gen por lo que se disefiaron los oligonucleétidos 5 -
GTTTCCTCCTTCAAACTAACA-3° y  5-GCAACTGCTAAATTCAGTAAG-3°  que
amplifican un fragmento de aproximadamente 113 pb. Posteriormente se usé ADNc
para amplificar la region y se cloné en el vector P-GEM-T-Easy (Promega). Después se
envidé a secuenciar para verificar la presencia de la sonda dentro del plasmido. El molde
para la obtencion de la ribosonda fue amplificada con los oligonucledtidos SP6 y T7, el
producto de PCR fue verificado y purificado usando las columnas de QIAGEN e
inmediatamente se procedié a la sintesis de la ribosonda utilizando el kit de Promega
con las polimerasas SP6 y T7. Se cuantifico la ribosonda con la tiras para cuantificacion

(Roche) y se guardaron a -70°C hasta su uso.

5.8.9 Realizacion del experimento: La duracion de lo que propiamente es el

experimento de hibridacion in situ es de tres dias.

5.8.10 Desparafinacién del tejido: Las laminillas seleccionadas para el experimento se
colocaron en porta laminillas, las cuales se sumergieron en citrisol V por 10 min, pasado

este tiempo se cambiaron a citrisolv fresco por otros 10 min.

5.8.11 Hidratacion: Las porta laminillas se colocaron en etanol al 100%, dos veces por
1 min cada vez y después se pasaron a etanol al 95%, por 30 s y posteriormente se
transfirieron a soluciones de etanol al 85%, 70% 50% y 30% con 0.85% NaCl cada una,
por 30 s en cada solucién. Se pasaron a una solucién con 0.85% NaCl por 2 min vy

después a una solucién de PBS por 2 min.

5.8.12 Digestion con Proteinasa K: Se prepard un amortiguador que contenia 50 mM
Tris-HCI pH 7.5 y 5 mM EDTA, se adicionaron 30 mg de Proteinasa K a 250 ml del
amortiguador previamente calentado a 37°C y las muestras se dejaron por 25 min a

37°C. Aproximadamente cada 5 min se agitdé la solucion. Se colocaron los porta
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laminillas en 0.2% glicina en PBS por 2 min e inmediatamente después se pasaron a

PBS por otros 2 min.

5.8.13 Refijacion de la muestras: Se colocaron las laminillas en solucion de fijacion
como la descrita en punto 5.8.2, pero solamente por 2 min. Después se lavaron con
PBS por 2 min. En 400 ml de una solucién de 0.1 M de trietanolamina-HCI pH 8, se
adicionaron 2 ml de acido acético anhidro, el cual es inestable en agua y por tal motivo
la solucion de trietanolamina se mantuvo en agitacion durante 10 min. Se lavo por 2 min

en PBS y después en una solucion all 0.85% NaCl durante 2 min.

5.8.14 Deshidratacion: Los porta laminillas se colocaron en etanol 30%, 50%, 70%,
85% mas 0.85% NaCl, por 30 s en cada solucion. Después se pasaron a una solucion
con 95% etanol por 30 s y dos veces en alcohol al 100% durante 1 min en cada una.
(Las laminillas se pueden guardar a 4°C en una camara humeda de etanol absoluto por

maximo 2 h, si no se debe proseguir inmediatamente).

5.8.15 Hibridacion: Primero se llevo a cabo una pre-hibridacion, se utilizaron 250 ul de
solucidon de hibridacién la cual se preparé con 4 ml de formamida, 2 ml de sulfato de
dextran al 50%, 1ml de sales 10X, 100yl de tRNA a una concentracion de 100 mg/ml,
200 pl de solucidon de Denhardts 50X y 700 pl de H,O DEPC. Para hacer las sales al
10X, se utilizaron 6 ml de 5M NaCl, 1 ml de 1M Tris-HCI pH 6.5, 0.78 gramos de
NaH,P0O4:2H,0, 0.71 gramos de Na;HPO4, 1 ml de 0.5M EDTA y se aforé a 10 ml con
H,O DEPC. La solucion para la prehibridacion se colocé entre las dos laminillas
creando una especie de "sandwich" favoreciendo asi su dispersion en las caras internas
de las laminillas conteniendo el tejido fijado, esto con la finalidad de que todo el tejido
qguedara en contacto con la solucion, por aproximadamente 30 min, transcurrido este
tiempo las laminillas se separaron y se le adicion6 la ribosonda (500 ng), la cual
previamente se diluyé con 50ul de formamida al 50%, la cual se calenté por dos min a
80°C en un tubo eppendorf, e inmediatamente se coloco en hielo y se adicion6 200 pl
de solucion de hibridacion con la cual se mezcld. Posteriormente se preparé una

camara humeda. Para este fin se colocaron toallas de papel en un recipiente plastico y
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estas fueron mojadas con formamida al 50% y 2X SSC, las laminillas fueron colocadas
encima de pipetas Pasteur para impedir el contacto con las toallas de papel y evitar que
se secara la solucion de hibridacion conteniendo la ribosonda (se hace una especie de
“sandwich” entre dos laminillas, quedando en la parte interna el tejido en contacto con
la solucion y la ribosonda). Hay que estar seguros de que no queden burbujas de aire
dentro del "sandwich" para garantizar que todo el tejido esté en contacto con la
ribosonda. Finalmente el recipiente de plastico se cerrd y se colocd en una incubadora a
58°C para hibridar por 10-12 h.

5.8.16 Lavados: Al siguiente dia, los “sandwitches” se colocaron en un recipiente
conteniendo 0.2X SSC para separar las laminillas, posteriormente se colocaron en
portalaminillas con la cara que contenia el tejido viendo hacia el exterior para que los
lavados se llevaran a cabo adecuadamente.

Se lavaron las laminillas por una hora a 56°C en 0.2X SSC, este lavado se realizé dos
veces cambiando la solucion. Posteriormente las laminillas se pasaron a un
amortiguador conteniendo (0.5M NaCl, 10 mM Tris pH 7.5, 1TmM EDTA) y esto se
realizé dos veces por 5 min cada una. Después las laminillas se colocaron nuevamente
en 0.2X SSC durante otra hora a 56°C.

5.8.17 Bloqueo: Una vez realizados los lavados se procedio a realizar el bloqueo, para
esto se prepararon 50 ml al 1% del agente de bloqueo de Roche. Se incub6 en
agitacion a 70 rpm por 45 min a temperatura ambiente. Hay que estar seguros que la
solucion de bloqueo esta en contacto directo con las laminillas. Después se eliminé esta
solucion de bloqueo y se adiciond una nueva solucidn y se incubd por otros 20 min mas.
Después de eliminar la solucién de bloqueo se incubaron las laminillas en 1% albumina
sérica bovina, 0.3% triton X-100 diluido en TBS. Se dejé en agitacién constante a

temperatura ambiente por 45 min.
5.8.18 Incubaciéon con el anticuerpo: El anticuerpo anti-DIG (Roche) fue diluido

1:1250 en 1% BSA, 0.3% Triton X-100 en TBS, se utilizaron 7.5 ul de anticuerpo en 9.3

ml de amortiguador (esta cantidad es suficiente para 40 laminillas). Se incubaron las
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laminillas en otra camara de humedad a temperatura ambiente por dos h. Se separaron
las laminillas en solucion conteniendo 1% BSA, 0.3% Triton X-100 en TBS (este paso
se repitidé 3 veces mas).

Después se lavaron en un amortiguador conteniendo 100 mM Tris pH 9.5, 50 mM
MgClz, 100 mM NaCl, repetir este paso por 10 min con solucién fresca.

En 10 ml de solucion que contenia 100 mM Tris pH 9.5, 50 mM MgCl,, 100 mM NaCl,
se adicionaron 8 ul de 1M de levamisol, 22 ul de NBT y 16 ul de BCIP. Se adicionaron
250 ul de esta solucion por cada par de laminillas, al terminar se colocaron los
sandwitches en una camara humeda y se dejo revelando para la obtencion del color en
la oscuridad, se monitore6 para que no se sobre expusieran las muestras. La reaccion
se detuvo con la solucion: 10 mM Tris HCI pH 8 y 1 mM EDTA en donde se sumergen

las laminillas. Finalmente se dejaron secando al aire y se observaron al microscopio.

5.9. Inmunoprecipitacién de la cromatina.

Para este experimento se obtuvo la parte aérea de plantas de 14 dias de edad. A partir
de 500-1000 mg de tejido se procedio a la fijacion del tejido utilizando 0.4 M sacarosa,
10 mM Tris pH 8.0, 1 mM EDTA pH 8.0, formaldehido al 1%, la fijacion se llevo al vacio
en placas de 6 pozos utilizando una bomba de vacio (Heto Sue 300E), el tratamiento
fue de 20 min. Después se adiciond glicina hasta tener una concentracion final de 0.1M
y se coloco nuevamente al vacio por 10 min mas, al terminar este tratamiento el tejido
aéreo fue lavado con agua destilada estéril al menos 4 veces y fue secado con ayuda
de toallas de papel, el material se almacend a -70°C hasta su uso.

El tejido almacenado fue molido utilizando morteros de porcelana enfriados con ayuda
de nitrogeno liquido. después de obtener un polvo fino, este fue resuspendido en un
amortiguador de lisis: 50 mM HEPES, 150 mM NaCl, 1 mM EDTA, 1% Tritox X-100,
0.1% SDS, 1 mM PMSF, 10mM butirato de sodio e inhibidor de proteasas.
Posteriormente el homogenizado obtenido fue sonicado 6 veces x 15 s (Sonicador
Brason 150) y con intervalos de descanso de 1 min entre pulso y pulso. La muestra se
incubo a 4°C en agitacion durante 20 min e inmediatamente se centrifugo a 9464 g a

4°C, el sobrenadante obtenido se transfiri® a un nuevo tubo y se cuantificaron las
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proteinas totales mediante el reactivo de Bradford en un espectrofotometro Beckman a
595 nm. Para cada muestra se tomaron al menos 500 ug de proteinas totales y se aforo
a 1 ml con el mismo amortiguador, se separaron 100 ul y se guardaron a -70°C. Para
los 900 ul restantes se adicionaron 15 ul de esperma de salmén a una concentracion de
10 mg/ml y 10 pl de proteina A y se incubaron por una hora con agitacion a 4°C. Por
otra parte, también se prepararon tubos para bloquear los anticuerpos, a cada uno de
los tubos se adicionaron 20 pl de proteina A (Santa Cruz), 500 pul de PBS 1Xy 6.25 ul
de anticuerpo GFP (Santa Cruz), y también se prepararon tubos que no contenian el
anticuerpo, ambos tubos se incubaron por una hora a temperatura ambiente, después
se centrifugaron los tubos y se elimin6 el sobrenadante y se adicionaron los extractos
protéicos y se dejaron en agitacion a 4 °C durante toda la noche.

Al dia siguiente, se realiz6 una centrifugacion a 304 g x 2 min, se elimind el
sobrenadante evitando romper la pastilla y se procedié con los lavados, con el mismo
amortiguador de lisis, una vez por 1 minuto en agitacion y otra vez pero por 10 min.
Posteriormente se realizé un lavado por 1 minuto en amortiguador: 50 mM Tris pH 8.0,
150 mM NaCl y 0.2% Nonidet 40. Después un lavado por 10 min en otro amortiguador:
50 mM Tris pH 8.0, 250 mM NaCl y 0.2% Nonidet 40. Dos lavados en 250 mM LiCly, 1%
Triton X-100, 1 mM EDTA y 10 mM Tris pH 8.0. Finalmente, se lavd 1 vez en un
amortiguador de: 10 mM Tris-HCI pH 7.5 y 1 mM EDTA por 1 min y dos veces por 10
min. Se retird el sobrenadante y se adicionaron 300 ul de 1% SDS, 0.1 M NaHCO3; con
el fin de eluir los inmunocomplejos. Se adicionaron 12 ul de 5M NaCl. Para liberar el
ADN se incubé a 65°C durante 6 h con ayuda de un termomixer (Eppendorf). Después
se elimind la proteina residual con ayuda de 10 pl de proteinasa K 10 mg/ml en 50 mM
Tris pH 8.0 mas 1 mM CaCl, y 50% Glicerol a 45 °C por toda la noche.

Finalmente, se extrajo el ADN, para este fin a 500 ul de muestra se le agregaron 250 pl
de fenol-cloroformo-alcohol-isoamilico (Invitrogen) y se centrifugé a 5600 g x 5 min. El
ADN se precipitd con 2.5 volumenes de etanol 1/10 de volumen. Se adicion6 a cada
muestra 3M acetato de sodio pH 5.2, 1 ul de glucégeno y se incubaron por una hora a -
70 °C. Se lavo la pastilla 2 veces con etanol al 70%, para finalmente ser resuspendida

en 20 ul de agua grado biologia molecular.
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6. RESULTADOS.

Los resultados de este trabajo se encuentran en el articulo: Pérez-Ruiz R.V, Garcia-
Ponce B., Marsch-Martinez N., Ugartechea-Chirino Y., Villajuana-Bonequi M., de Folter
S., Azpeitia E., Davila-Velderrain J., Cruz-Sanchez D., Garay- Arroyo A., de la Paz
Sanchez M., Estévez-Palmas J.M., and Alvarez-Buylla E.R. (2015). XAANTALZ2 (AGL14)
is an important component of the complex gene regulatory network that underlies
Arabidopsis shoot apical meristem transitions. Molecular Plant. 8:796-813. El cual se

presenta a continuacion.
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ABSTRACT

In Arabidopsis thaliana, multiple genes involved in shoot apical meristem (SAM) transitions have been char-
acterized, but the mechanisms required for the dynamic attainment of vegetative, inflorescence, and floral
meristem (VM, IM, FM) cell fates during SAM transitions are not well understood. Here we show that a
MADS-box gene, XAANTALZ (XAL2/AGL14), is necessary and sufficient to induce flowering, and its regula-
tion is important in FM maintenance and determinacy. xal2 mutants are late flowering, particularly under
short-day (SD) condition, while XAL2 overexpressing plants are early flowering, but their flowers have vege-
tative traits. Interestingly, inflorescences of the latter plants have higher expression levels of LFY, AP1, and
TFL1 than wild-type plants. In addition we found that XAL2 is able to bind the TFL1 regulatory regions. On the
other hand, the basipetal carpels of the 355::XAL2 lines lose determinacy and maintain high levels of WU/S
expression under SD condition. To provide a mechanistic explanation for the complex roles of XAL2 in SAM
transitions and the apparently paradoxical phenotypes of XAL2 and other MADS-box (SOC1, AGL24) over-
expressors, we conducted dynamic gene regulatory network (GRN) and epigenetic landscape modeling. We
uncoverad a GRN modula that underlies VM, IM, and FM gens configurations and transition patierns in wild-
type plants as well as loss and gain of function lines characterized here and previously. Our approach thus
provides a novel mechanistic framework for understanding the complex basis of SAM development.

Key wonrds: XAL2/AGL14, MADS-box, TFL1, SAM transitions, floral reversion, gene regulatory networks,
epigenetic landscape modeling
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XAANTALZ (AGL14) In Arabidopsis SAM Transitions

INTRODUCTION

Unraveling the molecular genetic mechanisms that underlie cell
transitions and plasticity is a fundamental Issue in developmental
biclogy. Different cell states (e.g., proliferative, differentiated,
transdifferentiated, or reprogrammed)) are comrelated to different
combinations of gene activation (Sugimoto et al,, 2011). Such
gene configurations, and the transitions among them, emerge
from complex regulatory networks (Alvarez-Buylla &t al., 2010a,
2010hb). Plants enable in vivo analyses of the molecular genetic
mechanisms underlying such cell plasticity and dynamics of
stam cells that remain active during their complete life cycle
within meristems.

At the shoot apical meristem (SAM) the transition from a vegeta-
tive to a reproductive state is crucial, with direct fitness implica-
tions (Roux et al., 2006). Molecular genetic approaches have
uncovered a complex gene regulatory network (GRN) underlying
Arabidopsis SAM development (Srikanth and Schmid, 2011;
Andrés and Coupland, 2012). Genstic screenings for mutant
plants with altered bolting time under contrasting environmental
conditions (Koornneef et al, 1991) have uncovered the
components of flowering transition pathways in response to:
photoperiod (Putterill st al., 1985; Suarez-Ldpez et al, 2001;
An et al, 2004), gibberellins (glbberellic acid [GA]; Bldzquez
et al, 1998; Blazquez and Welgel, 2000; Porrl et al, 2012),
non-optimal growth temperature over 4°C (Blazquez et al,
2003, Haliday et al, 2003; Balasubramanlan st al., 2006;
Lese et al.,, 2007), vemnalization (Michaels and Amasino, 1999;
Sheldon et al., 2000; Michasls et al, 2003), or Internal
developmental cues (Koomnee! et al,, 1891, Simpson, 2004,
Wu and Poathig, 2006).

Many of the genes that participate In floral transition are MADS-
box genes (Gramzow =t al., 2010). Some of them, such as
SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1
(SOC1), respond to more than one condition, and thesa have
been called integrators (Blazquez and Weigel, 2000; Lee et al,,
2000; Moon et al., 2003; Wang et al, 2009; Les and Les,
2010). Detailed functional characterization revealed that
flowering transition pathways converge in the regulation of
LEAFY (LFY) and APETALAT (APT), via SOGC1-AGAMOUS-
LIKE 24 (AGL24) heterodimer, SQUAMOSA PROMOTER
BINDING PROTEIN-LIKE {SPL3) or FLOWERING LOCUS T-
FLOWERING LOCUS D {FT-FD) complex, at the founding cells
of the floral meristem (FM), thus establishing a new Identity
distinct from the inflorescence meristem (M). The FM later
sub-differentiates into the floral organs {Schultz and Haughn,
1991, Weigal et al,, 1992; Abe et al,, 2005; Yamaguchi et al.,
2009).

Gene expression configurations that characterize the (M and FM
identities, in addition to the fioral organ primordia, have started to
be recovered and explained with dynamic GAN mechanistic
models, as aftractors or steady states (Espinosa-Soto et al,
2004; Alvarez-Buylla et al,, 2010a; van Mourik et al, 2010;
Kaufmann et al., 2011, Jasger et al., 2013). Such mechanistic
explanations are still lacking for normal and altered cell-fate tran-
sitions at the SAM n wild-type plants, and for certain MADS-box
overexpression lines (Yu et al., 2004, Ferrario st al,, 2004; Lu
et al., 2007; Fornara et al., 2008).

Maolecular Plant

The coexistence and, at the same time, the clear distinction of IM
and FM suggest a common underlying dynamic multi-stable
mechanism. Some genes have been identified as critical markers
of each of these SAM cellular identities, while others are sharsd
among them, Distinction between IM and FM depends on the
mutual repression of floral meristem identity genes, such as
LFY, AP1, and CAULIFLOWER (CAL), and IM genes, particularly
TERMINAL FLOWERT (TFLT), an important regulator of inflores-
cence development (Shannon end Meeks-Wagner, 1991;
Alvarez et al., 1992; Weige! et al., 1982; Bowman et al., 1993;
Shannon and Meeks-Wagner, 1993; Gustafson-Brown et al.,
1884; Chen st al,, 1987; Ohehima et al,, 1887, Ratcliffe et al.,
1998, 1999; Femandiz et al., 2000; Parcy st al.,, 2002). TFL1
encodes a phosphatidyiethanolamine-binding protein (PEBP)
that Is transcribed In the center of the IM, but the protein moves
to other cells where AP1 and LFY are down-regulated (Bradley
at al,, 1997, Conti and Bradley, 2007). t1 is an sarly flowering
mutant with a determinata inflorescence due to the ectopic
expression of LFY and AP7 In the IM (Shannon and Meeks-
Wagner, 1881; Schultz and Haughn, 1983; Gustafson-Brown
at al,, 1894; Mandel and Yanofsky, 1995; Liljlegren et al,, 1998},
Conversely, single and double mutants of LFY and AP1 acquire
Inflorescence-like structures because of the ectoplc expression
of TFL1 (Huala and Sussex, 1882; Bowman et al., 1983; Bradley
el al,, 1897; Ratcliffe et al,, 1998, 1988, Benlloch et al,, 2007),

Recent data show that the tight spatlal and temporal regulation of
the components of the GRN underlying the transition to flowering
is also involved in FM identity and maintenance (Liu st al., 2008;
Posa et al,, 2012). In this senss, genes such as SOCT, AGL24,
and SHORT VEGETATIVE PHASE (SVP), known to participate
In the regulation of flowerlng transition by regulating LFY In the
case of the first two genes (Les &t al., 2008; Llu st al.,, 2008),
and SVP in collaboration with FLOWERING LOCUS C (FLC) by
repressing SOCT and FT (Hartmann et al, 2000; Lee =t al,
2007; Ul et gl, 2008), are also important during the first two
stages of flower development (Gregls et al., 2009; Liu et al,,
2009), At these stages, SOC1, AGL24, and SVP help to prevent
the premature expression of the B and C genes (Gregls &t al,,
2006, 2008; Lu et al,, 2009), Moreover SOC1, AGL24, SVP, and
SEP4 with AP1 repress the expression of TFLT in the FM (Llu
et al,, 2013), At stage 3 of FM development, AGL24 and SVP
are repressed by LFY and AP1, leading to further differentiation
and determinacy (Yu et al., 2004; Llu et al,, 2007). Meanwhlle,
expression of SOCT and FRUITFULL (FUL, another MADS-box
gene) in the IM is important to repress secondary vascular growth
(Melzer et al., 2008). Therefore, SOCT, AGL24, SVP, and FUL are
Important In both flowering transition, and fioral and Inflorescence
meristems identity and maintenancs.

Additional evidence for the common underlying multi-stable
and non-linear GRN for SAM states and transitions Is the
fact that several of the aforementioned MADS-domain proteins
are involved in multiple SAM states and transitions (Smaczniak
et al., 2012), sometimes with apparently paradoxical functions.
The overexpression of some MADS-box genes, such as
AGL24 or SOC1 and their homologs, induce early flowering
by up-regulating LFY and AP7 (Le=s et al, 2000; Yu et &,
2002; Michaels et al., 2003; Lee el sl., 2008), but at the same
time produce flowers with vegetative characteristics that
resemble the ap7 mutant with elongated carpels, especially
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under short-day (SD) condition (Irish ana Sussex, 1990; Bowman
et al,, 1993; Bomer ot al., 2000, Ferrario et al., 2004, Masiero
et al., 2004; Yu ei al,, 2004; Liu et al., 2007; Trevaskis &l al.,
2007; Formara et al., 2008). The phenomenon known as "floral
reversion™ has been also described in heterozygous /fy, ap1,
ap2, and agamous (ag) mutants, suggesting that these
genes reprass this process and favor FM detarminacy (Batisy
and Lyndon, 1980; Okamuro et al., 1983, 1886, 1987). There
Is no explanation or mechanistic model to account for the
permanence of inflorescence characteristics when LFY and
AP1 are prematursly exprassed in the MADS-box overexpression
lines.

XAANTALZ (XAL2/AGL14) Is a MADS-box gene preferentially
expressed In the root (Rounsley &t al, 1995, Garay-Aroyo
et al., 2013). The name XAANTALZ was glven because xal2
mutants have short roots similar to those of xaantall/aglf2
(Tapla-Ldpez st al., 2008; Garay-Arroyo st al,, 2013). Here, we
report that XAL2 is also a key player in SAM cell identities and
transitions. It promotes flowering and presents similar loss and
gain of function phenotypes such as AGL24 and SOCT. We
also show that overexpression of XAL2, SOC1, and AGL24 are
able to up-regulate TFL7, thus explaining, at least in part,
the prevalence of vegetative traits, even if APT and LFY are
prematurely expressed, supporting that XAL2 Is also Important
for FM maintenance. Here, we propose a dynamic GRN and
epigenstic landscape (EL) models (Alvarez-Buylla a1 al., 2008,
2010b; Vilarreal et al, 2012) that integrate our data with
previous resuits to provide a mechanistic and dynamic
framework to understanding normal and altered cell fates and
transitions at the Arabidopsis SAM. This model! thus provides a
mechanistic explanation for apparently paradoxical data for
other loss and gain of function phenotypes (Bomer et al,, 2000,
Ferrario of al,, 2004; Masiero i al., 2004, Yu el al,, 2004, Liu
el al,, 2007; Trevaskis ef al,, 2007, Fornara &t al,, 2008) allowing
the integration of additional components.

RESULTS

XAL2 Promaotes Flowering Transition

XAL2 is a member of the TM3/S0C1 clads, belonging to the type
Il MADS-box genes (Alvaraz-Suylla st al., 2000; Martinez-Castila
and Alvaraz-Buylla, 2003; Parenicova st al,, 2003; Smaczntak
et al,, 2012). Except for XAL2 (Garay-Amoyo et al, 2013), all
other members of this clade have been |dentifled as actlvators
of flowering transition (Les st al, 2000; Moon et al, 2008;
Schmid et al, 2003; Schinrock et al., 2006; Dorca-Fomal|
et al, 2011). Given the role of all other members of SOCT
clade, we hypothesized that XAL2 could also be involved in
flowering and tested two xal2 alleles under four conditions:
long-day (LD) and SD photoperiods, vernalization plus LD, and
GAg treatment plus SD. In addition, we generated double mutants
using the xal2-2 allele (which has less somatic En-excision rates
than xal2-1) and soc1-6, agi24-4, and ful-7 mutants, because
S0C1, AGL24, and FUL protsins interact with XAL2 in the yeast
two-hybrid system, suggesting that they form dimers (de Folter
ot &l,, 2005, van Dijk et al., 2010).

Under LD condition both xal2 alleles (Garay-Arroyo sl al., 2015)
showed a subtle but significant delay in bolting time (Figure 1A
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and 1B and Supplemental Table 1). Under the same condition,
soct-6 was epistatic over xal2-2, while xal2-2 and ful-7 had a
slightly additive effect on bolting time compared with the
parental plants. No differences were observed In the xal2-2
agi24-4 double mutant with respect to single mutants
(Figure 1B). Interestingly, the rosette leaf number (ALN) did not
always coincide with the bolting time phenotype (Figurs 1B and
1C). In fact, xal2-1 and xaf2-2 alleles and xa/2-2 ful-7 have the
same number of leaves as wild-type plants under LD condition,
while xa/2-2 soc7-6 double mutanis had fewer leaves than
socT-6 (Figure 1B and Supplemantal Table 1).

Under SD condition both xal2 alleles are remarkably delayed
compared with wild-type plants and only xal2-2 soc7-€ plants
showed an additive bolting time phenotype in comparison with
both parentals (Flgure 1C and Supplemental Table 1). However,
xaj2-2 was oplstatic over agl24~4 and ful-7 mutants under this
condition (Figure 1C), Unexpectedly, the xal2-2 soc71-6 RLN
is lower than in both parental lines (Figure 1C). Therefore,
it seems that XAl 2 effects on bolting time and rosette leaf
development are partially independent. We also found that
cauline leaf number is diminished in xal2-2 only under SD
condition and is epistatic over soc?-8, agl24-4, and ul-7
(Supplemental Figure 1A).

Since GA plays a relevant role in flowering under SD, we tested
the effect of this hormone in all mutants. GA application partially
suppressed flowering phenotypes under SD condition in all cases
except for xal2-2 soc7-6 (Figure 1C and 1D). Interestingly, 62% of
the xal2-2 soc1-8 plants grown under SD condition were unable
to flower after 117 days after sowing (DAS), and none of them
flowered after GA treatment (88 DAS), thus suggesting that
XAL2 and SOCT additively participate in GA response during
fiowering transition. To explore how the impairment of GA
responsa in xa/2-2 soc7-6 affects GA homeostasis, we assayed
two GA biosynthesis genes (GA200X7 and 2) and a catabolic
one (GA20XT; Rleu et al., 2008) at 14 DAS, when most of the
flowering time genes are up-regulated under LD condition. Our
results in the doubls mutant showed up-regulation of GA200X1
compared with xa/2-2 and down-regulation of GA20X7
compared with wild-type plants (Supplemental Figure 2A). This
finding suggests & compensatory mechanism in which the plant
tries to make up for reduced GA responses by producing more
GA. Further analysis should be performed to clarify the role of
XAL2 In relation to SOCT In GA homeostasis during flowering
transition.

Overall, our resuits for single and double mutants indicate that
both xal2 alleles have a delayed bolting time compared with
wild-type plants under all conditions tested, except for vemnaliza-
tion treatment (Figure 1A-1D and Supplementsl Table 1). To
further explore the role of XALZ in flowering transition and to
uncover possible redundancles of this gene with other related
MADS-box genes, we generated several 35S::XAL2 lines and
selected three of them that showed the highest levels of XAL2
transcript accumulation (Supplamantal Figura 2B) and similar
phenotypes among them (see description In the following
paragraphs). In Flgure |E and Supplsmeantal Figure 1B we show
that 355::XAL2 line (9T4) has a similar early bolting time and
fewer rosette and cauline leaves in comparison with wild-type
plants, under both LD and SD condition. Therefore, XAL2 is
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Figure 1, XALZ Particlpates In Flowering Transition,

{A) The mutant allele xal/2-2 and the overaxpression line 355::XAL2 are late and early flowering compared with wild-type (WT) plants, respactively.

(B) Flowering time of double mutant plants xal2-2 ful-7, xal2-2 agi24-4, and xe/2-2 soc1-6 compared with parental and WT plants grown under long-day
(LD) condition, showing that soc1-6 is epistatic over xal2-2. DAS, days after sowing.

{C) The sarme plants grown under short-day (SD) condition showed that the xa/2-2 sor 1-6 double mutant plants have an additive effect compared with the
parental and WT plants.

{D) GA; application mostly suppressed the late flowering phenotype of all genotypes. Note that none of the xa/2-2 soc71-6 double mutant plants flowered
after 88 DAS.

({E) Overexpression of XAL2 is sufficlent to induce a simllar early bolting time phenotype under LD and SD conditions.

Flowering transition was analyzed as the bolting time (gray bars) expressed In DAS and the rosette leaf number (white bars) as mean + standard error
(n =35-42 plants under LD and n = 16-23 under SD and SD + GA). Lines with statistically significant differences compared with WT plants (black asterisks)
or single mutants (red asterisks) are indicated as *P < 0.05, **P < 0.01, and ***P < 0.001 according to one-way analysis of variance (ANOVA) following
Tukey's multiple comparison test.
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Figure 2. XAL2 Regulation in the Flowering Gene Regulatory
Network (GRN) under LD condition.

(A} XAL2 posltively regulates APT.

(B) LFY is up-regulated by XALZ2 only in the overexpression line.
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sufficient to induce early flowering independently of photoperiod,
and may participate in the IM to FM transition. Thesa results
confirm that XAL2 is a key component of the GRN that controls
flowering transition.

XAL2 |Is Part of the GRN that Induces AP7 during Floral
Transition

We then analyzed the role of XAL2 in the flowering transition GRN
using quantitative RT-PCR. In agreement with the flowering tran-
sition phenotypes observed in Figure 1, we found that APT
expression was down-regulated In xal2-2 (Figure 2A) while LFY
did not show significant repression (Figure 2B). In contrast,
both genes were up-regulated in the XAL2 overexpression line
(Figure ZA and 2B). SOCT1 and AGLZ24 were also down-
regulated in xal2-2, indicating that XAL2 positively regulates
both genes. Surprisingly, XAL2 overexpression drastically
repressed SOC1 and AGL24 (Figure 2C and 2D). Therefore, it is
possible that the early flowering phenotype observed in the
XAL2 overexpression line is due to an up-regulation of LFY and
AP1 and that this is partially Independent of SOC1-AGL24.

XAL2 is down-regulated In constans-1 mutant (co-1; Han &1 al,,
2008), indicating that CO positively regulates XAL2 when plants
are grown under LD condition (Figurs 2E). XAL2 transcript
accumulation in soc7-6 (Wang &t al,, 2009) and agl24-4 was
unaffected (Figure 2F and 2G). Thus, at the transcriptional level,
XAL2 |s regulated by CO and positively regulates SOC7 and
AGL24. Interestingly, when we analyzed XAL2 accumulation In
the SOC1 (agl20-1071D; L=e et al,, 2000) and AGL24 (Yu =! al,,
2002) overexpression lines, we found that XAL2 was strongly
repressed only in agl20-101D (Figure 2F and 2G). This suggests
that XAL2 and SOC7 overexpression lines induce early
flowering independently of one another.

In summary, the RT-PCR results indicate that XAL2 Is an Impor-
tant component of the GRN that regulates AP1, is under the
control of CO, and participates in the up-regulation of SOC1
and AGL24 upon floral transition.

XALZ Parlicipates in Flower Meristem Maintenance and
Determinacy

To address the role of XAL2 in FM development, we analyzed its
spatio-temporal expression pattern with in situ hybridization at
different FM stages. XAL2 expression appears very early at the
flanks of the IM in the anlagens upon the transition to flowering
(Figure 3A). Subsequently, XAL2 expression levels Increase in
the first and second stages of the FM (Smvih &t al., 1530), and

(C and D) SOCT (C) and AGL24 (D) are down-regulated in xaf2-2, and are
repressed [n the XAL2 overexpression line.

({E) CO positively regulates XAL2,

{F) Overexpression of SOCT represses the expression of XALZ2, but
no significant difference in the latter was observed in soc1-8 with respect
to WT.

(G) AGL24 does not regulate XAL2,

Relative mRNA accumulation from three biclogical replicates were ob-
tained from 14 DAS seediings (blue bars) and 10 DAS plants (red bars)
grown under LD condition. Data are shown as mean + standard ermor.
Statistical significance (P < 0.01) was evaluated using the Mann-Whitney
test.
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Figure 3. XAL2 Spatial and Temporal Expression in WT SAM during the Transition to Flowering and XAL2 Overexpression Floral

Phenotypes.

{A~C) mRNA XAL2 in situ hybridization in WT and xal2-2 inflorescences. (A) XAL2 is detected in the anlagen (a), stage 1 of the floral meristem (FM), and L1
and L2 layers of FM stage 3. (B) XAL2 accumulates at stage 2 of the FM and at the inflorescence meristem (IM). Later in FM development (stage 8), XAL2 is
also detected In the stamen (st) and gynoecium (g) primordia. (C) As a negative control, no signal was detected when XAL2 antisense probe was used in
the xal2-2 mutant.

(D-G) Floral phenotype of the 355::XAL2 compared with WT grown under LD condition. (D) 355::XAL2 sepals are larger than WT sepals, and scanning
electron micrographs show that the cellular identity of the 355::XALZ2 sepals (F) Is more similar to WT |eaf cells (@) than to WT sepal cells (E), Including the
presence of trichomes (F).

{H) Under SD condition, earty arising carpels of the 355::XAL2 plants elongate and inflorescences develop inside them.

(1-K) Longitudinal toluidine blue-stained sections confirmed that flowers at different developmental stages can be observed inside the 355::XAL2 carpels
compared with a similar stage of WT carpels based on ovule development (I). (K} Magnification of the rectangle in (J) shows a FM at stage 4 of

development (yellow arrowhead) and polien grains (red arowheads) inside the XALZ2 overexpression carpel.

Scale bars correspond to 50 pm (A=C), 20 pm (E-G), and 500 pm (—K).

at stage 3, XAL2 Is restricted to the L1 and L2 layers (Figure 3A
and 3B). Later on, XAL2 is expressed In the gynoecium and
stamen primordia at stage 6 (Figure 3B). Interestingly, XAL2
mRNA is also detected in the IM periphery (Figure 3B). We
used xal2-2 mutant as a negative control to rule out cross-
hybridization of our probe with the closely related AGLT9
mRNA (Figure 3C).

The XAL2 spatio-temporal expression pattern is similar to that of
AGL24 and SVP (Yu et al., 2004; L et al., 2007; Gregis et al.,
2009). It has been reported that SOC7, in addition to the latter
two genes, are important during the first two stages of FM
development, but are repressed at stage 3 for proper
subsequent FM differentiation (Yu at al., 2004; Gregls et al,
2008; Liu et al., 2007, Gregis et al., 2009; Liu st al., 2009).
Furthermore, LFY and AP1 (particularly the latter) repress
AGL24 and SVP at FM stage 3 (Yu et al., 2004; Liu =t al., 2007).
Coincidentally, we found that XAL2 accumulation is higher in

the ap1-15 (Ng and Yanofsky, 2001) and ap1-1 cal-5 mutants
(Ferrandiz et al,, 2000) and is down-regulated in the t17-2 mutant,
in which the IM Is converted into FM (Supplemental Figurs 3A;
Shannon and Mesks-Wagner, 1991; Alvarez et al., 1992), In
agreement, an opposite pattem of expression for LFY was
detected in these mutants (Supplemental Figure 3A). Therefore,
AP1 and CAL probably repress XAL2 in the FM at stage 3, as
occurs with AGL24 and SVP.

As already explained, XAL2 overexpression induces early flower-
ing with the production of very few rosette leaves (Figure 1A and
1E). It is noteworthy that cauline leaves in these lines are rounder
and larger, similar to rosette leaves (Figure 5A), and flowers have
leaf-like traits, such as large sepals that remain indehiscent after
fertilization (Figures 3D and 5D), and sepal cells with a
morphology reminiscent of wild-type leaf cells (Figure 3E-3G).
These phenotypes are similar to those reported for SOCT,
AGL24, and their homolog overexpression lines (Bomer et al.,
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2000; Michaels ot al., 2003; Farrario el al,, 2004; Masiero et al,,
2004; Yu el al., 2004; Uu et el., 2007, Trevaskis &t al.,, 2007;
Forara el al, 2008). Interestingly, in the 358:XALZ2 under
SD condition, early arising basipetal carpsels deformed (stages
14-17 of flower development; Smyth st al., 1980; Roeder and
Yanofsky, 2005) and a whole inflorescence grew from insida,
bearing new fertile flowers (Figure 3H, 3J, and 3K). The flowers
that develop from these indeterminate carpels attain different
developmental stages, from FM (stage 4 in the picture) up to
flowers with mature ovules and pollen gralns (Figure 3| and 3K).
These results Indicate that correct spatio-temporal contral of
XAL2 axpression is fundamental for normal FM cell differentiation
and determinacy.

In conclusion, XAL2 overexpression accelarates the transition to
flowering by terminating the vegetative phase prematurely, but at
the same time the flowers produced in these linea show leaf-ike
tralts. In addition, under non-inductive flowering condltions, over-
expression of XAL2 prevents FM determinacy, |eading to what
appeers to be cell reprogramming with some carpel cells func-
tioning as IM cells.

XALZ2 Overexpression Positively Regulates TFL1
and WUS Expression, and Directly Binds
to the TFLY Regulatory Sequences

To unravel the molecular basis of the XALZ overexpression
phenotypes in which this gene up-regulates AP7 and LFY
(Figurs 2A and 2B), and at the same time yields flowers with
some ap! mutant characteristics (Figura 3D and 3F; Irish
and Sussex, 1990; Bowman i al, 1993), we hypothesized
that an inflorescence Identity gene capable of repressing AP71
could be invalved. Hence, wa analyzed the expression of TFL1
In xal2-2 and the 35S::XAL2 line, and found that it was down-
and up-regulated in these lines, respectively (Figure 4A).
Furthermore, to establish whether XAL2 |s able to directly bind
to TFL1 regulatory sequences, we performed a chromatin
iImmunoprecipitation (ChiF) experiment using a 355::GFP-XAL2
line. In Figure 4B we show that three different TFL7 regulatory
regions containing CArG boxes are enriched (Ill, V, and VI
within the §' promotsr and tha intergenic region downstream of
the 3’ stop codon of the TFL7 gene. These results strongly
support that under constliutive expreaslon, XAL2 directly binds
to TFL1 regulatory sequences. Since SOC7 and AGL24
overexprassion phenotypes are similar to those of 355:XAL2,
wa further analyzed TFL7 transcript accumulation in these
two lines. TFL1 was also up-regulated In agf20-107D and
358::AGL24 (Figura 4C).

We have already shown that AP1 is up-regulated in the XAL2
overexpression line at 10 DAS (Figure 2A), but we wanted to
be sure that the ap1-like phenotype was not dus to its down-
regulation at different developmental stages. We performed an
AP1 expression time course from 8 to 14 DAS plants, and at
all time points analyzed 355:XAL2 plants showed higher levels
of AP1 than wild-type plants (Supplemental Figure 3B). Hencs,
we can conclude that leaf-ike traits of the 355::XAL2 flower or-
gans are not due to decreased levels of AP1. Also, SOC1 and
AGL24 overexpressors showed up-regulation of AP7 as ax-
pected (Figure 4D). Thus, overexpression of XAL2, SOCT, or
AGL24 |s able to up-regulate both TFLT and AP7 end cause

B02 Molacular Plant 8, 786-813, May 2015 & The Author 2015.
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sarly flowering, and at the same time yield flowsrs with lsaf-
like cell types.

FM cells stop proliferating after the carpels are formed in wild-
type flowers (Mizukami and Ma, 1997). WUSCHEL (WUS), & key
gene involved In the identily of stem cells in the SAM, Is
repressed in the central zone of the FM at stage 6 (Lenhard
et al,, 2001; Lofwnann et al., 2001; Sun st a., 2008). Since we
observed that in non-inductive flowering conditions FM determi-
nacy is lost and a new Inflorescence emerges from inslde of early
arising carpels in the XAL2 overexprassion lines (Figura 3H, 3J,
and 3K), we hypothesized that WUS is persistently expressed in
these lines. Therefore, we analyzed WUS and TFL1 mRNA
accumulation In these carpels compared with wild-type carpels
at similar developmental stages. Indeed, we found that both
genes were up-regulated in the XAL2 overexpression line
(Figure 4E and 4F), conflrming that when XAL2 is de-regulated,
some of the molecular components that are important for IM
and FM identity and determinacy are also altered,

To test whether the floral “reversion” phenotype of the 35S::XAL2
line was due to higher competence of TFL7 over AP1, we crosssd
it to a 355::AP1 plant to test whether the excess of APT could
countaract TFL7 (Figurs 5; Mandsl and Yanofsky, 1995). As
expected, both lines partially complemented sach other's
phenotypes in the doubls overexpressor line grown under SD
condition, resulting in plants with smaller cauline leaves and
flowers with reduced sepals compared with the 35S:XAL2
parental plant (Figure 5A, 5C, 5D, and 5F). On the other hand,
the conversion of inflorescences into solitary fiowers, typical of
the 355::AP1 line, disappeared (Figure 5B and 5C). Although
both parental lines were early flowering, the bolting time of
the 355::AP1 355::XAL2 line was the same as for 35S::APT
plants, but the double overexpressor line had an Intermediate
number of rosette leaves with respect to both parental lines
(Figure 5@). Interastingly, the double overaxpressor had fewer
swollen carpels compared with the XAL2 overexpression line
(Figure 6H), indicating that the indeterminacy observed in the
358::XAL2 FM (Flgure 3H, 3J, and 3K) was almost recovered
when AP7 was increased.

GRAN and EL Modeling for XAL2 inferactions under LD
Condition: A Mechanlatlc Dynamic Explanation for
XALZ, SOC1, and AGL24 Overexpression Phenotypes

Our data uncavar a complex sst of interactions and rolas for XAL2
In SAM transitions. To provide an integrative, system-level,
dynamic and mechanistic explanation for our results, a GRN
modeling approach is required. Wa integrated the evidence
of this work, together with previously reported information
(Supplemantal Tabla 2), to uncover a necessary and sufficient
set of components and interactions {i.e., dynamic GRN module)
that recover observed pattems of gene expression in vegetative
meristem (VM), IM, and FM cells in wild-type plants. These
pattems comsspond to the expsctsd set of steady-state gene
configurations to which such wild-type GRAN should converge
(Figure & and Table 1), and can be validated if It also explains
what we observe in the analyzed loss and gain of function lines.

We formalized experimental data as loglcal functions following
previous studies (see the Methods sectlen and Supplemental
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Figure 4. XAL2 is a Positive Regulator of TFLT,

(A) TFL1 relative RNA accurnulation is down-regulated in xal2-2 and up-regulated in the XAL2 overexpression line.

(B) Chramatin Immunopreciplitation (ChIP) assay was performed to examine in vivo binding of XAL2 to the TFL1 regulatory reglons in the XAL2
overexpression line. Top panel shows a schematic diagram of the TFL1 locus, indicating in roman numerals the regions amplified by PCR after DNA
immunoprecipitation. Primers flanking the CArG boxes (+) and their positions relative to the TFL 7 transcriptional start site are indicated. The bottom panel
shows DNA fragments corresponding to TFLT lll, V, and VI regions enriched in the 355::GFP:XAL2 plants after ChiP with a GFP antibody.

(C and D) Up-regulation of TFLT (C) and APT (D) in the SOCT (ag/20-101D) and 355::AGL24 overexpression lines.

(E and F) Higher RNA accumulation levels of bath TFLT (E) and WUS (F) were detected in first arising carpels of the 355::XAL2 plants compared with

WT plants grown under SD condition.

Quantitative AT-PCR was performed with RNA extracted from 14 DAS seedlings (blue bars), 10 DAS ssedlings (red bars), and carpels with similar ovule
stage development (green bars). Data in (A) and (C-F) are shown as mean =+ standard error. Statistical significance (*P < 0.05, **P < 0.01) was evaluated

using Mann-Whitney test.

Table 3). We were able to recover a wild-type GRN model under
LD condition that integrates the data presented in this work and
the necessary and sufficient set of additional components and in-
teractions from the literature, to recover the expected steady
states for VM, IM, and FM for the genes considered (Figure 6C
and Table 1). Loss of function lines were simulated by turning

the corresponding gene to "0" during the complete simulation,
while the overexpression lines were simulated by tumning the
corresponding gene to “2." The proposed GRN is validated
because, as expected by the observed phenotypes, all single
loss of function mutants qualitatively recovered the same set of
steady states as wild-type GRNs, while gain of function GRN

Molecular Plant 8, 796-813, May 2015 ® The Author 2015. 803
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simulations recovered wild-type steady states, plus a new steady
state with an IM/FM mixed cell identity (Figura 6C and Table 1).
Indeed, experimental data has shown that soc7, agl24, and xal2
single mutants do not modify cell identities but only flowering
time, which cannot be simulated with this version of the model.
On the other hand, XAL2, SOC1, or AGL24 overexpression not
only modifies flowering time, but also produces some flowers
with inflorescence-like characteristics. Coincidentally, our model
suggests that such flowers have some cells with a mixed IM/FM
identity.

To gain further insight into how the alteration in the expression of
SOCT1, AGL24, and especially XAL2 modify SAM cell transitions,
we propose an EL analysis similar to that reported by Alvarez-
Buylla st al. (2008) (Figure 7 and Supplemental Figure 4),
Such analysis addresses whether the set of components
and interactions considered in the uncovered GRN module in
Figure 6B also underlies the observed temporal pattern of

804 Molecular Plant 8, 796-813, May 2015 @ The Author 2015.
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Figure 5. Complementation Analysis of the
358 XAL2 and the 355::AP1 Phenotypes in
the Double Overexpressor Plants Grown
under SD Condition.

(A and D) XAL2 overexpression plants have large
cauline leaves similar to rosstte leaves (A) and
flowers with large sepals that persist after feriil-
ization (D).

(B and E) 355::AP1 plants show a determinate
growth in which each pedicel gives rise from two
to three terminal flowers (B). Flowers of the
355::AP1 are similar to those of WT (E).

(C and F) Determinate growth of the 355::AP1 line
is complemented in the double overexpressor
355::AP1 355::XAL2 plants. On the other hand,
the cauline leaves phenotype of the 355::XAL2
s complemented to WT In this line (A-C). Sepals
of the double overexpressor line are partially
complemented, resulting in sepals that are much
smaller than the 355::XAL2 sepals (D and F).
Scale bars correspond to 1 cm (A-=C) and 2 mm
(D-F).

(@ and H) The double overexpressor plants (@)
have the same bolting time as the 355::AP1 line,
but have an intermediate rosette leaf number
compared with parental plants. The number of
Indeterminate carpels (NIC) along the shoot axis of
the double overexpressor (H) is also reduced
compared with the 355::XAL2 line. Bars core-
spond to standard error from average (n = 26-32
plants), Statistical significance with respect to
parental plants ("*P < 0,001; red asterisks) was
evaluated according to one-way ANOVA following
Tukey's multiple comparison test (@) or Mann—
Whitney test (H).

transition among cell types in wild-type
and other lines (steady states): VM > IM >
FM. Importantly, this type of model can
discriminate between two hypotheses: the
observed leail-like structures in flowers of
the overexpressors is due to a reversion
from FM cells to IM cells, or in thess lines a
new type of steady state with mixed Identity (IM/FM) appears dur-
Ing SAM development. Thus, this and the GRN modeling provide
a mechanistic explanation for the apparently paradoxical pheno-
type of the overexpressors.

We thus performed a stochastic simulation of the proposed GRN
model to propose a model for a population of cells at the SAM
{see Supplemental Methods). Since VM cells are the first fo
attain their fate in wild-type, all cells were assumed to be in this
state at initial conditions. Thus, in the vector with the proportion
of cells in each GRN steady state for the dynamic stochastic
equation, VM was set to 1 and the rest to 0 (Figure 7A-7D). This
equation was iterated to follow the changes in the probability
of reaching each one of the other steady states over time. The
graph clearly shows how the trajectory for each of the steady
states' probability reaches its maximum at a given time. In
accordance with biological observations, the results show that
the most probable sequence of cell attainment is VM > IM > FM
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Figure 6. Model for the XAL2 Regulatory Network Module during SAM Development and lts Steady States for the WT, Loss and Gain

of Function XAL2, SOC1, and AGL24 Lines.

(A) Schematic representation of SAM transitions from a vegetative (VM) to inflorescence (IM) and floral (FM) meristem states.

(B) GRN showing the Interactions uncovered in this paper and published results (see Supplemental Table 2), Arrows (green) and bar-lines (red) indicate
Induction and repression, respectively. In some cases, we discovered that the sign of the interaction inferred changed depending if the loss or gain of
function lines were belng tested (regulation of XAL2, SOC1, and AGL24 over some of thelr targets). Dotted lines represent predictions of regulations that
need further verification. In the case of GA and CO, the positive feedback loops are introduced because their upstream regulators that keep them turmed
on were not considered in the model proposed here. AP1 plus SOC1 or AGL24 indicate protein dimers that repress TFLT (Liu &t al, 2013).

(C) A schematic representation of the network in (B) is used to represent the steady states achieved by this model under the different lines considered
(columns). In each row, the steady states corresponding to the VM, IM, FM, or the novel IM/FM state recovered In the overexpressors. The components of
the network are shown by sguares or a circle (GA) that are turned on/off in each of the steady-state configurations being considered. The colors
correspond to the activation state of the node in each case: red = 0; green = 1; yellow = 0 or 1; purple = 1 or 2; light blue = 2; and dark blue =0, 1, or 2.

in wild-type plants (Figure 7A). In conclusion, our simulations
suggest that the complex GRN that underlies the attainment of
VM, IM, and FM cell identities also restricts, to a large extent,
the temporal pattern of transitions among them as found for the
floral organ specification GRN reported by Alvarez-Buylla et al.
(2008).

