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l.- PREFACIO

Este documento se ha elaborado siguiendo la normativa de la Universidad Miguel
Herndndez de Elche para la “Presentacion de Tesis Doctorales con un conjunto de
publicaciones”, y se ha dividido en las partes siguientes:

1.- Un apartado de Resumen y Conclusiones.

2.- Una Introduccion, en la que se presenta el tema de la Tesis y los antecedentes y
objetivos del trabajo realizado.

3.- Una Bibliografia de la Introduccion.

4.- Un apartado de Publicaciones, que contiene las tres siguientes (se indica en su caso el

factor de impacto [FI] de 2014).

Mufoz-Nortes, T., Wilson-Sanchez, D., Candela, H., y Micol, J.L. (2014). Symmetry,
asymmetry and the cell cycle in plants: known knowns and some known unknowns.
Journal of Experimental Botargb, 2645-2655. (FI: 5,526).

Wilson-Sanchez, D., Rubio-Diaz, S., Mufioz-Viana, R., Pérez-Pérez, J.M., Jover-Gil, S.,
Ponce, M.R., y Micol, J.L. (2014). Leaf phenomics: a systematic reverse genetic
screen for Arabidopsis leaf mutants. Plant Jourf@&| 878-891. (FI: 5,972).

Wilson-Sanchez, D., Martinez-Lopez, S., Jover-Gil, S., y Micol, J.L. Role of
DESIGUALL and auxin in bilateral symmetry of Arabidopsis leaves. Pendiente de
aceptacion.

5.-Un anexo que incorpora 18 comunicaciones a congresos: 9 nacionales y 9
internacionales.

La introduccién de esta Tesis no incluye un apartado de Materiales y Métodos, que
estan descritos en las publicaciones. Este documento incorpora varias bibliografias: las de
cada uno de los tres articulos y la de la introduccion. Todas las citas que se intercalan en
la introduccion de esta memoria se corresponden con referencias que aparecen en la
bibliografia del mismo apartado; algunas de dichas citas se repiten en las bibliografias de
uno o varios de los articulos.

Durante mi periodo como doctorando también he publicado un articulo que no se
incluye en esta Tesis:

Szakonyi, D., Van Landeghem, S., Barenfaller, K., Baeyens, L., Blomme, J., Casanova-
Saez, R., De Bodt, S., Esteve-Bruna, D., Fiorani, F., Gonzalez, N., Grgnlund, J.,
Immink, R.G.H., Jover-Gil, S., Kuwabara, A., Mufioz-Nortes, T., Van Dijk, A.-J.,
Wilson-Sanchez, D., Buchanan-Wollaston, V., Angenent, G.C., Van de Peer, Y.,
Inzé, D., Micol, J.L., Gruissem, W., Walsh, S., y Hilson, P. (2015). The KnownLeaf
literature curation system captures knowledge aBwabidopsisleaf growth and
development and facilitates integrated data mining. Current Plant Bi@ldigyt 1.
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Resumen y Conclusiones 3

Il.- RESUMEN Y CONCLUSIONES

La hoja es el érgano mas visible y facilmente manipulable de la planta modelo
Arabidopsis thaliana (en adelante, Arabidopsis). La induccién y caracterizacion de
mutaciones que alteran su morfologia permite identificar genes especificamente implicados
en su organogénesis. Los mutantes foliares también sirven para esclarecer los mecanismos
de proliferacion, organizacion espacial y diferenciacion que las células de la hoja comparten
con las de otros 6rganos de las plantas.

Aunque se han descrito centenares de mutantes de Arabidopsis que manifiestan
alteraciones en la morfologia de la hoja, se acepta generalmente que no se dispone de
alelos de todos los genes implicados en el desarrollo de este 6rgano. Con el fin de identificar
nuevos genes necesarios para el desarrollo foliar o de la planta en su conjunto, hemos
sometido a escrutinio una coleccion preexistente de dominio publico: la de mutantes
portadores de inserciones de ADN-T en homocigosis que se obtuvo en el Salk Institute.

Hemos analizado 19.850 lineas Salk, aislando 706 mutantes con fenotipo foliar, que
se manifiesta en 98 de ellos con penetrancia incompleta. Hemos mejorado el vocabulario
ontolégico existente para sistematizar la descripcion fenotipica de nuestros mutantes y
facilitar su clasificacion y la integracion de la informacion obtenida en las bases de datos.
Dado que la coleccién Salk esté indexada, hemos intentado confirmar la presencia de las
inserciones anotadas en 553 de los mutantes analizados, consiguiéndolo en el 78% de
ellos. Hemos llevado a cabo busquedas en bases de datos, ensayos de alelismo y analisis
de cosegregacion de las inserciones anotadas y los fenotipos observados. Hemos
establecido relaciones causales inequivocas entre el 47% de las inserciones anotadas y los
fenotipos mutantes a estudio. También hemos desarrollado un procedimiento sencillo y
robusto para la identificacion de inserciones de ADN-T no anotadas, basado en el andlisis
de las lecturas derivadas de la secuenciacion masiva del genoma de los mutantes a estudio.