Interestingly, in the case of gain of function simulations of XAL2,
80C1, and AGL24, the same pattern of temporal transitions as
in wild-type was recovered, but in these cases the maximum
probability of the mixed IM/FM identity occurs after the IM and

before the FM configurations (Figure 7B-7D). This analysis also
recovers all the possible transitions among the steady states
(Flgure 7E and 7F). The net transition rate was positive for the IM
to FM direction in all the lines tested, but was lower under gain
of function lines in comparison with the wild-type (Supplemental
Figure 4), This means that the net probability flow preferentially
follows the direction from IM to FM, both in wild-type and in
each of the overexpression lines of XAL2, SOCT, and AGL24
(Flgure 7F). These results are consistent with the observed most
probable temporal order of transitions in plants. Likewise, the
results do not support the hypothesis of an induced, reverse
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AP LFY 80C1 AGL24 XAL2 TFL1 FT Qaa co
M 0 0 0 0 o 1 0 r 4]
lM 0 o L » L] 1 ® » L 3
FM 1 1 L] L L] u L] a s

Table 1. Observed Expression States of the Genes Conaldered In the Network Model in Wild-Type Plants during Different Stages of the

SAM Davelopment.
“Any possible value of the noda in the network.

rate of transition from FM to IM or IM/FM cells as an explanation of
the observed phenotype in the overexpressors, as both reverse
transitions (FM to IM and FM to IM/FM) showed a negative nat
transition rate (Figure 7E). Overall, the results of the stochastic
EL analysis suggest that instead of an accelerated rate of
transition in the forward (IM to FM) direction, it is the novel
potentiality of the IM state to now choose between two
preferential (positive net transition rate) fate decisions (FM or IM/
FM phenotypes) induced by gene ovaerexpression that accounts
for the observed promiscuous IM/FM state in such flowers
(Figure 7F and Supplemental Figure 4).

DISCUSSION

In this work we have shown, in conirast to previous expectations
(Schonrock st al,, 2006; Garay-Arrayo et al,, 2013), that XAL2 Is
exprassed in the IM and FM and s a key player in the complex
GRN underlying SAM transitions (Figure ). XAL2 is a promoter
of flowering in responsa to multiple signals and is also
important for FM maintenance and determinacy. We propose a
GRN and EL meodeling approach that together provides a
mechanistic dynamic framework to axplain tha role of XAL2
at the SAM and the apparently paradoxical phenotypes of
its overexpression. Moreover, such a modsling framework
constitutes a systemic mechanistic explanation for the
observed patterns of expression of multiple genes underlying
VM, IM, and FM cell fates, and the observed transitions among
them in wild-type Arabidopsis. It thus constitutes a useful frame-
work to incorporate additional components and interactions
that participate in SAM development. Finally, it provides an
explanation for AGL24, SOC1, and their homolog overexpression
phenotypes in Arabidopsis (Bomer et al., 2000; Michasls et al.,
2003; Ferrario et al., 2004; Masierc st al., 2004; Yu et al., 2004;
Liu =t al., 2007; Trevaskis et al., 2007, Fomers et al., 2008).

XALZ Promotes Flowering Transition

XAL2 participates in flowering transition in response to more than
one signal, having a higher impact under non-inductive photope-
riod conditions (Figurs 1C). Flowering time Is not so clearly
affected In the xa/2 alleles, under all conditions tested, as is
soci, probably because SOC1 and AGL24 are able to directly
activate LFY independently of XAL2 (Lee ot al., 2008; Llu st al,,
2008). We proved that CO positively regulates XAL2 and that
the latter positively regulates SOC7 and probably AGL24
(Figure 2C-2E). Being socl epistatic over xa/2 under LD
condition confirms this result (Figure 1B). We also proved that
under SD condition, and in response to GA, xaf2 is affectsd in
bolting time and xal2-2 soc7-6 has an additive effect compared
with the parental plants (Figure 1C and 1D and Supplemental
Table 1). These results could imply that they act independently

BOS Molecutar Plant B, 786-813, May 2015 @ The Author 2015.

over LFY and AP7 regulation, or that they are part of the same
regulatory module. We argue that XAL2 is probably part of the
same GRN in which SOCT participates, integrating at least
some of the flowering fransition pathways in response to
different signals. In fact, the spatial and temporal pattems
of expression of XAL2, and ftis loss and gain of function
phenotypes, resembls those comesponding to SOCT and
AGL24 lines (Borrer el al, 2000; Yu et al, 2004; Liu et al.,
2007; Gragis st al., 2009), thus suggesting that XAL2 is part of
the SOC1-AGL24 regulatory module. Moreover, XAL2 interacts
with SOC1 and AGL24 eccording to yeast two-hybrid data
(de Folter et al., 2006; Immink et al,, 2008).

XALZ Qverexpression Affects FM Maimtenance and
Determinacy by Up-Regulating TFL1 and WUS

After the flowering transition, LFY, AP1, and CAL are necessary
for FM identity (Waigel et al., 1892; Bowman st al.,, 1893,
Farrand|z ot al., 2000) by repressing the IM genes, particularly
TFL1T (Shannon and Meeks-Wagner, 1991; Schultz and Haughn,
1993; Gustafson-Brown et gl, 1984, Mandel and Yanofsky,
1985; Lljegren et al., 1999), During the first and second stages
of FM development, SOC1, AGL24, and SVP maintain FM
identity in collaboration with AP1 by repressing AG and SEP3
(Gregls et al,, 2006, 2002; Liu et al., 2009). At stage 3 of flower
development, LFY and AP1 repress the expresslon of the
“flowering genes," allowing the transcription of the floral organ
Identity genes (Yu et al., 2004, Llu et al., 2007). LFY and WUS,
among other genes, induce the expression of AG during this
stage, which in tum represses WUS at stage 8, together with
other proteins (Lenhard et al,, 2001; Lohmann, st al, 2001;
Gémez-Mensa et al., 2005; Lee et &l., 2005; Sun et al., 2009; Sun
and Ito, 2010; Liu &t al,, 2011), This event drastically affects the
FM stem cells, which stop proliferating (Mizukam| and Mg, 1997).

Thesa experimental data indicate that certain genes have
clear effects in the FM when their expression is depleted or
augmented; however, we think that FM identity, maintenancs,
and determinacy emerge from a complex GRN in which spatio-
temporal regulations of SOC1, AGL24, SVP, and XAL2 are also
Important. Indeed, in this study we have shown that overexpres-
slon of XAL2 affects FM malntenance and ylelds phenotypes
similar to those reported for the overexpression lines of SOC1,
AGL24, and their homologs (Bomer et al., 2000; Michaels el al.,
2008; Ferrario st al,, 2004; Masiero et al., 2004; Yu et al., 2004;
Liu et al., 2007; Trevaskis et al., 2007; Fomara et al., 2008).
More importantly, we demonstrate that overexpression of any
of these genes is sufficient to induce TFLY expression
(Figure 4A and 4C), suggesting that mis-regulation of TFL1 under-
lies the “leaf-like" fiower phenotype observed in the overexpres-
sion of these three MADS-bax genes. In this regard, Hanano and
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CGoto (2011) had demonstrated that TFL1 acts as a transcriptional
repressor, and the 355::TFL1-SRDX line phenotype reported by
thesa authors is, in fact, very similar to the XAL2 phenotype re-
ported here (Figura 3).

Overexpresslon of SOCT, AGL24, or XAL2 genes affects SAM
transitions, causing premature flowering and LFY/AP1 up-
regulation (Figures 2, 4, and 5). At the same time, we have
proved that overexpression of these MADS-box genes Induces
higher levels of TFL1 mRANA accumulation compared with
wild-type plants (Flgure 4A and 4C). Furthermore, we have
shown that XAL2 directly binds to TFLT regulatory sequences
using the overexpression line 35S:GFPXAL2 (Flgurs 4B).
Interastingly, one of these binding sites (fragment V of the TFL1
3' ragion amplified In our ChIP assay) corresponds to one of the
binding sites of AP1, which has been demonstrated to be
important for direct repression of TFL7 (Kaufman et al., 2010).
More recently, it was demonstrated that SOC1, AGL24, SVP,
and SEP4 cooperate with AP1 in this action (Liu el al., 2013).
However, It |s possible that, when overexpressed, higher ratios
of XAL2, SOC1, or AGL24 over AP1 are able to compete for the
same binding site, affecting TFLT transcription in an opposite
way, The partial complementation of the vegetative and
indeterminacy features of the 355::XAL2 line by crossing it with
355::AP1 supports this hypothesis (Figure 5). § TFLT and,
probably, other genes important for IM identity are ectopically
expressed In the FM, this would explain the Inflorescence
charactsristics of those flowers even in the presance of AP1
which is not down-regulated (Flgures 2 and 4; Supplemental
Flpurs J), and probably not mis-localized sither, as reported
for AGL24/SVP homolog OsMADS47 overexpression line
(Fornara et &l., 2008). In this sense, the FM does not change Its
identity through a floral reversion process. Instead it behaves
differently, probably having a mixed IM/FM Identity, due to an
altered behavior of the GRN (Figures & and 7).

Heterochronic *floral reversion™ has bean shown to be depen-
dent on light and gibberellin signaling that affects a signal com-
Ing from the leaves to the SAM (Ckamura ot &l., 1896, Hampsal
et al,, 2000). We now know that this signal Is FT (lseger and
Wigge, 2007; Muller-Xing =t al, 2014). During flowering
transition, this protein competes with TFL1 for FD, and this
association up-regulates SOCT and AP7 in tha anlagen (Abs
et al, 2005; Wigge et al, 2005; Hanano and Goto, 2011;
Jaeger el al, 2013). In the overexpression lines of XAL2,
SOC1, and AGL24, up-regulation of TFL1 or delayed expression
of FT under SD condition would affect such balance until
endogenous FT protein attains certain levels during Arabidopsis
inflorescance development, This would explain why the acrop-
etal flowers show a wild-type phenotype while the early ones
show IM features. This and related hypotheses could be tested
by expanding the dynamic GRN and EL modeling framework
proposed here.

Early Flowering and FM Phenotypes of the XAL2
Overexpression Line under LD Condition are Reconciled
Using a GRAN Modal and EL Analysis

We proposed GRN and EL modsis that provide a framework for
mechanistic explanations of SAM transitions in wild-type plants,
but also the complex loss and gain of function phenotypes of
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XAL2 and other regulators of SAM tranaitions. In particular, this
provides a novel framework with which to evaluate floral rever-
sion. Floral reversion has been deflned as the reappearance
of vegstative traits during flower development or the loss of FM
determinacy after fioral organs are formed. This uncommon
pracess In Arabldopsis has been attributed to reversion of the
FM to the IM identity, particularly in the /fy and ap7 mutants
(Battsy and Lyndon, 1980; Okamuro et al., 1993, 1998, 1947;
Tookes et al, 2005). In contrast, based on previous data and
the experimantal results summarized hers, we postulate an
alternative explanation for the so-called fioral reversion in the
case of the SOC1, AGL24, and XAL2 overexpression lines.

Our results of the deterministic GRN model suggest that a mixed
meristern identity is attained as a steady state when XALZ,
AGL24, or SOCT are overexpressed, while the same GRN yields
normal configurations when the same genes are kept fo “0."
Indeed, based on our experimental data, in the model the IM/
FM identity is the result of the positive regulation of these three
MADS-box genes over TFL1, LFY, and AP1. When elther of these
genes is overexpressed, TFLT and AP7 or LFY are activated,
while at the same time the multiple feedback loops among
them stabllize their expression, thus ylelding the IM/FM identity
(Figuras 6 and 7).

The EL simulations suggest a mechanism by which 355::SOC1,
355::AGL24, or 358::XAL2 cause a fractlon of the cell population
at the IM to acquire 2 mixed IM/FM identity (Figure 7). This
could be explained by two altemnative hypotheses. During
normal developmental VM > IM > FM transitions, a fraction
of cells may aitain the new mixed identity IM/FM. Under this
circumstance the establishment of the antagonistic relationship
between IM and FM regulators may be weakened. On the other
hand, an Induced, reverse rate of transitlon from FM to IM or
IM/FM celis could account for the results. The modeling results
show that the first one is the most probable one, and the
overexpressor global transition pattern Is: VM > IM > IM/FM >
FM (Figurs 7F and Supplemental Figure 4). Therefore, for this
and simllar cases the term “floral reversion”™ should be avolded.

Losa of FM Determingcy in XAL2 Overaxpression Lines
under SD Condition

Constitutlve expression of XAL2 also affects fioral determinacy
under SD condition. Here we showed that under this condition
new Inflorescences develop from the Inslde of the carpels of
the basipetal flowers (Figurs 2H, 3J, and 3K). At the molecular
level, this may be explained in two different ways: either
the presence of XAL2 prevents WUS repression or ectopic
axprassion of this gene s sufficient to up-regulate WUS. We
obsaerved that WUS expression in the 358::XAL2 is maintained
aftar stage 6, enabling stem cells to remain active (Figurss 3J,
3K, and 4F). At this point, we cannot know if the FM
maintenance and indeterminacy phenotypss observed in the
overexpression lines of XAL2, SOC1, or AGL24 are due to &
dominant negative effect or to gain of function. Interestingly,
overaxpression of XAL2 or SOC7 repressas each other
(Figure 2C and 2F), indicating that in these lines altered protein
complexes could be formed. These hypotheses can be tested
using an expanded GRN module including additional SAM
genes. Furthermore, such a model could address whether FM
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Figure 7. Epigenetic Landscape Analysis for the XAL2 Regulatory Network Module.

(A-D) Temporal sequence of cell-fate attainment pattermn under the stochastic GRN model during SAM cell-fate transitions. The maximum probability p of
attaining each attractor, as a function of time (In iteration steps) Is shown for (A) WT, (B} XALZ overexpression (XAL2-0E), (C) SOCT-0OE, and (D) AGL24-
OE. Vertical lines mark the time at which maximum probability of each steady state (.e., cell fate, VM, IM, FM, or IM/FM) is attained. Note that the
maximum probability for each steady state Is 1. The most probable sequence of cell-fate attalnment for the WT s VM, IM, FM; and for OE lines VM, IM (IM/
FM), FM. The value of the emror probability used in this case was £ = 0.05. The same pattems were obtained with error probabilities from 0.01 to 0.1 (data
not shown).

(E) Schematic representation of the possible transitions between pairs of steady states (cell fates at the SAM) for WT and OE lines. Arrows indicate the
directionality of the transitions. Above each arrow a sign (+) or () indicates whether the calculated net transition rate between the comesponding

(legend continued on next page)
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to IM translition in the indeterminate carpels, which corresponds
to cell reprogramming, Is favored under XAL2 or other MADS-
box overexpression.

METHODS

Plant Material and Sselection of Mutant Lines

Arebidopsis thallana wild-typs and mutant plants used In this study
ware Col-0 with the exception of ap1-1 cal-5 and 1ff7-2, which are in Lar
ecotype. Mutant alleles xal2-1 and xal2 were described previously
(Garay-Arroyo et al,, 2013). The soc?-§ (SALK 138131; Wang et al,
2004), ful-7 (SALK_033847; Wang ot al,, 2004), and agl24-4 (GKB74F05.08/
N385337) mutant seeds were provided by the Arabidopsis Blological
Resource Cemter or the Nottingham Arabldopels Stock Centre, and
the homozygous alleles werse selected using the primers shown In
Supplemental Table 4,

Plamt Growth Conditions and Flowering Time Measurements

Seedlings were grown on vertical plates with 0.2 Murashige and Skoog
(MS) medium (Murashigs and Skoog, 1962) containing 1% sucrose. For
fiowaring experimants, plante were grown on soil (Matromix 200) under
LD {18 h light/8 h dark) or SD (8 h light/18 h dark) condition at 22°C. For
GA, treatment, plamts were grown under SD conditlon for 2 weeks
before they were sprayed with 100 pM QA4 twice a weelk untll flowering.
For vemalization axperiments, seeds were plated on MS medium and
kept in the dark for B weaks at 4°C and then transfarred to soll and
grown under LD condition. Flowering transition was measured as
bolting time (days after ssed sowing required for the stem to grow to
1 cm long) and by the RLN at bofting. Inflorescences for in sity
hybridization were collected when the stem reached 10 cm long. These
comprised FM at different developmental stages.

Plusmid Constructs and Plant Selection

The XAL2 gene was ampiified from Col-0, using the XAL2g-F 5/-AGAA
GAATGGTGAGGGGEAAADY and XAL2g-R F-ATGTTAGTTTGAAGGAG
GAA-Y primers, The 3603 nt DNA fragment waa cloned in the pCRE/
GW/TOPO-TA vector, and verified by sequencing. it waa then recombined
Into elther overexpression vectors: pGD625 (de Folter ef al, 2008) or the
PKTWGF2 that Includes GFP (Iarim| ot al., 2002) carrying a kanamycin
and spectinomycin/streptomycin resistance cassette, respectively.
Kanamyein (50 ug/mi) resistant plants were selected on plates.

In Situ Hybridization Arolysis

In situ hybridization was performed according to Tapia-Lopez et al, (2008).
In vitro tranacription with the DIG RNA [abeling Kit (Roche Molscular
Biochemicals) was performed to generate the antisense XAL2 probe
using as a template the XAL2-F §'-GTTTCCTCCTTCAAACTAACA-3'
and XAL2-A 5'-GCAACTGCTAAATTCAGTAAG-Y amplified cONA frag-
ment cloned into p-GEM-T.

Quantitalive Real-Time RT-PCA

Aerial tissus from three independent biological replicates (15 plants each)
was usad for total ANA extraction with Trizol reagent, and two indepen-
dent cDNAa were reverse transcribed using Superscript Il (Invitrogen).
We amplified PDFZ (AT1G13320) and UPL7 (AT1G13320) as positive
imtemnal controls (Czechowskl @ al,, 2005), and their stabliity across the
compared samples was confirmed using geNomm (Vandesampais et al,,
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2002), Amplification efficiencies were enalyzed using Real Time PCR
Minar (Zhao and Femald, 2005), and relative expression was calculated
using the AACT method (Vandesompsis st al,, 2002), Pimer sequences
are presemted |n Supplemantal Table 4.

Microscopy

An Olympua SZ80 dissecting microacope with C-5080 digital camera waa
used for light microscopy. Sectioned carpels were fixed In 4% paraformal-
dehyde, dehydrated in ethanol serles, and embedded In paraffin. Sections
(8 pm) were stained with toluidine biue D.05%. For scanning electron
micrescopy, plant material was fixed at 4°C overnight in 50% ethanol,
5% acetic scid, and 3.7% formaldehyde in 0.025 M phosphata buffar
{pH 7.0). Samples were subsequently washed twice (30 min) in 70%
ethanol in the same phosphate buifer, followed by 0.05 M phosphate
buffer (pH 7.0). Samples were dehydrated gradually to ethanol 100%,
and drled In llguid carbon dioxide at the critical point. Finally, samples
were covered with gold using a sputter coater and observed with a
scanning alectron microscope.

TFL1 Chi® Assays

Wiid-type and the 355::GFP-XALZ |Ine wera grawn in MS plates under LD
condition and inflorescenca tissue (0.5 g) was fixed for 20 min. Chromatin
was solubilized with a sanicator by three pulses of 15 s each. Immunopre-
cipitation wea parformed ovemnight using arti-GFP rabbit IgG fraction
(A11122; invitrogen) and protein A agarose beads (Santa Cruz). Samples
were treated with proteinase K after slution followed by precipitation.
Template ChiP DNA was diluted and amplified for 3540 cycles
{ds Faler ot al, 2007; de Folter, 2011). Primer pairs were designed in
flanking regions of GArS boxes found along 2 kb upstream of the start
codon, as well as 4.6 kb downstream of the TFLT gene (Supplamantal
Tabls 4).

GRN Model: Recovery of Gene Expression Profiles
Charecteristic of YM, IM, and FM Call Types

The GAN was modeled using a discrete multi-state GAN formaliem
88 deacribed by Eepinoaa-Soto st al. (2004) and Alversz-Buylls 8t nl
(20108, 2010),

Stochestic GRN Model Implementation: EL Approsch

To explors the pattems of cell-fate attainment and transition among
cells, a discrete stochastic GRN dynamic model was Implamented es
an extension of the deterministic Boolean model deecribed in the previous
saction. Stochasticity is modeled by Introducing a constant probabllity of
error for the deterministic Boolean legical functions according to:

f(t),  withprob1—¢
”‘**"={1't—)ﬁ(r1. withprob § }

We followed Alvarez-Buylla st al. (2008). This approach yields a probability
matrix that was then used to describe how the probability of being in 8
particular steady state changes in time by iterating the dynamic equation

Pa(t+1)=p:(t)P,

where Pis the transition probabiitty matrix and p,(f) the distributlon vector
specifying the proportion of cells or the probabillity of a single one being in
sach steady state at a given time.

attractors is positive or negative. Red armows represent the globally consistent ordering for the 3(4) attractors: the order of the attractors in which all
individual transition has a positive net rate, resulting in a global probability flow acress the EL as also shown in (F) (see Supplemental Methods),

{F) Schematic representation of the EL of the GRN modeled here. The relative bamer helghts represent the hierarchy of calculated positive net probabliity
rates, which altogether determine a consietent global ordering of the refative steady-state stabilities, According to the net probability rates, only one setof
orderad transition (VM > IM > IM/FM] > FM) produces a positive probability flow (ssa Supplamarial Muthods), As a result, a giobal developmental
gradient in the EL is produced. Importantly this 2D representstion is for illustrative purposes only and, as such, does not reprasant scales based on

exact calculated values.
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EL Explomation

To explore the EL associated with a GRAN, the number, dapth, widih, and
relative poaition of the GRAN attractors are representsd by the hills and
valleys of Waddington'a (EL) metaphor (Alvarez-Buylla el al, 2008).
In eddition to tha calculation of the most probable temporal cell-fate
pattem, a discrate stochastic GRN model allows calculations of the
shortest and fastest pathways of cell-fate transitions, as well as possible
rastrictions of some cell-fate transiions that also emerge from the
GRAN topalogy and the assoclaled EL. We calculated the mean first pas-
sage time (MFFT) between sach pair of possible transitions to uncover
which of these is more feasible. MFPT wae estimated numerically by
uaing the tranaition probabilitiea among steady states from a large number
of samples of paths simulated as a finite Markov chaln process (Wilkinson,
2011). The MFPT from cne stsady state (1) 1o another () corresponds
to the average vajue of the number of steps taken %o visit attractor j
for the first time, given that the sntire probability mass was initially
localized at steady state /. The average i taken over a large number
of realizatione (simulstions). Based on the MFPT values, & net
transition rale batween steady states i and j can ba defined as follows;
djsj="1/MFFT;; — 1/MFPT;. This quantity effectively measures the
faclity by which a state transhts from one state to another as a net
probabiiity flow (Zhou st al, 2014). For all stochastic modeling,
robustness was assessed by comparing three different values for the
error probability (0.01, 0.05, 0.1). The numbar of simulated samples was
incremsed untll stable results were ettained. See also Supplameneal
Methada,
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7. DISCUSION

En este trabajo se describe el papel que tiene el gen XAL2 / AGL14 durante el desarrollo
del meristemo apical aéreo, este gen pertenece a la familia de factores transcripcionales
MADS-box que llevan a cabo diversas funciones muy importantes en el desarrollo de
Arabidopsis (Coen y Meyerowitz, 1991; Honma y Goto, 2001; Ng y Yanofsky, 2001; Yu
et al., 2002; Parenicova et al., 2003; Martinez-Castilla y Alvarez-Buylla, 2003; Tapia-
Lopez et al., 2008; Smaczniak et al., 2012, Garay-Arroyo et al., 2013).

XAL2 pertenece al mismo clado que AGL19, SOC1/AGL20, AGL42, AGL71y AGL72y
comparte un 70% de similitud con AGL19, el gen mas cercano y un 64% de similitud con
SOC1 (Alvarez-Buylla et al., 2000; Martinez-Castilla et al., 2003; Parenicova et al.,
2003Dorca-Fornell et al., 2011). Todos los miembros del clado se han caracterizado y se
han descrito las funciones que llevan a cabo durante el desarrollo. Por ejemplo, SOC1
es un gen que se ha estudiado con detalle y se sabe que participa en la transicion a la
floracién en respuesta a sefiales ambientales e intrinsecas de la planta como la estado
de desarrollo, etc. por lo que se le ha considerado un integrador de las diferentes vias
sefalizacion (Borner et al., 2000; Lee et al.,, 2000; Samach et al., 2000; Lee y Lee,
2010).

En el caso de AGL19 se ha observado mediante lineas mutantes para este gen, que las
plantas presentan un retraso en su tiempo de floracion en condiciones no inductivas de
luz, después de haber sido vernalizadas, y su expresion es independiente de la
represion de FLC por vernalizacion (Schonrock et al., 2006). En el caso de los genes
AGL42, AGL71 y AGL72 ahora se sabe que participan de forma redundante en la
transicion floral al inducir genes que participan en la biosintesis de giberelinas como
GA200X1 y GA200X2 (Dorca-Fornell et al., 2011). Se ha demostrado por otros grupos
de investigacion que todos los genes el clado donde se ubica XAL2 /| AGL14 participan
en la transicion a la floracion (Borner et al., 2000; Lee et al., 2000; Samach et al., 2000;
Schonrock et al., 2006; Lee y Lee, 2010; Dorca-Fornell et al., 2011).
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Mas alla del analisis de las relaciones filogenéticas para llevar a cabo este trabajo, nos
centramos en el hecho de que los fenotipos descritos en la literatura de floracion tardia
tanto en dia largo como dia corto de los mutantes de SOC71 y AGL24, y que sus lineas
de sobre-expresion ademas de ser de floracion temprana sus flores presentan
caracteres vegetativos (Yu et al.,, 2004; Liu et al.,, 2007) fenotipos similares a los
observados para los mutantes y sobre-expresion de XALZ2, respectivamente. Ademas,
tanto SOC1 como AGL24 y FUL interaccionan en ensayos de doble hibrido con XAL2,
por lo que quisimos averiguar que tipo de relaciones genéticas y transcripcionales
guardaban entre estos genes. Primeramente se hicieron los analisis floracién bajo

diferentes fondos genéticos.

7.1 XAL2 es un activador de la floracion.

En este trabajo se analizaron dos alelos mutantes para el gen XAL2 /| AGL14, utilizando
diversas condiciones de crecimiento con el fin de determinar en que via genética de
transicion a la floracidon participa este gen y se encontré que los alelos xal2-1 y xal2-2,
son de floracion tardia en ambas condiciones del fotoperiodo (Tabla 1 material
suplementario). Encontrandose que el mayor retraso en floracidon lo presenta xal2-2 en
el fotoperiodo de dia corto aun mas que soc7-6 (Figura 1C). Mientras que la doble
mutante xal2-2 soc1-6 presentan un efecto aditivo sobre el tiempo de floracién con
respecto a las plantas parentales, lo que sugiere que estos genes podrian estar

actuando de manera independiente en esta condicion.

En el caso de dia largo sucede lo contrario porque soc7-6 es la linea que presenta el
mayor retraso con 10 dias a diferencia de xal2-2 que solo se retrasa 3 dias en
comparacion con las planta de tipo silvestre, en el caso de la doble mutante xal2-2 soc1-
6 el tiempo de floracion es idéntico al tiempo que tarda en florecer soc7-6, lo que sugiere
que en esta condicién SOC1 es epistatico sobre XAL2 (Figura 1B). Cabe mencionar que
la determinacion del tiempo de floracion para xal2-2, agl24-4 y ful-7 fue mas consistente
utilizando el parametro de dias en que tarda en emerger el escapo a un centimetro de la

roseta ya que con el parametro de hojas de la roseta cuando el escapo tiene un
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centimetro de longitud, por ejemplo en la condicion de dia largo estas mutantes se
comportaban como la planta de tipo silvestre. Esto hace pensar que quizas XALZ tiene
una participacion importante en el desarrollo del meristemo de las hojas o en la
organogenesis de estas, probablemente participando en la regulacion de algun gen
implicado en su desarrollo como podrian ser los genes BLADE ON PETIOLE1 y 2
(BOP1 y BOPZ2), que codifican para proteinas que regulan la actividad meristematica

durante la morfogénesis de las hojas (Ha et al., 2004; McKim et al., 2008).

En el caso de soc7-6 el tiempo de floracion puede ser explicado mediante los dos
parametros utilizados a diferencia de XAL2, aunque en la literatura el parametro mas
ampliamente empleado para cuantificar el tiempo de floracion es mediante la
cuantificacion de hojas de la roseta (Borner et al., 2000; Lee et al., 2000). Los reportes
existentes con respecto al comportamiento de las mutantes de SOC17 (Borner et al.,
2000; Lee et al., 2000) van en el mismo sentido que los resultados obtenidos en este
trabajo, sin embargo, las determinaciones no son idénticas lo cual pueden ser debido a
diversos factores como por ejemplos la diferencia de los alelos utilizados asi como a
cambios sutiles en las condiciones de crecimiento como la luz, temperatura, humedad,

etc. en las lineas utilizadas.

Para profundizar en el entendimiento sobre la posible regulacion que XALZ2 pudiera estar
ejerciendo en el desarrollo de las hojas, se sugiere explorar su participacion en este
proceso de desarrollo mediante la generacién de mutantes multiples entre xal2-2 y
mutantes de los genes BOP71 y BOP2, asi como el andlisis de expresion utilizando
construcciones tanto transcripcionales como traduccionales de estos genes en xal2-2.

Otra posibilidad por explorarse puede ser mediante el empleo de microarreglos.

Con respecto al estudio de las mutantes agl24-4 y ful-7, se determiné que xal2-2 es
epistatico sobre estos genes en la condicidon de dia corto (Figura 1C) Mientras que en la
condicion de dia largo, existe una diferencia sutil pero significativa en la doble mutante
xal2-2 ful-7 con respecto a sus parentales, lo que sugiere que estos genes podria actuar

independientemente en esta condicidn. En el caso de la doble mutante xal2-2 agl24-4

74



no se encontraron diferencias significativas entre esta mutante y las parentales.

Debido a que se conoce que las giberelinas juegan un papel muy importante en la
transicion a la floracién (Ross et al., 1997; Telfer et al., 1997) y ademas las mutantes
para XALZ2 presentan el mayor retraso en el fotoperiodo de dia corto, en el que las
giberelinas tienen un papel preponderante en esta condicion, se probo la hipotesis de
que XAL2 participara en esta via genética. Para esto se aplico la hormona
exdgenamente y se encontré que las plantas mutantes para XAL2 no se recuperan
completamente como las plantas control cuando se les asperjo la hormona, es decir no
florecen a los 50 dias como lo hace la silvestre, sino que lo hacen a 56 dias (Figura 1C y
D).

XAL2 podria estar afectando la via de sintesis o de sefalizacion de las GAs, para
descartar la primera, se analizé la expresion de dos genes de sintesis GA200X71 y
GA200X2 y uno de degradacion de las giberelinas activas GA20X7. Los resultados
obtenidos sugieren que XALZ2 induce ligeramente a los genes GA200X71 y GA20X1 lo
que parece contradictorio debido a que al mismo tiempo que se sintetiza la hormona
también se esta degradando, sin embargo estos resultados pueden interpretarse como
un mecanismo de regulacion por parte de XALZ2 el cual permite mantener la
homeostasis de la hormona. Para el caso de los genes AGL42, AGL71y AGL72 se sabe
que participan de forma redundante en la transicion floral al inducir a los genes
GA200X1 y GA200X2 favoreciendo la biosintesis de la hormona (Dorca-Fornell et al.,
2011), los cuales son expresados tanto en el desarrollo vegetativo como en el
reproductivo (Rieu et al., 2008). Por otra parte la expresion de GA200X1 es reprimida
por SOC1, pero en el caso del gen GA200X2 solamente se reprime en el fondo soc1
agl42 ami:.agl71-72, sugiriendo que los genes del clado de SOC17 son importantes para
el control de la expresion de los genes de sintesis de giberelinas activas (Dorca-Fornell
et al., 2011).

Con los resultados obtenidos en este trabajo, no podemos concluir cual es el papel de
XALZ2 sobre los genes de biosintesis de giberelinas, cabe aclarar que el metabolismo de

dichas hormonas es muy complejo. Por lo tanto sera interesante la generacion de
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mutantes multiples con los genes del mismo clado de XALZ2 para tratar de esclarecer
cual es su papel con respecto a estas hormonas vegetales, lo cual puede determinarse
por analisis cuantitativos como el PCR en tiempo real o por estudios de cromatografia
de gases acoplada a espectrometria de masas para cuantificar la hormona en cada

caso.

En la condicion de vernalizacion no hay ningun efecto en el tiempo de floracion de xal2-
2, ya que las plantas se comportan de la misma manera que la plantas de tipo silvestre
(Tabla 1 material suplementario). Este resultado es interesante al compararlo con
AGL19 porque es el gen hermano de XAL2 y para el cual se ha determinado que es
inducido por vernalizacion (Schonrock et al., 2006). Esta pareja de genes posiblemente
sea un ejemplo mas, y que puede ser interesante de estudiar para profundizar sobre el
efecto de la duplicacién de genes con funciones diferentes, de manera similar a lo que
ocurre con FT y TFL1 que presentan funciones opuestas, pues el primero es un
activador y el segundo un represor de la floracién que al sufrir cambios sutiles a nivel
genético generan fenotipos antagénicos (Kobayashi et al., 1999; Hanzawa et al., 2005;
Hanano y Goto, 2001; Wickland y Hanzawa 2015). La duplicacion de genes favorece la
divergencia funcional permitiendo la aparicion de nuevas funciones por medio de
mutaciones que afectan el patrén de expresidén o la secuencia a nivel proteico, lo cual
permite versatilidad y adaptacion a las plantas como se ha observado con los miembros
de la familia de TFL1 (Mimida et al., 2001; Hanzawa et al., 2005). Por lo tanto, seria
interesante estudiar los promotores y las proteinas con quienes forman complejos XAL2
y AGL19. Por ejemplo, AGL24 y SOC1 si participan en la via de vernalizacion (Yu et al.,
2002; Michaels et al., 2003; Moon et al., 2003), con lo cual podemos sugerir que en esta
condicion de crecimiento es probable que AGL19 pueda estar formando complejos con

estas proteinas para llevar cabo su funcién en la transicion a la floracion.

Por otra parte se generaron diversas lineas 35S:XALZ2 (Figura suplementaria 2B) con el
fin de determinar si este gen es suficiente para inducir la transicion a la floracion, y
efectivamente observamos que las plantas transgénicas son de floracion temprana en
ambas condiciones de fotoperiodo y presentan pocas hojas de la roseta al compararse

con las plantas de tipo silvestre (Figura 1E).
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Los datos obtenidos del tiempo de floracion, tanto de los mutantes como de las lineas
de expresidn ectopica de XALZ2, sugieren que XAL2 es un inductor de la floracion que
presenta el efecto mas severo en la condicion de fotoperiodo de dia corto, sugiriendo
que es un componente importante del sistema de regulacion genética que participa en la
transicion a la floracion y en el que todos los genes del clado de SOC1T participan en
este proceso de desarrollo. De estos resultados es importante la de generacion de
mutantes multiples para ver efectos de redundancia funcional (Borner et al., 2000;
Schonrock et al., 2006; Dorca-Fornell et al., 2011).

7.2 XAL2 es parte del sistema de regulaciéon genética que induce a AP1.

Para explicar si XAL2 es un gen que participa en el sistema de regulacién genética de
AP1y LFY, lo cual era muy probable debido a los fenotipos de floracion observados en
los alelos mutantes y las lineas de sobre-expresién de XAL2, que sugerian fuertemente
que estos genes estuvieran reprimidos e inducidos en estas lineas, respectivamente. En
este trabajo se comprobo efectivamente esta posibilidad para el caso de AP1, mientras
que para LFY sélo se encontré la induccion en la linea de sobre-expresion de XAL2,
pero no la represion en la mutante (Figura 2A y 2B). Estos resultados sugieren que
XALZ2 forma parte del sistema de regulacion genética que regula a AP1, como también
lo hace AGL24 (Grandi et al., 2012). En el caso de LFY se sabe que AGL24 y SOCT1 lo
inducen directamente, pero los resultados obtenidos en este trabajo sugieren que XALZ2
no participa en el sistema de regulacion genética de LFY, o al menos no fue posible
determinarlo solamente con la mutante sencilla xal2-2 debido, posiblemente, a la

redundancia funcional o a que no es una mutante nula (Lee et al., 2008; Liu et al., 2008).

Nuestros datos indican que XAL2 es uno de los reguladores positivos de SOC71y AGL24
y es regulado a su vez por CO bajo condiciones de fotoperiodo de dia largo. Estos datos
estan sustentados ademas por los datos genéticos arriba mencionados. Sin embargo,
los datos de la linea 35S:XAL2 muestran que reprime tanto a SOC7 como a AGL24, lo
que sugiere que muy posiblemente el fenotipo de floracion temprana observado debido
a la sobre expresion de AP1 y LFY es independiente de la expresién de estos genes

(Figura 2C-D). Este tipo de regulaciones contra-intuitivas so6lo se pueden explicar
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mediante el uso de modelos de regulacién in silico como el utilizado en el articulo (fig 6)

Por otra parte se encontré que XALZ2 no es regulado por AGL24 y SOCT a nivel
transcripcional porque, en ninguno de los fondos mutantes analizados (ag/24-4 y soc1-6)
se encontraron diferencias significativas en los niveles de expresion de XAL2 con
respecto a la planta silvestre (Figura 2F y 2G), sin embargo si se observé una fuerte
represion de XAL2 en la linea de sobreexpresion de SOCT, pero no en la de
sobreexpresion de AGL24, lo que sugiere que tanto en la linea de sobreexpresion de
SOC1 como en la linea de sobreexpresion de XAL2, el fenotipo de floracion temprana
observado es independiente entre los dos genes, pero no ocurre lo mismo cuando se
trata de AGL24 (Figura 2D y 2G). Estos resultados a nivel transcripcional sugieren una
regulacion importante entre estos genes los cuales forman parte del sistema de
regulacion genético que induce la transicion a la floracion. Una posibilidad para entender
mejor las relaciones de regulacion trancripcional seria el analisis de la expresion de los

genes en el meristemos mediante lineas reporteras en diferentes fondos genéticos.
7.3 XAL2 se expresa en el meristemo de inflorescencia y en el meristemo de flor.

En estudios anteriores llevados a cabo por otros grupos de investigacidén, se propuso
que XALZ2 sélo se expresaba en la raiz (Rounsley et al., 1995; Schonrock et al, 2006).
En este trabajo determinamos mediante hibridacion in situ que XAL2 se expresa en el
meristemo de inflorescencia en la zona conocida como “anlagen” y en el meristemo de
flor en los estadios 1y 2, restringiéndose en el estado tres floral a las células que daran
origen a los sépalos y a las células de las capas L1 y L2, mientras que para el estado
seis floral la expresion se restringe a los meristemos que daran origen al carpelo y a los
estambres (Figura 3A y 3B). Estos resultados demuestran que la expresion de XAL2 no
se limita a la raiz como se pensd en un principio ya que su expresion se presenta en
diversos estados del meristemo. Los resultados también sugieren que XAL2 puede estar
participando en otros procesos de desarrollo aunque esta posibilidad queda por

explorarse.

Al comparar los perfiles de expresion de XAL2 se encontré que se expresa de manera

similar a AGL24 y SVP que se sabe reprimen la expresiéon de SEP3 para evitar que se
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formen los verticilos florales en etapas tempranas del meristemo de flor (debido a que
no existe quien induzca a los genes florales de la clase By C (AP3, Pl y AG; Gregis et
al., 2008, 2009; Liu et al., 2009). Por lo tanto, es légico pensar que XAL2 puede tener
una participacion como estos genes en dar la identidad al meristemo de flor y
posiblemente su represion en el estado tres floral sea regulada por AP1, LFY 'y CAL, tal
como ocurre para AGL24 y SVP. Es necesario e interesante determinar la expresion de
XAL2 en los fondos mutantes de estos genes y generar mutantes multiples con ellos

para comprobar o descartar su participacion a este nivel.

Por otra parte, recientemente se ha demostrado que XALZ2 juega un papel importante en
el desarrollo de la raiz (Garay-Arroyo et al.,2013), en donde afecta el transporte de
auxinas mediante la regulacion transcripcional de PIN1; este resultado se obtuvo
mediante el analisis con las mismas mutantes que se utilizaron en este trabajo y se
demostrd que su ausencia genera patrones celulares alterados en el nicho de células
troncales en el meristemo apical de la raiz, ademas de afectar el tamafo del meristemo
y el crecimiento de la raiz (Garay-Arroyo et al., 2013). También en posible que en
ausencia de XALZ2 puedan existir alteraciones en el meristemo aéreo de manera similar
a como ocurre en la raiz, sin embargo nosotros nos fuimos capaces de ver un efecto a
este nivel en xal2-2, posiblemente debido a redundancia funcional, por lo que una
posibilidad por explorar seria generar mutantes multiples y llevar a cabo analisis

celulares para determinar si existe desarreglo.
7.4 XAL2 regula directamente a TFL1.

Un fenotipo evidente en la linea 35S:XAL2 bajo condiciones de fotoperiodo de dia largo
es que los sépalos en las flores presentan caracteristicas vegetativas, como por ejemplo
que son de tamafio grande con tricomas compuestos (Figura 3D). Ademas, utilizando
microscopia electrénica de barrido se encontré que en las plantas que expresan
ectopicamente a XAL2, los sépalos tienen un tipo celular que se parece mas al de las
hojas de tipo silvestre (Figura 3E-3G) en vez de tener arreglos celulares de células
alargadas como se observa en los sépalos de las plantas silvestres (Figura 3E). Este
fenotipo se parece a las plantas mutantes ap7 (Irish y Sussex, 1990; Bowman et al.,

79



1993) y sin embargo como ya se menciono anteriormente AP1 esta sobreexpresado.
Esta aparente contradiccion puede conciliarse de la siguiente manera: en el caso de la
mutante de ap7-7 no hay quien reprima a TFL1, el gen que da identidad a las células de
inflorescencia, provocando el fenotipo de caracteristicas vegetativas en el meristemo de
flor, mientras que en la linea 35S:XAL2 a pesar de que se encuentra AP17 inducido, la
expresion ectopica de XAL2 es capaz de inducir TFL1, responsable de mantener las

caracteristicas vegetativas lo cual explicaria en parte los fenotipos observados.

Con esta hipotesis y para tratar de entender a nivel molecular si XAL2 es capaz de
desregular a TFL1 para permitir que se presenten las caracteristicas vegetativas, se
analizd la expresion de este gen en la linea de expresion ectépica de XAL2. En este
trabajo encontramos que TFL17 es inducido de 2 a 4 veces cuando se sobreexpresa no
s6lo XAL2, sino también SOC17 y AGL24 como era de esperarse (Figura 4A y 4C). Esto
sugiere que la desregulacion llevada a cabo por estos tres genes MADS-box puede
modificar la identidad del meristemo floral y que los fenotipos observados en las tres
lineas probadas puedan ser posiblemente explicados debido a la expresidn ectdpica de
TFL1.

Adicionalmente se determind que la induccion de TFL1 por la expresion ectopica de
XALZ2 es directa ya que los experimentos de immunoprecipitacion de la cromatina
permitieron establecer que XALZ2 es capaz de unirse directamente a tres fragmentos de
la region reguladora de TFL1 (Figura 4B), interesantemente el fragmento 5 en nuestro
estudio es también blanco de la represion por AP1 (Kaufmann et al., 2010). Se ha
demostrado que tanto la linea 35S:AP1 como la linea tfl1 presentan fenotipos similares,
esto es debido a que en el caso de la linea de expresion ectépica de AP1 se reprime a
TFL1, dando como consecuencia que la planta se comporte como si se tratara de tfl1
(Liliegren et al., 1999). Integrando estas evidencias a nuestros resultados, se puede
sugerir un mecanismo de regulacion entre XAL2 y AP1 sobre TFL1, en otras palabras
mientras que la sobreexpresion del primero lo induce, la sobreexpresiéon de AP lo
reprime (Kaufmann et al., 2010), esto abre la posibilidad de que haya una competencia
por estas cajas de regulacién y que esto sea parte de un mecanismo de regulacion fina

que permita la transicion hacia el meristemo de flor.
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Para tratar de entender a nivel genético si AP7y XAL2 son capaces de regular a TFL1
de forma contraria, es decir mientras AP17 lo reprime (Kaufmann et al., 2010) XALZ2 lo
induce, se generod la doble linea sobreexpresora 35S:XAL2 35S:AP1, en la cual como
era de esperarse se presenta una complementacién parcial de ambos fenotipos (Figura
5A-C), por ejemplo el tiempo de floracion en la doble sobreexpresora es intermedio al
de las lineas parentales (Figura 5G) y ademas el numero de carpelos indeterminados
disminuye a 1 en comparacion con la linea parental 35S:XAL2 que generaba 5 (Figura
5H).

Cabe la posibilidad que cuando XALZ2 se expresa ectdépicamente otros genes que dan
identidad al meristemo de inflorescencia podrian ser desregulados adicionalmente como
ocurre con TFL1 en el meristemo de flor. Para obtener mas informacién que ayude a
comprender a nivel molecular que esta ocurriendo en plantas que expresan
ectdépicamente a XAL2, seria interesante realizar analisis de microarreglos en estas
lineas, y con los datos obtenidos mediante la metodologia de inmunoprecipitacion de la
cromatina determinar si los genes afectados son regulados directamente por XAL2, esto
permitira entender mejor el comportamiento del desarrollo en estas lineas de expresion

ectopica.

7.5 La sobreexpresion de XAL2 afecta la determinacion del meristemo de flor en

condiciones de fotoperiodo de dia corto.

Al crecer las plantas que sobreexpresan a XALZ2 en condiciones de fotoperiodo de dia
corto se observo el fenotipo de indeterminacion del meristemo de flor que se ilustra en
las figuras 3H, 3J y 3K el cual consiste en el desarrollo de inflorescencias dentro de
carpelos. Con el fin de entender que estaba sucediendo molecularmente, se decidid
analizar la expresiéon de WUS porque es el gen que mantiene el nicho de células
troncales (Laux et al., 1996; Schoof et al., 2000). Cuando WUS esta activo existe un
abastecimiento de células indiferenciadas con capacidad para formar los érganos que la
planta requiere, sin embargo después del estado seis floral ocurre el agotamiento del
nicho de células troncales debido a que WUS es apagado por la accion directa de AG, o

indirectamente, al inducir a KNU que también lo reprime, y con lo cual el meristemo
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floral se agota y la flor se determina al formar un numero estable de 6rganos florales
(Payne et al., 2004; Prunet et al., 2008; Lenhard et al., 2011). Estos antecedentes hacen
suponer que en la lineas de sobreexpresion de XAL2 se desregula a WUS,
encontrandose que efectivamente existe una fuerte induccion de la expresion de WUS
mas alld del estado seis de desarrollo floral, en donde normalmente se encuentra
apagado. Los resultados obtenidos demuestran que la expresién ectépica de XAL2 es
capaz de alterar la regulacion del nicho de células troncales via la activacion de WUS ya
sea por su induccién directa o por una via indirecta reprimiendo a KNU u otro de sus
represores (Schoof et al., 2000; Mdller et al., 2008). Seria muy interesante comenzar por
hacer la inmunoprecipitacion de la cromatina de WUS utilizando la linea 35S:GFP-XAL2,
aunque lo ideal seria generar la construccion de XALZ2 bajo su propio promotor para
llevar a cabo este estudio. Por otra parte, el efecto fenotipico observado en estas lineas
de sobreexpresion con los datos que obtuvimos en este trabajo no se puede explicar
categdricamente si se debe a una ganancia de funcion o a un efecto dominante
negativo. Para tratar de contestar esta pregunta propongo utilizar una version con la
proteina truncada de XAL2 por eliminaciones bajo un promotor constitutivo, esto seria
un acercamiento para elucidar si el fenotipo en las plantas 35S:XAL2 es debido a

activacion transcripcional o a un efecto dominante negativo.
7.6 Valoracion de la reversion floral en plantas 35S: XAL2.

Con los datos obtenidos experimentalmente en este trabajo y mediante la incorporacion
de los datos de regulacion para CO, TFL1, FD, FT, LFY y AP1 asi como de las
hormonas giberelinas que otros grupos de investigacién han determinado (Tabla 2,
material suplementario), se realiz6 un modelo que estableciera las regulaciones
genéticas en las que participa XAL2 y que permitiera dar una explicacidon mecanicista
de lo fenotipos de “reversion floral” que se presentan en las lineas que sobreexpresan
XAL2, AGL24y SOCT1.

Con base en lo anterior se establecio el sistema de regulacion genética que favorece el

establecimiento de los meristemos: vegetativo, de inflorescencia y de flor con los

mismos genes, sin embargo la configuracion del sistema de regulacion genética es el
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que cambia para dar origen a cada uno de los meristemos, en otras palabras los
mismos genes pueden estar inducidos o reprimidos dependiendo del meristemo que se
trate. El modelaje permitié simular la interaccion entre el grupo de genes que lo integran
y se establecieron los estados estacionarios en cada uno de los meristemos en las

diferentes lineas utilizadas.

Como validacién de este modelo se encontré que las plantas mutantes presentan los
mismos estados estacionarios que se presentan en la planta de tipo silvestre, ya que el
modelo permitié establecer tres atractores o sumideros que equivalen a los tres tipos de
meristemo (vegetativo, inflorescencia y flor). Asimismo, en el caso de las lineas de
sobreexpresion el modelo permitid establecer un cuarto estado estacionario mixto
(MI/MF) que ayuda a explicar el comportamiento del sistema de regulacion genético en
las plantas sobreexpresantes para XAL2, SOC1y AGL24.

Puede pensarse que la configuracion del sistema de regulacion genética que da
identidad al meristemo de inflorescencia no se apaga completamente en el meristemo
de flor y que en algunas células se mantenga encendido, de tal manera que el
meristemo que deberia ser solo de flor se comporte como una quimera con los dos tipos
de identidad celular, debido a que los dos sistemas de regulacion genética se
encuentran presentes generando una mezcla de las identidades de los meristemos de
inflorescencia y de flor (Figura 6). Esto no ocurre en la planta silvestre en la que la
configuracion del meristemo de inflorescencia se apaga en su totalidad para dar lugar al
establecimiento de la configuracion del sistema de regulacidén genético que establece el

meristemo floral.

La pregunta seguia siendo si como estaba descrito en la literatura esto se debia a una
reversion floral es decir reprogramacion de células diferenciadas de sépalo que se
convirtieran en células tipo hoja o dicho en otros términos que el meristemo de flor
adquiriera ciertas propiedades del meristemo de inflorescencia (Battey y Lyndon, 1990;
Tooke et al., 2005). Este fendmeno en Arabidopsis so6lo se ha visto en mutantes de
identidad del meristemo floral y otros grupos y el nuestro (Yu et al., 2004; Liu et al.,

2007; ) ya habiamos demostrado que en las lineas de sobre expresién de XAL2, SOC1
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y AGL24, los niveles de expresion de LFY'y AP1 también se encuentran incrementados.
Por lo que recurrimos a hacer el modelamiento del paisaje epigenético de las lineas de
sobreexpresion de XAL2, AGL24 y SOC1 y se pudo analizar el comportamiento de un

grupo de células y no solo de una célula como en la red de regulacion genética.

En este trabajo el fenotipo de flores con rasgos vegetativos puede ser explicado de dos
maneras: 1.- La primera posibilidad es que una parte de las células con caracteristicas
de inflorescencia adquiera caracteristicas del meristemo de flor, de tal forma que el
conjunto de células que deberian de comportarse s6lo como meristemo de flor, se
comporta como una quimera por contar con ambos tipos de meristemo. 2.- La segunda
posibilidad es que una parte del meristemo de flor regrese a una etapa anterior en el
desarrollo para formar el meristemo quimérico con caracteristicas duales, esta
posibilidad es el equivalente a una reversibn o reprogramacién. Sin embargo la
simulacion del paisaje epigenético de las lineas analizadas sugiere que la primera
opcién es la mas posible, debido a que la probabilidad de que se establezca presenta
tasa positiva a diferencia de la reversidn, ya que para que esta ocurra la probabilidad es
mas baja debido a su tasa negativa (Figura 7). Por lo tanto, el término de reversién floral
utilizado en la literatura no se acopla para el caso de la sobreexpresiéon de XALZ2,
AGL24 y SOC1 aunque no se descarta la posibilidad de que otros casos, incluso la
indeterminacion que observamos en los carpelos de las lineas de sobre expresion de
XAL2, SOC1 y AGL24 y sus homologos pueden ser explicados por la reversion o
reprogramacion de algunas células diferenciadas dentro de los carpelos. Sin embargo,
se requiere de analisis celulares durante todos los estadios de desarrollo anteriores a la
emergencia de la inflorescencia para saber de donde vienen las células troncales. Asi
mismo, para que este tipo de modelos pueda explicar otros fendmenos como la
indeterminacion que se genera en la condicion de dia corto se deben de integrar otros
actores moleculares, quizas para los cuales aun no se tengan todas las interacciones
posibles asi como considerar a diversos factores externos que afectan a la planta (como

el fotoperiodo de dia corto, temperatura etc.).
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Por lo tanto es posible que en la misma linea de sobre expresion de XALZ2 durante
diferentes estados de desarrollo y en respuesta a diferentes condiciones ambientales
pueden estar ocurriendo diferentes procesos de (des)diferenciacion, pero esto es una

hipétesis que queda por probar.
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8. CONCLUSIONES.

8.1. XAL2 es necesario y suficiente para inducir la floracién. Los mutantes en este gen
presentan floracion tardia en respuesta a las condiciones de fotoperiodo de dia largo y

corto, siendo en esta ultima donde se observa un fenotipo mas fuerte.

8.2. SOC1 es epistatico a XALZ2 en la condicion de fotoperiodo de dia largo, mientras
que XAL2 y SOCT1 participan de forma aditiva en el fotoperiodo de dia corto y en la

respuesta a giberelinas.

8.3. XAL2 es parte de la red de regulacion genética que induce a AP1. El analisis de
expresion al comparar el mutante xal2-2 con las plantas silvestre revel6 que XAL2 es un
regulador positivo de SOC1 y AGL24. Sin embargo la sobre expresion de XAL2 reprime
a SOC1y a AGL24. De igual forma que la sobre expresion de SOCT reprime a XAL2.

Adicionalmente XALZ2 es inducido por CO en el fotoperiodo de dia largo.

8.4. XAL2 se expresa en los meristemos de inflorescencia y en el de flor, desde la
formacion del anlagen los estados 1 y 2 del desarrollo del meristemo de flor,
restringiendo su expresidon a las capa L1 y L2 en el estado 3 floral, mientras que el

estado 6 floral su expresion se limita a los estambres y carpelos.

8.5. La expresion ectopica de XALZ2 induce directamente a TFL1, uniéndose

directamente a las secuencias reguladoras de éste.

8.6. La doble linea sobreexpresora 35S:XAL2 35S:AP1 complementa parcialmente los
fenotipos de las lineas parentales, lo que sugiere un mecanismo de regulacion de AP1y
XAL2 sobre TFL1.

8.7. La expresion ectépica de XAL2 es capaz de mantener la expresion de WUS

después del estadio 6 floral, sugiriendo que esta es la razén de la indeterminacion del

meristemo de flor en esta linea, en las condiciones de fotoperiodo de dia corto.
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8.8. Con base en el modelo de la red de regulacidén genética, y junto con la simulacién
del paisaje epigenético, proponemos una explicacion mecanicista de los fenotipos
observados de floracion temprana y flores con caracteres vegetativos en las lineas de
sobre expresion de XAL2, SOC1y AGL24, en la que las transiciones sucesivas, y una
de esas transiciones, se presenta un estado adicional que resulta de la mezcla de la
identidad de los dos meristemos MI/MF y no a un retorno a fases de desarrollo

anteriores del MF al MI como sugiere la reversion floral.
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9. PERSPECTIVAS.

9.1. Generacion de mutantes multiples entre xal2-2 con mutantes que participan en el
desarrollo de la hojas pueden dar informacion sobre el posible papel que XALZ2 puede
estar llevando a cabo en estos 6rganos. Otra posibilidad para entender sobre este papel
es mediante el empleo de construcciones con genes reporteros de esos genes y
analizarlos bajo el fondo xal2-2. Finalmente microarreglos en hojas asi como analisis de

ChIP también pueden ser ejecutados.

9.2. Generacién de mutantes multiples de xal2-2 con las mutantes de su clado para
evitar la redundancia funcional y determinar de manera clara el efecto que pudiera tener

en la regulacion de las giberelinas.

9.3. Realizar mutaciones sitio dirigidas en las secuencias de AGL74 para estudiar la

divergencia funcional con AGL 19 para tratar de entender que los hace diferentes.

9.4. Obtener la triple mutante xal2 soc1 agl24 para estudiar la participacion de XALZ2 en

la determinacién del meristemo de flor.

9.5 Estudiar el arreglo celular del meristemo apical aéreo para determinar si XAL2 juega
un papel importante a este nivel como lo hace en la raiz, mediante construcciones con

genes reporteros.

9.6. Realizar microarreglos de botones florales con potencialidad de indeterminarse con
el fin de encontrar a nivel global que genes se desregulan en el fondo 35S:XAL2 y
mediante la metodologia de ChlP determinar si son regulados directamente por XAL2.

9.7. Ampliar la capacidad de respuesta de los modelos utilizados en este trabajo
mediante la integracion de mas actores moleculares para tener la posibilidad de explicar
diversos procesos de desarrollo, porque como se ha visto los mismos genes actuan en

varios procesos.
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ANEXO A

Material suplementario del articulo:

Pérez-Ruiz R.V., Garcia-Ponce B., Marsch-Martinez N., Ugartechea-Chirino Y.,
Villajuana-Bonequi M., de Folter S., Azpeitia E., Davila-Velderrain J., Cruz-Sanchez D.,
Garay- Arroyo A., de la Paz Sanchez M., Estévez-Palmas J.M., and Alvarez-Buylla E.R.
(2015). XAANTALZ2 (AGL14) is an important component of the complex gene regulatory
network that underlies Arabidopsis shoot apical meristem transitions. Molecular Plant.
8:796-813.
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Supplemental Figure 1 Cauline leaf number is diminished in XAL2 mutants and the overexpression

line.!

(A) xal2-2 develops fewer cauline leaves than WT plants and it is epistatic in double mutants under SD

condition.!

(B) XAL2 overpression line presents fewer cauline leaves than WT plants under both LD and SD

conditions. !

Bars represent Standard Error from the average. Significant differences *p < 0.05, **p < 0.01 and ***p <

0.001 were obtained by Tukey’s Multiple Comparison Test (A) or Student Test (B), respectively. !
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Supplemental Figure 2 Regulation of some GA metabolic genes by XAL2 and transcript
accumulation of this gene in several overexpression lines. !

(A) RT-qPCR of GA biosynthetic genes GA200XT and GA200X2, showed that they are not regulated by
XAL2, however, up-regulation of both genes is observed in the xal2-2 soc7-6 double mutant compared to
WT plants. The catabolic gene GA20XT relative expression is lower in all mutants compared to WT. Bars
represent Standard Error from the average. Statistical differences *p < 0.05, **p < 0.01 were obtained by
Mann Whitney test. !

(B) Several independent XAL2 overexpression lines, from which 9T4 was selected for the flowering and
RT-qPCR assays presented in this work as 358 :XAL2. TUBULIN2 (TUB2) was used as a loading control
control for this experiment.!

!
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Supplemental Figure 3 XAL2 is sufficient to induce AP1 and the latter partially represses

the former. !

(A) Comparative RT-PCR analysis show that XALZ2 is up-regulated in the gap7-15 and ap7-1 cal-5
plants and it is down-regulated in the tfl7-1 mutant in which LFY and APT are ectopically
expressed in the IM. LFY pattern of expression is the opposite to that of XAL2. Numbers reflect
relative mRNA accumulation compared to Columbia (Col) or Landsberg (Ler) WT plants. !

(B) AP1 is up-regulated in the XALZ2 overexpression line and its mRNA accumulation levels are

maintained along flowering transition. Days after sowing (DAS). !

TUBULINZ2 (TUBZ2) was used as a loading control.!
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Supplemental Figure 4 Net transitions rates among steady states.

(A) Calculated net transition rates from IM to FM in the XAL2- SOCI- and AGL24-
overexpressors (OE) compared to WT.

(B) Net transition rates from IM to IM/FM for the XAL2- SOCI- and AGL24- OE lines.

The net transition rate between IM and FM is positive in the direction IM > FM (A), and it is
lower in the OE-lines. The net transition rate between 1M and IM/FM states in the three OE lines
(B), although positive, is an order of magnitude lower than the rate from IM to FM (A),

For each condition, each square corresponds to the value calculated taking a specific level of error
probability: bottomn (0.01), middle (0.05), and top (0.1) squares.
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Supplemental Table 1 Comparative bolting time of xal2-1 and xal2-2 alleles versus wild-

type (WT) plants, quantified as days after sowing (DAS) and rosette leaf number (RLN)

at different growing conditions.

Plant Line LD LD + VER SD SD + GA,
WT 36.03 £ 0.45 DAS 25.59 £0.56 DAS | 70.68 £ 0.87 DAS 46.79 £ 0.44 DAS
(n=30) (n=27) (n=34) (n=24)
14.5 £ 0.41 RLN 7.41 £0.15 RLN | 52.06 £ 1.07 RLN 25.04 £ 0.48 RLN
(n=28) (n=27) (n=34) (n=24)
xal2-1 39.43 + (0.44%** 25.83 £0.61 DAS | 87.77 £ 1.24*** DAS | 50.68 £ 0.46*** DAS
DAS (n=30) (n=35) (n=25)
(n=30) 8.41 £0.34 RLN | 61.08 £0.94*** RLN | 26.8 £0.8 RLN
15.3 £0.26 RLN (n=29) (n=35) (n=25)
(n=30)
xal 2-2 40.13 £ 0.44*** 25.96 £ 0.65 DAS
DAS (n=29)
(n=32) 8.57 £ 0.49 RLN
15.28 £ 0.41 RLN (n=28)

(n=32)

Data is expressed as mean = standard error. Student Test significant differences from the WT

under the same growth condition at *p < 0.001.
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Supplemental Table 2 GRN information used to construct the model

GA self-regulation

GA active hormones increased just before flowering transition and play and important
role during this process (Wilson et al., 1992; Putterill ef al., 1995; Blazquez et al., 1997,
1998; Blazquez & Weigel, 2000; Moon et al., 2003; Porri ef al., 2012). However, in our
model none of the nodes of the GRN regulates GA metabolism. Thus in order to obtain
different stable values of GA expression we included GA self-regulation, although is
worth notice that this interaction does implicate that GA is actually positively self-

regulated.

CO self-regulation:
In this model CO autorregulates itself as an entrance because their known regulators are

not included here.

FT regulators:

CO # FT (Kobayashi ef al., 1999; Kardailsky et al., 1999; Wigge et al., 2005; Yoo et
al., 2005; Corbesier ef al., 2007; Jang et al., 2009)

GAs # FT (Hisamatsu and King, 2008; Porri et al., 2012)

AP1 --| FT/FD (Kaufman ef al., 2010)

TFL1/FD --| FT/FD (Jaeger et al., 2013)

SOC1 regulators:

GAs # SOCI (Moon €t al., 2003; Liu et al., 2008)

FT # SOC1 (Yoo et al., 2005; Searle et al., 2006)

AGL24 # SOCI (Liu et al., 2008)

SOCI1 #*SOC1 (Immink et al., 2012; Tao et al., 2012)

XAL2 # SOCI (this work)

XAL2 overexpression --| SOCI (this work)

API1 --| SOC1 (Liu et al., 2007; Gregis, et al., 2009; Kaufmann et al., 2010)

AGL 24 regulators:
GAs # AGL24 (Yu et al., 2002; Liu et al., 2008)
CO # AGL24 (Yu et al., 2002)
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SOC1 # AGL24 (Yu et al., 2002; Liu et al., 2008)

XAL2 # AGL24 (this work)

XAL2 overexpression --| SOC1 (this work)

LFY --| AGL 24 (Yu et al., 2004; Grandi ef al., 2012)

AP1 --| AGL 24 (Yu et al., 2004; Liu et al., 2007; Kaufmann ef al., 2010 S10c)

LFY regulators:

GAs # LFY (Blazquez et al., 1998; Blazquez and Weigel, 2000; Gocal et al., 2001;
Eriksson et al., 2006)

SOCI1 #” LFY (Moon €t al., 2005; Lee et al., 2008; Liu et al., 2008)

AGL24 # LFY (Yu et al., 2002; Lee et al., 2008; Grandi et al., 2012)

APl # LFY (Liljegren et al., 1999; Ferrandiz et al., 2000; Kaufmann ef al., 2010;
Benlloch et al., 2011)

XAL2 # LFY (this work)

TFL1 --| LFY (Ratcliffe ef al., 1998, 1999)

AP1 regulators:

LFY # API (Parcy, €t al.,1998; Liljegren ef al.,1999; Wagner et al., 1999; William et
al., 2004; Benlloch et al., 2011).

FT/FD # API1 (Abe et al., 2005; Wigge et al., 2005)

AGL24 # AP1 (Grandi et al., 2012)

APl # AP1. AP1 probably mantains its own expression by down-regulated TARGET
OF EATI1 (TOEl), TOE3 and SCHNARCHZAPFEN (SNZ) factors that act
redundantly to prevent flowering in part by directly repressing AP1 (Mathieu ef al.,
PLoS Biol. 7, €1000148, 2009; Kaufmann €f al., 2010) .

XAL2 # API (this work)

TFL1 --| AP1 (Gustafson-Brown, ef al.,1994; Ratcliffe et al., 1998 & 1999)

TFL1 regulators:

XAL2 # TFLI (this work)

Overexpression of SOC1 #” TFL1 (this work)

Overexpression of AGL24 #* TFLI (this work

AGL24 --| TFL1 (Liu et al., 2013)

SOC1 —| TFLI (Liu ét al., 2013) 112



LFY --| TFL1 (Ratcliffe ef al., 1999)

AP1 --| TFL1 (Liljegren et al., 1999; Ferrandiz ef al., 2000; Kaufmann et al., 2010; Liu
etal.,2013)

FT/FD --| TFL1/FD (Jaeger et al., 2013)

Additional references

Benlloch, R., Kim, M.C., Sayou, C., Thévenon, E., Parcy, F., and Nilsson, O.
(2011). Integrating long-day flowering signals: a LEAFY binding site is
essential for proper photoperiodic activation of APETALAI. Plant J. 67, 1094-
1102.

Corbesier, L., Vincent, C., Jang, S., Fornara, F., Fan, Q., Searle, |., Giakountis, A.,
Farrona, S., Gissot, L., Turnbull, C., and Coupland, G. (2007). FT protein
movement contributes to long-distance signaling in floral induction of
Arabidopsis. Science. 316, 1030-1033.
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Supplemental Table 3 Network’s dynamic functions.

LFY(t+1) = AP1(t) or (GA(t) > 0 or (SOCI(t) and AGL24(t))) and not TFL1(t) or
(XAL2(t)=2 or SOC1(t)=2 or AGL24(t)=2) and GA(t) >0

TFL1(t+1) = (XAL2(t) and not AGL24(t) and not SOC1(t) and not AP1(t) or not AP1(t) and
(not LFY(t) or not FT(t))) or (XAL2(t)=2 or SOC1(t)=2 or AGL24(t)=2) and not FT(t)

GA(t+1) = GA(t)
FT(t+1) = CO(t) or GA(t) > 0 and not TFL1(t) and not AP1(t)

SOCI1(t+1) = (not AP1(t) and XAL2(t)=1 and AGL24(t) > 0 and SOCI1(t) > 0 or GA(t) > 0 or
FT(t) > 0) and XAL2(t) <2

AGL24(t+1) = ((SOCI1(t) > 0 and XAL2(t)=1 and not LFY(t) and not AP1(t)) or GA(t) > 0 or
CO(t)) and XAL2(t) <2

XAL2(t+1) = not AP1(t) and CO(t) and SOCI(t) < 2

API1(t+1) = LFY(t) or ((FT(t) > 0 or XAL2(t) >0 and AGL24(t) > 0) and not TFL1(t)) or
AP1(t)

CO(t+1) = CO(t)
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Supplemental Table 4 List of additional primers used in this work.

Primers for genotyping

GK T-DNA CCCATTTGGACGTGAATGTAGACAC
LBbl GCGTGGACCGCTTGCTGCAAA
AGL24-GF GTCTTCATGCAAGTAACATCAAC
AGL24-GR TCCATCGAAGTCAACTCTGCTGGATC
SOC-GF AAGCAGAGAGAGAAGAGACGAGTGTG
SOC-GR GGAGCTGGCGAATTCATAAAG

FUL-GF CTATGTTCGAATCCATATCTGC
FUL-GR TGGTGAGATGACATACTGTAG

Primers for expression analysis

AGL24-qF GAGGCTTTGGAGACAGAGTCGGTGA
AGL24-qR AGATGGAAGCCCAAGCTTCAGGGAA
AP1-qF CATGGGTGGTCTGTATCAAGAAGAT
API-gR CATGCGGCGAAGCAGCCAAGGTT
LFY-qF ATCGCTTGTCGTCATGGCTG

LFY-qR GCAACCGCATTGTTCCGCTC

LFY-F TCATTTGCTACTCTCCGCCGCT
LFY-R CATTTTTCGCCACGGTCTTTCG
SOC1-qF AGCTGCAGAAAACGAGAAGCTCTCG

SOCI-qR GGGCTACTCTCTTCATCACCTCTTCC

(Liu et al., 2008)

(Liu et al., 2008)
(Liu et al., 2008)
(Liu et al., 2008)
(Han et al., 2008)

(Han et al., 2008)

(Liu et al., 2008)

(Liu et al., 2008)
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TFL1-qF
TFL1-qR
PDF2 gF
PDF2 qR

UPL7 gF

UPL7 qR

GA20X1 gF
GA20X1 gqR
GA200X1 gF
GA200X1 gqR
GA200X2 gF
GA200X2 qR
TUB2-F
TUB2-R
WUS-qF
WUS-qR
XAL2-qF
XAL2-gR
XAL2-F

XAL2-R

CTTCACTTTGGTGATGATAGAC

CTTGGCAATTCATAGCTCAC

TAACGTGGCCAAAATGATGC

GTTCTCCACAACCGCTTGGT

TTCAAATACTTGCAGCCAACCTT

CCCAAAGAGAGGTATCACAAGAGACT

TGAGGACGAGAGGTTGTACGA

TCCTTTCGAATTGTTGAAGCC

GATCCATCCTCCACTTTAGA

GTGTATTCATGAGCGTCTGA

ACCGAGACTATTTCCGAGGATT

TGT TTG GCA TGG AGG ATA ATG

AGGACTCTCAAACTCACTACC

TCACCTTCTTCATCCGCTGTT

GCAAGCTCAGGTACTGAATGTGGTG

GACCAAACAGAGGCTTTGCTCTATCG

GATAATTCACAGCAATCGAAGG

GGTTCTCCAATTGTTGTAACTC

GTAGAAAGATATCAAAAGCGAA

GGAGGAAACTTTTTGAAGTGT

Czechowski et al.,
2005

Czechowski et al.,
2005

Czechowski et al.,
2005

Czechowski et al.,
2005

Rieu et al., 2008
Rieu et al., 2008
Rieu et al., 2008
Rieu et al., 2008
Rieu et al., 2008

Rieu et al., 2008

(Sun et al., 2009)

(Sun et al., 2009)
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Primers for ChIP assay

TFL1-1F AAAGGGTTGTCTTGTTTGGAGA
TFL1-1R CACACCCAAAGGTTTTGTCC
TFL1-2F GCAATAATTGTATCCGGAGTTG
TFL1-2R GCAACATTGACTGCTTCAGC
TFL1-3F GCTGAAGCAGTCAATGTTGC
TFL1-3R GAGACAAAGAGACGACCGAGA
TFL1-4F AAGATTTTACTTTTTGCTACCTTGC
TFL1-4R TGGGTCTATCATTCAGGCTGT
TFL1-5F GCCTGTGTTGTGTTTAGCC
TFL1-5R TGACACCAATCACCATCTCAA
TFL1-6F TGGATTTCAATCAATCCTCTTTT

TFL1-6R CCAATCCAAACCAAAAACTGA
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Extended M ethodology: Stochastic multi-cell GRN model implementation

1. Attractor Transition Probability Approach to Explore the EL
The Boolean GRN model was extended in order to include stochasticity in the updating rules. In this
model a constant probability of error & is introduced for the deterministic Boolean functions:

Xi(t+ 1)= {,- (t),Withpl"Ob.l— f}
- f,(¢),withprob. &

thus, at each time step, each gene “‘disobeys" its Boolean function with probability & . The obtained
discrete stochastic model is then used to estimate transition probabilities between pairs of attractors.
This was done by simulating a stochastic one-step transition starting from each of the possible states a
large number of times (~10,000) and calculating the frequency of times the states belonging to the
basin of an initial attractor were mapped into a state within the basin of a final attractor. A transition
probability matrix M is estimated. The matrix is then introduced into a discrete time Markov chain

model (DTMC) obtaining a dynamic equation for the the probability distribution over the

attractors 4 :
P,(t+1)=T1 P 4(t).
The temporal evolution of the probability distribution (see Figure 7) was simulated by iterating the

previous equation. This model then follows the fate transitions of a population of cells at the SAM.

2. Mean First Passage Time (MFPT)
In addition to the calculation of the most probable temporal cell-fate pattern, a discrete stochastic GRN
model enables the study of the ease for transitioning from one attractor to another. A transition barrier
in the EL epitomizes the ease for transitioning from one attractor to another. The ease of transitions, in
turn, offers a notion of relative stability. One way to formalize the ease of transitions is to calculate the
mean first passage time (MFPT) between each pair of possible transitions (Zhou et al. 2014). Here, in
all cases, the MFPT was estimated numerically. Using the transition probabilities among attractors, a
large number of sample paths of a finite Markov chain were simulated following (Wilkinson 2011).
The MFPT from attractor to attractor corresponds to the averaged value of the number of steps taken
to visit attractor j for the fist time, given that the entire probability mass was initially localized at the

attractor (total number of cells). The average is taken over the realizations.

A net transition rate between attractors / and j ( dis; ) was defined based on the calculated MFPT values
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ANEXO B: Capitulos en libros de las cuales soy co-autor y que fueron parte de
mis actividades académicas del doctorado.

Apéndice |

El capitulo “A MADS view of plant development and evolution” forma parte del libro
“Topics in Animal and Plant Development: From Cell Differentiation to Morphogenesis”,
2011:181-220 ISBN: 978-81-7895-506-3. Mi participacion en este capitulo fue parte de
la actividad académica del semestre 2008-2 en el Programa de Doctorado en Ciencias
Biomédicas. En esta capitulo se describe el papel de los factores transcripcionales
MADS desde una perspectiva evolutiva y su participacion en los procesos de desarrollo
en plantas, uno de estos procesos es la transicion a la floracion el cual fue un eje de

estudio en este trabajo.

Apendice |l

El capitulo “Flower Development”, forma parte del “Arabidopsis Book” 2010; 8: doi:
http://dx.doi.org/10.1199/tab.0171, publicado por “ The American Society of Plant

Biologists”. Mi participacion en este capitulo fue parte de la actividad académica del
semestre 2009-1 en el Posgrado en Ciencias Biomédicas. En este capitulo se presenta
diferentes conceptos desde la organizacién estructural del meristemo apical aéreo,
pasando por la especificacion y determinacién del meristemo de flor, muestra ademas
una revision detallada del desarrollo de la flor lo cual fue ilustrado mediante microscopia
electronica de barrido, esto abarco desde el meristemo apical aéreo hasta el desarrollo
de la flor. Este capitulo fue muy interesante de desarrollar porque me ayudo a entender
los fenotipos que se observan en las plantas 35S:XAL2 que se estudiaron en este

trabajo.
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MADS-box genes are important transcriptional regulators of plants,
animals and fungi during multiple developmental processes. At least an
ancestral duplication that occurred before the divergence of plants and
animals gave rise to two lineages of MADS-box genes represented in these
three groups of eukaryotes: Type I and Type II. The similarity of the MADS-
box sequences within each lineage suggests strong functional conservation,
The first and best characterized MADS-box genes in plants were those of
Type II, which encode modular proteins with I, K and COOH domains in the
3’ region of the MADS domain. Of these, those involved in the determination
of floral organs were first characterized: the so-called ABC genes of flower
development that are necessary for the specification of sepals, petals, stamens
and carpels, characteristic of most angiosperms. MADS-box genes have been
found to be also key integrators of signal transduction pathways in response to
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external (light and temperature) or intermnal (hormones) cues, to which plants
respond during their transition from vegetative to reproductive growth
More recently, MADS-box genes implied in gametophytic development or
in the regulation of processes of vegetative structures have been
characterized. In contrast to the first studies, recent studies are suggesting
that most plant MADS-box genes are expressed in multiple tissues and
stages. Thus their function could be regulated at different levels (e.g.,
miRNA's) and/or depend upon the composition of protein complexes of
MADS proteins with members of the same or other families, that are
specific to different tissues and/or stages. This family will continue to be a
useful system to understand the complexity of the logic of transcriptional
regulation underlying developmental decisions and how these integrate
multiple signal transduction pathways, as well as the relationship between
molecular and morphological evolution in plants. The ease of /n vivo
studies in plant systems will likely contribute to novel insights for
understanding their plastic, and at the same time, robust developmental
responses. The conservation of some of the molecular components
underlying such processes and the existence of generic characteristics of
these will make plant studies useful for unraveling animal and fungal
systems, too.

Why plants and MADS-box genes: Evolutionary context
within eukaryotes and functional conservation with respect
to animal genes

Plants are the source of key products and the base of the planet’s
ecosystem equilibrium, and it is infrinsically important to understand their
development and physiology for the well being of humans. But plants also
pose clear advantages in comparison to animals as research systems of the /n
vivo interplay of genetic, epigenetic and environmental factors that cause
normal or aberrant morphogenesis. Plant growth and development depends
largely on the cellular processes occurring in the meristems (exposed pools of
undifferentiated and actively dividing cells), that contain the niches of stem
cells, which remain active along the plant’s whole life-cycle and adjust their
response according to environmental conditions. Adult plant development,
growth and form depend on equilibrium between cell proliferation and
differentiation in such niches of mother cells within the meristems.
Therefore, studies of the interplay of cell division and differentiation under
the action of environmental factors can be readily and quantitatively studied
in plant meristems /N Vivo.
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Additionally, plant cellular organization is simpler than that of animals
and it will be more feasible to propose computable plant models than
animal ones, Such modcls may be used for in silico simulations that may
help to think about the concerted action of multiple genetic and non-genetic
factors during development, and the role of particular components or sets of
them in cell patterning and morphogenesis in vivo. Finally, key molecular
aspects of Gene Regulatory Networks (GRNs) and signal transduction
pathways are conserved between animals and plants [1,2], thus plant
research is becoming also a source of novel basic molecular and genetic
knowledge that may be generally relevant for understanding development
of animal, as well as plant gystems, or even yield biomedical applications.
Molecular genetics of plants, in particular of the experimental system
Arabidopsis thaliana, has paved the way to key discoveries in the
biomedical and biological sciences and these should now be routinely
considered in the “portfolio” for the search of the basis and cure of
important human diseases [3].

Recent advances in evolutionary biology have recognized that
deciphering developmental processes and the mechanisms that underlie cell
patterning and morphogenesis at the molecular level are necessary in order to
understand motphological diversification [4]. Indeed, development determines
how genetic variation is mapped into morphological or phenotypic variation
[5]. MADS-box genes encode transcriptional factors that are key in plant and
animal development [6,7]. Hence, phylogenetic studies of the MADS-box
genes contribute to bridging the gap between molecular evolution and
phenotypic evolution in a macroevolutionary scale. We uncovered two
MADS lineages (Type I and 1) in plent, fungi and animals [8,9], and
although there is still contention on whether Type I are monophyletic or not
e.g., [10], our analyses supgested that at least one gene duplication occurred
before the divergence of plants and animals, after which, strong functional
constraints yielded widely conserved genes within most Type 1 and Type II
MADS-box genes, Important animal genes belong to these MADS lineages
[11], e.g. proto-oncogene, Serum Response Factor (SRF) in the Type I and
Myocyte Enhancer Factors (MEF) in the Type II (see Figure 1a) together
with plant MADS.

Molecular analyses of MADS-box genes in plants should, therefore,
yield important insights to understanding the role of these key transcriptional
regulators in animal development and human disease. This is particularly true
at least concerning the role of the MADS DNA recognition domain that
seems to have been comserved after plant-animal divergence within the
MADS lineages.
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Figure 1. a) Schematic representation of the domains (boxes) of the MADS proteins
from different taxa and their phylogenetic relations. At least one duplication of an
ancestral MADS-box gene must have occurred before the divergence of plants and
animals giving rise to the Type I (SRF-like) and the Type II (MEF2-like) lineages
present in plants, animals and fungi [11,9]. After the divergence, each group acquired
different accompanying domains, It has also been described that bacteria may have
MADS-domain-like proteins [12], but their phylogenetic relationships with respect to
those from other organisms has not been determined, b) Schematic representation of
the tree classification made by Martinez-Castilla & Alvarez-Buylla (2003), [9]. In
boxes are the MADS-domains of the proteins from angi and in parenthesis the
classification made by Parenicovd & collaborators (2003) [10]. Phylogenetic
relationships among Type | genes result in the separation of different clades whose
monophyletic origin is still controversial [13]. According to Parenicova et al. (2003)
both Ma and My lineages are present in monocots and dicots, but there might be an
ahsence of Mfl sequences in monocots. Type Il proteins clearly are divided in to two
clades that include the same genes in both classifications, In plants, the K-domain
appears as part of the Type II lineage proteins, forming the basic MIKC structure,
However, a small group of 6 genes (out of 45) do not have a clear K-domain (AGL30-
like or M5 clade). Other classifications describe variability among MIKC proteins and

istinguish two groups having either a classic MIKC or a non-classic MIKC structare
[14]. MADS-box genes have also been found in other terrestrial plants (ie,
gymnosperms and ferns [14,15]) as well as algae [3].
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MADS-box genes

MADS-domain proteins regulate different aspects of development or cell
differentiation in a variety of organisms [16,17,18]. The MADS acronym was
derived from the initials of the first genes of this kind that were cloned:
MCMI from Saccharomyces cerevisiae [19], AGAMOUS from Arabidopsis
thaliara [20], DEFICIENS from Antirrhinum majus [21] and SRF from
mammals [22].

Plant Type II MADS-box genes encoded proteins share a conserved
structural organization, the so called MIKC structure including, from the
amino to the carboxi-terminal part of the protein: a MADS (M) conserved
DNA-binding domain, a more divergent intervening (I} region, a conserved
(K) domain which may participate in protein interactions, and a divergent
COOH (see below and Figure 1b) [23,24,25,26,27].

The 60 amino acid MADS-domain is at the N-terminus of the proteins, It
has beon shown that this domain is involved in specific binding to DNA
sequences (CArG boxes) conforming the consensus sequence CO{A/T)GG
in both animals and plants [28,24,25]. This is a characterized conserved motif
in the pramoter of different MADS target genes [29,30,31,32,33). However,
an Arabidopsis genome study demonstrated that, during early flower
development where MADS box proteins are fundamental, the occurrence of
regulated genes with CArG boxes in the promoter was not significantly
different to that of their genome distribution. Therefore, these transcription
factors might either be able to recognize another element (e.g., a less
conserved CArG box) or they might have a limited number of target genes in
this particular developmental stage [34].

The formation of dimers that arc capable of DNA binding requircs the I-
region (60-86 aa long); (his domain is at the 3’ of the MADS and is a key
determinant for the specificity of DNA-binding dimer formation [24,25].
After the I, a second conserved domain, the K (87150 2a long), is postulated
to form three a-helices referred to ag K1, K2, and K3 that potentially form
coiled-coils structural motifs, with K1 and K2 helices located entirely within
the K domain, while K3 helix spans the boundary between the K and the C
domains [35], The K-domain is assumecd to generatc a threc-dimensional
structure important for protein—protein interactions [36,26]. Finally, the
C-terminal domain is a length-variable amino-acid streich that may have
scveral functions. For cxample, it is thought to participate in higher-order
MADS interactions [37], it is required for functional specificity [38], it may
be involved in transcriptional activation [39], and can also enhance/stabilize
interactions that are mediated by the K-domain [26,40].
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All MADS-domain proteins studied until now bind to the CArG
sequence in the DNA as dimers, either as homo- or heterodimers [29,24,25].
For example, AG can bind to DNA cither as 2 homodimer or a heterodimer
with SEP7 [41]., On the contrary, AP3 and PI can only bind to DNA as
heterodimers in Arabidopsis. Moreover, It has been shown that these genes
are only able to enter the nucleus as heterodimers in this species [42].

Plant MADS evolution and diversification: Duplications and
natural selection

Represantatives of at least two lineages of MADS-box genes are found in
most plant lincages. However, while in animals MADS-domain transcription
factors and the plants Type I proteins, the box that codifies for the MADS
DNA-binding domain is only followed by a few 3’amine acids, in the plant
Type 11 proteins, after the MADS-box, we can find, as shown ahove, three
other boxes (I-, K- and C-regions; Figure la). Another trend of plant MADS-
box genes is that there are many more types of these genes in plants than in
animals. Previous studies suppor the hypothesis that the diversification of
these genes could have been imporiant during the evolution of plant form
[43,44]. Indeed the more complex combinatory code underlying MADS-
protein function could contribute to the robustness and plasticity of plant
development.

We recovered 107 MADS sequences from the study plant, drabidopsis
thaliana [9]; see also [10,14]; and Figure 1b. Type II genes have been more
cxtensively studicd than Type I [10], although a few studies on the latter have
started to emerge. These studies shows that although they had faster
evolutionary and birth/death rates and some secem to be pscudogenes, several
other Type I MADS-box genes are also functional [13]. Extensive homology
search studies found that there are 64 presumed functional Type 1 genes,
while there are 43 presumed functionsl Type I genes in Arabidopsis.
Genomic studies on MADS-box genes have also started to appear on other
angiosperm study syslems, such as rice. These studies confirm the
evolutionary tendencies of these two types of MADS-box genes (24
functional and 6 nonfunctional Type I; and 47 functional and 1 nonfunctional
Type I genes in rice, [45,13]). The first MADS-box genes that were
functionally characterized were those involved in cell type determination
during flower development, whose loss of fimction yielded flower organ
homeotic phenotypes [46]. It seems that alterations in the floral ABC MADS-
box gene cxpression patterns (sec below) could have contributed to the origin
and structural evolution of flowers [47,48].
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Floral orpan identity MADS-box genes are overall conserved across
angiosperms and 10 some exlent even in  gymnosperms
[49,50,51,52,53,54,55,56]. These genes have been shown to be important andg
overall conserved in monocot and dicot flower development [57]. A recent
network dynamic model bas uncovered the developmental module of ABC
and interacting non-ABC proteins that are necessary and sufficient for floral
organ determination [58]. This model robustly converpes only fo gene
activation profiles that correspond to those observed duning early flower
development in primordial cells of: the inflorescence meristem, and the sepal,
petal, stamen and carpef primordia within the flower meristern. This model
and its perturbation analyses have been used to propose an explanation for
the robustness of the floral genetic developmental program and its observed
evolutionary conservation among core eudicots (See: [58,59,68,61] for details
on Network Model approaches),

At lcast ten Type 1 MADS-box genes are found in all angiosperms
(including the flower ABC ones), suggesting that all of these originated
before the radiation of the flowering plants and since then have been
conserved. These data suggest that MADS-box genes could have been
impartant for the origin of flowers and the cstablishment of the bauplan of
flowers that is overall quite conserved: whorled structure with sepals, petals,
stamens and carpels from the outermost to the inner of the flower [62]. This
implies that further floral morphofogical diversification (e.g., meristic
structure, symmetry, color, size) among flowering plant species could have
been regulated by genes of other families; or additional MADS-box gencs
with distinct functions yet fo be characterized.

In addition to all the flower ABC organ identity MADS-box genes:
APETALA1 (API), PISTILLATA / APETALA3 (PI/ AP3), AGAMOUS (AG) and
the SEPALLATA (SEPI-4), the common ancestor of all flowering plant species
also had representatives of the AGL15-, AGLI7- AGL2{}, and B-gisier genes.
On the other hand, the common ancestor of afl seed plants {ca. 300 million years
ago) already had MADS-box members of at least six families of MADS-box
genes; AGAMOUS-, AGL2-, AGL6-, AP3/P, GGM13- and TM3-like [63].

Available data suggest that the common ancestor of seed plants and ferns
(400 million years-old), had at least two genes that are related to the flower
MADS-box genes. But it is interesting that in ferns there were independent
duplcation events and 15 MADS members of different families to those of
seed plants, have been identified in one fern species {63]. Recent studies in
the moss (Bryophyte}, Physcomitrella patens and in several algae have also
demonstrated that the common ancestor of all land plants alrcady had
MADS-box genes [63,44].
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Gene duplication is 3 fundamental substrate for evolution [64]. The
question concerning the role of natural selection on the persistence and
diversification of duplicates is therefore crucial [63]. After duplication, one
duplicate may become & pseudogene, functional divergence
{subfunctionalizalion or peofunctionalization} between the two may operate,
or they may remain with overlapping functions. It is hence important to
chucidate the role of evolutionary forces in molecutar change and the fate of
duplicates for clarifying mechanisms of genetic redundancy, as well as the link
between gene family diversification and phenotypic evohition [64,65]. Indeed,
the evolutionary forces that play during fanctional divergence of duplicates are
still under debate [66,67]. However, the presence of large gene families as that
of the MADS-box in plants, suggests that posilive diversifying selection
might have been important in preserving duplicates for longer periods of time
than expected by classical stochastic neutral models [68,69,70].

Recently, we have documented the role of positive selection (PS} in the
evolation of the MADS-box gene family [9,71]. We have achieved this for
the complete MADS Arabidopsis family and the B-type angiosperm families
addressing if positive selection has been important during MADS-box gene
evolution among paralogous and orthologous genes (within the B-MADS-
box gene class), respectively. Adaptive evolution in developmental regulatory
loct, such as the MADS [72] is likely to act along particular lincages and at
specific amino acid sites. Interestingly, our analyses have yielded statistically
significant resulis for residues within the different domains of MADS
proteins during the diversification of gemes that confrol transition to
flowering; a stage that is clearly linked to plant fitness. These findings
suggest that changes in coding sequences of transcriptional regulators, rather
than only alterations in their regulatory regions, mmay have been imporiant
during phenotypic evolution [9].

Plant form diversification

Probably the major evolutionary event during plant evolution was the
relatively abrupt and extensive diversification of angiosperms shortly after
they appeared in the fossil record [73,74]. This species radiation has been
linked to the origin of flowers. As will be deseribed below, a wealth of
molecular genetic information is now available to understand the regulation
of flower developmeni using experimenial plani species (Arabidopsis
thaliana and Antirrhinum majus). However, it is from Arabidopsis that the
most detailed and complete perspective has been obtained and it is going to
be nsed as the model plant in this chapter. Nearly al of the floral organ
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identity regulators belong to the Type I MADS-box genes [11,8,75,76,37,77]
and available functional studies (scc below) strongly suggest that these genes
and their regulatory networks are key for flower development, and most
probably played important roles during flower evolution, as well
[47,48,5,78,79,80,81].

B penes specify petal formation, while when co-cxpressed with C
function gene, they specify stamen formation [82,46,83]. AP3 and PI proteins
interact to form a heterodimer that indirectly regulates P expression and
directly binds to the AP3 promoter in a self activaling regulatory loop that
maintains the B function in the second and third whorls of the meristem
during flower development [23,30,31]. Obligate heterodimerization of PI and
AP3-like proteins of core cudicots [36,24,25] evolved from the
homodimerization typical of gymnosperms, perhaps via a transitory state of
facultative homo-heterodimerization [84]. Such heterodimerization cvolution
in B-class proteins could have been fundamental during the origin and
diversification of flowers. Hence we addressed whether or not adaptive
cvolution was important during the origin of obligate B-protein
heterodimerization, particularly following the critical AP3-PI duplication
towards the base of angiogperms. Then a main duplication occurred in the
AP3 lincage, leading to two AP3-like sublineages distinguished by
characteristic motifs in their C-terminal region [85]: paleoAP3 lineage in
basal angiosperms, monocots, magnoliids and basal eudicots (with a
paleoAP3 motif in their C-terminal) [86]; and euAP3 lineage of core cudicots
B-class gencs (eudP3 C-terminal motif). These fwo seem fo have
functionally diverged [38,87]. Inferestingly the expression pattern of B genes
in corc cudicots, which havc a conserved floral plan (sepals, petals, stamens
and carpels), is preserved [88,49,51], while these genes have divergent
expression patterns in non-core eudictos. Coincidently, the flowers of the
later do not have a well differentiated calyx and corolla [51,54].

The phylogenies of A, B, C, and SEP/2/4 floral MADS-box genes show
a duplication close to the base of the core eudicot clade [89,90], coinciding
with the moment at which the B genes split into euAP3 and paleoAP3-like
lincages [89]. It has been suggested that this duplication played an important
role in the origin of clearly differentiated petals in core eudicots [85,38].
Interestingly, our results strongly suggest that shortly afier the duplication
that led to the AP3-like and PI-like penes, functional diversification driven by
PS acting on different sites within the K domain, which is key for
heterodimerization, occurred along both duplicated gene lineages [71, 91).

On the other hand, our studies have suggested a possible functional
divergence of AP3 duplicates that might have been important for the
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cvolution of the corc cudicot floral developmental genetic program. We
found three major things associated with this dwcrgcncc a) an carly origin
for heterodimerization of B MADS-box protcins in angiospcrms shortly
after they diverged from gymnosperms, b) the eudP3-TM6 duplication
coincides with the origin of the core eudicots lineage, and ¢) a strong signal
for positive selection along the euAP3 branch lineage [71]. The B genes
constitute a clear example in which duplicates evolved towards completely
different functions.

A second possibility is that each duplicate may evolve a subset of all the
functions originally performed by the ancestral gene (called
subfunctionalization; [69]); the MADS-box genes that are expressed in carpel
and stamen primordia arc an cxample of this. While in Arabidopsis there is a
single such genc {(4G) important for the development of both organs, in rcc
and maize there are two such genes, each expressed in a single whorl (e.g.,
[57,92]; see review of MADS subfunctionalization in: [93]). A third
possibility is that one of the duplicates evolves a new function. Fewer
examples of this have been documented and an outstanding one concerns the
MADS-box pene that underlies Physalis encapsulating fruit structure [94].
The molecular basis of the novel or sub- functions of MADS-box duplicated
genes has been documented in very few cases still.

After duplication, redundant genes with overlapping function could also
remain for some time as is the case of some MADS-box genes [95,77]. In
fact, purifying selection could keep redundant genes that may guard against
dclcterious mutations [96], or positive sclection could favor duplicated copics
if there is dose-dependence. AP/ and CAULIFLOWER (CAL) arc two
recently duplicated MADS-box pencs that in Arabidopsis underlie flower
meristem identity, as well as sepal and petal identity [97,98]. While AP}
substitute CAL for both functions and single call loss of function mutants
lack any visible phenotype, CAL cannol substituie for AP/ functions and
hence loss of function mutants of the former have clear phenotypes in flower
determinancy and sepal/petal identity. The enhanced phenotype of the double
mutant suggests that these genes overlap in meristem identity determinancy
[81].

By cxpressing all the possiblc chimaeric proteins that result from
combining thc cDNA boxes that cncode the four domains typical of plant
Type Il MADS-box genes (MADS, I, K and COOH) from AP and CAL,
under the AP promoter, on an api-I loss of function background, we were
able 10 map the unique and redundant functions of these (wo genes.
Interestingly, the K and COOH domains, that are important for the
formation of high-order multimers characteristic of MADS transcriptional
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complexes, scem to be key for the mique md ndispensable fimctions of AFT
[B1].

We have exemplified with some studies Ghat MADS-box genes mnd
plant cvolution are clearly interconnected. Thux the study of fhese genes
fimction in a comperstive framework in likely o combime providing
impartant choas to andsmtanding development and phenotypical evohition
beyand flowers.

Role of different MADS-box gene Eneages In plant developmeat

Plani MADS-box gena fanction during transition to flowering [99] and
flower parterning [100] hes been exensively stadied ([101]; and updated
reviews in pectiong below). The first characterizations gtressed MADS-box
gee role during specific stages of development a6 organ- [20,76], cell- [102]
or merivtom-identity gooes [97,103]. More mecent studiss are sterting © ocos
va the ol of MADS-box geoes alesr i vegetstive development end e
movenng novel kiotion for theso gooss [104]. In the following sections,
we review the studics thet up to our knowledge have uncovered the fimetion
of MADS-box genes during Arabidopsis thaliana development.

Arabidopsis thaflans as 8 plant model system

Argbidopsis  thatigng (Figore 2) has been the most mecessfil
experimantal smdy system among plants becanss of ite relatively shore life-
eycle (alx weeks), Its high seed output that ensbles classical genetlc stdiss,
i low incidence of ovwrossing wder Iaboretery condidors, its relatively
amall geovme vimw el the svellability of large moleculsr deta sets and
rosourees for moleculsr genetio studics [105], In sddition, it haa & typicsl

and development.

As all higher plants, Arabidopsls hus alterating haploid (gamctopliyte)
and diploid (sperophyie) life-history stages, with the former depanding on the
lpter, The maturs famals gamstophyte is the emhryo sac that is formed
before fartilization and is fiound ingids the carpel of the fgwering sporophyte
{aee Chagizr by Garcla-Campryo and collsborstons in this volums), whils the
male gametophyte ls tw parminated pollen gradn that is produced within the
glamen imther. In this roview, we focus mainly on the sporophyte
development that sterts with embryo development within carpels e seods
{Teble 1). Bul we must mention that & few MADS-bex facion have bemn
identified a8 important regulaton of development For exsmple,
the fenel]] mutarr is affected in central cell development amd functien It
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cotrespondd (0 & T-DNA. nsettion b AGAMOUS-LIEE 80 (4GL30) [106].
Puarthermore, AGLS0 ia required for the ion of central cell-cxpressed
genes such sa: DEMETER and DD, but does not affect FERTILIZATION-
INDEPENDENT SEEDZ [106],

cauline leaves

Figure L Arabidapeis thatiana plant
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Table 1. MADS-hox genes function in development.
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and function.

DORGANSTAGE & Gean [Pmtm Tonetion I Reference

ROOT

4 NO-INDUCIBLE MADS-BOX| Latcral mat growth upon nitrmgen | [107]

GENE (ANRI/AGIAS) deficiency.

XAANTALI {(XALVAGLIZ) Pivotal gene for both roat and flower | [104,108]
development  implealed W the
photoperiod  pathway  de of
CONSTANS (CO) action.

Algo expressed in abryoy.
EMEBRY{)
AGAMOUS LIKE 80 (AGLED) Required for central cell development | [106]

PHERKS] (PHEHAGLI?)

May be invalved in pattern formation of
the endosperm.

[t05])

AGAMOUS LIKE 62 (AGLSD)

endoapenn development.

L110]

AGAMOUS LIKE 15 (AGL1S)

E ial for embryo develop £
Betwessor of FI during tranasitkm to
flowering.

Fruil maturation.

[111,112,113]

AGAMOUS LIKE 18 (AGLI8)

E ial for embryo develop
DRepressor of FT during tramsiticn to
flomrering.

Transcriptional repressor of immatgre
pollen gencs downstwam of AGLES,
AGLSE and AGL104,

[112,113,114]

SEPALLATAT (SEPIAGL)

E during the emhryom

[115]

AGAMOUS LIKE 21 {AGL2T)

Expressed during  embryogenesis,
unknown function.

[102]

TRANSITION TO FLOWHERING

Central role in regulating the response
& lizat
Fuonectionsl Inteprator of flowering

AGAMOUS LIKE 7 (AGLIT) Promoter of Sowering and positively | (116)
i amkiy

AGAMOUS LIKE 24 (AGL24) Activetor of flowering. [117,118]
Activitor of SOCT tratscription.

FLOWERING LOCUS C (FLC/AGL25) | Roprossor of flawring tramition., [119,120]

194 Elena R, Alvarez-Buylla ef ol
Table 1. Continucd.
FLOWERING LOCUS M (FLMV|Trmsition from  vepelalive to|[121]
MADS AFFECTING FLOWERING 1 Ve development. Also
[MAFIf AGL27) expressed in the embryo.
MADS AFFECTING FLOWERING 2-4 | Flora] repressors. [122,123]
[MAFHAGLID, (MAFIIAGLTD), | May be Important for maintenance of a
[MAF4IAGLES) vemalizafion requircment.
MADS AFFECTING FLOWERING 5 | Putstive florel promoter. [123]
[MAFSIAGLSE}
SHORT VEGETATIVE Repressor of [owering transition in | [124]
PHASE (SFF/AGLIY) cuposition to AGFL2S and SOCT.
SUPPESSOR OF wrator  of 1l E it [125.126.127,118]
OVEREXPRESSION OF | pathways a8 & posilive regulator of
CONSTANSISOCI/AGL2D) ing.
Activator of AGL24.
AGAMOUS LIKE 19 (AGL1Y) Fxpresscd after vernalisstion. Induces [ [128]
Dowering iransition by up-regulating
LFY.
MERISTEM TDENTITY
CAULIFLOWER (CALNAGLID) Meristem identity, [129,58]
APETALAT (APIAGLY) Merister identity. 1132,57,133]
FLORAL ORGAN INDENTITY
Class A homectic gene. [132,97,133]
APETALA I (APLAGLY}
APETALA 3 [APT) Class B homeotic gene. [134]
PISTILLATA (PR Clrss B homeotic gene. [135]
AGAMOUS (AG) Class C homeotic gene. [82,46]
Important for stamen, carpel, ovale and
fruit development, and floral merigtem
development
SEPALTATAIA34 (SEP{/AGLY), | Regulate activities of B- and C-clags | [76,40,136]
(SEPZAGLY), (SEPI/AGLS,) | homeotic genes.
(SEPL/AGLI),
O¥ULE AND FRUIT
SEEDSTICK (STE/AGLIT) Owyule identity. Fruit development, | [137]
FRUITFUL (FULIAGLE) control of flowering time.
Required for normal developmant of the
funicnlus.
SHATTERFROOF Af-independent carpel develop 1102,129,137]
(SHPIAGLY), (SHP2AGLS) Ovole, and  fmit  development
dehiscence.
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Table L. Continued.
POLLEN
ACAMOUS LIKE 30 (AGLIT Apparently, a crucial compenent during | [114]
polien matwration.
Pollen tube: competitive dhility,
AGAMOUS  LIKE 65 (AGL5S), | Pollen matmation [114]

AGAMGUS LIEE &6 [AGLSA), | Pollen tube competitive abikity.
AGAMOUS LIKE 104 (AGLIO)

AGAMOUS LIKE 29 (AGL2S) Transcriptional represeor of immature | [114]
pollen genes downstream of AGLASS,

AGLA6 and AGL104.

Embryo development

Zygotic embryogenesis in higher plants begins with a double
fertilization. The zygote is formed when the egg cell within the embryo sac
joins a sperm nuclei, and a second gperm nuclei fuses with the central cell to
give rise to lhe endosperm [138]. The zygole then starls to divide
agymmetrically yielding a small apical cell and a large basal cell. The basal
repion gives rise to the suspensor, which is a structure that supporis the
embryo, and the apical cell gives rise to the pro-embryo [139]. The pro-
embryo goes through diverse cellular stages: globular, beart, torpedo and bent
cotyledon or mature stage. Dunng the last stage of embryogenesis, reserves
accurmulate, Finally, the seed loses water and a quiescent state is established
until optimal conditions occur and seeds germinate [140,141].

In animals, embryos at late stages resemble the adult organism, whereas
in plants mature embryos prior to germination are very different to adult
plants, that grow and completc morphogencsis from the shoot and root
meristemns, In plant embryos only two different zones can be distinguished:
thc basal ene gives rise to the root and the mere apical one to the shoot.
Several molecular components of the networks controlling embryo
development have been uncovered [142,138,141,139]. Some MADS-box
gene factors have been identified as important regulators of this
developmental stage (see Table 1).