Hemos puesto nuestros resultados a disposicibn de la comunidad cientifica
implementando para ello una aplicacion web (PhenoLeaf; http://genetics.umh.es/phenoleaf)
gue recoge la informacion genotipica y fenotipica obtenida en nuestro escrutinio. Hemos
donado a los centros de distribucién de germoplasma de Arabidopsis semillas de las lineas
que hemos estudiado. Como prueba de concepto de la utilidad de PhenolLeaf, hemos
identificado y caracterizado parcialmente dos genes representados entre los mutantes que
hemos aislado: Atlg77600, que parece requerirse para la proliferacion celular responsable
del crecimiento proximodistal de la hoja, y At3g62870, que codifica una proteina del

ribosoma citoplasmico necesaria para la proliferacion celular y la funcion del cloroplasto.



4 Resumen y Conclusiones

La simetria bilateral es una propiedad estructural compartida por muchos seres
vivos, y uno de los rasgos mas visibles de las hojas de muchas plantas. Es sorprendente
gque sus alteraciones hayan brillado por su ausencia entre los mutantes Salk: solo hemos
encontrado uno con hojas asimétricas, al que hemos llamado desiguall-1 (deall-1). Hemos
identificado en otras colecciones publicas otros dos alelos de insuficiencia de funcién del
gen DEAL1 (deall-2 y deall-3) y uno de cada uno de sus paralogos mas cercanos, DEAL2
(deal2-1) y DEAL3 (deal3-1). El fenotipo foliar de los mutantes deall se manifiesta con
penetrancia incompleta; su severidad es mayor en las hojas adultas que en las juveniles, y
en la region basal del limbo que en la apical. La asimetria foliar de estos mutantes se ve
respectivamente incrementada o reducida mediante tratamiento con un inhibidor del
transporte polar de auxina, el acido 1-N-naftilftaldmico, o una auxina sintética, el acido
naftalenacético; también es mas severa en los triples mutantes deall deal2 deal3.

El margen de las hojas vegetativas de la estirpe silvestre Col-0 de Arabidopsis es
dentado, alternandose l6bulos e indentaciones dispuestos simétricamente a ambos lados
de la vena primaria. Este patron se altera en los mutantes deall, que muestran regiones
lobadas de posicion aleatoria, que contienen senos y l6bulos ectopicos. Estas aberraciones
morfolégicas son visibles muy poco después de que los primordios foliares se manifiesten,
y se deben a excesos y defectos de la proliferacion celular. Concuerda con esta
observacion el comportamiento de la fusion transcripcional DEAL10:GUS, que se expresa
intensamente en la fase de proliferacion celular del desarrollo foliar.

Autores anteriores han propuesto que la forma del margen foliar de Arabidopsis se
debe fundamentalmente a la existencia de dominios alternos en los que se concentran de
manera excluyente CUP-SHAPED COTYLEDON2 (CUC2, un regulador transcripcional) o
la auxina; esto ultimo depende a su vez de la polarizacién de PIN-FORMED1 (PIN1, el
transportador de eflujo de auxina) en uno de los lados de las células que se coordinan para
conseguir una canalizacion de la hormona y generar asi maximos de concentracion en
puntos concretos del margen. Hemos demostrado que DEALL interacciona genéticamente
con PIN1 y que las mutaciones deall alteran espacial y cuantitativamente la expresion de
CUC2. La asimetria de los mutantes deall parece deberse a una incorrecta distribucion de
los maximos de auxina en el margen foliar. Hemos obtenido una fusién traduccional
35S,10:DEALL:CFP y realizado un ensayo de doble hibrido de la levadura para proteinas de
membrana por el método de la ubiquitina dividida, concluyendo que DEALL1 es una proteina
de la membrana del reticulo endoplasmico cuyos extremos amino y carboxilo estan
orientados hacia el citoplasma. Nuestros resultados sugieren que los genes DEAL

participan en el control de la proliferacion celular durante el desarrollo foliar.
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l1l.- INTRODUCCION

[1l.1.- Consideraciones sobre la Biologia del Desarrollo
[11.1.1.- El analisis causal del desarrollo

La Biologia del Desarrollo estudia las transformaciones sucesivas que sufre el cigoto
—una entidad unicelular— hasta convertirse en un organismo pluricelular adulto, que
incluye organos y tejidos especializados (Gilbert, 2003). En el siglo XIX, la Biologia del
Desarrollo se fundamenté casi exclusivamente en la Embriologia y la Anatomia
Comparada, cuyos abordajes no explicaron satisfactoriamente los mecanismos que
gobiernan la ontogenia.