The MADS-box Type I gene PHERES! (PHEI), also named AGL37, is
expressed transiently after fertilization in the embryo and the endosperm. The
Polycomb-group (PcG) proteins MEDEA, FERTILIZATION INDEPENDENT
ENDOSPERM and FERTILIZATION INDEPENDENT SEED2 regulate
seed development in Arabidopsis by controlling embryo and endosperm
proliferation. These proteins are subunits of a multiprotein PcG complex,
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which rcgulatcs PHEI cpigenctically [109] by histonc trimethylation on
H3K27 residues [143]. It was shown that medea mulant plants have a seed-
abortion phenotype due to PHE? upregulation; medea plants that also had a
PHE] low-cxpression level rescued the medeq phenotype. It has been
speculated that PHE! may be involved in pattern formation of the endosperm
[109].

AGL62 encodes another Type I MADS domain protein that has been
functionally characterized. It has a strong expression during the syncytial
phase of embryo development, in which the endosperm nuclei undergo many
rounds of mitosis without cytokinesis, and then is later expressed during the
cellularized phase, in which cell walls form around the endosperm nuclei, and
finally its expression declines abruptly just before cellularization. Thmus,
AGL62 is thought to be a component of the mechanizms underlying
cellularization during endosperm development [110].

AGLIS is the best characterized MADS-box gene during embryo
development. This gene was identified and isolated initially in Brassica
napes by differcntial display technique [144]. RNA gel blot analyses and in
situ hybridization demonstrated that AGL!S mRNA is accumulated mainly in
the developing embryo during all stages. AGLIS mRNA expression levels
were at least 10-fold higher in embryos than in inflorescence apices, young
floral buds, young scedlings or vegetative apices [144].

Interestingly, AGL15 protein accumulates in the cell cytoplasm of the
egpg apparatus and it is translocated into the nuclei during early zygotic
embryogenesis [145]. This pattern of accumulation i3 the same in different
types of asexual embryogenesis: apomitic embryogenesis of Taraxacum
officinale (dandelion), the microspore embryogenesis in Brassica napus and
the somatic embryogenesis in Medicage sative (alfalfa) [140].
Overexpression of 4AGL1S with the constitutive CaMV35S promoter yielded
secondary embryonic tissue from cultured zygotic embryos and led to long-
term maintenance of the embryonic phase [146]. Also, the longevity of sepals
and pctals was incrcascd and a delay in the transition to flowering and fiuit
maturation was observed in these plants [111].

Chromatin immunoprecipitation {(ChIF) was used to identify genes that
were regulated by AGL1S. Those pencs were named as Downstream Targets
of AGLIS (DTAI and DTA2). DTAl (AtGA2ax6) is a direct downstream
target of AGLIS and encodes a protein with high similarity to gibberellin
(GA) 2-oxidascs and it was shown to cafalyze gibberellins 28-hydroxylation.
Molecular studies showed that the expression of AfGA20x6 oxidase is down-
regulated in an agfl5 null mutant [147]. On the other hand, D742 encodes a
novel protein that is repressed by AGL15 [148].
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AGLIS5 and AGLI8 are sister genes with very similar mRNA spatio-
temporal patterns of expression. AGLI8 was detected in the endosperm and
embryos by in situ hybridization [8] and by RT-PCR and translational fusions
with GUS [112]. These assays led Lehti-Shiu et al. (2005) to propose that both
genes play an essential role during embryo development. However, no defects
in embryo development were observed in single and double mutants of agli5
and agl18, which suggests functional redundancy with other genes [112].

SEP1 (AGL2, [76]) mRNA is accumulated in embryos after fertilization
but it is also expressed at similar or higher levels in other tissues and stages
of development, as ovules [115,76]. There are other members of this family,
FLM and MAF1 [122], as well as X4L1 (AGLI2) and AGL21 [108] that have
been detected in embryos, but their fimctions are unknown.

After germination, all acrial Arabidopsis structures form from the shoot
apical meristem (SAM), while the adult root apical meristem (RAM)
develops from the meristem at the tip of this structure after seed germination.
In the following sections we focus on the role of MADS-box genes during
sporophyte development after germination. The role of these genes during
seedling and vegetative development is largely unexplored. We therefore
focus on the transition to flowering and flower morphogenesis.

MADS-box genes are key components of flowering transition
networks

In wild and cultivated annual plant species, flowering time is an
important life-history trait that coordinates life cycle with environmental
conditions [149]. Plants initially undergo a period of vegetative development,
characterized mainly by the production of rossette leaves from the shoot
meristem. Later in development, the meristem undergoes a change in fate and
enters a reproductive stage producing flowers and differentiating the germ
line. Plant species exhibit variability in flowering time, and the timing of this
floral switch is controlled by multiple environmental and endogenous cues
[150]. Four different flowering control pathways have been described in
Arabidopsis thaliana based on genetic data, however it is important to note
that molecular data is clearly showing that these pathways crosstalk and are
integrated by a complex module of feedback interactions [151] (see Figure 3).

The photoperiod pathway perceives light and responds to it [154,155].
Mutant plants in this pathway are late flowering under long day conditions
[156]. The vemalization pathway comprchends genes involved in the
response to long periods of cold exposure which accelerates flowering
transition [119,157,158]. The gibberellin (GA) pathway, promotes flowering
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by the induction and action of this plant hormone [159]. Finally, the
autonomous pathway responds to developmental signals independently of the
external signals and the GA action, and mutant plants in this pathway are late
flowering under long- and short-day photoperiods, but can be rescued by
vernalization [160,119,161].

Details on the molecular components of all these pathways have been
extensively reviewed (see for example: [162,163,164,127,165]; among
others). In this Chapter we will focus on the role of MADS-box genes in such
pathways and integrating module. There are two key MADS-box functional
integrators of these pathways that have been most thoroughly characterized:
FLOWERING LOCUS C (FLC |/ AGL25), which acts as a repressor of
flowering [119,120], and SUPPRESSOR OF OVEREXPRESSION OF
CONSTANS! (SOC1 / AGL20), that promotes this developmental process

[125,126,166].
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Flower development

Figure 3. Simplified scheme of the four different flowering control pathways
described for Arabidopsis thaliana and the integrator module starting to be
characterized and in which MADS-box genes are key components. MADS-box
genes are framed in red. Dotted lines represent hypothetical interactions. Genetic
tests still have to be done to demonstrate XAL1’s precise position in the network
(Modified from [152] and [153]; for specific protein interactions see also references
from text}.
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FLC is a central repressor of flowering

Plants have different ways to repress flowering until the appropriate
seasonal and developmental cues overcome this repression. A central player
in this process is FLC, which blocks flowering by inhibiting genes such as
FLOWERING LOCUS T (FT) and SOC! that are required to induce genes
which turn the vegetative meristem into a reproduclive ome [119,167].
Regulation of the expression of FLC has become a key system in plant
molecular genetics to uncover transcriptional and epigenetic regulatory
mechanisms.

Natural winter-anmual Arabidopsis accessions nccd to pass through a
long period of cold temperature or vemalization in order to be able to
flower during the following spring—summer season. Genetic studies have
demonstrated that a single dominant gene FRIGIDA (FRI) is able to
increase the levels of FEC cxpression in these accessions, and only
vemalization overcomes this effect by epigenetic repression of FLC [168].
Under vernalization, FLC expression is progressively reduced by the action
of VERNALIZATION INSENSITIVE 3 (VIN3), VERNALIZATION] and
2 (VEN1/2) and the Polycomb Repressive Complex 2 (VRN-PRC2)
[169,54]. After this, it remains stably low during subscquent growth in
warm conditions by the action of a heterochromatin proteinl-like (LHP1)
enabling the plant to flower [119,120,165]. It is vital that this memory is
lost in the next generation so that the vernalization requirement is re-
established [168]. On the other hand, summer-annual Arabidopsis
accessions have a recessive fi7 allele often produced by a loss-of-function
mutation in this gene and these plants do not need vernalization to flower
[170].

In the absence of FRI, the autonomous pathway ncgatively regulates FLC
expression. However, autonomous late-flowering mutants are overcome by
vemalization, meaning that hoth pathways function in parallel [171]. Seven
genes have been implicated in the autonomous pathway. Interestingly, three
of them (FCA, FPA and FLOWERING LATE KH MOTIF or FLK) codify for
RNA-hinding proteins, and a fourth one, FY, codifies for a polyadenylation
factor which collaborates with FCA in RNA processing [172]. Two other
mcmbers identificd in this pathway have been implicated in histone
deacetylation complexes, FVE and FLOWERING LOCUS D (FLD)
[173,174]. Finally, LUMINIDEPENDENS (LD} encodes a homeodomain
protein with an unknown function [175]. It seems plausible to think that the
autonomous pathway is conformed by functional redundant penes all
targeting FLC [165,171].
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In order to maintain flowering repression nnder the vegetative siate,
several activators of FLC, other than FRI, are also part of chromatin-
remodeling complexes. For example, EARLY FLOWERING IN SHORT
DAYS (EFS) and ARABIDOPSIS TRITHORAX] (ATXT) are necessary for the
H3K4 trimcthylation at FLC chromatin domains, which activatcs this genc’s
expression, As expected, mutations in EFS or ATX7 produce carly-flowering
plants due to low transcriptional levels of FLC [176,165,177).

SOC1/ AGL20 an integrator and activator of llowering transition

The soci mutant was independenfly isolated after a screening for
suppressors of the early phenotype induced by CONSTANS (CO)
overexpression [178,166], and from an activation screening in the FRI/FLC
background [126], and using reverse genetics [125). soc/ mutants flower late
in both long and short day conditions [125,126,127].

It has been demonstrated that FLC binds to the CArG-box in the
promoter region of SOC! inhibiting its expression, and therefore repressing
flowering [32,179]. Vemalization and the aulonomous pathways allow the
up-regulation of SOCI, after lowering the levels of FLC [126,180]. However,
mull mutations in FLC arc not sufficicnt to inducc high transcript levels and
other signals are required to up-regulatc SOCT during vegetative growth,
particularly in the shoot apical meristem [125,126,166,18]. These signals
come from the photoperiod and/or the gibberellin pathways [125,181]. In the
first one, CO induces SOCI expression, partially through FT [166,18,182] as
the input pathway. No GA regulatory elements have been found in the SOC?
promoter [18] even though GA has been demonstrated to be crucial to
promote flowering by regulating SOC/! and LEAFY (LFY), particularly in
short day conditions [183,151,181], S8OC1 induces the expression of LFY
[184], another flowering integrator that is also a key flower meristem identity
gene that activates flower development and the key floral organ identity
MADS-box ABC genes that are reviewed below.

AGL24 and SVP participate as activator and repressors of
flowering, respectively

AGL24 shares many characteristics with S8OC1 as an important protein
that promotes flowering [117,185]. Like soc/, agl?4 mutant is late flowering
in both long and short day conditions. This gene is also regulated by GA, and
the double mutant soci-2 agl24-1 is capable of flowering only after the
addition of this hormone [118]. Its overexpression leads to early flowering,
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indicating that AGL24 is another important flowering regulator. Contrary to
SOCI, AGL24 is induced by verpalization and by the aulonontous pathways,
in a FLC independent way [117]. During the photoperiod pathway, CC also
induces AGL24 expression bui not throngh FT, whereas SOC! is mainly
regulated by the FT protein, as mentioned before [185].

It was recently established that AGL24 and SOC] directly regulate each
other at the transcriptional level by binding eack other’s promoters {but not
their own), thus establishing a positive-feedback regulation that probably
forms part of a larger and more complex module which integrates all the
signals known te promote flowering transition [118]. It is also important to
note, that Lin and collcagucs {2008) demonstrated that SOCI, but not
AGL24, binds directly {0 the LFY promoter [118].

SHORT VEGETATIVE PHASE {(SVFP 7 AGL22) is the sister MADS-box
gene and closest homolog of AGL2S, however it acts as a repressor of
flowering transition in opposition to AGL24 and SQC! [124]. Concordantly,
the svp loss-of-function muiant is eatly flowering, and S¥VP overexpiession
causcs a late flowering phenotype. Intcrestingly, both mutants arc inscasitive
to cold acclimation, a phenomenon different from vemalization in which
plants become {olerant to freezing temperatures by being previously exposed
to short periods of cold (16 °C). SVP mediates the temperature-dependent
functions of FC4 and FVE within the “thermo-sensory pathway” and
negatively regulates FT by directly binding this gene’s promoter at its CArG
motifs [186]. Interestingly, the flowering time regulalors AGL24, SVP and
SGCI have shown to be down-regulated and kept away from the floral
meristems by the floral identity gencs LFY and AP] that arc in turn key
flower meristem identity genes [187,188].

Other MADS-box genes implicated in flowering transition

Additional MADS-box genes have been recently implicated in the
flowening trangition regulatory network, Among the positive flowering
regulators, XAANTALI (XALl | AGLI2) [104] and AGLI7 [116] have been
implicated in the photoperiod pathway downstream of CO action. Also,
AGLI9 is normally repressed by the polycomb complex, but after
vernalization its repression marks are reduced allowing AGLI9 to be highly
expressed, which in furn induces flowering iransition by up-regulating LFY
[128]. These three genes are also strongly expressed in the roots. On the other
bhand, FLOWERING LOCUS M (FLM) / MADS AFFECTING
FLOWERING (MAF1} is thought to act as a co-regulator with SVP
inhibiting floweting transition [189]. Inmterestingly, temperature might
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suppress the repressive effect of FLM on flowering, or {emperature might act
downstream of FLM to bypass ils repressive effeci. This has been described
in 8 new pathway that involves the thcrmal induction of flowcring when
plants are shifted from 23 to 27°C under short day conditions [190].

Other flowering repressors are AGL1S and AGL1S that act redundantly
to down regulate FT expression [113]. H is very likely that the number and
complexity of MADS-box interactions involved in the regulation of
floweting transition is still much larger and rapid progress in understanding
their specific functions is expected in the coming years in this exciting and
important field for plant developrment.

The MADS story of flower development

Arabidopsis thaliana is a self-fertilizing plant that has a simple flower
structure typical of the Brassicaceae and with a basic floral plan shared by
highest eudicots. The flower has two external seerile organs {whorfs 1 and 2)
surronnding the reproductive ones {wherls 3 and 4): a calyx of four sepals
{whori 1) and a corolla of four petals (whorl 2) whose positions are aliernate
and interior to those of the sepals. The androecium (whorl 3} consists of four
medial, long stamens, and two lateral short stamens with a superior sessile
gynoecium {whorl 4) in the center of the flower that consists of two fused
carpels [103]; Figure 4.

Based on morphological evidence, flower development can be divided into
several stages. Flower meristemns arise from the flanks of the inflorescence
meristem in a phyllotactic spiral (stage 1), and soon become isolated from the
inflorescence meristem by tissue that will later become the flower pedicel
{stage 2). Then, the sepals begin to atise from the outermost cells of the flower
meristem (stage 3) and clongate (stage 4). The next stage is characterized by
sepal growth and emergence of primordia of petals and stamens {(stage 5).
Subsequently, sepals cover the flower bud (stage 6} and st this stage stamens
and carpels become clearly differentiated (stage 7). Stamen primordia elongate
{stage 8) and carpels differentiate (stage 9) [105]; for a review see [194]).

Studies at the molecular level supgest that there is an overall
conservation among key regulaiors of floral organ identily and arrangement
[195,196,18], The flowering genes reviewed in the previous section induce
the meristern identity genes aumd these, in turn, regulate the floral organ
specification genes among which, MADS-box genes are also key players.
Upon induction 1o flowering, the inflorescence merisiem identity genes (such
as TFLI), that specify the inflorescence shoot as indetcrmrinate and non-
floral [197,198] are repressed, while the floral meristem identity genes (AP7,
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Figure 4, Arabidopsis thaliana’s flower structure is determined by the combinatorial
action of different MADS-box proteins. The “quartet model” [191] proposes that the
transcription factors complex binds DNA at the promoter regions of their target genes.
According to the model, two dimers of each tetramer recognize two conserved DNA
sites termed CArG-boxes on the same strand of DNA (with specific separation
between them), which are brought into close proximity by DNA bending. Binding of
the first dimer is thought to facilitaic the binding of the second one. Proleins in the
tetramer interact through their different motifs: The MADS-domain binds to the DNA,
the 1 and K domains are involved in dimer formation. The C-domains are supposed to
be the transactivation sites, but some of the MADS proleins scem fo lack these
activity [18]). The exact structures of the MADS-box protein tetramers that control
the identity of flower organs are still hypothetical, though several studies on MADS-
box protein interactions have been done (e.g., [192,50,37]). CArG boxes represenied
by blue boxes in bent DNA (blue line), MADS-domain proteins are represented as
circles. A-function protein: API, APETALAl; B-function proteins: AP3,
APETALA3; PI, PISTILLATA; C-function protein: AG, AGAMOUS, E-function
proteins: SEP, SEPALLATA. (Figure adapted from [193]; Arabidopsis picture by ER
Alvarez-Buylla),

AP2, CAL, LFY), [129,199,18] are turned on [198]. Mutations in the floral
meristem identity genes cause primordia that would develop into flowers o
TFLI is a repressor of the expression of at least two of the floral meristem
identity genes, LFY and 4P]. The flower meristem identity genes activate
downstream floral homeotic ABC genes (4P1, AP2, AP3, PI and AG), which
are transcription factors necessary for floral organ identity [46,200,77,201].
All of these, except AP2, are Type I MADS-box genes.
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In the classical ABC model, three different types of homeotic genes of
overlapping activities have been proposed to control the development of wild
type flowers as follow: sepal (A), petal (A1B), stamen (B+C) and carpel
identity (C) [46). The A and C function genes negatively regulate cach other
and the B function is restricted to the second and third whorls independently
of A and C functions [82,202], Originally, the function of these genes was
inferred by the characterization of their homeotic mutants, which have altered
floral organ positions: A class mutants have flowers consisting of carpel-
stamen-stamen-carpel; B class mutant flowers bear sepals-sepals-carpel-
carpel and the C class mutant flowers have sepals-petals-petals-sepals [46),
Finally, mutations in all three functions lead to the transformation of all floral
organs into leaf-like organs, suggesting that flowers are transformed leaves
(reviewed in [203]).

Arabidopsis A function genes are: AP] and APETALA2 (AP2). AP] is a
MADS-box gene expressed in the two outer whorls of the floral meristem
[97]. Strong apl alleles (api-1) often lack the second whorl while weaker
alleles of this gene do not have a full hameotic conversion of floral organs
[132]. This gene is transcriptionally regulated by the B class genes AP3/PI
[33] and by LFY [201], On the other hand, AP2 encodes = putative
transcription factor that is a member of a plant specific gene family of genes
(AP2/EREBP family) with diverse functions [204,205]. Mutants in the 4P2
gene rarely develop petals and, additionally, their sepals are transformed into
carpelloid structures due to ectopic AG expression which is negatively
regulated by AP2 itself [202].

The B class genes arc elso MADS-box (4P3 and PI). These two genes
are expressed in the second and third whorls and mutant flowers for any of
these two genes are identical lacking petals and stamens as predicted by the
ABC model [18]. It has also been shown that the proteins encoded by these
two genes form heterodimers to exert their function and both are required to
activate cach other and perform the B function during petal and stamen
determination [72,135,206]. Furthermore, these proteins move to the nucleus
to function as transcriptional regulators only after they form a heterodimer
[42].

Another MADS-box gene is the only C-type gene discovered up to now:
AG. Tt has been shown that there was an ancestral AG-like MADS-box gene
that duplicated before the angiosperm radiation, producing two paralogous
lineages [134]: C and D. Even thoogh these two functions are not mutually
exclusive, the D class function is primarily involved in ovule identity [207].
Mutant gg flowers lack stamens and carpels, and also bear indeterminate
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flowers with reiteraling sepals and petals, suggesting that AG is important for
floral meristem determinancy, besides stamen and carpel identity [208].

Interestingly, all MADS-box genes, have expression patterns that
corrclatc with the sitc wherc these are necessary. In contrast, 4P2 mRNA is
expressed in all four whorls throughout flower development but mutations in
AP2 only affect identity of whorls 1 and 2. Recent data hag shown that AP2 is
repressed at the translational level by microRNA, which is active only in
whorls 3 and 4 [199], thus explaining that its role is delimited to the two first
flower organs.

MADS-box pgenes are also crucial during ovule development. In
Arabidopsis, ovules develop mside two fused carpels and the MADS-box
genes AG, SHATTERPROOF1/2 (SHP! and SHP2), and SEEDSTICK (STK)
promote the identity of this organ [137,209]. It has been shown that the
dauble mutant shp/ and shp2? does not affect ovule development but, as the
name of the genes suggest, affect the dehiscence zone inhibiting the carpels
shattering [102]. However, the triple mutant shp! shp2 stk shows clear
altcrations in ovule development with these converted into carpel-like
structures [137].

Stamen development is also under the control of the overlapping
activities of B and C MADS-box genes. Little is known, however, about
additional molecular components that participale in this developmenial
process. Recent transcriptomic analyses are starting to uncover additional
compenents of this developmental process [210,211,114]. Verelst and
collaborators (2007) compared the pollen grain transcriptome of an
aglbi/agi6t/agll04 triple mutant (which is altered in pollen tube
competitiveness, but shows normal pollen grain morphology) against the
transctiptomc of wild type plants, and found that these MADS-box gencs are
impertant regulators of pollen maturation, They also comparced their results
againgt those reported by Honys and Twell (2003) on different stages of wild
type pollen development and found that the absence of these MADS-box
proteins and the complexes they usually form, alters gene expression during
scveral stages of pollen maturation. Verclst and collaborators (2007) also
analyzed the role of some doublc mutants in pollen transcription profiles, and
inferred some interactions of complex regulatory network controlling pollen
development. Importantly, they found that AGL65/66, AGL65/104,
AGL30/66, AGL94/66 and AGL30/104 protein complexes repress immature
pollen-specific transeription factor genes and activate mature pollen-specific
transcription factors such as the MADS-box genes, AGLI8 and AGL29. The
latter MADS box genes, in turn, are transcriptional repressors that are highly
expressed during immature tricellular pollen grain stages. In addition, these
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complexes also repress AGL30 and AGL65 in a negative fecdback loop,
whereas AGL18 acts to fine tune the expression level of AGL29. This study
sugpest that different combinations of MADS proteins have distinct roles
during pollen grain devclopment, that scems to be & nice system to uncover
the complexity of MADS-protcin complexes and their role during cell
differcntiation proccsses. Indeed, it has been postulated that MADS proteins
exert their regulatory function as multimeric complexes.

Higher-order MADS-domain protein complexes

Using Antirrhinum majus, in which the ABRC model was also discovered
[46], a ternary complex between A and B function proteins that binds DNA
more cfficiently in comparison to single proteins, was described. A complex
of SQUAMOSA (SQUA, the AP1 ortholog) and DEFICIENS/GLOBOSA
(DEF/GLO; the AP3/PI orthologs) bound DNA more efficiently compared
with DEF/GLO or SQUA alomc [50]. Thus suggesting that transcriptional
complexes that combine A and B function proteins are more stable than those
formed with any of these functions alone.

Using a yeast three-hybrid experiment, it was shown that SEP3 (another
MADS-box gene) and AP! are able fo interact with the heterodimer AP3/P{
but not with 4P3 or PI alone [37]. Moreover, they described that this
interaction was essential for the function of the MADS proteins because the
heterodimer 4P3/PI lacks the activation domain necessary for a transcription
factor to function and that both SEP3 and 4P, possess it [37]. These findings
suggest that the inclusion of SEP3 or AP! together with AP3/PI could result
in an activc tcirameric transcriptional complex. Concomitantly, our
laboratory in collaboration with M. Yanofsky [40] demonstrated that the
ABC proteins on their own or combined (A, AB, BC or C) were not
sufficient to determine flotal organs when expressed in leaves under the
action of the 358 constitutive promoter, However, floral organs could indeed
be recovered combining ABC and SEP genes were expressed i leaves
[40,37].

Another example in which the SEP proteins are necessary for the
formation of a ternary (or quaternary) complex is during ovule development.
AG, SHP1, SHP2 and STK form ternary complexes among them only when
SEP proteins are present [209]. Interestingly, the SEP genes, SEPI, SEP2 and
SEP3, received their names because the floral organs that develop in any of
the four whorls in triplc sep mutant plants resemble sepals, and the flowers
become indeterminate [76]. This sepf sep2 sep3 triple mutant phenotype is
markedly similar to that of double mutants that lack both B and C class
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activity, such as pi ag and ap3 ag [212,76]. Single or double mutants for
these penes yielded flowers undistinguishable from wild type, thus
suggesting that the three SEP genes are functionally redundant and are
important for the determination of three of the four floral organs: petals,
stamens and carpels [37,40,203]. Since the triple sep/ sep2? sep3 mutant does
not show alterations in sepal identity, an additional MADS-hox gene could be
also involved during specification and development of these floral argans.
Indeed, another SEP-like MADS-box gene (SEP4 previously AGL3) was
characterized [136]. The quadruple sepl! sep2? sep3 sep4 mutant plants
produce flowers that have leaf-like organs in all whorls, thus validating the
contributions of SEP genes to flower organ identity in all floral organs.
Coincidently, SEP geneg are cxpressed in the whole floral meristem during
flower development, they regulate B and C genes at the transcriptional level
and encode proleins (hal interaci with all the ABC proteins [213].

Based on the SEP results, it was proposed that MADS proteins form
tetrameric complexes during floral organ determination ([18,191,193,195];
Figure 4). The mode] suggests that within each transcriptional complex, there
would be two MADS dimers, each one of them would bind a single CArG
binding site causing the promgoter DNA region to bend and enable the MADS
dimers to act cooperatively. For example, binding of one dimer of the
tetramer to DNA could increase affinity for local binding of the second dimer
in the tetramer. Besides, one of the dimers could function as an activation
domain of the tetramer allowing an efficient transcriptional activation [37].
In a recent study of the complete MADS-domain protein family provided
two-yeast hybrid data to document the complete MADS protein-protein
interactome for Arabidopsis [192], Several dimers and potential tetramers can
be formed from this database and it will be interesting to test which of them
are functional and what is their role during Arabidopsis development.

There are few examples of MADS proteins that interact or form
complexes with members outside this family. To our knowledge only four
examples of complexes that involve MADS-box proteins and unrelated
polypeptides have been reported in the litcrature. Our laboratory was the first
group to report non-MADS proleins as interactors of a MADS-domain
protein (AG): a phosphatase (VSP1) and a Leucine rich protein called
FLORI [214]; see also [215]. A second report documented an interaction of
histone fold protein NF-YB with OsMADS18 from rice [216]. A more recent
report showed that APl and SEP3 could form a complex with the
transcription co-repressors LEUNIG (LUG) and SEUSS (SEU) [217].
Finally, AGL15 was shown to interact with a protein that forms part of the
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SWi-independent 3-histone deacetylase (SIN3/HDACI9) complex (SAP1S)
and with HDAC19 itself [218].

An integrative model of the gene regmlatory network
underlying floral organ determination

Analytical molecular approaches have been, and will continuc to b,
successful in producing a wealth of data on specific genes, their most
immediate interactors and some cell fimctions. However, understanding the
concerted action of many interacting molecular components, the resulting
behavior of complex and integrated hiological systems, as well as the
consequences of intervening in them, presents serious challenges to contemporary
biologists. Wc arc mecting these challenges by combining experimental
molecular approaches with dynamic mathematical/computational models
[219,58,59,60,220,61].

We have put forward a dynamic gene regulatory network model which
steady states or attractors comespond to the multi-gene expression
configyrations characterigtic of each of the four types of ptimordial cclls
during early flower development, those of: sepals, petals, stamens and carpel
primordia [58). Interestingly, simulations of loss of function mutations of the
nodes comesponding to the ABC genes recovered observed results. For
example, when the activation stale of AP/ is sel 10 “0” at all interactions, in
order to simulatc a homcotic mutant, the steady states configuration that
corregponds to the combinations of gene activation typical of primordial
sepal and petal cells is not recovered any more. Instead, all the initial states of
the network that used to lead to that steady-state configuration now go to the
configuration characteristic of stamen and carpel primordial cells. Thus, the
model recovers the profile characteristic of the observed homeotic flower
lacking sepals and petals, The same was true for all mutabions that have been
characterized experimentally in Arabidopsis, thus verifying the proposed
model [58].

Finally, such type of dynamic computational models are also useful to
eveluate how robust are the gene activation combinations that characterize
each studied primordial ccll-type. Indeed, the basic floral plan consisting of
whorled sepals, petals, starnens and carpels, which sequentially appear from
thc outcrmost to the inner of the flower during devclopment, is quite
conserved among angiosperms (specially among higher endicot species). This
pattern suggests thal the mechanisms underlying the determination of such
primordial ccll types should be robust. Concordantly, our simulations of the
proposed model confirmed that the networld's steady siates are robust to
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initial states (all of the more than 130,000 initial conditions converge 1o the
gene expression configurations observed in primordial cells during early
flower development), but also to small alterations in the rules of interaction
among genes that could correspond to genetic alterations [58,59,60].

Perspectives on the role of MADS-box genes in plant
development

As reviewed here, ptant MIKC genes have been mostly characterized as
regulators of the transifion to flowering [99] and flower, fruit or seed
development {82,130,129,221,137]. Thev are fairlv specific merisiem-
[97,103], cell- [102] or orpan-identity [20,76] genes. The first studies
snggested that the function of these genes was specific 1o certain cel types,
tissues or stages of development at which these genes were expressed at the
transcriptional Jevel.

However, genome-wide studies are suggesting that most MADS-box
genes are expressed at several stages of the plant’s life cycle and in a variety
of organs, fissucs and cell types {f14]; for a revicw sec [93]), suggcesting that
these genes may have developmental roles that affect multiple stages of
development and plant organs, Such recent studies are challenging previous
phylogenetic analyses, that bad suggested that the genes clustered within each
clade shared structure, expression pattern and gene fimction (e.g, [11]). For
example, three groups of genes belonging to the clades of 4G, SOC! and
ANRI seemed to be specific 1o roois [8,108), but we now know that they are
expressed in several other organs and may have diverse developmental roles
or the same function at diffcrent tissucs and dcvclopmental stages [104].
Interestingly, a transcriptional regulation map for Arebidopsis development
has revealed that at least one of the ABC MADS-box genes (PI), that was
supposcd to be specific to flowers, could be cxpressed in the roots as wel
[192,222].

Indeed, in Arabidopsis, XAANTALI (XALI; AGL12), the sister gene of
the group where the first cloned plant MADS-box gene was found (AG), is a
pivotal genc for both root and flower development [104]. This was
unexpected because all the genes in this clade are reported to be specifically
expressed and functional only in reproductive tissues [137].

Given the high sequence conservation of MADS domains among plant
and animal proteins within each lineage (I and I}, we have hypothesized that
some of their functions exerted in various plant organs and at different life-
s{ages, may have been also conserved. Such conserved functions may be, for
cxample, rclated to the animal MEF-relatcd MADS proteins rolcs, which
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have been implicated in the regulation of cellular homeostasis and linked to
cell-cycle control [223]. Indeed, XAL/ scems to be an important modulator of
cell proliferation versus differentiation decisions.

The analyses of MADS-box gene function in the root, that is a
trangparent organ with & relatively simple cellular structure, may enable
quantitative analyses of celt dynamics of mutants of these genes [224,225].
Indeed, the root has become a very uscful system for unraveling gencral
features of multicellular developmental mechanisms {226,227 228], and
specifically for understanding the links between cellular dynamics and cell
type specification during normal morphogenesis of a complex organ in vivo
[229,228,230]. Some components of the molecular mechanisms involved in
stem-cell niche patterning and behavior [231,232], as well as in the patterns
of cell protiferation along morphogenetic pradients, that in the root are
importantly determined by auxins, have been characterized as well
[233,234,235]. Tt will be very interesting to unravel the role of other MADS-
box genes in such networks.

Our data strongly suggost that X4LY is an important regulator of ccl
preliferation in the root. XALJ mutant alleles have short roots with an altered
cell production rate, meristem size and cell-cycle duration. Thus X477 is the
first MADS-box genc that is shown to be involved in cell-cycle rcgulation
[104]. Auxms have been imphicated in cell-cycle regulation [236,237] and
our data interestingly also show that XAL7 is induced by auxins. On the other
hand, as it was rcvicwed sbove, xall allcles arc also latc flowering and our
datz suggest that X4L] could be an important promoter of the flowering
transition through up-regulation of SOC, FT and LFY [104].

Finafly, several studies indicate that MADS-box genes are shle to
integrate environmenta] and internal signals and, consequently, are very
likely important components of the mechanizsms underlying the plastic
developmental responses of planis to  environmental conditions
[119,181,162,187]. For example, recent resulis appear to indicate that
MADS-box genes are the targets of both GA signaling [187] and biosynthesis
[148]. It remains to be determined whether the regulation of hormone
homcostasis is also onc of the many MADS-box gene functions. If such were
the case, ai least some aspects of the MADS-box phenotypes would be
mediated by hormone activity and thus mimic phenotypes of lines with
altered hormonc activitics. Additional recent data has demonstrated that 4G,
PI, AP3 and AGLI5 [148,187] are direct targets of GA signaling (4G, P and
AP3) and biosynthesis (ALG 7). Our recent studies suggest that XALJ may
be an important component of the regulatory networks that respond to light in
the flowering transition conirol and is a pivotal element of the developmental
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pathways that underlie root development, where it seems to mediate hormone
activities as well [104].

Another root MADS-box gene, ANRI, has been identified as a gene
implicated in nitrate signaling pathway and to be responsible for lateral root
growth upon nitrogen deficiency [107]. Indeed, nutritional deficiency also
triggers flowering [238], and might be sensed at the root [239]. Several
important regulators of the transition to flowering are MADS-box genes
[127]. Interestingly most of them are expressed in roots but their role in this
tissue and how this relates to their role in root development and the flowering
pathways is unknown, Therefore, one of the most fascinating challenges in
MADS studies will be to continue elucidating their complex integrative roles
during coordinated plastic developmental responses occurring at distant parts
of the plant.

Acknowledgements

The logistical and editorial support of Diana Romo Rios is greatly
acknowledged. Financial support was from Programa de Apoyo a Proyectos
de Investigacién e Innovacién Tecnolégica, Universidad Nacional Auténoma
de México grants: IN230002 and IX207104 to E.A.B.; IN210408 to B.G.P.
and IN223607 to A.G-A. Also from the Consejo Nacional de Ciencia y
Tecnologia grants were given as follow: CO1.41848/A-1, CO1.0538/A-1 and
C01.0435/B-1 to E.A.B.; 81433 to B.G.P. and 90565 to A.G-A.

References

1. Meyerowitz, E. M. 2002, Science, 295, 1482,

2. Milo, RIS, Kashtan, N., Levitt, R., Shen-Orr, 8., Ayzenshtat, 1., Sheffer, M.,
Alon, U. 2004, Science, 5;303, 1538.

3. Jones, AM., Chory, J., Dangl, J.L., Estelle, M., Jacobsen, S.E., Meyerowitz,

E.M., Nordborg, M., and Weigel, D. 2008, Cell, 133, 939.

Gilbert, S.F., Opitz, JM., and Raff, R.A. 1996, Developmental Biology,

173, 357.

Odell, G., Oster, G., Burnside, B. and P. Alberch. 1980, J. Math, Biology, 9, 291.

Shore, P. and Sharrocks, A. D. 1995, Eur. J. Biochem. 229(1), 1.

Messenguy, F., and Dubois, E. 2003, Gene, 316, 1.

Alvarez-Buylla, ER., Liljegren, S.J., Pelaz, 8., Gold, S.E., Burgeff, C., Ditta,

G.S., Vergara-Silva, F. and Yanofsky M.F. 2000b, The Plant J., 24(4), 457.

9. Martinez-Castilla, L. P., and Alvarez-Buylla, ER. 2003, Proc. Natl. Acad. Sci.
USA, 100, 13407,

>

00 ~] On Lh
e

212 ElenaR. Alvarez-Buylla et af.

10. Parenicovi, L., de Folter, S.. Kieffer, M., Homer, D.S., Favalli, C., Busscher, J.,
Cook, HE., Ingram, R.M., Kater, MM., Davies, B., Angenent, G.C., and
Colombo, L. 2003, Plant Cell, 15(7), 1538.

11. Alvarez-Buylla, ER., Pelaz, S., Liljegren. S.I., Gold, S.E., Burgeff, C., Ditta,
G.S., Ribas de Pouplana, L., Martinez-Castilla, L. and Yanofsky, M.F. 20004,
Proc. Natl. Acad. Sci. USA, 97, 5328.

12. Mushegian, A.R., and Koonin, E.V. 1996, Genetics, 144, 817.

13. de Bodt, S., Raes, J., Florquin, K., Rombauts, S., Rouzé, P., Theissen, G., and Y.
Van de Peer. 2003, J. Mol. Evol., 56, 573.

14. Kofuji, R., Sumikawa, N., Yamasaki, M., Kondo, K., Ueda, K., Tto, M., and
Hasebe, M. 2003, Mol. Biol. Evol., 20, 1963.

15. Henschel, K., Kofuji, R., Hasebe, M., Saedler, H., Miinster, T., and G. Theissen.
2002, Mol. Biol. Evol., 19, 801.

16. Abraham, D.S., and Vershon, A.K. 2005, Eukaryotic Cell, 4,1808.

17. Goff, L.A., Davila, J, Jérnsten, R., Keles, 8., and Hart, R.P. 2007, I
Biomolecular Techniques, 18, 205.

18. Jack, T. 2004, The Plant Cell, 16, S1.

19. Ammererer, G. 1990, Genes and Development, 4, 299.

20. Yanofsky, M.F, Ma, H ,Bowman, JL., Drews, G.N. Feldmann, K.A. and
Meyerowitz, E. M. 1990, Nature, 34, 35.

21. Sommer, H. Beltran, JP., Huijser, P., Pape, H,, Ldnnig, W.E., Saedler, H.,
Schwarz-Sommer, Z. 1990, EMBO Joumnal, 9, 605.

22. Norman, C., Runswick, M., Pollock, R., Treisman, R. 1988, Cell, 55, 989.

23. Krizek, B. A., and Meyerowitz, E. M. 1996, Proc. Natl. Acad. Sci. USA,
93, 4063.

24. Riechmann, J.L., Krizek, B.A. and Meyerowitz, E.M. 1996a, Proc. Natl. Acad.
Sci. USA.,, 93, 4793.

25. Riechmann, I, Wang, M. and Meyerowitz, EM. 1996b, Nucleic Acids Res.
24,3134,

26. Fan, HY., Hu, Y., Tudor, M., and Ma, H. 1997, Plant J., 12, 999,

27. Kaufimann, K., Melzer, R., and Theissen, G. 2005, Gene, 347(2), 183.

28. Pellegrini, L., Tan, S., and Richmond, T.J. 1995, Nature, 376, 490,

29. Riechmann, IL., and Meyerowitz, EM. 1997, Biol. Chem., 378, 1079.

30. Hill, T.A., Day, CD., Zondlo, S.C., Thackeray, A.G., and Irish, V.F. 1998,
Development, 125, 1711.

31. Honma, T., and Goto, K. 2000, Development, 127, 2021.

32. Hepworth, SR., Valverde, F., Ravenscroft, D., Mouradov, A., and Coupland, G.
2002, EMBO I, 21, 4327.

33. Sundstrém, J.F., Nakayama, N., Glimelius, K., and V.F. Irish. 2006, The Plant
Journal, 46, 593.

34. Wellmer, F., Alves-Ferreira, M., Dubois, A., Riechmann, JL., Meyerowitz, E.M.
2006, PLoS Genet. 2, 117.

35. Yang Y., and Jack, T. 2004, Plant Mol. Biol. 55, 45.

36. Davies, B., Egea-Cortines, M., de Andrade Silva, E., Saedler, H., and Sommer,
H. 1996, EMBO J., 15, 4330.

136



MADS genes and plant development 213

40.

41.

42,

43.
44,

45.

46.
47.

48.
49.
50.
51.
52
53.
54,
55.

56.
a7

58.

59:

60.

61.

62.

. Honma, T., and Goto, K. 2001, Nature, 409, 525.
. Lamb, R. S., and Irish, V. F. 2003, Proc. Natl. Acad. Sci. USA, 100, 6558.
. Huang, H., Tudor, M., Weiss, C.A., Hu, H., and Ma, H. 1995, Plant Molecular

Biology, 28, 549.

Pelaz, S., Tapia-Lépez, R., Alvarez-Buvlla, ER, and Yanofsky, M.F. 2001,
Cuir. Biol,, 11, 182.

Huang, H., Tudor, M., Su, T., Zhang, Y., Hu, Y., and Ma, H.1996, Plant Cell,
8, 81.

McGonigle, B, Bouhidel, K., Irish, V.F. 1996, Genes and Development,
10, 1812.

Theissen, G., and Melzer, R. 2007, Ann. Bot. (Lond)., 100, 603.

Tanahashi, T., Sumikaw, N., Kato, M. and Hasebe, M. 2005, Development,
132, 1727.

Nam, I, Kim, J,, Lee, S., An, G, Ma, H., and Nei, M. 2004, Proc. Natl. Acad.
Sci. USA,, 101, 1910.

Coen, E.S., and Meyerowitz, EM. 1991, Nature, 353, 31.

Drea, S., Hileman, L.C., de Marino, G., Irish, V.F. 2007, Development,
134, 4157.

Soltis, D.E., Ma, H., Frohlich, M.W., Soltis, P.S., Albert, V.A., Oppenheimer,
D.G., Altman, N.S., de Pamphilis, C., and J. Leebens-Mack. 2007, Trends in
Plant Science, 12, 58.

Bowman, J.L., 1997, Joumal of Biosciences, 22, 515.

Egea-Cortines, M., Saedler, H., and Sommer, H. 1999, EMBOJ., 18,5370.
Kramer, EM., and Irish, V.F. 1999, Nature, 399, 144.

Kramer, E.M., and Irish, V.F. 2000, Intl. J. Plant Sci., 161, Issue s6, S29.
Whipple, C.J., Ciceri, P., Padilla, CM., Ambrose, B.A., Bandong, S.L. and R.J.
Schmidt. 2004, Development, 131, 6083.

Kim, S.Y., He, Y., Jacob, Y., Noh, Y.S,, Michaels, S., and Amasino, R. 2005,
Plant Cell, 17, 3301.

Sundstrém, J., Carlsbecker, A. Svensson, M.E., Svenson, M., Johanson, U,
Theissen, G., Engstrom, P. 1999, Dev. Genet., 25, 253.

Sundstrém, J., and Engstrom, P. 2002, Plant I, 31, 161.

Ambrose, B. A, Lemner, D.R., Cicer, P., Padilla, C.M., Yanofsky, M.F., Schmidt,
R.J. 2000, Mol. Cell. 5, 569.

Espinosa-Soto, C., Padilla-Longoria, P., and Alvarez-Buylla, ER. 2004, The
Plant Cell, 16, 2923.

Chaos, A., Aldana, M., Espinosa-Soto, C., Garcia-Ponce de Leén, B., Garay-
Arroyo, A, and Alvarez-Buylla, E.R. 2006, I. Plant Growth Regul., 25,278.
Alvarez-Buylla, E.R., Benitez, M., Davila, E.B., Chaos, A., Espinosa-Soto, C.,
Padilla-Longoria, P, 2007, Curr. Opin. Plant Biol,, 10, 83.

Alvarez-Buylla, ER, Balleza, E., Benitez, M., Espinosa-Soto, C., and Padilla-
Longoria, P. 2008, Gene Regulatory Network Models: a dynamic and integrative
approach to development.. Claire Grierson and Alistair Hetherington (Eds).
Garland Science, Taylor and Francis, Oxfordshire (in press).

Goto, K. 1996, J. Bioscience, 21, 369.

214

63.

65.
66.
67.
68.
69.
70.
71,

72.
3.

74.
5.
76.
7.
78.

79.
80.

81.

82.

83.
84.

85.
86.

87.

88.

89.
90.

al.

ElenaR. Alvarez-Buylla & a/.

Becker, A., Winter, K.U., Mever, B., Saedler, H., and Theissen, G. 2000, Mol.
Biol. Evol., 17,1425,

. Ohno, S. 1970, Evolution by Gene Duplication (Springer, Heidelberg, Germany),

160 pp.

Zhang, J., Zhang, Y.P. and Rosenberg, H. F. 2002, Nat. Genet. 30, 411.

Ohta, T. 2000, Gene, 259, 45.

Hughes, A. L. 2002, Trends Genet., 18, 433.

Clark, A. G. 1994, Proc. Natl. Acad. Sci. USA, 91, 2950.

Lynch, M., O'Hely, M., Walsh, B., and Force, A. 2001, Genetics, 159, 1789.
Wagner, A. 1999, J. Evol. Biol,, 12, 1.

Hernandez-Hernandez, T., Martinez-Castilla, L.P,. and Alvarez-Buylla, ER.
2007, Mol. Biol. Evol., 24(2), 465.

Jack, T., Brockman, L L., and Meyerowitz, E.M. 1992, Cell, 68, 683.

Magallén, S. and Sanderson, M.J., 2001, Evolution Int. J. Org. Evolution,
55, 1762.

Magallén, S., Crane, PR., and Herendeen. P.S. 1999, Ann. Missouri Bot.
Garden, 86, 297.

Egea Gutiérrez-Cortines, M., and Davies, B. 2000, Trends in plant Science,
5,471.

Pelaz S., Ditta, G.S., Baumann, E., and Yanofsky M.F. 2000, Nature, 405, 200.
Ng, M., and Yanofsky, M.F.2001, Nat. Rev. Genet., 2, 186.

Lawton-Rauh, A.L., Alvarez-Buylla, ER., Purugganan, M.D. 2000, Trends Ecol.
Evol. 15, 144.

Cork, .M., Purugganan, M.D. 2004, Bioessays, 26, 479.

Hileman, L.C., Kramer, EM., Baum, D.A. 2003, Proc. Natl. Acad. Sci.U S A,
100, 12814.

Alvarez-Buylla, E.R., Garcia-Ponce, B., Garay-Arroyo, A. 2006, I. Exp. Bot., 57,
3099.

Bowman, J. L., Smyth, D. R. and Meyerowitz, E. M. 1991, Development,
112, 10.

Bowman, J.L. and Meyerowitz, EM. 1991, Symp. Soc. Exp. Biol,, 45, 89.
Winter, K.U., Weiser, C., Kaufmann, K., Bohne, A., Kirchner, C., Kanno, A.,
Saedler, H., and Theissen, G. 2002, Mol. Biol. Eval. 19, 587.

Kramer, E.M., Dorit, R.L., and Irish, V.F. 1998, Genetics, 149, 765.

Pnueli, L., Abu-Abeid, M., Zamir, D., Nacken, W., Schwarz-Sommer, Z., and
Lifschitz, E. 1991, Plant I., 1(2), 255.

Vanderbussche, M., Zethof, J., Royaert, S., Weterings, K., and Gerats, T. 2004,
Plant Cell, 16, 741.

Drimnan. A. N., Crane, P.R., and Hoot, S.B. 1994, dress, P. K. and Friis, E. M
(Eds.) Early Evolution of Flowers 93-122 (Springer. New York).

Kramer, E.M., and Hall, J.C. 2005, Curr. Opin. Plant Biol., 8, 13.

Zahn, L M., Kong, H., Leebens-Mack, J.H., Kim, S., Soltis, P.S., Landherr, LL.,
Soltis, D.E., Depamphilis, C.W. and H. Ma. 2005, Genetics, 169, 2209.

Kim, H.J., Hynn, Y., Park, J.Y., Park, M.J., Park, M.K., Kim, M.D., Kim, HJ.,
Lee, M.H., Moon, J., Lee, 1., and Kim, J. 2004, Nat. Genet., 36(2), 167.

137



MADS genes and plant development 215

92. Yamaguchi, T., Lee, D.Y ., Mivao, A., Hirochika, H., An, G., Hirano, H.Y. 2006,
Plant Cell, 18,15.

93. Rijpkema, A.3., Gerats, T. and Vandenbussche, M. 2007, Curr. Opin. Plant Biol.,
10, 32.

94. He, C. and Saedler, H. 2003, Proc. Natl. Acad. Sci. USA., 102, 5779.

95, Smyth, D. 2000, Trends in plant science, 5, 315.

96. Moore, R.C., Grant, 3.R., and Purugganan, M.D. 2005, Mol. Biol. Evol., 22, 91.

97. Mandel, M.A., Gustafson-Brown, C., Savidge, B., and Yanofsky, M.F. 1992,
Nature, 360, 273.

98. Kempin, S.A., Savidge, B., and Yanofsky, M .F. 1995, Science, 267, 522.

99. Samach, A., and Coupland, G. 2000, Bioessays, 22, 38.

100.Bowman, J.L., Baum, S.F., Eshed, Y., Putterll, J., Alvarez, J. 1999, Curr. Top.
Dev. Biol,, 45, 155.

101. Ng, M., and Yanofsky, M.F. 2000, Curr. Opin. Plant Biol., 3, 47.

102.Liljegren, S.J., Ditta, G.5., Eshed, Y., Savidge, B., Bowman, J.L., and Yanofiky,
M.F. 2000, Nature, 404, 766.

103.Bowman, J.L., Weigel, J. D., Meyerowitz, E. and Smyth, D. 1993, Development,
119, 721.

104. Tapia-Lopez, R., Garcia-Ponce, B., Dubrovsky, J.G., Garay-Armoyo, A., Pérez-
Ruiz, RV, Kim, SH., Acevedo, F., Pelaz, S. and Alvarez-Buylla, ER. 2008,
Plant Physiol, 146, 1182.

105.Bowman, J.L.. 1993, Arabidopsis. An Atlas of Morphology and Development,
Springer Verlag, New York.

106. Portereiko, M.F., Lloyd, A., Steffen, J.G., Punwani, J.A.,, Otsuga, D., Drews,
G.N. 2006, Plant Cell, 18, 1862.

107. Zhang, H., and Forde, B. G. 1998, Science, 279(5349), 407.

108.Burgeff, C., Liljegren, S.J., Tapia-Lépez, R, Yanofsky, M.F., and Alvarez-
Buylla, E.R. 2002, Planta, 214, 365.

109.Kohler, C., Hemnig, L., Spillane, C., Pien, 5., Gruissem, W., and Grossniklaus, U.
2003, Genes & Development, 17, 1540.

110.Kang, I, Steffen, J.G., Portereiko, M.F., Lloyd, A, and Drews, G.N. 2008, The
Plant Cell, 20, 635.

111.Femandez, D.E., Heck, GR., Perry, SE., Patterson, S.E., Bleecker, AB. and
Fang, S.C. 2000, Plant Cell, 12, 183.

112.Lehti-Shiu, M.D., Adamczyk, B.J.,, and Femandez, D.E. 2005, Plant Molecular
Biology, 58, 89.

113. Adamczyk, B.J., Lehti-Shiu, M.DD., and Fernandez, D.E. 2007, The Plant J., 50,
1007.

114 . Verelst, W., Twell, D., de Folter, S., Immink, R., Saedler, H., and Miinster, T.
2007, Genome Biol., 8 R249.

115.Flanagan, C.A., Hu, Y., and Ma, H. 1994, Plant Mol. Biol., 26, 581.

116.Han, P., Garcia-Ponce, B., Fonseca-Salazar, G., Alvarez-Buylla, ER., and Yu,
H. 2008, Plant J., in press.

117 Michaels, S. D., Ditta, G., Gustafson-Brown, C., Pelaz, S., Yanofsky, M., and
Amasino, R. M. 2003, Plant J., 33, 867.

216 ElenaR. Alvarez-Buylla ef al.

118.Liu, C., Chen, H., Er, HL., Soo, HM., Kumar, P.P., Han, J.H., Liou, Y.C., and
Yu, H. 2008, Development, 135, 1481.

119.Michaels, S.D., and Amasino, R.M. 1999, The Plant Cell, 11, 949.

120. Sheldon, C.C., Bum, J.E., Perez, P.P., Metzger, J., Edwards, J.A., Peacock, W.J.,
and Denmnis, E.S. 1999, The Plant Cell, 11, 445.

121. Scortecei, K.C., Michaels, $.D., Amasino, R.M. 2001, Plant J., 26, 229.

122 Ratcliffe, O.J., Nadzan, G.C., Reuber, T.L., and Riechmann, J.L. 2001, Plant
Physiol, 126, 122.

123.Ratcliffe, OJ., Kuminoto, R.W., Wong, B.J., and Riechmann, J.L. 2003, Plant
Cell, 15(5), 1139,

124 . Hatmann, U., Hohmann, S., Netteshein, K., Wisman, E., Saedler, H., and
Huijser, P. 2000, Plant J., 21, 351.

125.Bomer, R., Kampmann, G., Chandler, I, Gleissner, R., Wisman, E., Apel, K.,
and Melzer, S. 2000, Plant J., 24, 591.

126.Lee, H., Suh, S.S, Park E., Cho, E, Alm, JH., Kim, S.G., Lee, J.S., Kwon,
Y .M., and Lee, I. 2000, Genes Dev., 14, 2366.

127.Parcy, F. 2005, Int. J. Dev. Biol, 49, 583.

128. Schonrock, N., Bouveret, R., Leroy, O., Borghi, L., Kahler, C., Gruissem, W.,
and Hennig, L. 2006, Genes Dev., 20, 1667.

129.Ferrdndiz, C., Gu, Q., Martienssen, R., and Yanofsky, M F. 2000, Development,
127, 725.

130.Gu, Q., Ferrandiz, C., Yanofsky, M .F., and Martienssen, R. 1998, Development,
125, 1509,

131.Mandel, M.A., and Yanofsky, M.F. 1995, Plant Cell, 7, 1763.

132.Irish, V F., and Sussex, LM. 1990, Plant Cell, 2, 741.

133. Weigel, D., Alvarez, I., Smyth, D.A., Yanofsky, M.F., and Meyerowitz, EM.
1992, Cell, 69, 843.

134 .Becker, A., Kaufimann, K., Freialdenhoven, A., Vincent, C., Li, M.A., Saedler,
H., and Theissen, G. 2002, Mol. Genet. Genomics, 266, 942.

135. Goto, K., and Meverowitz, E.M. 1994, Genes Dev., 8, 1548.

136.Ditta, G., Pinyopich, A., Robles, P, Pelaz, S., Yanofsky, M.F. 2004, Curr. Biol,,
14, 1935,

137.Pinyopich, A., Ditta, G.S., Savidge, B., Liljegren, S.J., Baumann, E., Wisman, E.,
and Yanofsky, M.F. 2003, Nature, 424, 85.

138.Harada, J.J. 1999, Current Opinion in Plant Biology, 2, 23.

139. Nawy, T., Lukowitz, W., and Bayer Martin, 2008, Current Opinion in Plant
Biology, 11, 28.

140.Perry, S.E., Lehti, M.D., and Femandez, D.E. 1999, Plant Physiology, 120, 121.

141.Berleth, T., and Chatfield, S. 2002, Embryogenesis: Pattern Formation from a
Single Cell, Somerville, C.R., and Meyerowitz, EM. (Eds), Rockville, MD, doi:
10.1199/tab.0051.

142.de Vries, S.C. 1998. Trends in Plant Science, 12, 451.

143 Makarevich, G., Leroy, O., Akinci, U., Schubett, D., Clarenz, O., Goodrich, O.,
Grossniklaus, U., and Kéhler, C. 2006, EMBO reports, 7, 947.

138



MADS genes and plant development 217

144. Heck, GR., Perry, S.E., Nichols, K.W ., and Fernandez, D.E. 1995, Plant Cell, 7,
1271.

145. Perty, S.E., Nichols, K. W, and Fernandez, D.E. 1996, Plant Cell, 8, 1977.

146.Harding, E.W., Tang, W., Nichols, K.W., Femandez, D E. and Perry, SE. 2003,
Plant Physiol., 133, 653.

147. Wang, H., Tang, W., Zhu, C., Perry, S.E. 2002, Plant T, 32, 831.

148. Wang, H., Caruso, L.V., Downie, AB., and Perry, SE. 2004, Plant Cell, 16,
1206.

149.Roux, F., Touzet, P., Cuguen, I., and Le Corre, V., 2006, Trends in Plant Science,
11,375.

150.Henderson, LR., and Dean, C.C. 2004, Development, 131, 3829.

151.Blazquez, M.A., and Weigel, D. 2000, Nature, 404, 889.

152. Putterill, J. 2001, Phil. Trans. R. Soc. Lond. B., 356, 1761.

153. Ausin, 1., Alonso-Blanco, C., and Martinez-Zapater, JM. 2005, Int. J. Dev. Biol.,
49, 689.

154, Searle, I, and Coupland, G. 2004, EMBO ., 23, 1217,

155. Imaizumi, T., and Kay, S.A. 2006, Trends in Plant Science, 11, 550.

156. Koornneef, M., Alonso-Blanco, C., Blankestijn-de Vries, H., Hanhart, C.J., and
Peeters, A.J. 1998, Genetics, 148, 885.
157. Sheldon, C.C., Finnegan, E.J., Rouse, D.T., Tadege, M., Bagnall, D.J., Helliwell,
C.A., Peacock, W.I, and Denmis, E.S. 2000a, Curr, Opin. Plant Biol., 3, 418.
158. Sheldon, C.C., Rouse, D.T., Finnegan, E.J., Peacock, W.J., and Dennis, E.S.
2000b, Proc. Natl. Acad. Sci. USA, 97, 3733.

159, Wilson, R.N., Heckman, J.W., and Somerville, CR. 1992, Plant Physiol. 100,
403,

160. Koornneef, M., Hanhart, C.J., and Van del Veen, J.H. 1991, Mol. Gen. Genet.,
229, 57.

161. Michaels, $.D., and Amasino, R.M. 2001, Plant Cell, 13, 935.

162.Boss, P. K., Bastow, R. M., Mylne, J.S., and Dean, C. 2004, Plant Cell, 16, S18.

163, Putterill, J., Laurie, R., and Macknight, R. 2004, Bicessays, 26, 363.

164, Bemier, G., and Périlleux, C. 2003, Plant Biotech. I., 3, 3.

165. Béaurle, 1., and Dean, C. 2006, Cell, 125, 655.

166. Samach, A., Onouchi, H., Gold, SE. Ditta, G.S., Schwarz-Sommer, Z.,
Yanofsky, M.F. and Coupland, G. 2000, Science, 288, 1613.

167. Searle, 1, He, Y., Turck, F., Vincent, C., Fornara, F., Krober, S., Amasino, R.A.,
and Coupland, G. 2006, Genes and Development, 20, 898.

168. Sung, S., and Amasino, R-M. 2004, Nature, 427, 159.

169.Levy, Y.Y., Mesnage, S., Mylne, 1.S,, Gendall, AR., and Dean, C. 2002,
Science, 297, 243.

170.Johanson, U., West, I, Lister, C., Michaels, S., Amasino, R., and Dean, C. 2000,
Science, 290, 344.

171.Marquardt, S., Boss, P.K., Hadfield, J., and Dean, C. 2006, J. Exp. Bot., 57,
3379.

172. Simpson, G.G., Dijkwel, PP., Quesada, V., Henderson, L., and Dean, C. 2003,
Cell, 113,777,

218 Elena R. Alvarez-Buyllaef al.

173.He, Y., Michaels, S., and Amasino, R. 2003, Science, 302, 1751.

174. Ausin, 1., Alonso-Blanco, C., Jarillo, J.A., Ruiz-Garcia, L., and Martinez-Zapater,
J.M. 2004, Nat. Genet., 36, 162.

175.Lee, 1., Aukerman, M.J., Gore, SL., Lohman, K.N., Michaels, SD., Weaver,
L.M., John, M.C., Feldmann, K.A., and Amasino, R.M. 1994, Plant Cell, 6, 75.

176.He, Y., Doyle, M.R., and Amasino, R.M. 2004, Genes Dev., 18, 2774.

177.Pien, S., Fleury, D., Mylne, I, Crevillen, P., Inzé, D., Avramova, Z., Dean, C.
and Grossniklaus, U. 2008, Plant Cell, 20, 580.

178.Onouchi, H., Igefio, M.I., Périlleux, C., Graves, K., and Coupland, G. 2000, Plant
Cell, 12, 885.

179. Helliwell, C.A., Wood, C.C., Robertson, M., Peacock, W.J., and Dennis, E.S.
2006, Plant I., 46,183.

180. Sheldon, C.C., Finnegan, E.J., Dennis, E.S., and Peacock, W.J. 2006, Plant J., 45,
871.

181.Moon, J, Suh, 5.5., Lee, H., Choi, K.R., Hong, C.B., Paek, N.C., Kim, S.G., and
Lee, I 2003, Plant I, 35, 613.

182.Yoo, SK., Chung, K.S., Kim, J, Lee, JH., Hong, S.M., Yoo, S.J., Yoo, S.Y.,
Lee, 1.S., and Ahn, JH. 2005, Plant Physiol., 139, 770.

183.Blazquez, M.A., Green, R., Nilsson, O., Sussman, M.R_, and Weigel, D. 1998,
Plant Cell, 10, 791.

184.Moon, I, Lee, H., Kim, M., and Lee, T. 2005, Plant Cell Physiol., 46: 292.

185.Yu, H., Xu, Y., Tan, E.L., and Kumar, P P. 2002, Proc. Natl. Acad. Sci. USA.,
99, 16336.

186.Lee, JH., Yoo, 8.1, Park, SH., Hwang, I, Lee, J.S., and Ahn, J.H. 2007, Genes
Dev.,, 21, 397.

187.Yu, H., Ito, T., Wellmer, F., and Meyerowitz, EM. 2004, Nature Genet., 36,
157-161.

188.Liu, C., Zhou, I, Bracha-Drori, K., Yalovsky, 3., Ito, T. and Yu, H. 2007,
Development, 134, 1901,

189. Scortecei, K.C., Michaels, S.D., and Amasino, R.M. 2003, Plant Mol. Biol., 52,
915.

190. Balasubramanian, S., Sureshkumar, S, Lempe, I, and Wiegel, D. 2006, PLoS
Genetics, 2, 0980,

191. Theissen, G. 2001, Nature, 414, 491.

192.de Folter, S., Immink, R.G H., Kieffer, M., Parenicovi, L., Henz, SR., Weigel,
D., Busscher, M., Kooiker, M., Colombo, L., Kater, MM., Davies, B., and
Angenent, G.C. 20085, Plant Cell, 17,1424,

193. Theissen, G., and Saedler, H., 2001, Nature, 409, 469.

194. Smyth, D.R., Bowman, J.L., Meyerowitz, E.M. 1990, Plant Cell, 2, 755.

195.Becker, A., and Theissen, G. 2003, Mol. Phvlogenet. Evol., 29, 464.

196. Theissen, G., Becker, A., DiRosa, A, Kanno, A., Kim, J.T., Miinster, T., Winter,
K.U., and Saedler, H. 2000, Plant Mol. Biol., 42(1), 115.

197 Liljegren, $.J., Gustafson-Brown, C., Pinyopich, A., Ditta, G.S., and Yanofsky,
M.F. 1999, Plant Cell, 11, 1007.

139



MADS genes and plant development 219

198.Ratcliffe, OJ., Bardley, D.J., and Coer, E.S. 1999, Development, 126, 1109-20.

199. Chen, X., 2004, Science, 303, 2022.

200.Lamb, R.S., Hill, T.A., Tan, QK., and Irish, V.F. 2002, Development, 129, 2079.

201. Wagner, D., Sablowski, R. W, and Meyerowitz, E. M. 1999, Science, 23, 582.

202.Drews, G.N., Weigel, D., and Meyerowitz, EM. 1991, Curr. Opin. Genet. Dev.
1174

203.Robles, P., and Pelaz, S. 2005, Int. I. Dev. Biol., 49, 633.

204, Okamuro, TK., Caster, B., Villarroel, R., Van Montagu, M. and Jofuku, K.D.
1997, Proc. Natl. Acad .Sci. USA., 94, 7076.

205. Riechmann, J.L., and Meyerowitz, EM. 1998, Biol. Chem. 379(6), 633.

206. Zik, M., and Irish, V.F. 2003, Annu. Rev. Cell Dev. Biol., 19, 119.

207 Kramer, E.M., Jaramillo, M. A, and Di Stilio, V.5. 2004, Genetics, 166, 1011.

208. Mizukami, Y., and Ma, H. 1997, Plant Cell, 9, 393.

209.Favaro, R., Pinyopich, A, Battaglia, R., Kooiker, M., Borghi, L., Ditta, G,
Yanofsky, M.F., Kater, M.M., and Colombo, L. 2003, Plant Cell, 15, 2603.

210.Honys, D., and Twell, D. 2003, Plant Physiol., 132, 640.

211.Pina, C., Pinto, F, Feijo, J.A., and Becker, J.D. 2005, Plant Physiology, 138, 744.

212.Bowman, J.L., Smyth, D.R., and Meyerowitz, E.M. 1989, Plant Cell., 1, 37.

213.Liu, C., Xi, W., Shen, L., Tan, C., and Yu, H. (2009). Dev. Cell 16: 711-722.

214.Gamboa, A., Paez-Valencia, J., Acevedo, G.F., Vazquez-Moreno, L. Alvarez-
Buylla, ER. 2001, Biochem. Biophys. Res. Commun., 288(4), 1018-26.

215. Acevedo, F.G., Gamboa, A., Paéz-Valencia, J., Jiménez-Garcia, L.F., [zaguirre-
Sierra, M., and Alvarez-Buylla, E R. 2004, Plant Science, 167(2), 225-231.

216.Masiero, S., Imbriano, C., Ravasio, F., Favaro, R., Pelucchi, N., Gorla, M.S.,
Mantovani, R., Colombe, L., Kater, M.M. 2002, J. Biol. Chem., 277, 26429-
26435.

217 Sridhar, V.V., Surendrarao, A., and Liu, Z.C. 2006, Development, 133, 3159-
3166.

218 Hill, K., Wang, H., and Perry, S.E. 2008, Plant J., 53, 172-185.

219.Mendoza, L., Alvarez-Buylla, ER. 1998, J. Theor. Biol., 193, 307-19.

220.Benitez, M., Espinosa-Soto, C., Padilla-Longoria, P., Diaz, J., and Alvarez-
Buylla, ER. 2007, Int. I. Dev. Biol,, 51, 139-55.

221.Nesi, N, Debeaujor, L, Jond, C., Stewart, AJ., Jenkins, G.I, Caboche, M., and
Lepiniec, L. 2002, Plant Cell, 14, 2463-2479.

222.Schmid, M., Davison, T.S, Henz, SR., Pape, UJ., Demar, M., Vingron, M.,
Scholkopf, Weigel, D., and Lohmarm, J.U. 2003, Nature Genetics, 37, 501-506.

223.Lazaro, ].B,, Bailey, P.J., and Lassar, A.B. 2002, Genes Dev., 16, 1792-1805.

224.Dolan, L., Janmaat, K., Willemsen, V., Linstead, P., Poethig, S., Robeits, K., and
Scheres, B. 1993, Development, 119,71-84.

225.Malamy, .E., and Benfey, P.N. 1997, Development, 124, 33-44,

226.Benfey, PN., and Scheres, B. 2000, Curr. Biol., 10, R813-5.

227 Blancaflor, E B., Hou, G., and Chapman, K.D. 2003, Planta, 217, 206- 217.

228 Wildwater, M., Campilho, A, Perez-Perez, JM., Heidstra, R., Blilow I,
Korthout, H., Chatterjee, I., Mariconti, L., Gruissem, W., Scheres, B. 2005, Cell,
123, 1337-49.

220 Elena R. Alvarez-Buylla & af.

229.Sabatini, S., Heidstra, R.. Wildwater, M., and Scheres, B. 2003, Genes Dev., 17,
354-358.

230. Caro, E., Castellano, MM., and Gutiérrez, C. 2007, Nature, 447, 213-217.

231. Sablowski, R. 2004, Curr. Biol,, 14, R1054-5.

232. Sarkar, A K., Luijten, M., Miyashima, S., Lenhard, M., Hashimoto, T., Nakajima,
K., Scheres, B, Heidstra, R., Laux, T. 2007, Nature, 446, 811-814.

233.Sabatini, S., Beis, D., Wolkenfelt, H., Murfett, J., Guilfoyle, T., Malamy, I,
Benfey, P., Leyser, O., Bechtold, N., Weisbeek, P., and Scheres, B. 1999, Cell,
99, 463-472.

234. Galinha, C., Hofhuis, H., Luijten, M., Willemsen, V ., Blilou, I., Heidstra, R., and
Scheres, B. 2007, Nature, 449, 1053-1057.

235.Grieneisen, V.A., Xu, I, Marée, AF., Hogeweg, P., and Scheres, B. 2007,
Nature, 449,1008-13.

236.Himanen, K., Boucheron, E., Vanneste, S., de Almeida Engler, I, Inzé, D., and
Beeckman, T. 2002, Plant Cell, 14, 2339-2351.

237.Vanneste, S., De Rybel, B., Beemster, G.T., Ljung, K., De Smet, 1., Van
Isterdael, G., Naudts, M., Tida, R., Gruissem, W., Tasaka, M., Inzé, D., Fukaki,
H., Beeckman, T. 2005, Plant Cell, 17(11}, 3035-50.

238.Levy, Y.Y., and Dean, C., 1998, Plant Cell, 10, 1973-1990,

239. Ticconi, C.A., Delatorre, C.A., Lahner, B., Salt, D.E., and Abel, S. 2004, Plant J.
37,801-14.

140



The Arabidopsis Baok © 2010 American Society of Plant Blologists

First publishad an March 23, 2010; 10.1188/ah.0127

Flower Development

Elena R, Alvarez-Buyila *-* Mariana Benftez,* Adriana Corvera-Poiré," Alvara Chaos Cador, Stefan de Folter,®
Alicia Gamboa de Buen,® Adriana Garay-Arroyo," Barenice Garcla-Ponce,* Fablola Jaimes-Miranda,® Rigoberto V.
Pérez-Rulz,* Aima Pifieyro-Nelson," and Yare E. Sénchez-Corrales*

* Laboratorio de Genética Molecular, Desarrollo y Evolucién de Flantas, Departzmento de Ecologia Funcional, Instituto de
Ecologfa, Universidad Naclonal Autdnoma de México. 3er Clroulto Exterior SN Junito a Jardin Botdnico Exterior, Cd. Universi-
taria, Coyoacén, México D.F. 04510, Mexico

¢ Labaratorio Nacional de Genémica para |a Biodiversidad (Langsbio), Centro de Investigacitn y de Estudios Avanzados del
Instituto Politécnico Nacional (CINVESTAV-IPN), Km. 8.6 Libramiento Norte, Cemetera Irapusto-Ledn, A.P. 628, CP 36821
Irapuato, Gto, Mexico

= Laboratoria de Ecofisiologla Vegetal, Departamentn de Ecalogla Funcional, Instituto de Ecologla, Universidad Nacional
Autdnoma de México. 3er Circulto Exterlor SN Junto & Jardin Boténico Exteror, Cd. Universitarda, Coyoacan, México D.F.
04510, Mexica

Authors contributed equally and are listed in alphabetical ordar.

'Address corfespandance to eabuylla@gmall.com

Flowers are the most complex structures of plants. Studles of Arabidopsis thallana, which has typlcal eudicot Nlowers,
have been fundamental in advancing the structural and molecular understanding of flower development. The maln pro=
cesses and stages of Ambidopsis Nlower development are summarized to provide a framework In which to Interpret the
detailed molecular genetic studies of genes assigned funciicns during flower development and is extended to recenl
genomics studies uncovering the key reguiatory modules involved. Computational models have been used to study
the concerted actlon and dynamics of the gena regulatory module that underiles patterning of the Arabldopals Infiores-
cence meristem and specification of the primordial cefl types during early stages of flower development. Thia Includes
the gene combinations that specify sepal, petal, stamen and carpel identity, and genes that interact with them, As a dy-
namic gens regulatory network this module has been shown to converge to stable multigenic proflles that depend upon
the overall network topology and are thus robust, which can explain the canalization of flower organ detarmination and
the overall conservation of the basic flower plan among eudicots. Comparative and evolutionary approaches derived
from Arabldopsls studies pave the way to studying the molecular basls of diverss floral morphologles.
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Figurs 1, Phylogenedic comat of wsis Malisne: y histary of land plents

Piyloganedic tree of land plani evoiudion with some speciaiion evenis shown as colored nodes. White node, origin of land plants; light blug nods, orgin of
vaecular plants; blue node, origin of seed planis; dark blue noda, ongin of Nowaring plants. Here, Ghara spp from the green algas onder Charales s the
outgroup, smee i has been used lo rool several racen! molecular land piant phylogenies. Tha topology of this tree is based on studies by Solis el al. {1889)
and Nickrent a1 al, (2000}, Time references in millon years before present (MYBF) were taken from Judd ot al. (2002).

istio of angiosp

Is true | hrodifism (Judd et al, 2002;  model for floral organ determination (Bowman et &l, 1988; Coen

1. INTRODUCTION: WHEN DID THE FLOWER EVOLVE?

The flower is tha most complex structure of plants; Flowsrs distin-
guish the most recently divarged plant lineage, the angiosperms
or flowerlng plants, from the other land plants (Figure 1), Embryo-
phytes originated approxdmately 450 million years befora presant
(MYBF) and have as distinctive features & thick culicle

The Spermatophyle group has been further divided into Gymno-
sparms (originating 380-3256 MYBF) and Anglosperms., Acoord-
ing to the fossi record, flower-like structures originated 160-147
MYBP (Frohlich, 2006). A general trend within land plant evolution
ks the appearance of heterospory: the exiztence of & megags-
metophyts, including the lemale gametes, and a microgameto-

to desiceatlon, sporopollenin, pores or true stomata that ald in
pas exchangs, & giycolate owdase system ihat Improves carbon
fixation al high cxygen tensions, and impartantly, distinciive mul-
ficelular diploid (sporophytic) and haploid (gametophytic) stages
within their [ife cycles (Judd et aL, 2002). The major extant land
plent lineages ara Bryophyles (Liverworts, Homworts and Moss-
es), which da not have a vascular system, and Tracheophytes,
vascular plants. Within the largs latter group, Lycophytas, ferns,
and seed bearing plants (Spermatophytes) can be distinguished.

phyte, g the male g 8 progressiva reduction in
gametophyte size (sexugl reproductive struciures), and within
Ihe sead plants, the presance of & diploid embryo. While these
chamctenistics are shared among both extant and extinct sesd
plant Ineages, the dafining features of the angicsperm flower are:
(1) & closed carpel bearing ihe ovules, which are each genermlly

prised of twa integuments and (2) a nucelius that contains the
embryo sac within which, after double fertilization, a diploid am-
bryo and a triploid endoaperm (nutritional tissus for tha embryo)
will davelop fo form & ssed (Judd et al., 2002), Another character-

Frohlich, 2008).

Flower structura has been studied In a varlaty of ways. Studies
of the natural history and evalutionary biology of flowsrs have em-
phasized understanding the ultimate (evolutionary) causes of the
mmsammammmmmm
ments (e.g. flower organ numbar), sizs, p y , Bl
mmmmmmnw lissue Type, morpha-
wmwmm:mmnmwbmmepm
typlo plasticity and develop inﬂmrrnmﬂur
a raview of tha r I of mor-
phology, see Endress, 2006). Adlmmappmam llnurlahml in
the lats 19805 and sarly 1890s, the molecular genstics of flower
development In two model eudicot species: Arabidopsls thafiana
and Anfirhinum majus (see raviews In: Jack, 2004; Kaufmann st
al,, 2005; Krizak and Flatcher, 2005; Theissan and Malzer, 2007).

Gmmnw'mmﬂamnumwﬁ:mmmemmplamm
cles ylelded tha now classic combi | ABC devek

and Mayerowitz, 1981) Whils much work has baen and conlinuas
to be done in Amtiriinum end other eudicot specles, [nafuding
Petunia hybrids, tha genomic and [fe-cycls chamctanistics of Ara-
uwmmnmmmummm—m
sludies on tha g cell differantia-
tion and morphogenssis durhu ﬂmdmnhpmm
The basic floral architecturs ls mostly d among the
so-called core eudicots, that make up over 73% of extani flower-
ing plants (Drinnan et i, 1994) including Arabidopsis. Flowers
within this group generally have four concantric whorls of argans
that are specifisd, from the outside to the center ol the flower, in
the sequence: sepals, petals, stamens, and carpels. Ambidopsis
has this lyplcal lloral architecture. An interesting exception 1o the
mmuwmwmdmumWanzm
L i (Tri )
which bears contral d by carpets (Martinez and
Ramos, 1969; Vergam-Silva el al., 2003; Ambrose et al,, 2006).
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{A) Diagram outining the geametry of ine

(3AM): the

shoot apical and foral

shoot apical

{1} andl flowar (FM) during iha first stages of davelopmand of

‘the latter, On the flank of the IM a first bulge that comasponds 1o the rudimentary bract {Br) appears. In its edl, 2 second bulgs forms and this continuas o

oW angulfing the first ane and tarming the FM proper. Theses stages of FM d

P2ana P3 0 1o Ratidy 8t al (2004). The

arrow and arowhead indicate the first and second visible grooves respectively (sse sechon 2.3 for further dossll).

{B) Three distinclive zonea make up the IM: Ihe central 2one (GZ) which contains the stem cells; the peripheral zone (PZ) on the flanks of the CZ that
oives rise o the bract and fiaml prmeordia; and the b mne (AZ) undesnoath the CZ that yieids stom tssus. MMree coll layers are distnguished: L1 and L2
Iayers consfitute the tunics and Include porfions-of bath te GZ and the FZ, Tha rest of the cells form the L3 tayer o7 corpus, In L1 and L2, cell divisions
are anticlinal, while n L3 thay occur in 2!l directions (arrows, direction of cell division). The structurs is maintalned in the FM.

(G} Schamah of the
the fioml orimordum Busiriec.

Even though the basic Roral architecture |s overall conserved
Bmong core euds riation In the sy y and eltza of flow-
ors, the number of whorls of each organ typs, the number of or-
gans per wharl, and thelr armangement, size, shape and calor Is
common (8.9, Judd et al., 2002).

The overall conservation of the flower plan suggests that ro-
bust pane regulatory network (GAN) modules {ling the ba-

y zonas (s inas) and axes of polanty during Boral

with the dife of eapals (se) from

Remlnbgmai approaches to study the concsrted action of
the ants In flower develop {Mendoza and
Alvarez-Buylla, 1998; Espinosa-Selo et al,, 2004}, have led 1o
& hypothesls that helps explain such robusiness and canserva-
tion at the leval of the GRN underlying floral organ specification,
However structural (e.g., machanical) conatraints could also be

sic features of flower developmant were established early in the
evolution of anglosperms and have persisted in the great major-

involved in ing floral architecture (see section 4), Ap-
p that integrate genatic and | aspects of flowars
should be pursued further to understand flower development In

ity of insages throughout 140 milion years of lower it

Amabidopsis and olher

4of57T  The Ambidopsis Book

2 STRUCTURAL ASPECTS OF ARABIDOPSIS FLOWER
DEVELOPMENT

In this section, we provide 8 summary of structural features of
Arabidopsts Rower development. This ls essentil background 1o
the molecular genatics reviswed In sectlon 3.

2.1 Structural Organization of the inflorescence Meristem
end Origin of the Flower Meristam

Dutlng the vegetative phase of tha Arabidopsis ife cycla, the
shoot apleal meristem (SAM) produces leaves on Iis flanks and
on trangition to flowenng, the shoot bolls and the SAM becomes
the Inflorescencs shoot apical meristem (IM). On boling, some of
the pre-existing (eal primordia become cauline leaves subilend-
ing lateral infl shoots (paraciades) and the shoot apex
siarta o produce flowars (Hempel and Feldman, 1895). A primary
IM produces lateral meristems that may go on to produce fowers
or secondary infiorescences. Arabidopsis inflorescences are sub-
tendad by fully developed bracts, but flowers only by rudimerary
ones. It is generally sald that tha IM penemles the floral merl-
stems (FM) on its flanks, but 1o be more preciss, Arabidopeia FM
are formed In the axils of the nudimentary bracts (Figurs 2A; Long
and Barton 2000; Hapworth t al,, 2006; Kwiatkowska, 2006; re-
viewed in Kwistkowska, 2008).
The SAM ot the Arabidopsis Inth conslsts ota small
dome of calls organized info differant regions (Figure 2B) with
different gene expression profiles (see section 4.1), cellular
behaviors and structures. The tunica &t the SAM surlace and
corpus are distinguished on the basis of cell division planes,
In Arabidopsis, the tunica consisis of fwo clonally distinet cell
|ayers called L1 and L2 (Vaughan, 1952; Steeves and Sussax,
1868). Call divisions within thasa mari layers ara i

el al. (2004). The difierence could be dus lo the fact that not all
of tha cells estimated to ba Invoived In the latter approaches are
Incorporated into the Tiower merdstem proper. Some of tham may
form & part of 1he subtending rudimentary bract {Figure 2A; see
naxt saction for furthar discussion).

The first calls produced by the RZ tollowing ihe iransilion 1o
Tlowering are rectangular with their long axls parpendicular o the
major axis of the stam, but the subsequent elongation of these
cels this situation (Vaughan, 1855). The RZ glves rise
to stem tissue. The GZ encompasses the resarvoir of stem cells
that divide less frequantly than cells at the periphery (Grandjsan
et al, 2004; Reddy el al, 2004). The CZ malntains lisell and
ylelds daughter cells thal form bath the PZ and AZ (Bowman and
Eshed, 2000), Fiftean stages of Arabidapsis flower davelopment
have been distinguished (Smyth &l &l., 1880). The first stages of
flower maristem development are: siage 1, when 4 flower buttress
arisas, stage 2 when the llower meristem is formed and stage 3
whan sepal primordia appear. Recently rasearchers nave been
able 1o siudy sarly flower menstem development in greater detail
(Reddy el al,, 2004; Kdatkowska, 2006; reviewed by Kwiatkows-
ka, 2006) and have proposed subdividing stage 1 (sea section
2.3).

2.2 Floral Organ Primardia

Onea a Nlower primardium s inillated, the geometry changes and
& rapid end coordinaled burst of cell expansion snd division oc-
&urs in three dimensions generating & concentric group of cells
as an almost spherical flower primardium, from which all flaral
lissues are derived (Bossinger and Smyth, 1996; Reddy et 4l
2004, Kwiatkowska, 2006), Jersk and Irish (2000) found that the

Ul of call divisions during early and late stages of flowsr

ly anticlinal and the new cell walls are formed perpandicular to
the surtaca of the meristem. The progeny of calia in the L1 will
tharatora ramaln In this same layer within the meristem similar

to the undarlying L2 progeny, Since outside the mari the L1

fevel seems 10 depand upon different meahan|sms. Early
in fiower development, when tha floral meristem of Ambidopsis
I divided Into four concentric rings (sach with & chamctarstic

derivad cells continue to divide onty anticlinally the L1 avertually
gives rise to apidermal cells, The cells arlginating from L2 also
divide periciinally (outsida the SAM) and contribute for example
to tha leat mesophyll or slem ground tissua formation during or-
ganogenesiz. This is also the germ line In the anglosperm SAM
(Ruth &l al, 1985, Klakowski, 1988; Kwiatkowsks, 2008), Below
the tunica, cell divisions ere both anticlingl and linal. This-
ragion of the SAM Is tha corpus or L3 from which tha innermost
tissues, lIka vascular tissues, are formed (Figure 2B; Brand &l
al, 2001),

The SAM ig also organized Into 'I'Im dllwm l:ylnrlmvwl-
cal zones each with ansit)
division rates: the central zone (CZ), m:paﬂphurnlmlPZJ sur—
rounding the CZ and the rib zone (RZ) undemeath the CZ (Figure
2B, Bowman, 1994; Bowman and Eshed, 2000},

Flower primardia are darived from the PZ of the IM and are ini-
tiated from a block of four so-called founder calla (Bossinger and
Smyth, 1896; Reddy &l al,, 2004). This estimate was based on
secior boundary enalysis. However, using & non-invasive replica
method and a 3-D reconatruction algarthm, Kwiatkowska (2008;
2008) argues thal more cells are assigned to the flower primar-
dilim, end this s consistent with the observations by Grandjean

Itigan ion profile; see section 3.3), cell division pat-
terna depend upar the cell's radial position in the foral meristem,
and nol on ihe future identity of the floral organ o be formad in
eacth ring. After siage B, durlng organagenesls, the ABC homeo-
tic genes (see section 3.3) seem to control the rate and orienta-
tion of cell divislons. Ag a result. the continuity of the concentric
tings is brakan giving distinet floral argan primordia within aach
Whorl, ihen calls subdifierentiale into disinct types within sach or-
mmmmmmnnﬂwdmmmmMum
by differant and largaly Indepand dules, This Is
suggested, for examples, by the fact that conversion of petals into
sepakHike organs in mutanl plants does not alter the number of
calls Involved In their nitiation (Crons and Lard, 1884; Bossingar
and Smyth; 1998},
Tissues of floral organs are o
udpmﬂmafueﬂdvﬁmlnwmmmwlhyenui
Ihe maristem that dynamically acquire distingt tales, Clonal analy-
sis shows that L1 contribulas to the spidarmis, the stigma, parl
ol the transmitting tract and tha Inegumant of the ovules, whils
L2 and L3 contribule Io the mesophyll and ather inlemal ssues
(Jenik and rish, 2000},

Sector boundary analysis of surface cells has shown that se-
pels and carpels &re initiated trom eight calis, stamens from four

142



Flower Developmant 50l 57

Stage 1\ - 2 3 4 5 ] 7 8 9 10
— e fr"\
& D@D
=S ! r‘) (*I I'J L' T J " A M b ! }\
Time (h) 24 30 18 18 6 30 24 2% ao 12

Stage 1 12 13

Figura 3, Summary of the 20 stages of Bower developmen,
- . s of

| stages of Ambidopsis flowars, Briefly, the Nower primondiumm is formed af stages 1 and 2. At stage 3, sepal
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primordia are alrsady wsibie and conlinue growing urtll they enclose the Nlowar maristem (from stage 4 o 6), Meanwhile, &l stage 5, petal and slamen
primatdia are beginning ta be visisle, and the gynoecium stars fo ‘orm (stage &), Organ development cantinues and by stage 8, stigmatic papillae arse
atihe iop of the gynoacium. At stage 12, petals are siilar n length to stamans. Anthesis oecurs at stage 13, fertlization oocurs, and the flowar opens &l
stege 14. Silques reach their meximum size and are grean by stage 17, than they loose water and wm ysllow (stage 18) until valves separate from dry
slliques (stage 18) and seeds fall (staga 20). Florel meristams (FM), pink; sepa's, grean; patels, bright plnk; stamens, bius; gynoecis, yellow; ovules, dark

grean; ssads orenge and brown. Dumtion of sech stags in hayrs (h) ks givan undear the figures (from Smyth et al., 1980),

calls, and petals from two cells (Bossinger and Smyth, 1996).
Each organ primordium arises &s a set of cells separated by
boundary regions of slow-dividing celis (Figure 2C and section
3.4.2; Breuil-Broyer et al., 2004). Flower development ends when
mafture organs are formed and all the Tlower merlstem cells are
used up (Takeda el al,, 2004; Krizek and Fletcher, 2005).

2.3 Stages of Flower Development

We provide an illustrated description of 20 stales ol Roral develop-
ment and frult formation (Figures 2-7), mostly based on Bowman
(1994), Smyth et al. (1880), Ferrdndiz et al. [waﬂ‘jmdﬂuadar
and Yanoisky (2006), with updates and ges as p

meridional (1.e. radial when viewed from the top of the meristam)
direction (Kwiatkowska, 2006) eventually leading to formation of a
shallow crease, which comesponds to the first visible groove and
to the P2 stage (according to Reddy et al., 2004) of flower devel-
opment (Figure 2A). This shallow crease carresponds (o the axll of
the pulative rudimentary bract (Kwiatkowska, 2006, 2008). Soon
aftar the bract is formed, another bulge occurs in Its axil in an
upward direction. This second bulging corresponds to the farmé-
tion of & fower primordium proper and to stage P3 according to
Reddy et al. (2004). This stage corresponds to stage 2 according
to Smyth el al. (1990), Hence, during early siages of flower devel
opment in Arabidopsis, two types of primordia (bract and flower
primardium proper) and organ boundaries are observed. The first

dary is the adaxial boundary of tha rudimantary bract, while

by Long and Barton (2000), Reddy et al,, 2004; Hopuuﬂhmal
(20086), Kwiatkowska (2006) and Kwiatkowska (2008).

STAGE 1: The first sign of flowar primordium formation is the
bulging of the peripheral surface of the IM in & lateral direction.
This stage was refemed io as P1 by Raddy st al, (2004). It is hy-
pothesized that a lateral protrusion formed during bulging is a rudi-
mentary bract (Figure 24; Kwiatkowska, 2006). At this early stage,
growth Is fast and strongly anisotropic, with maximal growth in a

the second is the boundary between the IM and the fiower primor-
dium propar (Figure 2A4), The expression pattems of several ganes
confirm the developmental stages distinguished hare (sea more
data on gene expression in the next section),

A significant Increase in mitolic activity s observed upon for-
mation of the primordium, The mitotic activity can be estimated as
the increese in the number of cells per 24 h or the accompanying
area growth rates on the condiilon that the mean cell size does

Figurs 4, Siages 1 to B of Arabidopsis flower development.

{A) and (B) Inflorescence shool apical meristam (M) and floral mesistam (FM) at stage 1 and 2 as indicated.

{C) and (D} Stage 3 FM showing abaxial (ah) and adaxial (a) sepals (se).

(E) At stage 4, lateral sepals (1) shown growing perpendicularly to the abaxal and adadal ones.

{F) end (G) At stags 5, stamen primondia ars visible (amows) and sepals aimost cover th rest of s marstem.

(H) Flowar bud whers sepals ame covering the stamens and ihe gynoscium primordium.

() Saction through & stage-5 mwﬂmm whare the gynoacium (g}, stamens (st), and sepals (se) are apparent.

Plctures ing eleciran mi
wik-ype plants.
not | {Grandjean et al., 2004; K 2008; Reddy

el al, 2004). During these early stages of flower development,
periclinal cell divisions oocur in the corpus while L1 and L2 cells
only divide anticiinally (Vaughan, 1955), Hence, the two-layared
tunica organization is maintalned in the liower maristem, but all of
its cells are mitotically active.

STAGE 2: During this stags, the hemispherical primordium
canfinues to grow forming elmost a right angle with the surface
of tha SAM, which itself langthens and widans rebuliding the por-
tion of the periphery that has been used for primordium forma-
fion (Figures 3 and 4A-B), At this staga the Nlowsr primordium

graphs {SEM), except (D), (G) and (1) which are optical images of histologieal sections, All pictures ars of Columbia-0

becomes clearly delimited from the IM, and starts to grow largar
very quickly in all directions (Figures 3 and 4A-B; Reddy at al,
2004, Kwiatkowska, 2008),

STAGE 3: This staga begins when sepal primondia bacome vis-
ibis. By now the fiowsr primordium is 30-35 pm In diamelar and Is
becoming stalked with an Inciplant pedicel. | has also started to
grow vertically, The iwo lateral (1) sepal primordia appear first, but
are soan outgrown by the abaxdal (ab) then the adaxial (ad) sepal
primorda. Sepal primordia arise Inifially as ridges that lengthen
and curve inwards until they begin tp overiop the remaining dome-
shaped portion of the flower primordium (Figures 3 and 4C-D).
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STAGE 4: Durinp this stage, the slongation of the pedical con-
tinuas concurrently with an Increasa In the diametar of the devel-
oping flower primordium to 85-70 um. The medial sepal primordia
have already pertly overiopped the femalning florel meristam
(Figure 4E).

BTAQE B: This slage is whan the petal and stamen primordia
become visible. Primordia of the four medial (long) stamens are
first 58en &5 wide oulgrowths on the Ranks of the central dome
of the FM. The four petal primordia that arse between the se-
pals ciosa to thalr base are just visibla during this stage, The two
Istsral (short) stamens develop from primardia that eppeer latsr
during this stage (Figures 9 and 4F-G).

STAGE 6: The sepals grow to complelaly covar ths Noral bud
and the primordia of ihe four long stamens bulge out and bacome
dietinct from the central dome of calls that comprige the FM, The
two lateral stamen primondla arise sligitly lower on the dome and
devalop later, The petal primordia grow somewhat bul ame &till
relatively small. A im around the caniral domae of the flower pri-
mordium now bagins to grow upward fo produce an oval ube that
will bacome the gynoscium (Figures 3 and 4H-1),

STAGE 7: This stage bagins whan the growing primoniia of the
long stamans become stalked at thalr basa. The stalks give rise o
the flamaenis, and the wider upper region 1o the anthers. By this
siage, potal primondia hive become hemispherical athough they
are still relatively small (ca. 26 pm in diamater; Figures 3 and 5A-B).

STAGE 8 The beginning of stags 8 |s defined by anather land-
mark In stamen development: anther locules are visible as comex
protrusions on the inner (adadal) surface of the long stamens.
Al this stage stamens ars 55-60 pm long mosl of which s the
developing anther, Looules also appear soon after In the short
siamans, Petal growth now eccalerstes and petal primordia be-
coime apparent (Figures 3 and 5C-E).

STAGE B: This siags bagins when the petal primordia slongats.
Thera s a rapld langthening of all organs especially of petals that
Bcquire & mngue-like shape and incraase in length from about 45
{2m 1o up to 200 um. Nectary glands appear and the stamena grow
rapidly. By the snd ol stage 8, the medial slamans are around 300
jam long. Most of this growth occurs In the anther reglon, which still
acoounts for over B0%: of their total langth. At this stage the floral
bud remaine complataly cloged (Figures 3 and 6F-G),

STAGE 10: The rapidly growing petals reach the top of tha
Igleral stamens. The cap of papilias that will constiiute the stigma
starts o form &t the top of tha gynoecium (Figures 3 and 5H-).

STAGE 11: This sizge begins when the uppar surfaca of the
gynoscium develops stigmatic papilias (Figures 3 and 8A-C) al-
though their outward growth Is limited at first o regions not in
canact with the overlapping sepale. By tha and of his stage pelal
primordia reach the top of the medial stamans,

STAGE 12: Pstuls continua to lengthsn relatively rapidly. Lat-
ernl sepals confinue to grow while the stamens and gynosclum
lengthen coordinately, The anihers have aimost reached their
matura langth of 350-400 ym and the fllamants now lengthen rap-
dly. Tha uppar parl of the gynoacium differentiates into the style
(Figura 60) and a sharp boundary separatss i from the cap of
stigmatic papillae, Stage 12 ends when the sopals open (Figures
3and B0-F).

STAGE 13; Petals becoma visible bsiween the sepals and
continue 1o slongate repidly. The stigma is receptive al thia siage
{Figures 3 and 8G-H). Stamen Mamants extend sven fastar so
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the stamens outstrip the gynoecium in length and seif pollination
takes place. The gynoacium ls now mature and lts three distingt
regions can be distingulshed. an apical stigma, a styls, and a bas-
l ovary. After pollination, pollan tubes grow to lartilize the ovules,
the stamens exiand above the stigma, and furrows at both vahe/
raplum boundaries appear.

STAGE 14: This is also defined as \he stage 2er hours after
Nowering (0 HAF), and i marks the beginning of silique (the ferti-
fzed platl or frult) and seed development. Cells In the exocarp
continue to divide snticlinally and expand longitudinally in the e
plum and the valve, where there Is also soma expansion n other
directions, Thare is also division and expansion in the mesocarp
ant many chiomplasts davelop (Figures 3 and &1).

STAGE 15; The stigma extands above the long anthers. In he
carpal walls, call division and expansion continus, The medial vis-
cular bundiss oontinue to grovw and xylsm lignifles, while the lateral
bundles branch out thiough the mesocamp (Figures 3 and BJ-K).

STAGE 10: At this stage the siliqus i3 twice as long as &
siage-13 pisfil, Palals and sspals wither and tissues in the siiqus
corinys expanding (Figures 3 and BL).

STAGE 17: This siagn is defined by the abscission of the se-
nescant floral organs from the silique, -2 days aiter fertilization.
The green siique grows to reach its final length and matures, &
phase lasting about B days making this the longest staga. The
dehiscence zone aiso differendates (Figures 3, 7A and 7E; Sub-
stagess 17A and 178, s8e Roeder and Yanofsky, 2008).

ME‘!I:TMHHHU mmmyﬂmlmwﬂphn
bass, One of the endocarp d from the insitis)
lignifes further, and the hmrwﬂmwll layer disintegrates,
whils the mesooarp begins to dry out. |t has besn suggested that
lignification may caniribute ko the silique shatterng process, Bt
ing in 2 springllke manner to creats mechanical tensions (Figures
3.and 78).

STAGE 19; The valves begin to separate from the dry silique,
apparantly owing to the lack of call cohesion at the sapamtion
layer.(Figures 3 and 7C),

STAGE 20: Al this stage the valves became saparatad from
tha dry sliique and the mature secda are ready 10 ba diaperesd
(Figures 3, 7D and 7F).

24 WMorphology, Histoiogy and Developmand of
Floral Organs

Sepals; In sepals L 1-derived cella form the epldermis, the meso-
phyll originates from |he L2, and the L3 contributes to the vescu-
Iature In th hasal part (Jenb and (rsh, 2000). Sepals and patals
togather form the perianth. Both ongan types have & simple lami-
nar mructurs, consiating of an apidarmis, mesopiyll &nd rather
mwmmm Thabwnullmm
abaxial, admxdal, and two k dia) ane tha first Noral
omgan primorda 1o appear. They arise &t stage 3 of flowsr devet
opmant in & cruciforn patiern (Figures 4C-D; Smyth ol al., 1890;
Bowman, 1964), Whather all four sepals occupy one Wheor of he
two latensl sepals occupy & separate outer whorl, has been the
subject of discuesion (Figure 4E; Smyth el al,, 1880, Bowman,
1884; Choob and Penin, 2004), but all sepal primerdia are formed
at around the aame time, shortly after they are specified (Figure
4E; Bowman, 1994).
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Figure 5 Stuges 7 0 10of
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() Viartical view of the gynoscium (g) In & stge 7 floml pdmondium,

{C] to (E) Campals and stamans &t stega 8 of floml developmeant am shown. Rlamant (1) and anthar (8] mglons. of the sman s difismntioied (C) and
a siot bs formaed of the tip of the styie In the gynoscium (D). Sectlon through the flomd bud win supels (as), pataly (po), stamens (sf) and gynoacium (g}

indicated (E).

(F} and (G) Floral bud at stags 8 in which petel prmardia (pe) em indicsied (F). Bacion ihough Rowser primondium (G) in which XALT.GUS is shown

stalning nectaries (n).
(H) (1) Stage 10 Mlowsrs, Flower bud atiowing the enlargsd sepals

In the caniar (H). Stigma slaris to be formed at the top of the Mﬂll..mn]

Bary = 10 um sxcopt in (F) and (H). images (A}, (5), (C), (G] and 1) are of Lansberg arecia scotype, from Smyth et al. (1980} provided by D J. Bowman.
Some sepals were removed from fiowor buds shown in (A}, (B), C), (D), (F), (H) and 1), All images axcept [E) and {G) are SEM. (D), (E), (F), (H) e of

Columbia-0 acotyps,

The adaxial and abaxial surfaces of the sspal epidarmis are
diffarent (Figures BB and 80-E). On the abadal suriece, cella
heve imagular shepas and sizes with some quits long calls {with
nuclel of various slzes) and finges of smalfler cels. Unllks the
adaxial surlaoe, the abaxial surface has stomata and may have

unbranched trichomea (Figura BE; Smyth st al., 1980; Bowman,
1884; Hasa of al,, 2000; Krizek o al,, 2000).

Petais: In the petel primordium the merisiematic layer L1 con-
tributes o the epidermis and L2 o the mesophyll; as yet calls
originating from L3 have not bean found o form pert of the petal
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(Figure 28; Jenik and Irish, 2000), These primordia b
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ap-
parent almoat at the same time a8 stamen primordia at stage 5 of
flower development. Visible signs ol patal difierentiation are seen
by stage 8 (Figure 5F; Smyth et al., 1990; Bowman, 1894). The
four petals of Arahidopsis are white and fial and approximately
the sama s(ze and shape, They are namowsr and greenish toward
Ihe base (Figure 8C; Takeda et al., 2004).

Calls on the adaxial surtace are conical with spicuticular thicken-
ings running from the call base to the apex, wheress those on the
abexds| suriace ame fiater and mare cobblestone-like with cuticular
thickening (Figures BF-G). Stomatz are abssnt from both petal str-
faces (Bowman, 1994; Krizek et al, 2000). Cells toward the basa of
petals resembie thos of stamen flaments (Bowman, 1984).

Stamans: Primordia appear at stage 5 of Rowsr developmsnt
(Figure 4F) due fo pericinal divisions in Ihe subprolodermal cell
tayer (L2) and somelimes in L3 (Crone and Lord, 1904; Jenik and
Irish, 2000). Stamen primordia are visinle &t stage &. By stage 7,
ditferentiation can be cbserved and long stamen primordia ap-
pear stalkad al thair bases (Figures 41 and 5A-B; Bowman, 1984;
Smyth et al,, 1980). At this stage stamen primardia are composed
of an L1-derived epidarmis, ona layer of L2-darived subspider-
mis, and an L3-derived core (Figure 28; Jenlk and |rish, 2000).
Locules appear in the anthers by stage B (Figurs 5C). Growth
of the intarnal aniher llssue &l this stage is dus to divisions af
L2-derived cells (Jenik and lrish, 2000). At stage 14, anthers ex-
tand above the stigma (Figure 51; Bowman, 1984). in ihe mature
anther, the L3 cefla contribute only to the vasculature (Jenik and
Irish, 2000), Stamens of the Arabidopsis flower are not lormed
simultansously: four long médial stamens arise a litla sartier than
the two short |staral ones (Smyth ot el, 1860).

Euch staman consisls of two distinet parts, the flament and the
anther, At the tip of the filzments, the anther develops both repro-
ductiva and non-reproductive tissues thal produce, harbor, and
relanse pollen grains upon maturily (Goldberg at al., 1983). The
anther is a bilocular structure with longtudinal dehiscence (Figure
6G; Bowman, 1894). Each locule develops from succagsive divi-
sions of subprotodermal archesporial cells formed in the anther
primordium thal gives rige lo threa morphologlcally distinet faysrs:
Ihe endolhecium, the migdle layer, and fhe tapetum which sur-
rounds the pollan mother cells (PMCe). The PMCs undergo meio-
ais and form fha haplold microspores. The tapelum is a source
of nutrients and ks indispensable for microspore maturation (Xing
and Zachga, 2008), Anther development and microspors forma-
tion in Arabidopsis iz & complex process that hag been divided
Info 14 stages (See also section 3.4.5; Sanders ol al, 1689).

Onca formad, PMCs am sumounded by a layer of callose. Af-
lar meiosis, the anther contains most of ite spociallzed cells and
liasues, and tatrads of microsporas &rs present wilhin the pollan
sacs; with microapores in each tetrad sumounded by & callose
wall. Callose dissolves and microspores & reloased. As pollan
graing develop, the anther enlarges and s pushed upward in the
flower by the elongating flament (Scott et al,, 2004).

Carpals: The fourth and Innermost whorl ls occupied by the
pynoecium thal is composed of iwa lused carpals, Carpel primor-
dia start Jo form al slage & of flower development (Figure 4) due
1o periclinal cell divisions in the LS laysr (Janik and Irish, 2000).
Carpels enclose and prolect the developing ovules, mediate pol-
lingtian, and after fartiization develop inla & Irult within which lsr-
filkzed ovules develop inlo seeds (Bowman el al, 1999), The gy-

of two valves ssparated by & false septum with
ovules arising from parental placental tissue on each side of the
sepium (Bowman, 1894), The vaives grow upward from the flower
meriglem lo farm & closed cylinder, At eafly slage B, Ihe walls of
the cylinder are composed of an L1-derived epidermis, one L2-
derived subepidermal layer and & two-cell thick, L3-derived core.
At this stage the distal L2 cells start to divide periclinally (with
respect fo the top surfece of the cyiinder), contributing o the lon-
ghudinal growth of the carpsl (Figure 28; Jenlk and Irish, 2000).
Later the inner surfaces of septal outgrowths within this cylinoer
will tugs, the tip will closs and ovules will develop along the mar-
gins of the fused walls (placenta) of the bilocular chamber (Baw-
man, 1894; Sessions and Zambryski, 1995). The gynoecium s
arented in the flower so that the septum colncides with the madial
plang (Figures 4D-E end 4G; Sessions and Zambryski, 1895).
Al the distal snd of the gynoecium, the sigma, an epidermal
struclure composed of stigmatic papilae (bulbous elongated
calls), functions in pollen binding and recagnition and participates
In tha Induction of palian germination (Figures BA-B). After ganmi-
nafion, the pollen tubes will grow betwean the papliiar calls into
the Iransmitting tract et the canter of the style and the septum of
the ovary (Bowman, 1884, Sessions and Zambrysld, 1895).
Al about stage 11, the inner and outer integumenis ol the
avule are formed. By stage 12, the Inleguments of the developing
ile grow o cover the lluis and i
(Figures 6E-F; Bowman, 1984),
Nectaries: These organs produce and secrete nectar. Nectar
Is & protein- and carbohydrate-rich solution, which varies in com-
position among ditlerent plant species (Davis et al., 1998). Nectar
may be a reward for pollinatars or for insects that protect the plant
apgaingt harbivoras, or evan & lure for animal pray in camivorols
plants (Davis et al., 1998; Baum el al,, 2001; Lee et al, 20058).
In Arabidopsis, Ihe nectarium (multipls nectary) found in in-
dividual flowers (Davis el al, 1998) is composed of two parts:
nectary glands that form below the stsmsn filament, and the
connective tisgus linking the glands In 2 continuum around the
androecium (Bowman, 1894; Baum et al., 2001). The nectarium
Is mhways slluatad in the third whorl of the Nowar and Its location
Is independent of the identity of the other organs occupying this
whorl, Theee glands are formad from stage 9 to 17 of flower de-
velopment (Figure 5G; Bowman, 1994; Bowman and Smyth 1099;
Baum et al., 2001; Tapia-Lopaz et al,, 2008).

3. MOLECULAR GENETICS OF ARABIDOPSIS FLOWER
DEVELOPMENT

Plant organogenasls, including Nower formation, occurs Trom ae-
fively proliferating meristems over the entire fife cycl. In the next
saction we provida a very brisf summary of the molecular mechs-
nisme that maintain an active SAM. In seciion 3.2, we axplain how
the flower meristam is spacified and becomes daberminale after
The flowsr organs are lormed.

3.1 Shoct Apical Maristem Prolifaration and Malntanance

The balance between cell prolileration and cell recruitment to
differoniiated tissues In the SAM is dependent on mechanlema

10057 The Arabidopsis Book

Figure 8. Stagun 11 \o 18 of Amtidopsis (ivwer devalopmant.
(A) to (C) Etaga 11 of Rowar develapment whars th gy dovelap

staman (&f), and gynoedium (g) ane indicated (C).

i pepiliae (arrowe) (A) and {8). Longitidinal saction whars apais (se),

() 1o (F) Flowar primardium at stage 12. Longitudinal (E) and tmnsvema (F) sactiona showing all the organa as wetl &8 ovulas and pallan griins.
(G) and (H) Fiowsr anthesls ot early siage 13 when the stigma (amowhead) s aiready receptive (G); a close-up view of the stigma (H).
() o (L) Rowsr primerdium &l stages 14 () and 16 whers the gynoecim has begin i enlarge o form the siligus (f). Closs-up of & sage-15 sfigma (K)

and siage-16 Nowors whers sepals and patais are beginning 1o wither [L).

Bars « 100 um. Al images excap (C), (E) and (F) ara SEM, Imapes zrs of Columbia-0 scolype, sepl (A) fhal is of Landsberg anects (from Smyth et

61,1880, provided by O, J, Bowmen),

regulated by WUSCHEL (WLIS; Laux et al, 1806; Sablowski,
2007). The h i ining WUS iption factor
has the mole af the maintaining the idantily of stem cells in the
organizing canter ol tha GZ; wus mutants lack stem calls in the
SAM (Mayer et al., 1858). WUS exprassion Is imited (o the cells
immaciataly below the stam calls, an expression domain regu-
lated by the receplon-kinase signaling system that includes the
CLAVATAY, 2 and 3 (CLV1, 2, 3) gane products (Meyer el al.,
1996; Brand et al,, 2000; School et al, 2000). CLV1 |3 expressed
In moet LA stam calls while CLVS is expressed In all thras stam
csll tayars bul mostly in L1 and L2 slem pells (ses Figure 28;
Clark et al., 1997; Fletcher st &l,, 1999), In clv mutants, thare is

&n imbalance between colls retzined within moristems versus
thoss recruiled o form lateral orgens. oy mulations cause an
sxpansion of the WUS expression domain resulting in an en-
larged stem cell nicha. CLVS axprassion is, in tumn, positively
regulated by WUS, suggesting that meristem siza depends
greatly on a WLIS-CLV regulatory Ioop (Clark et al., 1993, 1985;
Kayes and Clark, 1098, Brand et al., 2000). Overaxpression
of CLVS repreasas WUS exprassion end decreases merisiem
activity, suggesting Ihat CLV3, & secreted CLE-domain pep-
tide, |s the signal that reguiatos WUS expression via the CLV1/
CLV2 L RA protein-kinase transduction complex (Flalcher st al.,
1899; Jeong at al., 1999; Trolochaud et el, 1999; Clark, 2001s
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and 20010; Ni ana Clark, 2008}, It has bean shown that other
LAR-protoin kinases closely relatod to CLV1 like BARELY ANY
MERISTEM! and 2 (BAMY, 2) are also involved in meristam
maintsnance possibly by soquestering CLV3 on the Ranks of
the meristem whare they are expressad (De'Young et al,, 2006;
De'Young and Clark, 2008).

SHOOT MERISTEMLESS (5TM) is & KNOTTED!-tks ho-
meobax (KNOX) gene that encodes a protein expressed in the
mmmwmuuvzmmmmm
fo 8 p e, 1 [ e th the -
cept for antagen, the sies of pimordium formation (Figure 28)
STM promotes the profileration of stem cell dedvatives until &
aritical cellular mass s attained sufficiant to form sither loaves or
floral primordia. It also inhibits the axpression of ASYMMETRIC
LEAVES! and 2 (ASY, 2 genes In tha SAM, preventing these
cells from undergoing premature differentiation (Byme et al,
2000; Byme ot @i, 2002). Thus, the STM gene s considered o
play a pivotal role In merlstem malmenance (Long el al., 1896,
Carles ot al, 2004), ULTRAPETALA (LLTY) sncodes a cyste-
Ina-rieh protein with @ B-box (ke domain thal restricts the size
of hoot and floral mernstema. It functions antagonistically to the
proliferalive roles of WUS and 8TM during most of the Arahidop-
sis e cycla but It In an Independent genetic pathway (Carles el
al, 2004).

32 Floral Meristom Specification and Determination

Tha changes in cellidar istics, growth and ge y ob-
sorved in tho transition of tho SAM fo an IM (Kwiatkowsia, 2006)
are coralated with dynamic changes in the spatial and temporal
@xpresaion of certain genas. The Arabidopais IM produces rudi-
mentary bracts in whosa mxils flower merisisms emerge. STM
and AINTEGUMENTA (ANT) expression pantems comelate with
the of this Y bract Long and
Barion, 2000).

The expression of LEAFY (LFY), & iranscription tactor lound
only In plants (Schultz and Haughn, 1991, Weigel et al., 1992,
Maizol ot al, 2005; Weigal, 2005) and ANT haa been used in
ormer o imca he celis that form (he flower prmordium (Grand-
jean o al., 2004). First, lons of ceils are rapidly recruited to those
already committed to bacoma part of tha Rowar maristem. This
stage may comaspond to ihe upward buiging al the shaliow craass
formed batween (he rudimentary bract and the IM described by
Kwintkowska (2008), These cells which sxpress LFY then con-
finus o proliferate. Interprotating this, the first cells thal express
LFY would F o the y bract (but nol its axil or
shallow credsa), and lmter the domain of LFY expression would
axpand 10 include the cells committad 1o the flower primordium
propar (Kwlatkowshka, 2006), This interpratation can explain tha
discrepancy in ihe number of founder cells estimated using sec-
tor boundary analysis (Bossingar and Smyth, 1896) and using in
vive LFY expression palterns (Grandjean et al, 2004). Bossinger
and Smyth (1996) concludad that a FM darlves from four foundar
wuunmanm-mmmmps‘m; hsupw‘tnﬂ?ﬂu‘
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Figura 7, Stagas 17 ta 20 o' Arshicopsts fower developmant.
(A) o (D) F sy pun 17 (A),

18 (B). 19 (C). and 20 (D) of Rowst developmant.

(E) SEM of seeca from a silicus i stags 17,

{F) Closa-up view of & seed irom & siage-20 cshiscen silgue.
Al protog-apns are of Columbia-0 scotype

& flowsr meristem has mane ‘ounder cells. An explanation that
resolves the discrepancy Is thal the LFY<aprassing cells could
include (hoss ihat fually form the rudi y bract, as wall
& those which form the fiower primordium (Kwlatiowska, 2008;
reviewed in Kwialkowska, 2008)

The gene CUP-SHAPED COTYLEDONZ (CUCS) is ex-
pressed in the slow-dividing calls that sxpand In a Iatiudinal di
rection (Reddy et al., 2004) to define the second boundary be-
tween the floral primordium proper and the (M (Breull-Broyer st
al,, 2004). Several regulators of CUC Including & miANA have
bean described as imporiant components of tha GRN Invalvad In

evidance from confocal laser ] di tha
nmvprtmutdhluhﬂnldlmmmofulhhlrsdldarc
(Reddy et al, 2004), In contrast, tha numbar of calls mxprass-
Ing LFY @l theee sarly stages (Reddy of al, 2004) suggest Ihai

this develop process (Laufs o al., 2004; Alda and Tasaks,
2008a).
Flower versus Idmntity s

by & complex GAN thet integraes environmantal and internal
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Figure 8. Secal and pstal cail fypes.
Beanning sscion micogrphs (BEM) of wild-type Sowsrs and fowar or-

RNk

(A) A mature flower with sapals (se) and pefals (pe) fully sxpanded and
he stigma extending above the long stamens.

(B) Sspal bisds showing simpls
charactnrgnc of the abaval surbics.
{C) Malire potal bissde consisfing of 2 basal claw and a disial biade.

(D) Adaxial pepal suriece with imeguis- sires end shapee of calls, some
wongoted (BO0T)

(E) Abessal sepul mstuce bearing siomats (anowe) and chasacionstic
mongaiec cals (500x)

(F) Adaxial guriace of & madire pats! tade showing conics! cells with op-
culicular tickanings running trom the 0ase 1© the aper (S00x),

() Abmdal petal surtace showing flafnr, cobblestone-sfaped calls with
cusicular fckenings. Both petal surfaces iack slomata

cues (Figure 9). On Induction of flowsring, tha IM genes, such as
TERMINAL FLOWER 1 (TFL1, Alvarez & &l., 1232; Shannon and
Meeks-Wagnor, 1891 and 1893, Ohshima et al., 1997) and EM-
BARYONIC FLOWER 1 and 2(EMF1, 2, Chen at al., 1997, Aubern
e al., 2001), are repressed in the FM, while the floral meristem
dentity (FMI) genes, mainly LFY, APETALA1 (AP1), APETALAZ
(AP, and CAULIFLOWER (CAL), ate upregulated (Figure 10;
Blaxquez et al., 1897, lor review Mandal ef al, 1982, Weigel st
al., 1882; Bowman el al., 1893; Kempin ef al, 1995, Mandal and
Yanalaky, 18@54; Blazqusz at al,, 2008).

Mutugl repression of the IM and FMI genes seem to underile
The cer irk=ndity and of bath types of meristam
In the SAM In the Iransiion to flowering (Chen st al 1697; Lijegran
el al, 1890, Raicifie ot al., 1899), For axample, if genes such as
TFLY or EMFY or 2 are mutated, LFY and/or AP1 are sctopically

expraased in the IM that is then tansformed Info a FM (Shannon
and Meeks-Wagner, 1691, 1093; Weigel et al, 1992, Bowman el
al, 1999; Gustatson-Brown ot al, 1064; Bradley et al., 1997; Chen
ot al, 1997; Moon ef al, 2003), On the contrary, If AP1, CAL and
LFY ar8 repressad, the FM aftains IM ideniity (Raicitte ot al , 1996,
Ratclitle o al, 1909), TFLT Is an important regulator of inflotes-
mmmuu_m&:mnmlmm-
oy of al, 2002). it aph binding
WMMIMBMWNHIMMN
protain moves io othor colls whom APT and LFY are downreguiat-
ad (Bradley ot al., 1997, Contl and Bradiey, 2007), EMF genes are
required for vegetative growth, but they seem to regulate llowering
time and inflorescence development too (Sung et &, 1982; Aubert
ot al., 2001, Yoshida et al, 2001). Loss-ol-function mulants in Ihese
gones produce flowers immediately after germination s<ipping tho
vegatalive phase (Yang et al., 1995; Chen et al,, 1997), EMFT an-
codas a iption factor that rap AP but not LFY; and
EMF2 ancades & novel zing fingar protain related to the polycomb
group (Aubart at al,, 2001; Yoshida et al,, 2001).

LFY Is necossary and sufficlkent to speciy FMI (Waigel et

al,, 1992; Weigel and Nilsson, 1895), In My mutants, leaves snd
¥ shoots A produced Instead of Nowens (Schultz and
Haughn, 1881; Weigel ot al, 1962) and LFY overaxpression
chuges the conversion of lesves and axillary meristems to flow-
ars (Welgel and Nilsson, 1085), LFY s exprassad in the leat pri-
mordia during vegatative growth, bul when induced by exemal
{vernalization and light) and/or Internal {gibboreling) signals, it ts
sirongly expressed and relocates to the SAM Nanks where foml
merisiems aro formod (Figure 8; Blazquoz of al, 1897; Hempel
ol al, 1897, for LFY ragulation see; Nilsson i al., 1998, Blazquez
and Weaigel, 2000; Liu o al., 2008). LFY supression persists at
high levels in the FM untl stags 3 of developmani and then d-
minighas in the cenier of the fower (Figure 10; Blaruez et &l
1897; Wagner of al., 2004). LFY protoin abundance, however, is
0 in the FM, probably b It moves betwaen calls
(Parcy ef al, 1296; Sessions ol al., 2000; Wu et al., 2003).

LFY and APt have ovarlapping functions in astablishing the
FM; while ihe ap! mutant has shoots with inflorescance charac-
toristics, the iy ap1 double mutant has an almost complets con-
version of flowers into shoats (Huala and Sussex, 1992; Bowman
ol al, 1883), Both genes whon cause a ferminal
fower phenctype suggesting that sach one s sufficient 1o deler-
mine the M (Mandel and Yanoloky, 1985a; Wieigel and Nilsson,
1895). CAL, the closest paralogue of APT, and FRUITFULL (FUL)
from Ihe same gene clade within tha MADS-box phylogenetic tree
(Avarez-Buylla ot al., 2000; Martinaz-Castils and Avaraz-Buylia,
2003, Parenicovd 1 al, 2003), may also act redundanily fo AP1 in
FM spocification. Singlo cal and ful mutants do not show any FMI
disorders, but in combination with a1 in douta or riple mutants,
the &p1 phenotype s greatly ntensified (Bowman et al,, 1983;
Kempin ot al,, 1985 Forrdndiz ot al,, 2000a), FUL Is expressed
al the same lima as LFY during the establishmant of the FM)
(Mandal and Yanofsky, 18@5b; Hempel et al,, 1887}, but s mostly
localized in the IM (Figure 10}, Later during flower development,
FUL s axprossed agaln during carpel and silique development
where || plays an Important role (Gu el al, 1098), Despite is close
similarity lo AP1, ovoraxprossion of CAL is not able fo determine
the M as does overexpression of APY, indicaling that CAL does
not interact with the same pariners as AP1, Tha unique functiona
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ol AP1 rely on residues within the K and COOH domaing thal are
nat found in CAL (Alvarez-Buyila &t al., 2006).

LFY dirsctly regulates APY and CAL transcription by binding
1o the consensus sequance CCANTG (CArG-bax; Parcy et al.,
1998, Wagner et al., 1888, Wagner et &, 2004; Willlam &t al.,
2004). Howsver, expression reminiscant of AP1 is seen in Ihe iy
mutant, while it s completely abolished in the doubla mutant Hy
1 {fioweving locus f; Ruiz-Garcia et al., 1887, Schmid ot al., 2003;
Wigge etal,, 2005), Thus FT, 8 homalog of TFL1 (Koarnneet atal,,
1991; Kerdailsky et al,, 1834), together with FO, a bZlp transcrip-
tion factor (Abe et al,, 2005), redundanlly reguiate AP7 with LFI'
AP1 end CAL I tum regulate LFY by positive fsadbach ]
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s & posilive regulaior of local cyiokinin (CK) biosynthesis and
accumulation (Jasinski et al., 2005; Yanal st al.,, 2006}, and a re-
preasor of gibberellin (GA) production (Jasinski et al., 2005). On
tha other hand, WUS enh CK acilvity by ing ARABI-
DOPSIS TYPE A RESPONSE REGULATORS (AARs) (Leibfed
et al,, 2005). The resuiting high CK:auxin ratio and low GA lsvels
promote indeterminate growth (Shanl et al., 2006). While & high
auxin concantration restricts STM and CUC expression (soa sec-
fion 3.4.2), it also downregulates CK biosynthesis and acfivity,
thus ylelding & high auxin:CK ratio and high levels of GA, which
induce floral merisiem formation. Raising GA levels or response,

for wple by crassing with the spindly (sgy) mutant, |s sufficient

it to exert its iranscriptional regulation during flower p

(Bowman el &l, 1993; Lijegren ef al,, 1999). Racently, additional
LFY targets have been found (Willlam et al,, 2004), among them
LATE MERISTEM IDENTITYT (LMI1), which &ncodes a home-

1o BUpp 2] to IM in ty, ap1, ap2 and ag mutanis

This demonatrates the importance ol GA in the maintenance of

FM Ideniity (Okamuro et al., 1996; Okamuro et al,, 1997).
umﬂwmuwmmmwmuwmmm FM

odomaln leucine-zippar ption lector and Bs @

FMI gene. Interestingly, LMI1 acts togethar with LFY to aclivate
CAL expression (Figure 9; Saddic et al., 2008),

AP2 encodes a putative transcription factor af a plant-specific
gene lamlly (APZERESF) with diverse functions (Flectmann
and M dlz, 1598). M n AP2 enh both ap1 and
My mutant phenotypes, indlcating that AP2 also playe & rola in
specifying FMI (Huala and Sussex, 1992; Schultz and Haughn,

flaral ion in wild-type Arabidop:
dshasnnlybﬂnmwdﬂlwfmqummmonmﬁm
of Landsberg evacta grown in short days, Howsver, long hypocaiy:
(Py1-7), a mutant in which phytochrome activity s blocked, sup-
presses floral reversion of bath My and ag single mutants In shor
days (Okamura etal, 199&}F|nmlmrsmmnslnhudmﬂ—
apmanta| ab y with na apy d ignif
mmnﬁmmummmmummmw

19493; Shannon and Meeks-Wagner, 1983; Simpson et &l, 1939).  tions i ing is d. Further gical and ¥
WADS—buxuannsurulwy P of the regulatory mod-  devalop studies of Arabidopsi ypes will continue to
ule that integ ition si g patt (for re- lucidate tha genelic, epigenat logical, and apvil

view sea Jack, 2004; Pa!l:v 2005, mam atal, EWB). IM and
FM identiies (Mandal et al., 1992; Bowman ot a|,, 1893; Mande!
and Yanofsky, 1985a, 1985b), and floral organ spacification (see
section 3,3; Coan and beuwdtr_ 1891). Tnspadfyﬂla FM, LFY
and'or AP1 are also raq)
genes such uWS{KENMGLEq SUPPRESSOR OF
OVEREXPRESSION OF CO 1 (SOC1), SHOAT VEGETATIVE
PHASE (SVF), and FUL (Figures @ and 10). Overexprassion of
any of these genes causes FM to revert to IM-ike structures as
when LFY andfor AP1 are mutated (Mande| and Yanofsky 1985b;
Yus et al., 2004a; Liu et al., 2007},

Floral reversion ls oftan found in planls heterozygous for Jy-
6 (LFY/My) and homozygous for agamous-1 (ag-T), suggesting
& key role for LFY and AG In the maintenance of detenminate
flaral meristems (Okamuro et al,, 1996). The resson for this is
thal late in lloral organogenesis AG, induced by WUS, LFY and
PERIANTHIA (PAN) amang others, positively regulates KNUCK-
LES (KNLY which In tum WUS expresgion 1o termi
tha stam call niche after a iimited number of organs have been
formad (Parcy et al,, 1998, Busch et al,, 1988, Lenhard ol al,,
2001; Lohmann et al., 2001; Das ef al., 2009; Maier ! &l., 2009;

tal mechanisms (nvolved in the malntanance of the FMI,

33 Specification of Floral Organs; The ABC Genes

Very soon after FM specification (11-13 days afier garmination
In Landsberg erecta ecolype), the flower meristem s subdivided
Into four regions, Each ane will pive rise 1o the primordia of the
diffarent floral whorls, which from the outelds 1o the inside are
sepals, pelals, stamens, and carpels. The genes responsible for
floral whorl specification atlain (heir spalio-temporal patiern as 8
result of regulatory Interactions among themselves, Inleractions
with merisiam idenlty genes and with soma other genes, such
as WUS and UNUSUAL FLORAL ORGANS (UFD, Levin and
itz, 1885). The plexity of the i Ived is
shown (0 the fioral orgen specificalion gene regulalory network
(FOS-GRAN) modal, analyzed |n Section 4.1, This mode! includes
a set of interacting genes sufficien to pattern the IM and FM dur-
ing the first stages of flower development.

One of the key FM identity genes is LFY, The pratein encoded
by this gene requires co-factors to get the epatial limils of ex-

Sun et &, 2009). In fact, while WUS express| dines atier
stage 6 in wild-type flowers, il persists in pan or ag flowers (Len-
hard et al,, 2001; Lohmann et al., 2001; Das!lsl ZDDB Maijar
el al., 2009), ULT alsa participates in ¥ -
pether with AG da'wrlr!uul‘aliru WUS (Carles el al., 2004},
Although it is very rere 1o observe sponteneous of Induced
revaraion from FM to IM, & set of genes that activaly maintaln FM
identity could wnfnm o & ‘ﬂmmr mm«nnhl module”® m
7 invalvad In
1r|n FMI are closely hkndw balance and I
factors (Taoka et al,, 2005). For example, we now know that STM

of the floral organ Identity genes APS, Pl and AG. For
axample, LFY participates with UFD in the rogulation of AP and
AP3 transcription (Lee at al., 1997; Chae et al,, 2008), and with
WUS co-regulates the axpression of AG (Lenhard st al., 2001;
Lohmann et al., 2001). LFY aslso reguiates the expression of the
SEPALLATA (SEF) genes SEP1, SEPZ and SEPS, additional
MADS-bax ganas required for argan identity specification (Krizek
and Fletcher, 2005).

UFD is expressed in the second and third whaorls during flo-
rel slage 3, probably restricting the B-gene expression domain
Io these wharls, fogather with LFY (Lea i al,, 1887; Traas and
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vernalization |
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Flgure i inflorarcence shool apical mesistem (IM) veraua flower menstsm (FM).

madal ol & ger
p In tha IM In response 1o axtemal |\
of lowar maristam idarity (FMI) genss, LFY &nd AP,

nntwork (GAN) that induces and maintains tha FM. Flowating induction ganes like £T, SOC1 and AGL24 am highly
and fight) and intarnal (gicbarefiine; GA) signais. Theee protsins in kum promote the expreesion
iy, dufing s

of the FM, genaa fike TFLT and EMFT tha! heip o maintan

The IM |dentrry ans aiso expressed, keoping the mpression of the FMI gones out of the Ik, Later in developmant, LFY and AF1 repress the axpression of

TFL1 and fiowering penes SOGT end AGLE4, among others, thus

iions reapectvely, (See references in maln b=xt),

Doonan, 2003). The UFO gene encodes & protein containing an
F-box domain, which is & cheracterigtic of E3 ubiquitin ligases
that are components of SCF (Skp Cullin F-l:m conmlnlnn) cormi-
plexes and mark proleins for p
(Deshales, 1989), |1mrmwmmma1mmmmn
UFQ in ordar fo directly bind the AP3 promater. Furthermors, the
protecsome activity mediated by UFO is required for the tran-
seriptional activation of APSby LFY (Chas et al., 2008).

Koy components of the GRN that undariles tha early patterm-
ing of the flower meristem are the so-called ABC homaatic genes,
AP1, AP2, AP3, P, and AG, which are all franscriplion factors
bislonging to the MADS-tox gena family, except APZ (Coen and
Meyerowitz. 1881, Wagner et al., 1899; Ng and Yenofsky, 2001;
Lamb et al,, 2002).

The classic ABC model was infarted using Ambidopsis and
Antirrhinum homeoic flower mutants (Coen and Meyerowitz,
1891). In these mutants two foral organ types are replaced by
two other foral organ types as follows: A- class mutant flowers
have carpats carpels (from the outermost 1o
the innermast whorl), B-class mutant flowsrs have sepals-sapals-

0 ther FMI. Arrowe ang & i

pesithve Bnd negative reguletory intsrac-

carpels-carpels, and C-class mutant flowers have sepals-petals-
petals-sepals (Coen and Moyerowitz, 1881). It was shown that
mutations in afl three functions lead 1o the transformation of all
floral organs info leat-like organs, supgesting that flowers are
modified lsaves (reviewed In Roblee and Pelaz, 2005), The Arabl-
dopsis ABC mutants are shown in Figurs 11

Hence, three diffarent classes of homeatic genes with over-
lapping activitiss ware prop to be y for florsl organ
specification. The A function specifies sapals, the A and B func-
lions specify petsls, the B and C functions specify stamans and
the C function specifies carpals {Figure 12; Bowman el al., 1891).
The A and C functions negatively regulals each olher and the 8
function ls restricted 1o the second and third whorls, The latter
was ariginally thought o be indepandeni of A and C lunclions
(Bowman el al, 1991, Drews et al,, 1881), but it was later shown
that the A function gana AP1 regulates the B genes, AP1 binds to
the promaler of AP3 (Hill st al., 1988; Tilly et al,, 1998). AP1 can
also spacity petals by regulating the spatial domain of B genes
imgether with LUFQ in the firs! flowers to anse, and independantly
of UFC in later flowers (Ng and Yanoksky, 2001),

147



FUL  AGL24  SOCt1 TFL1

Flower Development 1501 57

wus LFY AP1 AP2 CAL

WW@@@W@@W

N s

FANOOOOOPE

Figure 10. P

of some i shoot apical (IM) and fiower [FM) merisiem gene expression patiams al siagss 1, 3 and &

Flowaring (FUL, AGL24 and SOC), indetarmingte (WUS and TFLT), and FMI (LFY, APT, AP2 and CAL) gens expression patiems based on in siw hy-
bridlzation data during floral primardium developmantal stages 1, 3 and & Af stags |, expresslon patters comaspond to thelr lunctians In 1M and FM
ideniias. Sepal (se), petal (pe), staman (s1) and carpel (ca) primorsia are indicaled. Al stages 3 to 8, all with The excepbion of TFL1 ane expressed In tha

FM, probably becasesa their ive: proteins akso af

FULwil i Irult devel

LFY will induoce all the ABC genas

and AP M&szhmlnmpdmm‘mhnlmmlnmﬂlm]

Onca identified at the molecular level, the mANA expression
patierns of the ABC genes wera shown fo overlap with the flo-
ral reglons where the corresponding mutants had a phenotype
(Yanafeky et &1, 1980; Mandel ef al., 1882, Goto end Mayerow-
itz, 1994; Jack ot al., 1994), AP1 and AP2 are A-function genes,
AP1 Is expressed In the two outer wharls of the floral merstam
(Figures 10, 12, 13A; Mandel &t al,, 1992) and is Important for
the establishment of sepal and petal idaniity as wall as the FM
(section 3.2). AP1 expression |5 first up-regulated by LFY and FT/
FD (saction 3.2), but laler is maintained by the B class genes in
2 positive feedback loop (Sundsiram et al., 2006), Strong ap! ak-
Ieles (ap1-1) often lack petals In the sacond whorl, while weaker
mutant allales of this gene do not have a full homeotic convarsion
of Hloral organs (see section 3.2; Irish and Sussex, 1920),

In contrast to the MADS-box ABCs, the expression pattern of
AP2 does not correlate with the site where it exeris its function
in Noral organ |dentity. AP2 mANA is found throughout the flower
merlstemn (Figures 10 and 12; Jofuku et al., 1684). Recent data
has shown that AP2 is repressed al the translational level by &
miicroRNA (miR172), which is active only In whorls 3 and 4 (Chen,
2004}, thus explaining why the function of AP2 Is restricted fo the
first two wharls of flower argans. In & recent expariment using
double mutants of ag and an ap2 allels, which is insansitiva to
raprassion by miR172, it was shown that bath AG and miR172
independently downregulata AP2, but miR172 is more important
than AG (Zhao et al,, 2007). &n2 mutants rarely develop petals
and their sepals are f d Into lold due lo

(Figure 11, 12 and 13; Cosn and Meyerowitz 1991; Goto and Mey
erowitz, 1984, Jack ef al., 1884, Honma and Goto, 2000), The fact
that bath gingla mutants yield the same phenotype shows thak
intardependence. AP3and P! are regulated in lwo steps: they are
firstinduced by LFYAJFO in response to flawering signals and they
later maintaln thelr expression In a salf-regulatory loop (Honma
and Golo, 2000). The proteins encoded by thesa two genes form
heterodimers to exart their B function during petal and stamen
development (Figure 14; Jack et al., 1892; Goto and Meyarowitz,
1994; Zik and Irish, 2003a) and this oligomearization is necessary
for them to move info the nucleus (McGonigle ot al,, 1998).

Both genes are also reguistad positively In & regulatory loop
by AP? and negatively by EARLY BOLTING IN SHORT DAYS
(EBS), aaammamdasanmpmmwweein
patal and stamen developmenl and i g time by
repressing FT (Gdmez-Mana af al, 2001 Pifieire et nl,. 2003).
ANT, a member of the AP2 gene tamily, is another regulator of
the B function, positively inducing APS (Klucher et al,, 1986; Noke-
Wilson and Krizek, 2006; see saction 3.4.2),

The only C-type gena discoverad up to now is the MADS-bax
gene AG (Bowman el al,, 1988). ag mutant flowers lack stamens
and carpets, and also bear indsterminate fowers with reiterating
sepals and petals (Figure 11), suggesting that AG is important for
floral maristem determinancy (see section 3.2), besides its rola in
stamen and carpal identity (Yanofsky et al,, 1990; Mizukami and
Ma, 1887). The requlation of AG has been much studled; at least
ten proteins repress and five activats It to maintain its expression

actopic AG expression (Figura 11), which is nagatively regulated
by AP2 itself (Drews et al., 1991}AP25alsull11picatadmihs
upragulation of the B genes, AP3and Pl (Znhao et al, 2007).
The B class genes (AP3 and PY) are expressed in the sscond
and third whorls and mutant Howers of any or both of these two
genes lack petals and slamens, as predicted In the ABC model

in the appropri whoﬂ(ﬁwoﬂ!m‘ls&].

AG is repi ] by a al co
formed by LEUNIG (LUG) and SEUSS (SEY) [Huunu 15; Franles
ot al, 2002). LUG encodas a transcription protein similar to TUPT
from yeast and Interacts with SEL, which sncodes a plant spe-
clfic proteln (see Table S1; Conner and Liu, 2000; Franks et al.,

160f67 Tha Ambidopsls Boak

Figure 11, Arabidopsis ABC homeatic floml mutanis.
Photos umm,mmmmmmm flowars. Emmhmmwnml diagram where reciangies represeni the A (AP7 and

AP2), B (AP and Ff), and C (AG) ¥
listed balow from the ouser to the inner wharl uniess mm
{A) Wild-typs (WT) fciwer.

cti d the SEF (1, 2 3, 4) genes active In thess mutants. Organa are

(B) Single ap2 mutan fower composed of carpelloid sspals, stamens, stamens and carpels.

() Tha pi mutant has fowers composad of sepals, sepals, carpels and carpeis.

(D) The ag flower has the stamens tansformed ino pelals and the carpels aro replaced by another lowor repoating the same patter.
{E) Tha ap2 pi doutle mutant displays llowers composed only of sepalloi carpels.

(F) The ap2 ag flowes have leaf-iks argans in the first and fourth whorls &nd mosaic petalietamen organs in the second and third wharls.
@) ap3 ag doudls mitnnis produce fowers composed of repeated whorls ol sepals.

[H) The ap2 o g mutant hies naHike organs with some residual carpel properties. (Photogmphs provided by Dr.J. Bowman).

2002; Sridhar et al., 2004). Neither of these proteins are able to
bind DNA sequences and AP1 and SEP3 recrult SEUALUG 1o
Ihe second Inlron ol AG lo perform their inhibitory funclion and
prevent the ectopic expression of AG (Sridhar el al, 2006). Re-
cently, ancther transcriptional repressor of AG was idenlified,
LEUNIG_HOMOLOG (LUH). This gene s the closast homolog of
LUG and ils inhibitory function on AG is complelely dependent on
SEU (Sitaraman et al., 2008).

Ancther repressor of AG s BELLRINGER (BLR), a homeodo-
miain protein that binds to reglans in the second Intron of AG and
prevenis eclopic AG expression in the two ouler whorls of the
Nower (see Table 51; Bao et al., 2004). AG is also negatively regu-
Iated epigenelically by a histone acelyliransferase GCNS (Ber-
trand et al., 2003), Other genes that partioipate in floral organo-
genesia are repressors of AG, namely RABBIT EARS (RBE, see
section 3.4.4), ANT and STERILE APETALA (SAF) (see Table
51). AG s also positively ragulatsd at tha post: fiptional lav-

&l by saveral ENHANCER OF AG-4 {HUA) and HUA ENHANCER
(HEN) genes. All of thess genes play a major rola In pre-mRANA
processing ol AG (Cheng el al,, 2003).

The ABC prateins exer their regulatory function as multi
In Antlerhinum majus, a lernary complex betwean A and B func-
tion proteins was found to bind CArG DNA boxas more efficiantly
Ihan single proteins (Egea-Cortines et al., 1999). More specifical-
ly, & higher-order complex congieting of SQUAMOSA (SQUA, the
AP? ottholog), DEFICIENS, and GLOBOSA (DEF and GLO are
A. majus AP3and Plorthologues, respactively) bound DNA mare
elliciently than DEF/GLO or SQUA eione (Eges-Cortines &l al.,
1899), These results suggest (hat transcriptional complexes that
combing A and B funclion proteins are more stable than those
formed wiih protains of any one function alona,

The fact that the ABC genes are necessary but not sufficient
fo determine floral organ identity was later confirmed in Arabidop-
sis. Honma and Goto (2001) used & yeast three-hybrid mathod to

148



- b
. '.‘r)rA+B+C classes

Figure 12. Expression paitemns of the ABC genes during sarly stages of
Arabldopsis Rower development.

SEM of meristams have been colored to show sxpression patems of A
class (red, cuter whoris), B class (yallow, petal and mamen primordia)
and C claws (blug, Inner whorla) genes. Five Nowers ai early stages of
oevelopmen! are marked 1 1o § (5 belng he oldest). Inflorescence shoal
apical maristem (IM), forel meristem (FM) and sepals (ss): adaxial (ad)
and abaxial (ab) are indicated. (Photopraphs provided by Dr. J. Bowman).
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show thal SEF3 end AP1 are able 10 interact with ths heterodimar
AP/PI but not with AP3 or Pl alone, Moreover, they described
this i as tial, since the helerodimer AP3/P| lacks
the activation domain necessary for a iranscription facior to fune-
tion, a domain which both SEP3 and AP1 possess (Honma and
Goto, 2001). Thesa findings suggest that the inclusion of SEP2
or AP1 together with AP3/P| could result in an active tetrameric
transcriptional complex (Figure 14), It was also demonetrated thal
the ABG proteins an thalr own or combined according to the ABC
madel (A, AB, BC, or C) wera not sufficient to determine floral
orgens when expressed In leaves under the action of the 355
constitutive promoter (Pelaz et al., 2001). However, Naral organs
could indeed be recovered In leaves once appropriate combina-
tions of ganes wera expressad (Honma and Goto, 2001, Pelaz &l
&l., 2001).

The SEP genes recelved thelr names because the Noral or-
gans that develop In all four whoris in triple ssp mutants resamble
sopals (Pelaz et al, 2000). This sepT sep2 sep3 trple mutani
phenolype is markedly similar o that of double mutants thal lack
bath B and C class activity, such as pi agand ap3 ag (Figure 116,
Bowman et al., 1889, Pelaz &t al., 2000) in which the foral mearl-
stem becomes indeterminate as well. Single or double mutanis
for these SEP genes yleld flowers Indistinguishable fram wild
type, thus suggesting that the three SEP genes are functionally
redundant and ars important in determining three of the four floral
organs: pelals, slamens, and carpels (Honma and Golo, 2001;
Pelaz et al,, 2001; Robles and Pelaz, 2005).

Glven that the triple ssp7 sap2 sap3 mutant does not show
altarations in sepal identity, an additional gene is likely to be in-
volved In sapal specification. Indeed, anather SEP-like MADS-
box gene, SEP4 (previously AGL3), has now been characler-
ized (Ditta et al,, 2004), and the quadruple ssp! sap2 sep3 sapd
mulanis produce flowers with leal-like organs in all whorls, thus
confirming the SEP genas contribute to each flora! organ Identity
(Figure 14). Coincidently, SEP ganes are axpressed in the whols
fioral meristern during flower development (Figure 138; Flanagan
and Ma, 1994), are importani in regulating B and C ganae expres-
slon (Llu el &, 2008), and encode proteins that apparently inler-
act with the ABC proteins (Figure 14; Robles and Pelaz, 2005),

Based on data from Antirhinum and yeast two-hybrid and

three-hybrid protein interactions, and on the phenotypes of the
ABC mutants, thres models have been propesed to explain how
the MADS domain protelns interact to itute: functional tran-

scriptional complexes and bind DNA. None of the models com-
pletely explains the experimental data avallable, bul the quartel
mocdel seems the most pisusible (Jack, 2001; de Folter et al,
2005), This model proposes that MADS domain proteing form
letrameric complexes during floral organ determination (Figure
14; Theissan, 2001; Thelssen and Saedler, 2001; Becker and
Theissen, 2003; Jack, 2004). Within each transcriptional com-
plex, there would ba two MADS dimers, each one binding i a
single CArG-binding site causing the DNA of the promoter re-
glon to band, enabling the MADS dimers to act cooperatively In
& tetramaric complex to regulate the gene. For example, binding
of one dimar within the |etramer 1o DNA could increase the al-
finity of the secand dimer for local DNA binding (Melzer et al,,
2009). Besides, one of the dimers could function as the activa-
tion domain of the tetramer allowing for efficient transcriptional
activation (Honma and Golo, 2001). Interastingly, several dimers
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Figure 13. Diagram ik g mANA patams of Arab ABC and SEF genes during different stages of flowsr devalopment.

{A) ABC gene &xp pattems from stage 1 to B, The A function gene AP1 Is expressid (red) in the twa outer fiorl primordia whorls that wil
Iatar develop Info sepals (sa) and petats (pe) (Manded 8t al, 1882 Gustafson-Brown oi al, 1884, Parcy ol al, 1908). The A funclion gana AP2 is expressed
In &l four whora of the Nowes (see figura 10; Jofulu et al,, 1884). The B function genes (dark yellow] AP3 and P trom stage 3 in the ned twa
Inrarwharis of the iowsr (Weige! and Meyarowitz, 1093, Parcy wl al., 1898), interestingly Pfis also expressed af slages 3 and 4 in cells thal will geremis
the tourth whor (Iight yeliow). Atter stage 5, the pattem of P expressian largety colncides with that of A4, on'y In petal and stamen (=) primordia (Goto
and Meyarowite, 1994). The C funclion gene AG is expressad (blue) in the two inner whors thal will becoma Ifve slamens and carpels (ca) (Yanofsky al
al., 1880; Gustatsor-Brown et al., 1984; Parcy €1 &l., 1998; o et al., 2004),

(B} SEP gene sxpression patiem during sevaral slages (1 or 2, 3 and ) of Nowar development. SEPT and SEP2 are expresssd In all wharls of the Rawer
(Savidge et al, 1985). SEPI i frst detecing in e stage 2 fiower primondia and afterwards in petal (pe), stamean (sf), and carpsl (ca) primonia. The ex-
praasion pattern &t stage B wes deduced that from at stage 7 (Mandel and Yanofaky, 1888), SEP4 i wearly exprassed in sepal pimordis st stage 3 and
strongly In carpal from s:age 3 to 6. (Ditta & al., 2004). Both figures nave been modified ano expanded from Krizek and Flewcher (2005),
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of ABG and SEP

Flgure 14 . o of the

protsing in the quartst modal for Amb jo floml orpan
Poaalble MADS-domain pratein complexes (cinder) of the ABC model are
eufliclont for the speciication of mach df tha folr florl argins. in the ABC
modal, mnﬁnmmmmakmwm B (AP3and Fl), and G
(AG) gulatory funetions y for ae-
N!.ﬂlﬂknﬂmnndnmd Tha grean b
balow represents the SEP (1, 2, 3 and 4) pratsins et inemet with pmo-
teins ancoded by the ABC genés (umknown for AP2 whioh has mot bedn
tnsted) 1o specity aach flom| organ (modBied fom Bowmen st al, 1883;
Poblas and Pelaz, 2008).

end potential 1eframera have been documenied in & compigte
Arabidopsis MADS-domain lamily protein-prolain imeractome
via yeast two-hybrid interactions (de Folter et al., 2005). This
data base has bean updated with B ysast three-hybrid soreen
for MADS-domain proteins (Immink el al., 2008). Future stud-
ien shoutd test which of the complexas infemed from the MADS
imeractomes are functional and what their roles are during Ara-
hidapsls developmant.

3.3.1 Target gones of the ABCs

Target genes of the ABC penes link the floral organ specification
- gans requistory netwark (FOS-GRN) with processas in prgan
primordia establishmant and devalapment (for review of MADS
iarget genes, 566 da Foltar end Angenem, 2006). Among the
direct targels of the ABC genes, trenscriplions) regulators and
hormone-ralsied genes are prominant (Sablowskl, 2008). But the
sals of tamel genes changs as organ development progresses;
at later stages of fioral organ development, several companants
ol what could be common modulés have been found that ans in-
voived in generic developmental processea (see befow) during
sepal, petal, stamen and carpel developmenl. Finally, multiple
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genes having call-specific roles am tumed on especially during
stamen end carpsl development thal is much more complex than
pevianth devalopment (Sablowski, 2008).

The first examples of genes reguistad by the ABC genes were
two MADS-box genes, AGLT and AGLS (renamed the SHAT-
TERPROOF genes (SPH1 and 2 respectively). There |a virtu-
ally no expression of either gena in ag muiants (Savidge &f al.,
1885), SHP2 |s anly expressed in carpels and AG can aclivale
en 8PH2GUS reportar consiruct; lurthermare, AG binda its pro-
mater in vitra (Sevidge el al., 1965).

The first nor-ABC gene (dentified as & target of a MADS A,
B or C protein was NAC-LIKE ACTIVATED BY API/FI (NAP),
a targst of the APY/PI compla. It is imporiant for the iransition
betwasn call division and cell expansion during petal and sta-
men devalopment (eae saction 3.4.5 and Tabla S1; Sabloweki and
Meyerowitz, 1998).

A recant study identified twe ganes negatively regulated by
APAP|, GATA MTRATE INDUCIBLE, GARBON-METABOLISM-IN-
VOLVED (GCN) and GCN-LIKE (GML), a GCN paralog (Mara and
Iriah, 2008). Both ganes reguiate chiorophyll biceynihesis in plart
calls. Thus, their downragulstion could be imporiant in preverting
chiorophyfl eccumulation in petais and anthars, The same study
shows that both GNC and GNL, togathar with the B class genes,
reguinte the eqression of & number of other GATA-matit-comtaining
targe! genes e HEXOKINASET (HXKT; Mara and Irish, 2008).

SUPEAMAN (SUP. Bowman et al, 1582) is upregulated by
APYP| and AG and by LFY (Riechmann et al, 1894, Sakal el
al., 2000). SUP encodes & transcription factor with & C2H2-zinc
finger motif and ig i 1 in the mair of the
pel whotl boundary (Sakai et al., 2000; Dathan of &l 2002: see
section 3.4.2). While the B genes and LFY seem 1o regulate sarly
SUP sxpresslon, AG and the B genes are Involvad in malntalning
= axpression in fowers from stage 5 onward (Sakal et al,, 2000),

Rocsnt micvoamay experdments have proved ussful In reveal-
ing new targets of tha ABC MADS hompotic genes, as wall as
many putative componants of the complex netwarks imvolved in
floral organogenesis. For gxample, it was shown that tho API/P|
dimer reguistes, directly or indirectty, 47 target genes. Only two
of thesa are transeription factors, while most partisipats in basie
cellutar functiona required for slamen and patal developmant (Zik
and Irish, 20038), By contrast, AG conlrols, directly or indirect-
ly. tha expression of 149 ganas meal of which are iranscription
faclors, including other membars of the MADS-box gene family.
Ten of hese were also shown o be diect trgets of AG using
chromafin (mmunoprecipltation (ChiF), including AG Reelf, APS,
CAC and ATHT, a gene thal encodes a BELL-type homeodomain
protein thal participatss in the develop of the basal mgion of
sheot organs (Goémez-Mena et al., 2008).

A mome adoustive experiment used four homedtic mutarts
(api/ap2 ap9, p/ and Ag) In two types of microarmsy assays: &
whole genome microamay with appraximately 26,080 gene-spe-
cifie oligonucsotides end a flower specific-cONA microarmay with
5,000-8,000 genes. To summarize the assay rasults, ranscription
factors wara neither over or undermopresanted as baing regulatod
by the ABC ganee; on the contrary, genes involved in peneral
celiyiar maintenances (ONA recombination and protein synthesis)
wors undarrepresantsd. Genas spacifically expressod in sach of
the four different whorle wene idenfifled: 13 genes for sspals, 18
for petals, 1162 for stamens, and 260 for camels. As sxpaciad
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trom thalr structural and cellular complesdty, the raproductive fioral
omans had many mare specilic target ganas than 1he perlanth
organs (Wallmer al al., 2004; Sablowsid, 2609).

In ancthar genomie study of sarly floral stages it was found

Regulmory modules contraliing distinet companants of foral
organ davalopment have besn alucidatad to diferant axtacts de-
pending on avaliable mutant phanatypes. In complation with ana-
muwwmmmmmwm

that many genes were townrgulaiad In Inciplent fioral primordt

while many of tham ware activated during the difisrantistion of
foral organs (Welimar @t al., 2008). However, Some ganes wero
ovemepreseniad during all stapes analyzed (Le. ranscrplion tac-
tars including tha family of MADS-bax gonas, PV depandant atix-
in iransport ganes, &5 well 55 auxin and GA metaholism genas).
Evan though the MADS bax genas wars ovamop tha pro-

the ¥ modidss undorlying stamen and carpel develop-
mmmmwmmmmmmmsm
devalapment. Carpel development Is covered In the “Fruit Deval-
opmant” chaplsr (Rosdar and Yanaisky, 2008) In this book, and ls

only briafly considared hers.
n Inoilmr marlsigm, WWMMW
atl ie equliibrium b siom call i

‘mater ragians of he genes expressed during thesa dittarent stag-

eollular dfferentiation (Groan at al., 2008), Plant mrphugmuﬁ
is influencod bioth by the orgniation and raie of cab division, as
wuwmmmmmm (s80 spolion 2 for

B8 &na nol i in CArG-bax ypered to random
ples fram the whole g mmwmm&
domain imnscripfion factors mary be able to bind seg othar

than GArG motits, or that ihey have hew direct targets during the
developmental stagee analyzad (Wellmer gt al,, 2008),

in & difiorsnt appronch, an inducibis post-tmnalational varsion
of AG was used in gano eepression profiling to detect AG target
genes. One of tha penes ideniifisd that is uproguiated by AG s
SPOROCYTELESS (SPL). AG is ablo to bind in wimo o the 3 re-
gion (downstream of the slop codon) of the SPL gena (it « al,
2004). SPL has boan described &s a key regulator of sporogenesis
lator during steman and carpel developmant (see asclions 3.4.5,
34,8 and Tablo S1; Schiefthaler el al, 1998; Yang of al, 1808).

3.4 Floral Organogenesis

The chalienge of inferring the topology of the gene reguiatory net-
work (GRAN) underlying the eslablishment of floral organ primos-
dig, and their development (cel| ditferentiation, morphogenesia
and growih) is still shead. However, some key components and
GAN functional modules chamotorized lo date are summerized
in Section 4. Such modules imvolve several funciional feedback
loops and underiie different generic developmental proceases
mmlrmmwﬂuﬁm dedimilalion; Bordumln

g that d on f ly on auxins;
pnmur:ln rlurrlnar mmrwmm and within-whorl humdlrlu. and
primordia and organ adexial-abaxial polarty (Figures 2C and 15;
Irisn, 2008). Al later stages of floral crgan development, subcelln-

iptian of fioral organ initiation and morphogenesis). How
mmwmdmmummm
been very difficult to alucidate. H itis ganarally accepied
that calls in maristematic regions mspond o positional informa-
tion important for inducing and controlling morphoganests (Sus-
86, 1954; 1055, Moyerowitz 1987; Housar ot al., 1898). One of
theso positional signals is auwdn (eea Seclion 3.4.1; Reinhard!
ot gL, 2000; Benkow ot al, 2003; Rainhard! ot g, 2003; de
Ravilie et al., 2008). Sevoral mulations that aftect the numbar,
sizs, and/or shape of one or several florsl organs have also been
chamclerized. Some of those phencoiypes are plalotropic conse-
quences of mulations in ganos Boting from earfier steps of plant
and flower development. Others are the result of allerations in
organ spedific genes (Figures 18-17). An exenaive list of gones
imvolved in flowar organ morphoganasis with their interred func-
fions, mutan phenotypes and mANA expression patterns ia
given in Table 81.

3.4.1. Floral meristem and organ primordis poaltioning: the
role of auxin

mmthﬂmmmaMMMrum
& highly predictablo and reguiar phy patiem (Tanaka et
al,, 2006). Ona of the key compounds that regulate this devel-
opmertal process is the hormone awin (Feinhardt et al., 2000).
Incraasad awin ievels mark ha inftiation shes for organ primordia

\ar difierentiation and patteming, as well rall
Mphamdmmmwm“m
The panes within such modules are treated separately for each
organ type (Figures 16-17).

Asap o g GAN in the shove cate-
gorias, ummawdmmmxm
Iea of how such genaric developmental processes am regulatsd.
Saveral of thess have also b IMIIT-"" P
of leaf i ol Gosthe that all
phmummm”mww!mm

program (for review of pathways see Sa-
MM)ABGM pAr Y gansa are also Important
In fine-tuning or coardinating the mis of genes Imoived In some
of tha peneric devalopmemal modules during Rower development
[Figura 15; Sablowsld, 2008). Soms ganes participate In more
1han one process of moduls and are Important for making con-
nectons batwsen diferent GRN modules. In such casas, they arg
considered |n more than one calegory.

( g those of fioral organe) and Jocal application of auxin
is sufficient to trigger ieal or flower formation in the shoot apex
(Reinhardt ot &l., 2000; Tanaka st al., 2006). Once tha primordium
is establishad, hem i= a depletion of auxin around it and another
paak of awin s only able to form in cslls a1 a specific distance
from pre-axisting primordia, genereting & phyllotactic pattemn (Ra-
Inhardt e al, 2000; Reinhandt ot al., 2003; de Raullls &l &l., 2006;
Tanaka ef al., 2006; Bariath of al., 2007, Kuhlemeiar, 2007). After
Inhiation, tha primordium grows by csil proliferation and csll ax-
pansion, and the oman diferentates slong the apical-basal and
dorsal-ventral axes (Helsler et al., 2005; Gotz, 2006),

The overal distdbution of auxin depends an ks blosynihasls,
metabolism, and directional transpart. Most auxin is synthesizad
In young desues of 1he shoot and distributed throughout the plant
by two physlologically disinct pathways. Ona of them |5 passive
and oceurs only by diffusion through the mature phioam. The oth-
ef one |s an acive polar awxin transpart (called PAT) that madl-
ates csli-io-call movemeant of auxin thraugh two ditisrent types of
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Primordia positioning (v Primordia polarity ‘
m "t'i
AUX1
LAX
PGP1
e i /
I ANT===" L Al | 2T
- STM cLV3 ..
| 5
Primordia Idmﬂly &growm
Sepal Petal Stamen Carpel
Figure 15. Functional gene Buring ey fow: o
mmmummmwmummmm—mmwm
hese armong the FOS-GRN that the fos! genes siioning in he SAM Nanks deporas
of auen p """lﬁl muuummwwmmmummun—m

msn of such gradlents and finally determining (e pasition of primordia. Tha surin pethway also downregulsms soma membars of the NAG tamily (CUCH
1o 3 are important for organ boundary ‘which also parficipate in the posifive regulation of STM and KNOX genes. Since WUS maintaina
he apicsl wiam colls In a prolilerating state with CLY proteins het in turn regulste fis In & non oell regalive-posithe
tendback oop, and STM prevents man call diffe yy Inducing th of oy {CK) and the ARA duction pathway (see od),
Boml primordia may emerge If oalis in the anisgen are able 1o downreguiate STM. This can be achisved by the action of AS1 and ANT, Upreguiation of
LFY by tha fowering panes (Section 3.2; Figure 9) in conjunctian with soma KAN and YAS proteins, activats ihe exprassion of ABC homeotic genes fin
mnMhuﬂlﬂhmdhMmﬂan:ndmw-mhmmmmﬂmumInm!lnlmu},uhldomn

nequie and p oy the adfion of protein families that inckade PHABS (PHE, PHY and REV),
WlWl!ﬁﬂM}W{ﬂMi YABZ, YABS, INQ/YABM, YABS and CRC/YABS), JAG and NUE (letters In green). Bome of these e
mmmmﬁmmmmmhﬂmnmtmmﬂmwmﬁhmIMHMMhmwm
some of ths moet rep s, which halp they

4 1 dshed lines & mwpwmmwu‘mndfwhw-mhmmhhhnmu

Innumln.ﬁ.w'limwhow‘ P F an and tha ABC g shawn In bowes on the organ spacified
A In the model shawn balow, Hormones are In
This figure was composed pertially from nformetion (n Clark (20015), Blazquez et &l. (2008), Hord et 4. (2006), Shun et ul. (2008) und Fang and
Diglnson (2007).
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Figurs 18 Main stages of patal devaiopmant ana some ganes Ivolved.

Schemas & 1he lop Mustats thiee difaren: siages of patal deveiopment (lor Guinls so@ socton 7). Briefy, GAN modules (gencs) in petal cevelopment
mmmam“ﬂnmﬁmm umummm‘mummn

Nem JAG, PHB and YAB

hﬂm&!wﬂnwu“ﬁcm“”MM“!"’-““MM”M

see Figures 11 &0 14). Peal blades by estive

a1 arty ewipn

stages &g oy cad g g dify o iater

P ."“‘ Incagding AOXY 1, SEU, ane! LUG. Downreguiston

g,
sumunm L]

of gh y e comact

col -r-l-[-umau-uu-muum:&mmmmmm-nmm

proteins, efux and influx carmars. Some of the ganes that encode
ihese Iransporters (or carmiers) have been cloned: PIN-FORMED
(PiN) and P-GLYCOPROTEINS for awdn effiux,
and AUXIN? (AUXT) and Its paralogs LIKE-ALXT (LAX1-3) for
auxin uptakainfiux (Figure 15; Bannatt et al.. 1896; Friml, 2003;
Yang et al., 2006; Bandyopadhyay st al., 2007).

The PIN gene family aight protain bars in total;
thraa of tham (PING, 6, and B) of unknawn function. All of tha PIN
proteins charactarized until now are asymmatrically distributed on
the plasma membrana and soma of tham can be found In apecific
call types with no pronounced polarity (Vieten of al,, 2007). The
direction of auxin fiow |s belioved to bo determined by the asym-
matric cellular localization of PIN prateing (Frimi, 2003). Tha firat
ol these proteins to be characterized waa PINT, and fts mitation
(pier7) resuits in pin-shaped inflorescence meristems without flow-

e, PINT mpreasion (s induced by auxin and I encodes a protein
with 1012 putative tansmembrane domains and shares some
similarity with bacterlal trenaporters (Gélweller et al., 1998}, pinf
mutani plants sccumulate high amounts of auxin In vegelative
merstoms and a daficiency In the apical Inflorescence meristem,
which results in a defective organ Initiation of leaves and flowers,
a phenotype that can be imiiated in wild type using auxin eflux
Inhibtors (Okada et al., 1881, Reinhardt et al,, 2000). Of the ather
PIN prataing, only pin3 and pin7 loss-of-tunction mutanis hava
flowers, and thesa bear fused potals, no stamans, and occaslon-
ally no sopals (Bankovd et al., 2003). PING Is essentially Involved
In mediating differantial shoot growth (Frimi et al., 2002) and PIN7
Is Impartant during sarly smbryo deveiopment (Frimi et al., 2003).

Auin movement mediated by PIN carrier proteins determines
the growth axis of the developing organ by estabiishing an auxin
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Figure 17, Stages of stamen with on the gancs Im anther
Bchemes of some slages of Aower devalop snowing re slages of anther cell difierentiation (Sanoers of al, 1888) are shown at Ihe fop,
At stage 1 of anthee P and 4 mummmmhmlmmﬂrmm layers, L1, L2 and L3, During sage 2, the

archasporial calls (A7) &rise in the four *cormen’” of tha L2 layer and the apidermiz in the L1, Befors malosis the Ar calls divids and genamte the prmary
parietal kayar (17F) and the pimary sporogenous layer (1°5p), The 1°F then dhadas Inlo two secondary parietal kyers (outer and innar, 2°F). The ouler
layer gives fise to the andathecum, the lnnar cails to the middis layar and the tapstun. 175p produces the microgpore matnar call (MMG) that undergoes
meistis &nd gives riss i 1he microspores (Akes-Fersir =i al., 2007). At stags 7, melosis is complstad and the lour locules carmying lstrads (Tds) of
MICToSpOMmS are seen. Al sage 14, calis shrink and e anther dehisces Shereling the pollen grains (PG; Sandere ot al., 1989), Some of fie known genetic

o duriog

lhmmln purpla, AG (in red) Induces hwhno!sﬁfhmtwhmhmmmmh

anihar he sction of the EMS, DYT, MS1 and AMS g {Feng and Dickd
mnmmuammummunmmm|swmmmm-nmmmmwmwwwm

respactivaly, and dashad fines possiols indirect intamctions.

gradient with its maximum at the tip (Benkovi et al,, 2003; Tanaka

m Impartant in maintzining Jong-distance auxin Iansport (Ti-

etal., 2006). As the prmordium rapidly expands, auxin is depleted
from the tip. Twa hypatheses have besn proposed to explain this
observation: either auxin is through the primardi

imterior into the vascular network (Benkovd at al, 2003; Tanaka
et &l 2006) or It is depleted from primordial regions as a result of
spacific revorsals in PINY polarity (Heislor et al., 2005).

The ABCE/PGPs are also transmembrana proteins that he—
long to the ATP-binding {ABC)

hun et &l., 2000). One of the PGP prateins (PGP19)
m—lomlm and Ineracts with PIN1 and the ABCE protein is ap-
parently important in stabilizing plasma membrmane microdomains
necessary for enhanced PIN1 actvity (Bandyopadtyay et al.,.
2007, Thapiwatanakun et al,, 2008).
Auxin antars the cell pastively by simple dittusion and also by
Ihe impor activity of AUX1 and related LAX proteins. The AUXT

In Arabidopsls, three of thelr members, ABCB1, mcm and
ABCBS, are shis to transport auxin away from apical tissues and

protein with 11 putative ransmembrane domains
(Hobbls, 2008) similar 1o plant amino acld permeases (Bennatt
&l al., 1996). The mutant form (gurf) was idantified in & screen
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for auxin resistant and agravitropic mutants (Bennet! et al., 1986
Viaten et al., 2007), The AUX1 protain also hes palar subcellular
localization In some cells and co-localizes with PINT In the shoot
apical meristam. ALUX1/LAX function could be essential for stabi-
lizing the phyliotactic pattsmn, The proposad model for ALX1/LAX
function is that thase proteins concenirate suxin in the cytoplaam
of calls of the L1 laysr, preventing auxin diffusion In the apop

1998; Brand et al., 2000; Doernar, 2000). Mutations in genas that
control cell profferation in the SAM, such as the CLV genas, am
simitar to LLT in that they have larger SAM and primordia (Fletch-
er, 2001; Carles et al,, 2004) and WIGGUM (WIG; Aunning et al.,
1888),

When MJSiirepmmaﬂnﬂdlhu number of cells for fioral pﬂ-

(Bainbridge et al,, 2008),

PINGID (PID) encodes a Ser/Thr proteln kinase (Christensan
&t al,, 2000) which has been implicated to function in redirecting
subeellular PIN polartties, becauss the loss of its activity causes
a shilt in aplcal-basal FIN polarity (Frimi et al,, 2004; Berleth et
al,, 2007, Michniewicz et al., 2007). pid mutants have & defect in
organ farmation similar to that of pin?, but they do produce a lew
llowera {Reinhardt et al,, 2003) with altered fioral organ numbers
(more petals but lewsr stamens) (Bannett st al.,, 1885). Recanily,
Mighnigwicz et al,, (2007) reported tht in vivo PIN1 phosphoryla-
tion is directly dependent on the kinasa PID and & phosph

mordla Is d, organ Is

suggesting that there Is 8 threshold number of cells luqulmd n
farm a normal organ (Welss et al,, 2005). (n fact, the loss of or-
gans observed In A-function mulants, or any other AG repressor
mutant could be explained as a resull of premature repreesion
o WUS by AG In Ihese organs (Crone and Loed, 1894; Liu and
Meyarowitz, 1995; Laux et al,, 1858).

Dther mutants that have altered floral organ numbers are pan
(Running and Meyerowitz, 1996; Chuang et al., 1999), etf (Ses-
sions et al, 1867) and sup (Jacobsen and Meyerowltz, 1887).
Both pan and eft have mora sepals and petals and fewer sta-

PP2A, Which may act directly by dsphosphorylating PINY or in-
ditacty through PID, This phosphoryiation status detarmines the

mens, wh sup produces move stamens &l the expense of
carpels (Weiss et al, 2005). Double pan sup mulants however
have an attenuated sup phanotype n the folrth whol, probably

apical-basal ocal of PINT and fare auxin
fapandent develop PINT Is d to the apex
wmxhwmmmdmmehwGwmlhdw
phorylatad (Michniewicz of al., 2007; Vieten et al, 2007).
Accumulation of auxin de
through speoific " and the | action of mam-
bers of two large famiiles of transcription tactors, AUXIN RE-
SPONSE FAGTORS (ARF) and IAAAUX (Kuhlemeier, 2007).
Tha AuIAA proteine are degraded when the levels of free auxin
rige, resulting in dereprassion of ARFs. ETTIN (ETTYARF3has &
dynamic role In patterning by acting In specific calls within floral
meristems and reproductive orgens. At sarly stages, ETT func-
tions in determining tha numbar of organ primordia, whereas later
it is Involved in the outgrowth and patterning of tissues within or-
gan p (Figura 15; & etal,, 1897), elf mutant piants
show altered llower developmant, some flowers have missing pet-
als and rudimentary radialized stamane, and others have normal
fertile stamens, but radialized petals (Pekker et al,, 2005), ETT I
aiso Involved In prapatterning apical and basal boundaries in the
gynoecium primordium (see Table S1, Sesslons and Zambryskl,
1995; Sessions et al, 1897). MONOPTEROS (MP)VARFS mu-
tants (mg) have Inflorescences with smaller or absent flawers,
similar to pinT mutants (Przemeck st al., 1998).

3.4.2. Floral organ primardia number, size, and boundaries

In Arabidopsis, which s a seli-fertillzing ( i) and par-

b in this mutant AG Is downregulated and the domaln of
expression of WUS is expandad (Das &t al., 2009).

The PAN gene mutation specliically alters fioral organ num-

bar, yielding fertile plants with a pentamercus meristic pattarn
(Running and Meyerowitz, 1898). PAN encodes a member of
the bZIP class of ranseriptional regulators (Chuang et al., 1888)
and |s thought 1o act n the process by which celle assess thelr
pogition within the developing fioral meristem. This gene may
affect tha switch that commits fioral organ primerdia cells to en-
1er &n organ initiation program (Running and Meyerowitz, 1896).
PAN and WUS expression overiaps and in clv mutants both
genes era ectopically expressed (Chuang st al, 1999; Maisr st
al., 2009). WUS overoxpression causes PAN overexpension too
suggesting that this gene is positively regulated by WLIS (Majer
et al., 2008).
I Ingly. p iC 5y y is fstic of fiow-
ers in early ming ges, thus suggesting that
Mmqvhmbeenmumdln changes 10 meristic patterns
during angiosperm diversification; parficularly the evolution from
pentamearous to tetramerous flowers in the Brassicaceas lineage
(Chuang st al., 1989).

Organ size Is also regulatad by tha sama componants In all
whoris, The ANT gene encodes a Iranscription factor of the AP2
tamily, which ssams to be a genaral regulator of argan siza during
organogenesis (Elfiatt et al., 1896; Klucher el al., 1998; Krizek,
18989; Krlzek ot al,, 2000; Mizukam| and Flscher, 2000), The over-
expression o/ ANT causes increased cell division in sepels and
I i oall expansion In the Inner three whorig, probably al-

lially cleistogamous (before lower bud npenl:l'plnnl. Toral crgﬂn
siza might not be under strong evolutl

Iecting both the rale and duration of cell divisions which are m-

1o allogamous species. Howaver, Hmmmmmmmﬂal
10 study genes that control size and architectural traits of lowers
(Weiss at al,, 2005),

Several ions that atfect merl size and
lead to alterations in Hower organ numbar or siza. Mulalions in
the CLV genes (Clark el al.. 1993 and 1995; Kayes end Clark,
1898) cause an Increass In meristem size, thus yielding addi-
tional whorts and & change in floral organ number with atered
phyliotaxis (Clark at al,, 1883; Clark ef al,, 1887, Flatcher at al,

portart d of the final size of lateral organa (Krizek,
1896; Mizukami and Fischer, 2000; Welss st al., 2008}, ARGOS
participates In the same transduction pathway a8 ANT and acts
downstream of AUXIN RESISTANT 1 (AXRY). Interastingly, In-
creased organ size obsarved in ARGDS ovarexpression lines s
dus to an extended pariod of call division rathar than o &n |n-
craass in growth rata (Hu et al., 2003; Weiss et al.. 2005). So, itis
plausible to assuma that these two ganes (and probably othars)
affect organ size by ransducing signals from plant growth regu-
\stors, such as auxin, which is a key playar in astablishing SAM
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primordia and a genomi regiiator of cali prolfiferation and sxpan-
sion [Figuna £5).

ANT aiso participetes in defining abaxial-adaxial ongan palar-
Ity In combinetion with FILAMENTOUS (T OWERYABEYT (FLf
YAZS. Nole-Witson and Krizai 2008; see next saction) and hus
My be one of the lnks b tha modt 0 primor-
dla growth and tha polartty esteblshmant (Figure £5).

Eciople wpression of LFG (Lovin and Meyerowtz, 1995)
Al causes Increased fiorsl organ al2a Lae ot al, 13975 due
o Incroaned coll Shision {MiZulaun|, 2001; Welss ol af., 2005).
Tris pathway 13 reguinted by UFD Independently of Bs role nB
gone smplession, becauss aciopic sapieasion of e B genes
Bous not induce ANy NCreasd in IGRN S8, A0 MASSEEIEASION
of ather unknown UFO-vependam feciors may accoun! for fhs
phenctypa (N 8 &, 2004). UFO and two gene aahancers of the
o phenotype, FUSED FLORAL OSGANS ! and 3 (FFOT and
FRO3), could also partcipale in ssmblishing and maintaining or-
gan boundaries probzbly by &flecting cell profieration [Levin et
al, 1598}

Morphoioglesl boundaries ars estabiished in Ihe carly smnas
of Iha of a primand ing B from
fssuea, and ater from adjacant organ primorcla {Figure 2C: Nch
and Tasaks, 20068). Cafie In the boundary are diatnety narmow
and olongated with low profferation rates (Alda and Tasaka,
200660}, Genes axpreasad In the boundary mey affect both merl-
BiOrT And oegan I by upreny g coll differantint
geneE &nd cewnregulating merinormatic ganos (Borghi ot al,
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tha MANALY genos {Eohed of al.. 2001; Karststter of &l 20Df),
wharaas adexial cell fate ia seisnmined by members of the PHAD
lamity: REVOEUTA (REV), PHABULOGA {FHE), and PHAVOEL-
TA [PHY] (McConnell at al.. 2001; Emary ot al., 2003; reviswest In
Bowman 8l al., 2002; 7l and Ifsh, 2006h; Golz. 2008) wgether
with JARGED LAG) and NUBBIN INLIT] (Figure 15, Dinnany 8t
1., 2004: Dinneny ot al,, 2006}

YABBY proteing [YAB) are transeription factors with & Zn-fin-
ger and @ helix-lnop-hellk {YABSY} domaln that are promoters
ol abexial coll lats In all iateral oigans. amaong other funciions.
(Bowman 1999, Sawe et 8l 1999 Slegfded ot &f., 1999). Dur-
ing fiower development oy particinate in estabiahing b pri-
mortium domain and meristem paltems, and Inter in maintaining
shendal polerity (Siegiied = al., 1968; Goldehmidt ot al., 2008).
FIL/YART, YAEZ, and YAEZ are exprassad in a polar manner i af
lateral organs of the flower meristem, whits CHABS CLAW {CRCY
YABS) is onfy expresssd in carpels and rectaries, and IWNEA
NG DUTER [ING/YADY) s restnicted 10 outer inlequmenta {see
secton 3.4.8 and 3.4.7; Alvarez and Snryth, 1986; Bowman and
Smyth, 1993; Vilkenueva ot al., 1989,

KANAD! (KAN} penes encode tanscripiion Botors of the
QARP tamily. KANT, KANZ, and KANS have beon Impicatad in
promeling abmdal sl faisa (Eshed ot al, 1989; Eshed ot al,
2001; Keretetler ot al., 2001}, Thaimrmntmsdmdm
a garate of cre gy d g a
mirorimage of ahodal fsaves in 1 kxm .-:m aouhls ANy,
ECAtig ING! DO Ganas Paricilats in A recLNant Mmanner &

2007). CUC?, 2 and J sricada NAC-domain pion fctons
that 1 paration of lterat organs through
gmwmraprnsmmmn!al 1997; Vrosman et al,, 2003; Tacka
et al., 2004). coct coe? doubla mutant saadlimgs hmmdmiy—
ledons with no shoots. Howevar, whan adwentitioums soms are in-
duped in this genclype, fiowars have fused sapals and etamens,
fewer petals and stamens mamber, ane reduced fertility {Aids et
al, 1987). LG genes are epigenetically reguiated (Laufs &t al.,
2004; Kwon et B, 2008}

Other genes, such gg LATERAL ODRGAN BOUNGARY {L.08)
and JAGEED LATERAL DRGANS (D), mambary of the LAT-
ERAL GRGAN BOLINGARY DOMAIN LA} gone tamily, ancods
putative transcription tactors with a loucine-2ippar meift that are
ales expressad in boundary colle {Shual of al., 2002; SBorght alal.,
2007). LD along with the CUT genas probably coordinale suxin
accurulation and losg of Maristem-apecic goane exprossion in
organ asagan {Tekadz el al, 2001; Barghi ot al., 2007).

343 Flors! ovgen poltrity

y (EAned et al., 1968). i kanT kan2 voutle
mmutants, ail fioral organs are aleo extamuly acaxiaizoe (Ethad
atal, 2001; Kevstolter et &l 2D01). Although these KAN ganat A
Mnmymmmhldmgnnnnm“impnmt
in contraling their proper shedal localizzson {Eshed ot al., 2001).
Ewen though KAM and YAR genes may heve common tamats,
they algo have diflerent ones, simce the prenolype of the ff pahd
doarbie mutant ks not quite the same ax the exdreme phenalype of
kan? kan2 (Rowman gt B, 2002].

It hax baen hypathestzed that the "datault” stata of colls Iy tha
abenrlal fata {Soaaau 1954, 1955]. Ganag thet belong i the FHAS
tamily (ciess IH hempedomaln-loucing Zipper, HD-2IF HI; Scssa
ot al, 1998; McConnall of al, 2001; Golz, 2008} of transcrip-
Hoi tactors, ke PHE and PHV, might be acthvated by a proxd-
mal aigaet coming from the apicat meristam. Thase eela that ane
ogrammed 0 yisld he adaxiat porties of te laterat ergen, ang
predictad ko in urn heva YAR and KAN genos reproceod (Bow-
man &l #l., 2007, bn thie reapect, aamidominan gain-oH-unction
s of PHE and PHY genea cause admdelizetion of latensl
omgane (McConnell and Barlon, 1688; McConnsil el al., 2001).
PHEB, PHY, and REV have simllar axpression patterns, Thay am

Extabilshing oman polarity b an importent azpect of mompk
asis and itis imes cearty iatmed with specifls

4l 1 In the SAM Initlating lataral organs and {ater hecoms

of plant organs. Both, edexdal-abariel end procdmeldistal poled-
tlng are reguleted by penalk: clrouliz thet are slmiler for el lateral
ogans (Fpue 2C; Fang and Dickineon, 2007}, sithough sach o~
gan type haa detnc calt ypes and merphogenesls In the rhedel
veraus adaxial suriaces, and in the pradmal versus disiel regions
{Flgures 2C and 6). Organ polarty is el Eniexd to the exinkilah-
mert of hormone gradianty.

firielty. abaxinl fats i conferred by membars ol the YABAY
famity (Smem ot ai., 1998; Siegiriad et al., 1985} and by some of

izl icted a5 the i 3 (McConnel at
al, 2001 ; Otsuga ot ol 2001; Pripga st sl 2005). Flnelly, phe-
notypes of tho loss-of-unction mv mutants could ba Intarprated
a3 heving a partiel loss of admdal idenily (Taberl ot al, 1995
Otsuge et i, 2001).

Besldoa the PHAR function in polarity, I Is aisa Inforsting to
notes thet & pfib phv cna (corona, enciher member of the HI-
AP Il gene family) ripls mutant hea a very similar phenolyps
I those o civ mutams with & distinct increase in organ numbsr
in pach whort. This wouid suggest that HD-ZHP 1] ganes and the
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G.Vpathm regulate mersiem Wmction in a 2imiter mamer, The
v of these caukt i o ho-
stam ool
{Prigge at al., 2005).
ML and JAG are similar genes which ancode CEH2-zinc
fingan {ranseiption et it are propossd o play redundant
in proiiferation and diferartistion of sl cellk, par-
ticularty during amher and carpsl development (Dirmeny ot al,
2004; Oima et al., 2004; Dinnery ot &k, 2008; Xu gt at., Z008).
Thay spacifically work fogathar in determinimg e mber of call
bayore formed |nﬂurxtnm and fike the PHAS farnily, thay ame
rot call-fata geres. Hyp y, LAG the prame-
mmﬂammmndtmbyshmr\gmmm“m
cell division in distal reqons of organe urtit § fnally armests atar
roFmal morphogenesis hag oocurtad {Dinnamy at al., zm;
AE1 and AE? heve ione in the
of adsdal idanthy (O et al., 200D; Sun et =, 2000; Semiart st
at., 2D} AST encodes & MYB-domain transoription factor, and
AE? i & mambar of tha LBD gens amiy {Samnc-Cartagena
ot al., 1890; Byrma et al., 2000; Semlar af al., 2001; Sun ot al.,
2002). AB1 protein is eqpressed i argan initals and physically
Intaracts with AS2 to inkiilt KNOX gena mepession, thoe qukding
primordia toward differertiation {Figure 15; Ot ot al., 2000; Byme
et al., 2002; Xu et al., 200%; Gua et al., 2008).
{Hher reviews an polartty celermination in embryos and In
ledaves are foumd in other chag in this
petem formation tom a single oai" (Barleth nnrlcllﬂlalcl zmz)
anc L saf gevmloprment” (Tsukays, 2002).

&t argan

244 Supaix and peiwiz

Sopale and patale consthiin tha storiio pordanth in e firgt end
sanond flowar whors, msgoethvaly. Tha sopel whor or ealyy pro-
tects tha developing fomt bud and In some plants, bt not in Are-

M may ba in frult (He ot o, 2004).
The patgl whorl or carolle bs genermlly thought io ba Img for

fiower cevaloprestt. However, wa Bl do ot indenstand fully how
such funclional modules inmract with aach other.

A% it wap gaikl batore sepal and petal bowndery and cigan
mrnber astabliistment are conirclied By ihe CUC s FROZ
Panee {ssa Figura 18 and section 3.4.2; Aida ot o, 1957; Levin
ot al., 1988). CUL gane axpreskion & ragulsted by the mifl184c
{encoded by EEFT) m an ongan specihic manmer (Laufa ot al.,
2004; Bakor et al., 2005).

Sevoral genes &6 irvolved in iahving ancd Frsmtaining the
sapal arndéor petal domain and, in & way, dnlnnnlnmgﬂlﬂlmund
ariat batwean e oigant. Ona of the mam actvites of these
gonee 6 0 orxlde AG mpreesion from the first and sscond
whorl. Az stated in zection 3.3, AG is reprassad by REE, LUBG,
EEL, ROXY1, AP2, BLA, ANT and SAP (lor more information
ahout sach gane, saa Table 5 1; Figres 15 and 18).

Eriofly, REE is mainty imohved in Goundary and orgar rumber

of both sapals {r patats, s
miﬁmlmmhnmtremmﬂatmmufﬂuw
oEn E But it is algn i duing ketn petal de-

valopmem as mutards may form famenioss omans in tha second
whorl. RBE spression i controlled by both FTL and UFC {Takeda
atal, 2004 Krizek at al, 20068). PTL 5 a frihely transsdption fec-
for that |s expeessed at early stages In four zonee between the
inlttating sepal priroedis and in daterel reglons of stamen wimor-
dial. tzter on, FTL mpression can be datecied at the margine of
epanding sepats, petale, and etemens (Brewer et 8k, 2004). Thus
FTL may dallmit the AG e reglon v by G
RAE axpragsion (fish, 2008), and it may also be controliing Lateeat
outgrowlt: of mature sepals, petels and stamens defining their finat

shape and orentation (Grifith af &), 1996; Brawes st &, 2004).
UFC s alee gn Important rguigior of petel developman. b
action towerd FAE may ba indirocl, ax # may ba dograding (Bs
part of an SCF E3 ublg Hpase an TEpmS-
scor of RAE (Irsh, 2008). Sut LFO ta s Impartart natwsrk dnk
hatween the AG inacitvetion patrwey ard tha B gana iantity de-
patiraay, by LIFQ) with LFY fo activeds

#tracting polinators {Krizek and Figicher, 2008), bt In an ag-
togamcu plant such as Arabidopsls, the corolie b gonarelly not
sheomy.

Aceoring to the ABC medel, sopal kontiy specification de-
ponds on the acthvity ot both A and SEP ganas (se6 pection 3.5
counanduw-owr:z 1581; Polez at al., 2000}, and patnl Montty

cdepends on the g of A, B and
SEFnenee(seesaﬁim 3.3, Coon anmd Moyarow!tz, 1881, Pelaz
ot al., 2000). Alao, It haa boen shown that sepal and patal kenttty

AP3 ey [See section 3.5 Lee at g, 1937; Samach et
al, 1899 Chaa ot al,, 2008). importanty, UFAC eprossion by alse
mmuirad for norrel petel blado outgrowth efter petel idanitly hes
hoan astptitshod (Laufa ot o, 2003), aa walt ay for dotormingdion
ot sopat shape and nurmber in tha first whor! (Lovin and Mayarem
iz, 1995; Samach ot o)., 1599).

SEV and LLAD alan roprase AR upraacion In the tirst and soc-
and whorts by forming a protaln compia with AP and S3EF3 (iee
saction 3.3; Sridhor of al., 2004; Sridhar of 3., 2008). St these
gonad are aleo part of the: polartty

spocification depende, atleast In parl, on the " ] ag
fion ot AG axproselon in the second whorl (see below).

Soverel penonts known fo il devalop-
ment of sepals, Intivenca petals loc. But knowlodga Is bl lim-
ited eapacially of sepal dovek tal gana natweie. Howover,

& basic GAN for petal pment can ba constructod based on
evailable dala {Figure 18). An staled sarlior, organ identity deter-
prination, boundary establishment, and expreesicn of polarity de-
teeminants are commen Teaturas neaded for the comec] devalop-
peentt of all Lhe fiower omgant (Figura 153, There &re soveral placas

pathwey In the petal GRN, aa they are requined for normal PHE
and Fit. axpressdon (Flgure 15). SEL and LG paricipata in petat
lhape rograation by controding bhﬂoeeﬂ number and patal vas-
pmet Inan AG dant messer [Franke ot al,
2008]. Finally, SEU) s abeo involvad in aixin responee peltoways
by diractly hterecting with ETT, and influancing the finet shepe,
number and phyliotany of petals (Pluger and Zambryski, 2004).
As part of the ladery networh that AG expres-
siol, AP2 io isalf negatively reguiated by miR172 whan pecond
whorl boundaries are determined (Ghen, 2004, Zhac ol al., 2007).

of evidance thet cuggesd thal genoes Iwohead In theee
wiighl be axting &t the aame fme [jor eamplo, aaprossion pre-
filoa and &1 i bybeidizntion esaaya), ol jeast moemerdarily during

Sesidea being a i dator of AG, ANT el affacts omgan
numbar and mosphology in the firat Buee whorts (Eliicit of al,
1888; Kluchar et al, 1808). SAF, anciher requiater of the mor-
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phology of all organs, bul mostly of petals, |s unexpectadly more
Important in later Rowens (Byzova ot al, 1999).

Angthet important indinect repressor of AG is ROXY1. As @
glutaredoxn, ROXY | seems 10 e & medifier of
mmu’onmmmmmhm
AG In the sacond whor! (Xing ot al. 2005, Idsh, 2008). ROXY!
s nlso important for repressing PAN expression and for activet-
Ing other TGA factors at different stages of patal developmant
LI ot ., 2008).

Ganaa that usually work (n ihe establishmant of (ateral organ
polarity (20 section 3.4,3) are aksa Important In determining the
palarity of sapals and petals, .. PHB, JAG, FIL. YABI, KAN,
AS{ and AS2 (Figure 18), Exparimental data sugges! ihat AS1,
AB2 und JAG are negativa reguiators of CLIC12 and PLT (Xu &t
il 2008) This inks the exprassion of thesa ganes with those
Impartant for boundary detarmination in tha GRN of bath sapais
and potals. PHB and Fit. axpression are also part of tha netwark
nd e regulstad by SEU and LUG (Franks af al,, 2006). Lateral-
s dapandant devalopment (s detarmined oy the PRESSED
FLOWER (PRS) homeobox gane (Matsumoto and Okada, 2001).
As with some other genes Involved, s posltion In the GAN |s
unkmown, but by analyzing ihe mutant phonotypes. i becomas
olsar that the same regulatory modules thit undetlie polarty de-
tarmination ure Imvolved (n orgen shepe regulstion,

In Arablidogsis, as in other plants. soveral mutants featurng &
foliose-sepalsyndrome (FSS) (el sepais) have baen isolat-
ed, Ectopic wression of the MADS-box genes AGL24, SVP, and
2M14 (from Zea mays). belonging 1o the STMADS1 1-clade (ac-
oonding 1o Thedasen el al., 2000), resull in FSS (He st al., 2004),
Tha main lsature of thesa lal-ke sapals is that they sre lage
and have leaf-ike steliste irichomes on their outer eurtace. Dne
of the charactoristios ol mp1 mutant plants is that they also have
large or foliose sepals. Thus, it has been proposad tha, in addi-
Mnmwhnﬂmmmm
AP, SVP, and AGL24 may also have & rol i
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Petals have been proposed as an axcefient mods! sysiem in
which ip study development because they have a simple orge-
mﬂnmuﬂﬂhwﬂmm

2008). Alrough much progs made, ok in 3t
nesded for an imegraied and dy g of pesl
development.
145 Stamans

mmmumwhnmmm

Alvites of B, C and
SEP MADS-bax ganes (Casn and Maysrowtz, 1991; Pelaz i al,
2000). A compla nefwork of gane reguistory modules (e simulte-
nsously activetad i young stamen primordis, and thase are slso
Important for orgen morphogenesis (Figure 15). Thesa modules in-
mmmmwmmmmun

| ongans)

mﬁuﬂwmtﬂﬂ HN.WHEW.W(MNH&
and YABEY |FIL/ YABY, YAB2, and YABS) familios. At (ater lages of
slamen development, ganes involved n sporopenssls such as SPL
and BAM1/2, and in aniher developman, such as JAG and NUE,
am arfveted (ssa Figures 15 and 17 for reguistory mooulos and
genes; Scot e . 2004; Ma, 2005; Feng and Dickinson, 2007),

Among the most srikng stamen developmant mutanis (s i1
(ailso called antheriess snd Lndeveloped snther) whicn bears
nonmal flements with netther anthers nor pallen. The FIL gane fs
YABBY-Ske and the i phanotype suggests thal the developmen-
1@l programs of the filament end enther ere controliad by indepen-
dent regulatory modules (Sandars o al., 1099),

As mentisned in saction 3.3.1, SPLNZZ s assential for male
and femals reproductive development and s probably the first
reproductive gene to be acthaisd in the anthar or, &l least, il in
e orly gens that remains agtive duing most of sarly anther

(Haetal, WLNMMMMMH-I-
olhar sapal specific genas is 518 unknown,

Final sapal andior petal morphology s also determined by
FRLY (Hase of al, 2000; Hasa ot al, 2005), TSO1 (Haussr &t
ul, 100€), the APIP| reguisio genas GNG, GNL AMgS0270,
HXK? (Mars and Insh, 2008), and NAP (Setiowikd and Mayerow-
Iz, 1806). Excapt for FAL1, which i L
control, end TSO1, which is laly involved in chromatin remodei-
ling, the position of thesa gonas in the patal GAN has alrmady
bean established (see Figure 16).

Using mecronrmay approaches Welmer et al, (2004),

dh This lion lactor gane s mpressed duing
micro- and megaspongenesis. AG dinctly induces SFL but AG
snot y ot g il exp (Mo ot al, 2004)
ﬂmnm&bmmmmhu
tapetal lissue, i anther wall and nu-
cafus development (Schiefihaler of &l 1869, Yang of al . 1969)
Intevestingly. BAM1 and BAMZ, which participate in the first cal
division of the archasporial calts and the subsaquent perinal
divisions to produce the somatic cell layers, sm propoased 10 form
& raguiatory loop with SPL (Figura 17; Hora et &l., 2006; Feng and
Dickinsan, 2007). Since SPL maintains the sporogencus ectivity
in fha > cels, and BAM1/2 maintain somabic dit-

gene expression levels within diferent floral homeabic mutants
(sea soction 3.3.1), Thair finst study of stage 2 fowers idant-
umiamummmmum
y (o p ) in petals. However, a
mmnwﬁmumammm
have just formad, revealod thal 199 genes are upregulated

ferentistion, bam ! bam2 anthers have cells infaror 1o the epider-
mis wilh charsctaristics of pollen molher calls (Hord ot i), 2008).

Although SPL is ona of iha genes expressad ine sariest in
staman davelopmant, i is not the only one. Ectopic expression of
SPL inall the whoes of an ag mutent, results In the formalion of

181 penes downvegulatod (Figures 3-4; Webmer ot al, m
Orm speculation s that sepals are relalively simple organs and

gia anly in the latacal parts of ihe staminoid ‘petals’,

suggesting that mi gial locakzation fs estabished inde-
pendenily of AG, and tha! fhere |5 &t leasi one other SPL Inducsr
fhat s axp 4in Iha second whor, and not in ather whors (o

nat many spectfic ganos are imvolved (n their devalop Bul
more datalled studios are st requived. Results also sugges! that
genes requiating sepal and petal development may have been
reoruted from leat dovelopmental paltweays, and. hance, ars nat
specific for the development of thase organs,

ol al., 2004; Fang and Dickinson, 2007). TWa other genes, JAG
and NUB piay & crudial role in the formation of the four-locular
anthar t d of SPL on. jag nub dou-
mmmmmmnpmm Instaad, ey
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JA

—

Pallan mitosis

flower 0 "

Stage

Aniner dehiscance

Fllament elongation

Figure 18, Stages of samen P

Al stuge 10 of fiower developrmey, the ausin (WA) concanimibon (yellow mrraw) pesks {red graclent) hhmmﬂwlﬁmmﬁnh
e iming

woryale snd A prevents

1 futesr miy A b
That poaks (dask groen gredant) ot stages 11 snd 12 (Nagnal ol al., 2008}, JA

\green amow)
b A At arsl

flowe opuning (Ishguro t al., 2001). Alhough i s nat b
rogenashs. Polisn devel i amthers of GA
P0O04; i of ., 2007}

L ygee-fike struciurz SPLin its tips (Dinneny
ot 2l 2006; Fang and Dickinsan, 2007).

Thes comact numbss of morospoangial intials and the sbise-
quent production of ihe kpetal csll and micks coll layer idan-
s G properies specified by & puistive LRR roepior kinass,
EXCESS MICROSPOROCYTESY (EMSIVEXTRA SPOROG-
ENOUS CELLS (EXS) (Canales ot al,, 2002). Ungil recently, the
ligand lor EMS1 was unknown, though |t was hypothesized that it
ookl be irvoived 1 the same signaling pathway s the TAPETAL
DETERMINANT | (TPDT) garea. Both fodf and fodf amsT mu-
“mmnmmmmmmm

(Yang et al, 2003).
W.:nmmmmmmm
EMS1 and Induces s phosphorylation suggesting thal TPD1 s
he igand of the EMS1 recaptor thal signals call fate dalerming-
Bon during sesus csll morphogenesis s et o, 2008,

ROXY1 and ROKYZ red,
wmwmmmmmm
of rowy! misants might be fused and the kormer ae somatimes
missing (Xing ® al, 2005) i thess mutants, the adméal snier
labes are effected |n sporogencus cell lormation during early -
[mrantiation steps, abaial lobas develop normally but pollen moth-
o cols deganente, nﬁmmnmmmﬂu
most of tha locule space. ly, thhe tapatur

e CIA (biin mrow) famart ok and microspa-
mummmu—wu-mmm--

ROXYT and ROXYZ function o of SAL jand upstr
DYSFUNCTIONAL TAPETUMY (DYTT). As with ofhar glutsmdo-
ins, they may neod an imenction with ghaathions i catalyzs bio-
synthetic MKCTONG. SUgpasting that hay may have a roke in radox
OQUIAKON BNGYOr pAant siss Owienas MEChanaTs mohed 1 e
control of Mrae QuTwiogenesss (Xing and Zachgo, 2008).

Alter tapetal cefis @ specilisd, A mnge of genes 5w sssen
il for subsequent development W.ﬂlﬂwﬂ‘lﬁ

factor which A of SPL and EMS1
Howevar DYTT ia rot able to complament the s/ or msT rmutant
phanotypes whan il is P g et il is raquired

umwhmwmmdﬁ»
ol anthor

eveniually oollapse. Suvd wwm such a5
MALE STERILE 1 (MST) and ABOATED MICROSPORES (AMS)
& upraguisted by OYT! (Zhang et al, 2006), In ms1 mutsnts for
wiample, lpotal coll abnormalites can ba seen and pollen deval-
opmant & amsstnd [ust ufter microspores are released from he
tatmcs (Bowman, 1964; Wikson al al, 2001 Yang f al, 2007a)
Other ganes that participata In tapetum developmant include FE-
GEPTOR-LIKE PROTEIN KINASEZ (APK2), FAT TAPETLM and
GUSNEGATIVE? and 2 (GNE1, GNED). APK2 reguiates tapetal
fnction and midk (myor difsrntlation (Mezuno et al, 2007), FAT
TAPETUM, whan mukated, has & middie layse thai tails io coltapse
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aitar meiasis and shows tapedsl-ike bahavior (Sanders st al., 1808;
Ma, 2005). In gnet and gra? mutanis the sporogencus cells en-
tar meiosis, but cytokinesis is fraquently arested. The faw highly
sbarant teirats formed dag aarly and micrsporangia of
rature anthers and up empty (Sorensen ef al., 2002).

Sevoral mutants affecting pollen development have been
described. polleniess; three division mutant (fdm1), msS5, ms3
and ms18, daferminate infsriile] (ciff); switch{ (swi1); defecti
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JA has baan ahown to ba involved in at Isast three androecial
developmental path filament slang aniher dehi
and pollen produchion (Mandaokar et al., 2006). Different male
sterile mutants have been found fo be JA biosynthelic mutants
{McCann and Browse, 1996; Sandars et al, 2000) Including: tha
triple fdf mutant (fed3-2 fad7-2 fad), which lacks the faity acid

L of JA; defe i anther d 1 (dad1), which

pollen 1; and 6482 among othars (Bnait et al., 1999; Sanders et
al, 1899, Soransen 2002). Meiotic calls in poflenfessd anthers
undargo & third division without DNA replication generating soms
cells with unbalanced chromosome numbers. (Sanders # al,,
1968) or “tetrads” with more than four microspores. diff and swit

des & phasphal A1 that 1} the initial slep of
JA binsynthesis; and dd1, a mamber of the 12-0XOPHYTOD-
ENOATE REDUCTASE (OPR3) gene family (Stintzi and Browss,
2000; Ishiguro et al., 2001). OPRIDDY |s expressed in tha sto-
miurn and in the saptum cells of Ihe aniher that are imnvohved in
pollen refease. All thess mutant phenolypes can be rescued by

mutants have micro- and megaspores of unaven sizes
ihe encoded proteins are essentlal for slster chromatid cohesi

0 ipplication of JA, suggesting that this hormona plays

In male and female maloss and 5o mutants are totally infertile
(Bhatt &t al,, 1999; Parisi et al., 1999; Marcier et al., 2001; Ma,
2005). Finally, ather pollen mutants exhibit shnormal callose de-
position (ms32, ms31, ms37, 7218, and 7593).

There are |ate-developmental anther mutams that affect an-
ther dehiscence. In non-tehiscance | mutani plants, anthers con-
taln apparantly wild-type pollen but do not dahisce. It has been
hmhmam:nﬁlmaihmmhnpmm which Is

mafly for det might be inactive in this
mnm{smmanl 1888). ms35 ia also affectsd in anthar
dehiscence, because endothecial cells fail to develop the lignified
secondary walls that after d shrink ditfe Iy leading
io the retraction of the anther wall and full opening of the stomi-
um {Dawson &t al,, 1898; Scott et al,, 2004). MS35, now MYB25
(Steiner-Lange, 2003), |s expressad during early anther develop-
ment and may be a regulator of NAC SECONDARY WALL-PRO-
MOTING FACTOR 1 and 2 (NST1, NST2), which have also been
linked to secondary thickening In the anther endothecium (Yang
et al., 2007b). In delayed-dehiscence mutants (dd, dd2, ddd,
Mdﬁ}mhﬁrMImwmmm:lmmmw

an imp role fn g the timing of anther dehiscence.
Interestingly, RAD1 Is & direct target of AG (lto et al., 2007).

Similarly, the coronaiine insensifive 1 {coff; JA receptor)
mutanl is defective in both pollen devel | and anther de-
higcence. Stamens of colf flowers have shorter flaments than
those of wild-ype flowers and anthers are indehiscent contaln-
Ing pollen grains with conspleuous vacuoles (Feys el al,, 1994;
Xig wi al, 1998).

Three related polygalachuronases, enzymes Involved In pectin

gradation that [ call separation, are also jmebved in
JA-mgulaled anther dehiscence. ARABIDORSIS DEHISCENCE
ZONE POLYGALACTURONASE 1 (ADPG1) and 2 (ADPGS),
and QUARTET2 (QAT 2) gene expression are distinctly reguiated

by JA (Ogewa &t al., 2008).
To detamine the j lated stamen-specific tran-
i the I fles of JA-reated and d oprd

mmmmﬁmwdﬂ.m It was found
that 821 genes were |nduced (70% of them expressed in the spo-
rophytic tissue) and 480 genes were rapressed by JA and 13 tran-
seripion factors were identified that could ba importand for stamen
maturation pathway(s). Of thesa, MYB21, MYE24, and MYE2H are

stigma is no longer recepti
Mmahokmu-ﬂwmmlenmwﬂ{ﬁdmud"
18a3). On tha conlrary, In dedechive-poliant, 2, and 3 anthars are
ahie to dehisce, but the pollen is abermant and unviable.

Recent publications have established that gibberellic ackd
(GA), jasmonic acid (JA), and auxins & involved during stamen
development (Figure 18; Fiset and Sun, 2005; Nagpal et al., 2005;
Wi et al, 2006; Cecchert et al., 2008). The GA-deficlen mutant,
ga1-3, producas an abortive snther whars microsporogenesis is
amested prior to pallen mitosls (Chang et al,, 2004). Mutations
In wo GA receptors, GA-INSENSITIVE DWARF1a and b (AMGI-
Dia, b), affact the elongation of stamens, suggasting that thess
recaptors have specific roles during stamen developmen (luchi
et al, 2007), GA Induces Ihe degradalion of the DELLA pralsin
REPRESSOR OF GA1-3 (RGA) upon ublquitination. Microarmay
analysis shows that 38% of the AGA downregulated genes are

7 d in the mals g phyte &t varous stages of micrm-
sporoganesis (Hou et al., 2008},

Temporal coondination of the elongation of Flaments, pollen
maturation, and dahiscence of anthers s important for efficient
fertiization. The exprassion overiap of AGA-regulaled genes and
jasmonate-responshve ganes during stamen developmant sug-
gest a crosstalk batween GA and JA signaling pathways in these
processes (Hou &l al., 2008).

JA-responsive genes (M kar et al,, 2008). myb21 mutants
have short fllaments, are late fo dehisce and have reduced ferilry.
Though myb24 mutants look ks wikd typs, myb21 myb24 double
mutants have 8 more severa phenatype than myb21, suggesting
mmmwmmmmmimlnmm
aspeas of JA-depel lopment. MYB28is invoh
in amino sckd and i Is gulated by both JA and
RGA. This study also uncovered sevaral other blochemical path-
ways that could be Imporam during stemen and pollen matura-
tion. Other results Indicate that JA coordinates pollen meturation,
enther dehiscence, and flower opening {Ishigure etal., 2001 ), Aux-
Ins have alsa heen proved (o particlpats In Ihess processes &
a8 double mutants are defective in anther dehiscanca probably
because they produce loo llitke JA. Accordingly, this phenolype
unhumw»dhvappﬁmﬁnndﬂﬂ‘mlatsl 2005), How-
ever, albins trigger Mament elonga an-
Mmandpdanmmhnmmmmm
development, While JA production peaks at stages 11-12 of flower
development (see Figure & and 18; Nagpal et al., 2005) auxin
recaptors (TIR1 and AFBs) are sirsady expressed at the end of
medosis. Mutants [n these genes cause the release of mature pol-
len gralns betora filaments elongate, At (ater stages, the amolnt
of JA decreases allowing these proceeses ko continus (Figure 18
Cecchetl ot al,, 2008).
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Carpel development
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flower stage 6 llwullm'll 7 aymargids
Ar = M —+ MMC —= Megngan ~+ ambryo sac | 1 ecg csll

1 taniral call

3 anlipodats
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Figrure 18. Main stages of caepp! devalopment and some genes imvolved.

Thrao differant steges of corpid developmant afs repmsantad by tha schamads In the Uppar part of tha Ngure. Brietly, & sags 8, ihe central zona of the FM
begins to grow upward and svaniually will lonm e gyroooiim. From stagaes 11 &0 13, the ovuls srdmordia (O] arise from the placeria flanking tha medial
ridges, and the Archespariel cell (Ar) develops from m singla hyposermial csll @l 1he ovule, The Ar than forms fhe megaspone moiher cell MAC) ihrough
mspisporogandsis, and the MMC forms the smbiyh st throlgh megagamsingenesiz. The smbiyo sac congists of 2 synengads, 1 agg coll, 1 contral oal

and 3 anipodsl calis. The madia! rdgss mueat in tha center of the frur 1o form he saptum (sm) which divides iha g In P
Thee rrature gynosclur bs exterrally kermad by the fusion of beo valves (val; Intenally, | also carries oty dife I one L1
oW EMbIYD S8C.

Carpal-speciic gane networks are shown in bius. For genes and refarencas not in ine main ied, see Table S1. Part of Sn natwork shown hene was mken
from Aoeder and Yenolsky (2006) end Balenzs of al, (2006), Color codas of Imereciions end ganaffons) ongens we acconding to those of functions mod-
ulns oantiled in Figum 15 Arows and bars indicate positive and negative regulatary ioragtions, mapacvaly,

Adtilional stemen of pollen microarray analyses have been
parfarmed recontly. For example, a clear difference was found be-
ween tha ganes that are expressed in the sporophyta and in pol-
lan with 38% of the expressed genes baing pollan specific (Honys
and Twell, 2003, Pina el al.,, 2005} The global gene exprassion
prafiles of wikd-type reproductive axes have been compared o
those of the floral mutants apd, spinzz, and ma?1 in order 1o study
gone eupression doring stamen developmant and microspore
formation {Nmﬁlmmul 1'007] The data suggest fhat dif-
Terent dulss may control specific
stapges of anthar and miuwurs davelopment (for further detalls
s86: Amagal of al, 2003; Cnudde et al,, 2003; Hanys and Twall,
2003; ZIk and Irlsh, 2003a; Wallmer at al., 2004; Pina g1 al., 2005;
Alves-Farmelra of al,, 2007, Verelst et al, 2007).

34.6 Carpels and ovules

Carpols are specified by the C gena AG, and the SHP1, SHPZ,
and STK ganes (in an AG independent manner) together with
the SEP ganes (Bowman ol al, 1989; Cosn and Mayarowitz,
1881, Favaro of al., 2003, Palaz et al, 2000, Plnyopich et al.,
2003). Thay arise (n tho center of the flower meristem and whan
carpels aro fully ihe foral colls o
compistaly consumad. Carpels are the mos! complex structures
within fliowers and 8 GRN underlias iheir developmen! (Figurs
18; Table 51), Comprehensive reviews on carpel and frull de-
valopmant can be found In Bowman el al., (1988), Farrandiz af
al., (1999), Balanza st al., (2006) and In Roedsr and Yanofsky
{20086) In this book,
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AT Nectaries

Littie is inown about e molocular ganetics of nactary dovalop-
mert. | in cioar that noctaries ave ABC dndepenvient because ag2 2
-1 g1 iriple dervsiop ETough in hees
mm-mmm ABC genes may
g -1 a1 ardd 8p5-5 g Sdoutis
mumm:xmﬂhﬁmlpd
y formation (Loe of &L, 2005a).
Bevera gones have been found lo be expressed in the nec-
tarias (n.g., SHPY, ALC, SPL MSSS and XALT), but no deisc-
able dolect is oossrved In thelr epectve mutarts (Figure 5G;
Schiefthaler of al, 1989; Roeder and Yanofsiy, 2006, Yeng et al,
2007h; Tapie-Lépsz of al, 2008). The only gena that has besn
cloarly relaled lo nectary development & GRG, which s also im-
portart for gynoecial devalopment (Avarez and Smyth, 1098;
Bowman and Saryth, 1999). The ieguistion of CAC in the nacter-
loa seoms 1o be indopendon of its meprassion In the gynoscium.
Expression of this gene Is already deteciabls af stage & of flow-
we davelopmant n tha sma where the nectaries will be formed.
This, GRC may bo important for the oarly specification of nodary
dh(!ﬂmwll'ﬂhwl 1mmwﬁ:um
for or of tha becauss it is ax-
pressad af high levals when Ihey devikop (Bowman and Smyih,
1968) and cro mutants have doects in nectary developmant, But
CAC i not for nectary f bacause i aciopic
wression doss nol yield ectopic necturies (Lae el ak, 20060).
Bioimormatic and functional molecular genatic approaches have
Dbean laken 1o discover companenis of Iha regulsiory netwark in
which CRC paricipates during nectary and carpel developmant.
A combination of foral homeotic gong activiies scting redundsm-
Iy with mech othar, Involving AP, P/ and, AG and in combina-
fion with SEP protains, activals CAC i both organs {Les of al,
2005a). Inferestingly n anolher siudy, GRC was aiso found io be
u direct target gene of AG (Gémez-Mena of al, 2005) and io be
Indirectly reguisted by LFY and UFD (Laa ot al, 2005a). A model
has boen proposd in which {FY and UFQ achee downsirsam
MADS-box genes which could be workdng in conjuncsion with
egion-apeciic lecton 1o acthale CRC during neciary snd carps!
development (Lo ot &l , 2005a).
Mm-“unmmm
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In particular, in lowsr development (lor reviews Abarez-Buyla sl
&l, 2007; Grieneisen &nd Scheres, 2008), Al the level of GAN,
maMemaica! and computalional mods provide usaful ook for
Inmgrating end inlerprating molacutar genelic information, or lor
ng gass and Siorg 1 e mence tor parboutsr
funciionsl reguisiory modules. Al ofhar ievals, two of Thee-d
mansionsl morphogenelic models of coupled GANS within oalls
or amang cals & usstul for understandng epaiiatemporal cell
paitarninig In indiidual organs and overall pard arcilecture; and
this enables novel insighte (ko the machanisms underying de-
vlopmental pmosssas Io ba mate. Such morphopenetic modis
mmamﬂmmmmm
hmmwmhmw
Irat guids novel exparimants in biological development.
unmdwmmwm
hniquas develop, theme continue
hnbmmuﬂmuﬂdnuhdmmm
mmmmmmmumr
fasting Thess to discussions
ummhmmwmwm{m
Kauftman, 1868; Barg et al, 2004; Milo o al, 2004; Wagnar, 2008;
Abmrsz-Buylla st al,, 2007; Bullaza o al., 2008), In Ambidopals,
sarly flowsr developmant has baan studied using dynamic gene
ragulatory netwons (GAN) models. Such modals have helped
capturs e logic of gena regulalion, moally al the transcriptionsl
lavel, during cell-type specification |n various sywlama (0. von
Dessow et al., 2000; Esplinosa-Soto et al,, 2004; Huang and Ing-
e, 2006; Li st al, 2006; Benilsz af al, 2008), In thia section we
focus on this modeling approach and present some of the main
resulte derived Irom network modeling In flower developman.

4.1 Gane Reguiatory Network Models

In thia saction we review some ceniral notions in GAN theory
and the main ssumplions al are made and present some of
tha main resufts derved from retwork modeding in flower devel-
opmant. GAN models ar composed of nodes, which mand lor
mwmmwummw
the g niodes (arfows 1o upraguiation and bars

hawve Desn i & raguilstor of pectary devel nthe
com sudicot plant insage, A s ancestrl function could have
been reisted 10 carpal developmon (Lo e al, 2008b)

4. THEOARETICAL MODELS: INTEGRATIVE AND DYNAMIC
TOOLS FOR UNDERSTANDING FLOWER DEVELOPMENT

A chaptar, morphog pttar

ying fower development arise from complex, oltsn non-adidiive,
Internctions among several molacular and other kinds of compo-
nonts (0.9, cells) and factars (0.9, morphogan gradierts, phys-
| mndd geommiricsl constminta) at differwnt lavels of organization.
Drynumical models can be used to study the conoarad action of
miany saments at diferent spatio-temporal scalve and lvels of
organization; an approach which is becoming balh necessary
and possible for understanding how morphogenetic patiems
onarge and are manialned durlng developmant In genaral, and

for o ! for P Figure 20). Genes in the
GAN mocal mey take different actvation sialss, depanding on
tha actvation states of their inputs. Given tha architecture of the
network and the sign of the imemsctions, I is possible 1o define
3 55l of rules or kinstic functions that govemn the GRN dynam-
ics, that is, the way scSvafion elates of Ihe genes change over
Iiu.'ll—rhwmhﬂummbﬂdlﬂmd-
isd 1 ths context of diffarent mat! s0me of
which hava been thoroughly reviewad elsawhare (Gibson and
Mjoianeas, 2004; Alvaraz-Buylls el al, 2007). n axparimantalty-
basad GFNg, the dynamic rules may be cbisined from reported
molecular genatica data as wall 65 fom funclional genomics
datrgals.

‘The kinatic functions of pane activation depand on the statsy
of the Input nodes and are muliivariem. Those may ba modaled
witn discrete of comtinuous funclions. Iy Ihe former, Boolewn
functions Inat allow only “0° {OFF; nol expressad) or *1* (ON;
axpressod) veluns for tha nodas have bean successhully used

Flgure 20.F o oo raguik

natwoilk (FOS-GAN)

modal
The dingram showa DRN wpology whar circias of nodes carmapond o

then the slements of ine GAN change Meir actvason state ac-
conding 10 the dynsmic nikss untl they reach en attractor. Kaull-
man (1969) proposad tha! Boolesn GRAN atractors comespond
10 tha activation profiles typical of dfferant cell types and there-
fofe that axplorng he GRN and dy s funda-
manml 1o understanding coll-type determination processes. This
ides has now been verified woenmentally and explorsa Iunher
(8.5 Albart and Othmer, 2003; Huang and ingber, 2008; Avarsz-
Buyla ol al, 2007).

Angthar helptul notian In GRN dynamical studies ia that of
basing of atraction. Given the dynamic rules of tha natwork,
the sel of initial conditions that lead 10 each of the stactos is
known an s basin of attruction, As wa discuss below, the oon-
capts related lo & GRN - attractor, initial condition and besin of
attraction - may be uselful In addrassing soma perfinant aspects
of flowar davelopmant.

4.1.2 Functional Modules in Flower Davelopmant

Tha twnctionel data on penes (nvaived (n fower development
toviowed In this Chapler sugges! that severl regulatory mod-
Ules act al different stages and |n difierent structures (Figures.
9, 15-17 and 18). We define & regulatory module as & set of in-
teracting genes thal have more nteractions amang themsaives

penag o prowing, And amows and hams comespand (o poslive and nege- m“hd"'m'h dul ""_.J

Ve mguiicry Intsrctons, rspectvely. The SEP node rap e @ that thair dy outcomes sra fairly independant of
SEPY, 2, and 3 gansa ogesher. The Ineracions wre updaied with respect 019! f0GUI0S, |1 Figuire 16 we have presentad ihe bast-sludied
10 prewous p Sofo @i aL, 2004, Chaos ot ., 2008),  Modules associated with llower developmant. The sppraach de-

mwmumumnmq—mm

muuwm|umnwmmu

soribad hams for the lunctions! module that includes the ABC
genes could In principle be used for all of these madules as
sufficient nodes have been ideniiind and heir regulalory ims:-

mode! (and Table 52 lorthe
mmmnm

o recover the key qualitative espects of GFNg (e.g., Albert and
Ottwmer, 200%; Espinoss-Sotw &l al, 2004]. In Boolsan networks,
parsmetsrs of speciic kinetic lunctons am nol required. || s ap-
propeiats o assuma that the GAN nodss are Boolesn variables
@iven that (1) renscripional reguiation may be discrets and lake
piace in the form of puises, rziher being confinucus (Ross ef al.
1994, Fiaring et al., 2000, Ozbucsk ol al., 2002}, (2) the axperi-
menisl duls al hand can ba readily formalized &8 logical ruies
(s8e detalled discussions in Albert and Othmer, 2003; Espinosa-
Soto ot al, 2004; Chaos et al, 2006), while thers ars no or vary
few evailable data on p quired 1o postulite continu-
ous functions; and (3) In complex GRANs with many components
Interacting in non-linsar manners, the overal lopology of tha GAN
and (he form of tha logical rules of gana interaction, mthar than
tha details of the kinetic ane what the qualim-
five network dynamics.

Indepandeantly of the mathematical lormallsm used, dynamical
analysas of GANs mosily focus on finding the sleady gene active-
ton proflies, thal s, the conligumstions of the network that, once
reached, remaln in hal configuration. These configumtiona are
called atimstors. The GRAN model may be initialized on & particy-
lar gane-activation configuration known &g an initlal condition and

actions rima. iy, modals of coupled GRN hat
considor soversl such modsls together, both within &nd among
calls, will be possible. For now, we Nave focused in just one such
wm

yzad e regu-
mmmmumm-u-m
mm-mu“nmuu

infioraacence and homi nto
ﬂhhwdhmmnmﬂum
subregions s comp of the p fial cells thai i

whhﬂdummdﬁm““
stamens and carpels.

We use this functonal moduls as & working axampie of the
motoco! thai has boen used in order to assemble an experi-
mentuly grounded gene reguinlory network (GRN) modsl cor-
responding 10 & functional modula. Then we demansirais how
onoe such a GRN model ks postuisted, 1 is possible 10 lollow its
dynamics, and axpiore how i concerted acton of mulipls imer-
connoctod molscular compononts evorually lead o siablo gano
expression profiles that mity be compared to those o rizh
differant coll types, Then we L
up&humbmlmabdﬁﬂﬂﬁmmbhmmm
patiem formation and morphogaenes:s during the early stages of
Nowar davelopmont, whan e flom| merstem k& partiioned inlo
four conceniric rings of primordial cells. Finally, we review other
madalng approaches that are usaful 1o study signal imnsduction
Palheys.
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4.2 Arabidopals Flower Organ Specification GRN (FOS-GRAN)  AG, SEF); soma genes that link floral organ specification to alher
modules regulating primordia formation and homeostasis (AG,
Soon aftar fiowsring Is Induced, the flower meristem is partioned ~ CLF and IWUS), and some regulators of organ boundaries (LUFO
Into four concentric regions of primordial cells from which fioral  and LUG, Figures 9, 15 and 20).
organs will later form. During the last decade, an experimentally- Tha main result obtalned from analyzing this GRN |5 that the
grounded GRN modal lor flower organ specification (FOS-GRN)  postulated netwark converpes to only ten attractors—even though
has been built and investigaled (Figure 20; Mendoza and Alva- it can be Initlalized In more than 130,000 differant configurations of
roz-Buyfla 1998; Espinosa-Soto et al, 2004; Chaos et al., 2006;  gene activation. Furthermare, the atiractors—the stable configura-
Alvarez-Buykia st al.; 2008). This model incorporates tha intri-  fions recovered—maich gene activation profiles typical of the four
cats regulalory interactions among ABC genes tt lves and  inflo : regions (i.0., & region lacking WUIS and
among ABC and non-ABG genes that are key to this process.  UFD, two regions with either one of these two genes turned on,
This functional module Includes: some key reguiators underlying  and a fourth region with both genes turned on; see Esplnosa-Soto
the transition from IM to FM (FT, TFL, EMF, LFY, AP{, FUL);the et al, 2004), &5 well as those of primordial sapal, petal, stamen
ABCs and some of their interacting genes (APT, AP3, PI, AP2,  and carpel cells (Figure 21). This shows that the FOS-GAN [s sul-

o ] 0g (]
G. 0. ﬂ. 0. .. Py .. 9.
(-] e 0 e 0 e @ ]
L] o e e e e o ]
e » e » e o (]
.o.. B°.. aea. .@‘.
Figure 21, op and flowsr develop and FOS-GAN.
(A) SEM colored where four reglona 17, 12, 13 and |4 are distinguished within the IM. FMs are also seen arsing from the Ranks of the IM,) The oldest and

& he youngest.

[E}I1 12, 13 and 14 regions of the IM comespond ko four of the FOS-GAN atiraciors. Expressed genes for each attactor are representad as green clrcles,
d genes pond to red clrcles (nodes are n the same relafive posiilon as in Figurs 20. * marks the position of the EMFT node for

lurmsnhm:mmuumMmmpmmmmmmmmwswmmm“ommmmwm

neither exprossed.

(C) SEM yguish four types of primordial cells in young Nowes merislerna. Each will eventually develop info the different Nowsr organs, from

the llower poriphary 1o the center, sepais (sa), patais (po), stamens (si) and oarpels (ca).

(D) The six atiractors of the FOS-GAN model maich gane expression profiles charasieristic of sepal, petal (p1 and p2), stamen {511 and st2) and carpal

primardial calls. The gane activafion profiles of the atiractors ara congruent with the comé | activiies of A, B, and C ganes described in the ABC

modal of Moral organ dateemiration (adapled from Alvarez-Buylla at al., 2008),
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Figurs 22. Basins of sttraction for the four lowar organ FOS-GAN attractors.

Petal 2
e (a
@. e. Y .
@ e &
2 ® -~
() @ -

Anractors of FOS-GAN maich the gana sxpression proflies of the lour types of floral organ primordia of young foral buds (sepal, patal, starman and carpal),

The tan diagrams depict the GRN af 08 and 13

o gana profiles) thet lead o sach of ihe attractors,

Points In the outsrmost kayers of these fan di pond to initial

of the network and they are linked to the

Patal2 and Staman2 stand for one ol the two possible afiractors for sach m;IIlmuumm Relative position of nodes and their colors as in Flouraﬁ

* marks Iha position of the EMFT node for furiher referance.

ficient to recover the gene activation profiles required to specify
primordial cells during the first stages of flowes organ develop-
ment. Tharefore the GRN itself constitutes a functional module
that robustly leads to the gene cenfigurations that characterize dif-
ferent regions of and flower during sarly

and p asetofgena | with the ABC genes, that
are also sufficient for FOS. The functions and Interactions of the
genes included are reviewed earfier In this chapter.

The FOS-GRN was validated by using this model to simulate
the aﬂect of loss-ol-function mutations or overexpression, and

flower p and this indep ly of the acti states

paring the rasults racovered from the model with the gens

of additional ganes that ara o this alucid
oy mnﬂule. Furthermore, various robustness analyses nm been
g that the d ara also robust in
raaponne 1o permanent alterations |n the logical furnlonsui gens

jons and the inclusion of gene dup! Tr

thesa results (Espinosa-Soto, et &l,, 2004; Chaos st al,, 2006) sug-
gest that FOS dynamically and robustty emerges from complex
natworks of molecular components, rather than from a series of
lingar or hierarchical gene Interactions or from the action of partic-
ular ganas. The FOS-GAN modeal not only recovers the ABC gens
that are y for FOS, but It also provides a
dynamic axplanation jor the formation of such gens combinations,

profiles determinad i lly in mutant or ovar-
expressor lines. The mutants wera simulated by fixing the state
of the gene to 0 for loss of function, and to 1 for gain of function
or overexpression (Figure 20, Table 1 and Table S2), In all cases
tested, the and emp ly-reported profiles
(Espinosa-Soto et al., 2004),

In addition, this GRN modsl has enabled investigations to ba
made into the sufiiciency and necessity of particular gene regule-
tory Interactions, which have led to novel predictions. For example,
thesa analy dicted that AG lated Itsell (Espi
Soto el al., 2004), which seemed somewha! counterinfultive at
the time, but which was then verified by independent experiments
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(Gdmer-Mena el al., 2005). Also, computer simulations of the
FOS-GAN thal show that Iis atiractors are robust to different types
of perturbation and to duplications (Espinosa-Solo &t al., 2004;
Chaos et al,, 2006) can account for the overall conservetion of
the Nower structure throughout engiosperm (particularly sudicot)
‘evolution (Rudall, 2007; Whipple et al,, 2004; Adam et al., 2007).

Sinca the FOS-GRN modal was based on thorough malecular
data and Is one of the few well-charscterized regulatory modules,
it nas bean used as a ‘model GAN® for furthar methodological,
theoretical and concapiual developmants In GRN and systems bi-
ology research (Table 2). The main conclusions obtained from the
first varsions of this GRN have baan confirmed. New data regard-
ing FOS are continuously baing generated (novel data are also
summarized in Table 1) and the FOS-GRN constitules a basic the-
arotical framework in which to intograte it alongside previous data.
Hare, we have updalad the FOS-GRAN taking thesa novel data Into
account and conclude that the basic module originally put fofward
(Espinosa-Soto et al, 2004; Chaos et al., 2006) ks robust 1o the
addition of thesa nawly discovered interactions. We consider, for
instance, thet EMFT downregulates AG (Calonje et al., 2008), and
AP P! downregulate AP1 (Sundstrim et al,, 2006), so the postu-
faled module seems to be robust fo the addition of intermediary
companants of previously missing interactions.

Simulations of the updated FOS-GAN have bean parformed
with the new software, ATALIA (htip:/www.ecologia.unam,
m/-achaos/Ataila/ataliz.him) developed in the Alvaraz-Buylla
laboratory by A, Chaos-Cador. This tool can be used to readily
updata this and other GRN models and explore Iheir dynamics.
We lustrate the use of this software with a visuallzation of the at-
tractors' basine (Figura 22) and a simulation of the updatad wild-
type and cartain mutant FOS-GRN dynamics (Figurs 23).

In the simulated FOS-GAN, genes can fake only two activation
states: 0 for no expression and 1 for expression, Hence, by using
combinations of 0a and 15, we can describe &l the possible initial
conditions of the GRN. Figure 22 presents the so-called fan dia-
grams that show all the GAN configurations leading to each of the
attractors. Knowing the relative sizes of the basing of attraction of
aach steady state |s the key to exploring the robustness of sach
attractor [n the lace of perturbations,

ATALIA can also calculate the aftractor thal every possibée ini-
tial condition will eventually reach and show this infarmation in &
tapestry of gesfinies, In such tapestries, each possible configu-
ration of the GRN s represenited by a square in a lattice and is
colored according o the attractor I reaches. Moreover, ATALIA
can draw a lapestry that the difference b the
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pressing fines, and to posiulate novel interactions. Eventually, wo
of more functional modules may be interconnected via common
components fo postulate GAN aggregates. Such an approach will
be useful in beginning to uncover the types of microtopological
fraft that chamctarize the nodes connecting diferent functional
modules, for example.

Wa have flustrated the potsniial of using dynamic GRN mod-
&ls to understand cell differentiation using a relatively small and
wall-characterized module. Approaches used for small regulatory
modules that are well-charactarized In farma of molecular ganet-
Ics, shou'd feadback from functional genomic efforts that span the
dynamics of & larger number of genes of proteins under diverse
contions and developmantal stages or tissuas,

42 Temporal and Spatial Patterns of Cell-fate Attainment
During Early Flower Development

In real biological systems, populations of maristematic cells differ-
nmmmmwlminmwmmnqm
and spalial patterns, The first p figl cells to be determi
In the flower meristem are those of sepals, then those of petals,
stamang and carpels going from tha periphery o the canter of
the floral meristerm. This suggests that In the population of mari-
stematic cells the most probable temporal order in which each
mmuﬂeﬂﬂmﬂmmm{!ﬂm—ﬁuﬁhd
&l., 2008). Recent results from anatt h show
Mhuqunfﬂm!mmmmnunbew
by Introducing some level of stochasticity (random noise) In the
GRN dynamics, namely, a degree of error in the updating dynamk-
cal rules of the GAN (Aharez-Buyfla el al,, 2008). Thesa rasulls
are consistent with a handlul of other recent studies showing that
stochasticity at the molecular scale may contribute to the forma-
fion of spafiotemporal pattems in development (see review in Raj
and van Oudenaarden, 2008). Studies with the stochastic version
of tha FOS-GAN also concluded that the relative posliion of the
basins Is impartant in datermining the most probable temporal
sequence of cell-tate attainment referred to above (Alvarez-Buylla
et al, 2008). This fascinating result cartainly suggests that the
stereotypical temporal pattern of cell fate specification at early
stages of Hower develop may be an emergent and robust
consequence of the complex GAN underlying celHale determi-
nation and thal, in principls, It could take place in the absence
n!lmhdrudmah smarging only as a result of the stochastic
ations thal oecur during transcriptional regulation (Alvarez-

origing! wild-fype tapestry and a mutan! one (Figure 23). For ex-
ampile, it we want to know whether an 42 mutation has a more or
less drastic effect in tarms of the GRAN dynemice than a pi muia-
tion, we can analyze the tapestries of an2 and pi shown In Figure
23 and concluds thal ap2 mutation has strongsr dynamic effects
than pf gven the GAN postulated up to now. Givan the complendty
of the network Involved, such predictions are Impossible o make
Mnmmmmmmmmmhm

that participate in flower d P are gradually un-
Mhrmhmuhwmmhumm
mired and formalized In the form of @ GRN topology and logi-
cal rules governing its components’ Interactions. ATALIA can then
be used 1o explors their dynamics, validate the proposed GAN

Buylia et i, 2008). Ongoing modeling efforts are explicitly iocue-
ing on apatial domains, and exploring the need and sulficiancy of
differsnt cal-call communication mechanisms or physical fields
{e.g., created by curvature of tension forces) that could provide
positional information for spatio-temporal cell pattsining during
sarly stagas of flower

It b Important to mentlon that the FOS-GRAN modeled up to
now is an absiraction of the qualitative regulstory logic underying
tha IM and FM subregionalization during aarly stages of flowar
development when the ABC patterns are established. However,
other regulatory modules for meristem positioning, growth and
Mmgmmeﬁlmﬂnnwﬂhﬂlnuﬂwmw

models by simutating exparimental reports of mutants or overex-

i spatiotamporal cell patterning and morphopenesis of
IM and FM. Some genes Interacting with FOS-GRAN components
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Figure 23, Simulation resuls for wid typa (WT) 6nd two mutants.

[A) Bimpiified representation of the FOS-GAN, The mutated genes are in red {nodes are in the same relative position as in Figure 20). Mulations were
almulated by constitulively lurning “off” (loas-ol-function) mutated genes regardless umudfnmhlmlu

(B) Floral diagrams showing Noral organs of the simulated WT and mutant plants. Th dy-siate gar 2 iy fatt
attained In the simulation.
(C) Tap of gena igunat i ponding to the d WT and mutant fines. in the WT simuleion esch square in the tapestry

represanis an Inital condition and they am colored io the

SAME trecior as in the WT; red squares,

they lly reach. In the muwsant simulaion for ap2and pl, the tapestries
lustrate the diference betwean tha WT tapostry of destinies and thet obezined for the mutant
thart reached a new

Yallow equares, aitalnad s the

but nat the same one raachad in the WT simulations, |mages

purple squares, configurations that attained & pre-existing atrscior

(e.p. AGL24, BEL, ABE and these describad in the last section of
Table 1) that do not seem to directly affect cell-type determination
in the floral meristem, could link tha FOS-GRN with: ) signaling
pathways (a.g, Disz and Alvaraz-Buyila, 2008); b) genes involved
In eell growth and prollfaration both belore and after the partition-
ing of the floral meristem into the four concantric regions; and ¢}
othar types of downsiream genes or modules that are Important
during cell sub-differentiation and organogenesis at laler stages
of fiower developmant.

A complete unmmndlnn of flowsr mnrphogunaliu wﬂl oon-
tinue 1o require mullidisciplinary spg and g tools

with ATALLA thitp:/ Amam, mx/-achaos!/ htm).

that help unravel how such single-cell GRNe are coupled in ax-
plicit cellularized spatial domains and physicochemical fields
(.. Jénsson el al,, 2005, Savage st al,, 2008; Banitez af al,,
2008), including metabolism, signaling, and smergent gradiente
of morphogens (e.g., auxin), cell growth end proliteration, me-
chanical foress and call-csll communication machanisms. All of
Ihese are likaly lo fesdback in non-linear waye from and to the
GRNs underlying cell differentiation or proliferation (for example
sea Hamant & al,, 2008),

It Is Important to keep in mind, tor example, that plant cell
growth In meristems is symplastic. This Implies that the contacts
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Tabie 1. ey of evitcs o g FO6 RN gens Qe 2029 [CHR

= e KN Sceo tal, 2004; Crace st a, 2006).
INTERACTIONS EXPERMENTAL EVIDENCE

ACIATAGINE0, 9 AG  CnIF shows thal AG | piveE Zh oo i

AP (AT1G06120) - AG

GUF (AT2azs0ed) -1 AG

LFY (ATSG01050) + AG

LD (ATAGTZS 1) AG

SEPY (ATIGM260) S AG

TRLI (ATEGOBS0| —| AG

WUS (AT217850) 3 AG

A3 APT
FTIATGIAS0) 3 APT

LFY 3 APt

TAL1 - AFT

TFLY | AP2{AT4058920)

AG S AP (ATBEHAMA)

AP APS

ARG AFE

Sepals arv repinced by carpsls, and pews by xiemens in ap T et AS mANA

Gtz Marm of ., 2006,

Bowman o al, 1908, Welgel

tound I 11 foweor primercit of &31-7 GBI, First whorl crghy cpar  and Moy 1903 L
inkt, and gacond whor argens are steminod in apT mutents. Mapnicowtz, 1995,
In & mutarks, Aral L] aecond whor e &re

wharingld patels and ﬁmml&mln sapais. i ix [baly thal CLF I partofa
corrpexwith EMF2, MBI 1, and RE that apiganatically mguicic AL

Enproasion of AG s reuced In ty-8 flowers

Tho exproasion of LFY huted & a strang actiwrlion domain produces incmessad and
sctopkc Al epression.

LIFY hinds to tha first invon of AG, and wiih b WIS nwe
thte 1t

AG s peiopcaly aroased In -7 mutanty.
LLIG funchinre sn » repeemer of AG v it the second regulstory (mron.

Thers ks AG espregaion in roaetle leaves of 355:55P3 plants. In addiion, 355AG
358 5EP3 plants hive mior pronounced cermalicd eaiims.

Stigmas @ sty of wrminal fowses in f 407 double mutams are nomal f the A
mulafion e added.

“mMM“NMM;InMW{BW:MM
wharl 4 of pataln, APaiUS g
planis, mﬂmlhdmd: ot difloracriuhe int carpeiicd stamans.

APT mANA accumuiess unilormly in ag-1 muant fosen

Goodrich ol L, 1097, Cadonjo &1
4., 2008,

Voigel and Meysrowtz, 1983,
Parcy ol al,, 1008, Busch ot s,
1049 Lohmann o al., 2001,

LI and Mpyoromts, 1065
Eieburth and Meyvrowltz, 1997;
Deyholoa and Siotwrth, 2000;
Graghs 3., 2000,

Castiiofo o al., 2006,

Sharnon mwl Meske-Wagner,
1883,

Liucx o ., 1998 Lontard of o,
2007: Lohmann o al, 2001

Gusmison-frown ot al., 1904,

n Ry double A, T i nd APT mANAUNT it rep g
ol pusepeinadribd

P 1887,

Py dn 5, eckpic In 35SFY piarts and - Parcy ot al, 1068, Lijsgren ol
u-n-nwwuhumll o, 1999 Vieige! and! Niman,
LFY directy 4 Actviios i3 gore. 15, Wagrer ol ol 1008,
Inati APt s ]

terminal flowsre. APT moression b asc petarmec I 355 TALY

Tha ebasonce of petal in 8 ap2 fowers anc ha presencs of patak In 58 single mir-
ey sugpest thers I aciopic AP activity in tha terminal fiowars of oFf single memms.

Theo i wesher GUS @qpression n the third whor! of 2g-1 APZGUS fiowars han in
the tranagenic oanirl,

AG may malntin APS mpression bacsuss cauling leesmg of 355 255APS
AESSEPA SSAS wrw comveried imo stamen-fise ogerm.

CHIP shaws thal AQ Inksrects I who ith predicted regulatony saquences of APZ,
Ao, APZ ANA ks ibant fram the cemer of the ag- F meristem.

APS sapweemion (s quste nomal In ap? mutars but & simesi undetectable i B sp?
double Mutdnts, (nelicarting lhat AP can met with LFY to rapulris AP aqmesion.
Futhermors, APl soema 10 5ind APS ci-rguimory slensnty.

AFg l upreguisied In 355-AP GR with
eru the naion tht APS s F-activates.

Py stal, 09

Ehannon and M Wagrag,
.

Hilln ul, 1996; Horma and
Gotn, 2001; Ghrnae-hana ol al,,
2005, Zhao ol al, 2007.

Weipel arvd Meyerowitz, 1982
Hill ol L, 1998, Ng and Yanol-
My, 2000; Lamb st a)., 2002

¢ al, 1086; Honma and
(Gito, 2000,

(Contimch
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LAY LFD (A7 1 GI006K)
+ AP3

SEP (AT5G 15500,
ATSGIES10, AT1G24260,
AI2GOSTID) 3 APS

LEY —| EMF1 (ATSG11520)
EMFL A FT

AP1 -4 FLA (ATEGBO10)

TRLI-l R
APT % LFY
EMFL - LFY

AR 3 LFY

TR =l LFY

LFYS Bi(ATHE20240)

AP

LFY SEP
APT A TRLY

APE 4 TRLY

EMF1 S TRLY

AR -l WUS

Boih s Sadal 4 B

m&nn—hmmﬁ-ﬁ—m-ﬂ

Both LFY and L0 have 1o ba v cwpic of AFL
EMEA show taf LFY ne ARSD
WMHW“%HMMT&M“

when GhiF was g mcmcte from KPS plangs harboring te
FEURC-Hic reogene,

W APZGUS 355 FESAPI B5APT mutare, AP3GUS i soressed throughou
o plant supporing the [dem et full activation of e B-hurction genve wouines Wi
mes jormalon o includs SER

The actpic sxpreesion of SEFG msifted In e Inducson of aetsple AFH mpmasion
Sivonger 355:5EP3 Inas are lso capabie ¢ AThaNg AFSGUE Ktoiesly

Eciopic LFY wega In ol T mutants e severiy of the s phanotyps

FT ERA Wby are higher In the evmif-7 mute and sre dewcied aarler mm n ihe
i type.

FRUTALAL |a ectpically axprosmsed In #p] munta.

THL1 haa been postulated to bo an rhibiar but i alee ke poolbile that athor ecionm
v thix postimnscriptianal Inhibitary rola. This Imteraction bs necassary an whan tho
negaiive postimnscriional reguiation of FUL by TFLY I not conalkdensd, the nonflaml
pana staady gtubeg dgappar. Mo separimental sddence.

In st armd w3t caldouble mutanks, LFY oqreeslon |s meuced, Auditionally, LYl
activeded aaror (n 255471 piaats than In Tha wid type.

Daubie mutanks of the weak @mfr-{ sl And 71 Dear KB fiowa suggestng
that, forthis im't, Ay s achilafic. These genes hawe sntegonislic cthvitine.

Evan thangh £ FY mprazalon ke dmiler hwid [ype sl LFYSGUS ks-2 plania, e (@
a3 mprasion in 57 401 aafinpia rutards han i apt ol double mutants, suggest-
ing I e mie of FLL N LAY wpraguision is only imecriant when AP1 i insctve.

In 147 mutsrt piants LFY & - "0

Jad am ) Tras s o 8UF
Eprmezion i sarly By PEOUE Nowers.
AP3pmeiFl

AP3 g P mRNA ipvsts a8 1ol raintained In a53-J o 1 double metants
ummmwm AFPTOUE 18 mproseed Treaghou
the gt g T # e B-runcion geres mocines Pl

Microarey rimeris ganeg NS R T
homentic coiaciors SEP-1

In 355:AP3, TFL ¥ axpragolon b pratly diminished. TAL { s eciopically mprassed in
&1 So saltls Mylnty.

The M1-7 mutaicn partaly supnrostes tha ap?-J api-1inflomsosncs phenolype.

Thal The grouip of LFY

In 12 81 doubls mutants, Bhe amfT-2 TAEEON iy SpIEAE W reapect 10 Aower
initiation. Thaaa panos o not have antagonice activitios. Thie supgests that EMFY
upmgdices TFLT,

The F50.LFY planks esambia the (7] mulart and have o TFLY
LEY e inhiok TFL 1 W 1 anacripbonad 1oved, TFLT iy alas ochopewly tgshasod in
Hy routmnte

Thoro i strang WL axpeasalon (n the cenler of &g Rom mestm.

e
Menparoalty, 1065, Parcy st al
1RES; Lamb wt &l 2002 Lavin
w0 Cnae. 2008

Horms, and Got, 20, Ces-
oo ot al., 2005,

Crwn ot al, 1993
Moon el wl., 2000

Mandal mr Yiwroiokd, 1995t;
Ferrdnallz ut al, 20008,

Esphnons-Soto ot al,, 204

Bowman ot o, 1993; Kempin
mtal, 1995; Walgel ard Milar,
16ES; Pifwir and Coupland,
198 Lijegren ool , 1699

Tergetal 1885

Ferdndlz o ol 2000a.

Waipe! ol ul, 1967 Ratcits ¥
[ A

Waige! and Lives etz 198T
Honma amd Golz, 2000,

duck ot ul, 1982 Boto and
Maymrowilz, 1994; Honma and

Bohmikd o K., 2003
Ujsgren ot ai., 1968,

Schullz mnd Hamghn, 1085
Srannan and Mesks Wagner,
199,

Cren wia., 1097

Walgel and NEszon, 1905;
Lijogran ot ., 1680; Rt ot
o, 1959,

Lenhwed o1 K., 2901 ; Lahmann
ot al, 2001,

159



Flower Devalopment 38 of 57

FEF pelvity | taquisod o WU downroguliion by A(Y bocauss asp T sand sepd tiple

Tabba 1. Eoniimmd)
INTERACTIONS EXPERIMENTAL EVIDENCE
BEF—| W8
T plants haar Incabarmindle fipwas.
WUS > WS

Ko sparmantsl ssidanca. Azmmplion of modal.

UPDATES (Chizon wi a1, 2008 and this Zhemtery

EMFY —| A3

AFF -4 APT

F-1 AP
MR 72 (AT 220008,

ATEGOAE7S, ATIG 11435} +
HEN{ (AT4G20010) - AP2

LFY-» BEFI]

I ChIF eaporments, EAdF i masnoitad with aitos Intho promotor end sooond
Intron of AQ. EREET nipriaseg wiih enacipion by FNA polymsnges B and T7 ANA
palymerass kr ¥im,

APY manscript wels s significantty higher in 4083 mutent plards than inboth WT
and 355:APE.

ChiF ahows that Pl binds 1o tanget ssquances In the AP1 promoter

Elevated mi 177 accurmulation reaults In Boral orpan damity dafects similar o thoss
n losa-of-function spEwuiana On the athar hand, the miR? 72 abundance depands
o the activity of DICER-Ika protein HWW ENHANGER 1 (HENT), which |s expressed
mmugh the plart. This chrenvdion suggests that a colacor In tha Imes
Aol wharks i required ta ghe spaciiciy 1 the HEN 1-dapandant repreasion of APZ
The need for AF Inaclivity for APZ function |3 nddec! 1 the APZ logical rules

liarey oMt s thid He group of LFY dopandem genas inclucas the
Tedmeadtic: Sotaciors SEPT-R

INTERACTRINS NOT INCLAUDED [N THE MODEL

AGLDA (ATAGRASAT) +
SVP (AT2GEZSA) | AG

BLA [ATSO02004 -4 A0

REE(# )l AG

Inthe agid sy doubde mutard, AG mANA dyiecied In the wed
ol modaiems ey sarly a3 staga 1, indleative of early AS exprasalion, In lelar sages,
AG m xtll sxpresuad In i forl organe. Prohably, thils ivsection I part ol o differen:
QRN thed oure before the Sell fate desernination

A5 pprenied scopkuly In drmularts. BLR<Imel binde b A3 o slemnnk
(et by ENSA). Tris Itemelion |5 procahly [mportat [0 erenaganesis.

SEUATIGHME) - AG

AGLIM EYP—| APS

LFY CAL(ATI Gaga1D}

AFI- AL

FTe| AR

ANV (ATSGEET) 3 LEY

PNFIATEAET0] & LFY

AFPZ» FY

Al — SEPY

FT= SEF3

In By ts, thars b ectopl exprosalon of AS in second-wharl cale. This Inbsrac-
#on may ba Important in orpanogeneala.

The clract # vive nasaclation of SEUSS (SEL with the AS avmguisiary sleman was
shawn by ChiP: 3EU emsts with LUG n & rapreasar complex to regulito AS, and
LUG le wireedy cormkiened In tha GRN niodel.

A i S Ay s ahenes That In tha 2pli2d s mutant, AP35 oap Inwdl
Farie-of tha Norg) medsin and Latarin 28 flory cngans. Prohstiy, his (meraction &
part of a difsrent GFAN ocouTiNg bator T Cal ke salerminaion.

Uning portansimicnal actvaion of LFY-GIR, I s cemonatmied thd CAL (s a dirsct

LFY target. ci-wgulatory emanta In s putaive CAL promow wra bound by LY.
AP1 farmx herlercdime m with CAL axd AP1 (s siready included,

The sorin of FLAL expreason B exparded to the thind whar in stage-3 Apd mutanm,
but no dinsct inkasaction is deiected by ChiP srmlvei,

FIA W oeprossad al nighar lewels (8 25EFTYF16. 1 I not conaikiand beca. (hs
Interaction caukd ba medizkad by TAL1 and LFY.

™e af LFY are reduced In of any pnfdauble
rutants after Aol Induction. Ay paf doubls mutana do not prockuca fiowsrs bul,
3554 FY oy prf plunts o procduce fiowsrs, This imemclion & part of a difflerent GAN.

I 5 Inytiriclzmtion shows thora i loss P RAA oocepving & smikor amd in sp2-2
Tiowasry than | wit! ivps. Frobacly an ndiect aflect.

EnlP ahows that AG Imsmcis jr o whh predcied regulstory sequences of SEFS.
Inaficiant axparimenial cata.

Overwpransian of FT cauess otiopit apremicn of SEFFin e, Bo furfer o=
mantal evidenca.
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Table 2. Same of te i

aNCation QRN il in oroer 1 e, ichnds or decul novel Conteptunl of

that have uasd the fows organ

Cortrbution Rwlerancs:

Logical analysis of the flowar organ apecication {FOS) GRN. Mendeen of 6L, 1892
Imroduction of the anseys o e GAN and of FOS-GRN In this frermeswork. Kim, 200

Mathod o gane network Imerencs bassd on nonlinsar difiersmial equations and kagloel apposchen. Peridne at al., 2004
Prodicliom ware taaied usng FOS-GAN.

Nuw method for Indsiring gena unctions modeld & logical functions. Bozak ot al, 2008
The method i appiied to FES-8AK.

Auomets Ptr-nat-basod method, wppled o FOS-GRN, Jor finding Faton ury sates. Gambin ot al, 2000
Analyals of the dynamic rois of fasdback |zops In networie Incluting FOS-GRN, Kwon and Gro, 2007
Ampication ol the Gen'sls sofiwere o moce! Ihe dircrete and multiple valued FOE-GRAN Gagetal, BT
Anelyais of the siiscl of edback kops on the mhusinass of Boolan nehearks, such m thel of fiower organ apecfication. Kwon and Cro, 2008
Dynimmic: sty of FOS-GRN and other GRNs with the finding thel thess sxiibh & proparty known as ariticality. Ballera st ol 20C8

Formal analyals of the main sourcas of perhatation ark el stiseds (n bologleal mgulatory networa, wih e

FO5-GAN aa mample.

batwoon polls Bra prosarved by tham ks no isp nt
or sliding at micdla [amelina that join naighboring cells [Priestisy,
1830 and 1846; citnd in Kwi 2008), Th

Demongsot ol al., 200

5. CONCLUSIONS AND PERSPECTIVES

averall plant owih could be modaled Uging the prncipiea of
32id body mechanics (sae review n Kwimlkowsla, 2008). How-
over phant colls also grow pically which implcs n varial
In the directional growth retes at @ ghen point {Esskin, 2005
Hence, meristem growih has mther been modeaked using the prin-
cipled ¢l somBnuum mechanics, computing verinbies tht char-
acterize plastc Amin (Goodall and Green, 1985; for raview ses
Groan, 1668).

Soma quantitative mesoscopic movels for fiower devalop-
mart and growth in Ambidopsis and cther angiosperms have
besn put forward {a.p., Rollarc-Lepan ot al, 2003 Loo ot ol
2004 Skryabin et ul., 2004, MOndamenn &t al | 2005). A finlte
ploment model of the SAM has aso shown, for axempla, thel Bt-
el bulging of tha meristem surlece (sading ko e formation ol a
primordium nesulte in & gradiend of shear Breases wilh high shear
strose 2t the point where the future primordium emarges (Selker
ot o, 1592; rovigwed In Kwigtkowska 2008). Mare recortly, k was
shown That cells In the Arabidopels SAM orlent thalr sortinal mi-
anhibulne akirg linsa of mechanical etrees genaratd during ts-
sup farmation, and i then affects the mechanical properties of
the cal, thua extabliohing a feedback loop (Hamant ot al,, 2008).
Thi= ssama  be partculary relevart during the kkmaton ¢l the
groove between the apical marstem and 1ha primordium of ka1
oral organs, but less 50 during growth and ditfeventintion, because
he Ieberal organ primondia are not ffecied when ihe microwkuier
notwork b disintagrated by o drsg (Hamand ot &I, 2008). Thiy bm-
plias thel e machanical feedback oop described Is (Ikafy to st
in parelis| with the praviously d

gxis has been indisp in p the malecu-
IRy gonelic bases of the stereotyplcal and most cormensd ay-
pacts of fowar devalopment. i has also bean used 1 rasclve
5ome baslc machanikms of floral medstern dalermination, &s
wall a8 Horal organ call differertiadion and morphogensais. The

challengo ahead will be to Frow ] ]
oach aspect of dower P are Bmong
themsatves and with signel hcth it thal i

be smdronmaertal and Irternal cuss to ylakd couplsd QAN spa-
Lotsmparal dyramiz during fiowsr development. Such dynam-
ice likely irvolve lesdoack from physical or mechanical forces,
and geomplrh of domalng of acthily
and from call dynamics (call growth and divislon) In complee
waye =il mquiring muitiple thearotical multievsl modelz and
pori " Diffeant ional mod-
ules ang now baing characterized (Figurs 24 and Tabia 1) and
shawr 1o regulata some of the maly procasses Irvolvad In flower
develcpmen. Some of these modules or thely componants mey
participats in one of mers iower developmental process and
dea on the hanctions and interactons of genes are bacoming
aviilakls o Baabiy new dyramic computstional modele of GRN
and signaling pathways during flowst development (Figure 24
and Tabla §1).
Computational modsia for the gene raquiatory moduls that
underiss patterning of the inflorsacencs manstam and determi-
nalion of the primordial coll types during cerly siages of Nower

mechenism {Laufs of al, 2008). Simiar morphopenstc mecha-
niama aro Ekely to be at work in fivwer meriaiem and fiomel ongan
Jovplop and bath morphogenotl: mechariamy connectad o
the funclional reguiatory modulag, Inchuding FOS-ARN and chess.
that have bean partly shuckdatsd end reviewsd in #sa Chaptar,

omgan apscillcation, hewe d 1 tha potential wnd nsed of
\ il \ A, A e GRN

Jorlying fiowar deveb But infarmetion ¢n sach regula-
tory module end the i ctiona bet dulos and with

Bignal franeduction patmaey s le st acanly.

B would be faspinating n unmval which malegular compe-
nenie, dreulg, or s undarile the r and
mvolution of the diversity of fiowar forme and the variatione
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FUNCTIONAL -
DEVELOPMENTAL REGULATORY MORPHOGENETIC
PROCESS MODULES HORMONES
(key genes) -
1) phase transition
postioning e g | E
M anlagen AS1, FMI genes, PINT, WA 2 -
YAB, PHABs, KANs; GA 5B 3
Figures 9, 15, 20 and 21, E =
+ BE 8 5 8 z @s
o [
i g inl- L E
8 8 £ s .
2) subregionalization,
M partitioning . concentric & X
rings: ABCs  WUS, UFO, ANT, SUP, +
i\ ABC genes, SEP genes; e
b Figures 13, 14, 15, 20 5
and 21, ( @
- & ANA grade
3 * ! TR
= |
3) symmetry broken, u P o .z % 85
polarily & growth 2anl ol £, .85 @ £ g
organ PAN, SUP, AXR1, 3,208 2 08 88 FuygamEY EREED,
whae » primordia ARGOS, ANT, ETT, 5855t E‘% §3Epiidsgis T
WUS/CLV, YABSs, KANs, IAA 80d2LAI00LCAZal OEeE6Zd5ACnn 6 85 28 2 3 £
PHABSs, UFO, CUCs, LBD GA
genes, JAG, NUB, AS1/2:
Figure 15.
=l
-1
4) cellular subdifferentiation g
organ & morphogenesis e - 3 =
primordia » organs i i
Genes in Figures 15, |AA, os|
i 16, 17, 18, 19 and GA £
Table 51, JA Core sudicots E
pree—
Figure 24, The main regulatory gana moadules and hormona signalin during fower develop p
Four main developmental p n flowers shown jeally from FM formation to mature flower formation. 1) Specification of the floral merstem
anlagan, To iniiate this process, FMI genes fike LFY and APT are upreguiated. Howsvar the position and polarity of these marnstams are determined by
other gene familles and hormones Bke auxin (AA) and (GA). 2) of whorls of organ primordia. The ABC identity genes and SEP
arm nacessary and, togather with othar ganes, sufficiant to spacily fioral organ primardial cells (FOS-GRN moduls). 3) Organ primordia call proliferation,
boundary establishment and organ poiarity are regulated by additional modules that are presumably coordinated during floral organ primordia formation.

4) Gelludar ditterantlation and organ yield tha final shape, size and issue composition of funcilonal sapals, petals, stsmens and carpels.

161



armund the overall conssrvad Theme” of floral struciure among
angiosperms. This will ba possible with inisgrated muiidiscH
plingry approsches addressing pending questions. For example,
i o Io uncerstand how & Bower Maristonm lorms will require
knawladge of the regulatory mechanisms undertying mechanore-
ception and oell wall, microfibril and microubule behaviour. How
s such mechanisma interconnacted or coordinated with (he ceil
differariation GRNs &3 well 8 with the morphogen-madiatsd
pattarning mechanisms? The challenge ahesd consists in infe-
grating mescecopke mechanical and morphogan-gradisnt modsls
with exparimantally grounded models of the GRNE undertying cell
beheviour, dynamics ind diffarentiation. The aim is to buld mutt-
leved computational modeling immeworks that can be ised to test
the sufficiency and necessity of conrasting mechanisms, which
scale from the biochemical and GAN level to the physical factars
construining plant growth (Hogesseq, 2002). ideally, joirt efforts in
modaling, bioinformafics and sxparimantstion continually leeding
mmmmmwammﬂm
and more g y, phant d
mnmummam
dmamlpm:rmmw
o with divesgent fiocal
mm-ummmmum
sperms. Such an spproach hes been sucosssful in understand-
Ing and intarpreting morphalogical traits of planis (Kaplan, 2001),
Racantly, siudies in non-model monacota such as orchids (Teal o
., 2004; Xu ol al., 2008) and commelinids, (Dchisi of al., 2004), in
maize and rica (Whipple ot al., 2004; Xu and Kong, 2007}, In mem-
bors of the Solannoeas, such es tomato (Hileman et al, 2006; de
Martino ed ef., 2008), mnd in basal angiospenms (Soltis st al, 2007}
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Findings from diverse groups of angiosperms, mostly com-
parative analyses of ABC gend axpression data among diverse
angloaperm groupa (espociafly bieaal anglosperm twxa), with
emphasis on the A and B class genes, have alrgady been Used
1o account for Ihe underlying genetio diflerences in the diver-
sity of petal and etamen marphology smong axtant fowsring
plants (Kim ot al., 2005, Rucdall, 2007). Figue 25 shows a dla-
grammatic and very simpilfied angiosperm phylogeny end the
variations obsarved in the domains of exprossion of tha ABC
claan genes In selected spacles, repreasntative of the morpha-
logleal divorsity prosent in their respective englosperm linsages.
Overall, these uppronches are helping refine our knowledge of
liower doveloprment, and will ba Inelrumental in undorstanding
ihe canonkcal GRN modules Invoived In flower formation and
digcovering vairiations.
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las plantas
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La sexualidad y |2 evolucién de la mayor
parte de las plantas que nos rodean y
alimentan (las angiospermas) gira alre-
dedor de sus flores; sin embargo, adn
quedan muchas interrogantes sobre las
bases genéticas que favorecen que las
flores sean al mismo tiempo tan con-
servadas en su estructura basica y tan
variables en sus detalles. Nuestra cu-
riosidad por entender a las flores no es
nada nuevo; desde tiempos remotos el
ser humano se ha preguntado sobre su
origen, su modo de desarrollo y las fuer-
zas naturales que dieron paso a la gran
diversidad vegetal existente. Al inicio, el
interés del humano se concentraba en
conocer las plantas en funcién de su va-
lor de uso, pero luego le fueron surgien-
do preguntas en torno a su desarrollo
y relaciones de parentesco. Dichas pre-
guntas datan desde la época de los grie-
gos y diferentes culturas fueron creando
sus propios sistemas de organizacién y
descripcién de la flora con la que con-
vivian. Este fenémeno se exacerbd en
Europa desde el Renacimiento, cuando
se comenzd a tener registro de la flora y
fauna exdtica procedente de otros conti-
nentes. Sin embargo, la flor como estruc-
tura no adquirié la importancia botanica
que tiene ahora sino hasta que Carl von
Linné establecid, en 1753, un sistema de
clasificaciéon taxonémica (Species Plan-
tarum) con base fundamentalmente en
la estructura de la flor. A partir de ese
momento, el entender cémo se genera-

ba esta estructura y sus variantes en di-
ferentes linajes de angiospermas ocupé
el tiempo y mente de los morfélogos de
los siguientes dos siglos, entre ellos, de
Johann Wolfgang von Goethe.

Foto: Alma Pifleyro Nelson

De todas las plantas, sélo las esperma-
tofitas, que agrupan a las gimnospermas
y a las angiospermas, tienen estructu-
ras reproductivas con semillas en sen-
tido estricto y de éstas, sdlo las angios-
permas tienen flores. Las flores tienen
un conjunto de caracteristicas que las
hacen Unicas, como son: 1) la presen-
cia de un carpelo, conocido también
como gineceo o pistilo, que constituye
el érgano femenino de las flores y den-
tro del cual se desarrollan primero los
ovulos y después de la fertilizacién, los
embriones (Fig. 1). Este carpelo tiene
como caracteristica fundamental el estar
conformado por dos integumentos que
protegen a los évulos. Otras caracterfs-
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