La Genética del Desarrollo nace a principios del siglo XX como resultado de la
confluencia entre la Embriologia Experimental y la Genética y se basa en el postulado de
gue los genes son responsables de la morfologia de los seres vivos y de su diversidad
(Garcia-Bellido, 1986; Campos-Ortega, 1994; Slack, 2012). Durante décadas, sus
principales herramientas han sido los mutantes morfolégicos, cuya induccion, aislamiento
y caracterizacion permiten inferir la funcion de los genes mutados merced al analisis de los
fenotipos causados por la ausencia, la insuficiencia o la presencia ectopica de sus
productos génicos (Wilkins, 1993; St Johnston, 2002).

El andlisis genético y molecular de la mosca Drosophila melanogaster (Celniker y
Rubin, 2003), el nematodo Caenorhabditis elegans (Lee et al., 2004) y el tele4steo
Brachydanio rerio (el pez cebra; Grunwald y Eisen, 2002) ha hecho formidables
contribuciones a la comprension del desarrollo animal. Se han identificado en estos
sistemas modelo muchos genes implicados en el control del desarrollo, concluyéndose que
su numero es relativamente bajo, que interaccionan entre si de forma jerarquica y que la
mayoria de sus productos son factores de transcripcion o componentes de rutas de
transduccién de sefiales (Davidson, 1994; Li y Davidson, 2009). Una disciplina
relativamente nueva, la Biologia de Sistemas, intenta integrar mediante modelos
matematicos la gran cantidad de informacion acumulada acerca del desarrollo, a fin de

comprenderlo (Kholodenko y Herbert, 2005; Kalve et al., 2014).

[11.1.2.- Particularidades del desarrollo vegetal

El estudio del desarrollo de las plantas es valioso tanto por su contribucién al
conocimiento de los procesos que son especificos del reino vegetal y lo distinguen del
animal, como por sus eventuales aplicaciones practicas a la mejora de las especies

cultivadas (Meyerowitz y Pruitt, 1985; Meyerowitz, 2002; Somerville y Koornneef, 2002;

5



6

Introduccion

Walbot y Evans, 2003). Las células animales y vegetales han evolucionado a partir del
mismo conjunto inicial de genes, presente en su Ultimo ancestro comdn, un eucariota
unicelular. Sin embargo, los andlisis comparativos de los genomas y de los mecanismos de
desarrollo indican que las plantas y los animales evolucionaron independientemente
durante més de 1.500 millones de afios (Hedges et al., 2004). Aunque la I6gica subyacente
a muchos procesos de desarrollo es similar en estos dos reinos, la gran mayoria de las
moléculas protagonistas no estan relacionadas, ello a pesar de que algunos factores de
transcripcién animales y vegetales son reorganizaciones distintas de los mismos dominios
ancestrales. Las plantas, por tanto, constituyen un elemento imprescindible en cualquier
andlisis comparativo del desarrollo de los seres vivos (Meyerowitz, 2002).

Las diferencias entre el desarrollo de las plantas y los animales son consecuencia
de sus distintos modos de vida. Conviene tener en cuenta a este respecto que las plantas
son sésiles y dependen de la captacion de la luz solar y la incorporacion de los nutrientes
del medio. De ahi que su plan corporal sea necesariamente distinto y mas simple que el de
los animales (Alberts et al., 1994). Las plantas cuentan con unos 40 histotipos, mientras
que en los animales superiores se distinguen mas de 100 (Lyndon, 1990; Holwell, 1998).
Para adaptarse sin moverse a los cambios en la disponibilidad de luz y determinadas
sustancias, las plantas han optado por un modelo de desarrollo fundamentalmente
postembrionario, a diferencia de los animales, cuya embriogénesis termina con la
generacion de un embrién que manifiesta el plan corporal final. En las plantas, el desarrollo
postembrionario ocurre a partir de dos poblaciones de células indiferenciadas de
proliferacion rapida: el meristemo apical del tallo, que da lugar al tallo, las hojas y la
inflorescencia, y el de la raiz, que genera el sistema radicular (Sachs, 1991; Holwell, 1998).
Al ser postembrionario, el desarrollo vegetal estd muy influido por el ambiente, ya que se
supedita a la adaptacion de las plantas a su entorno (Twyman, 2001). Muchas células
vegetales son totipotentes (Gilbert, 2003), por lo que en el desarrollo vegetal no hay
decisiones irreversibles: se puede modificar el destino de cualquier célula, excepto el de
aquellas en las que el nacleo se pierde o degrada. Los mecanismos de adaptacion de las
plantas y la modularidad de su arquitectura corporal propician el estudio de mutaciones con
efectos severos sobre el desarrollo que resultarian letales en un animal (Townsley y Sinha,
2012).

La proliferacion, la expansion y la migracion celular son las principales fuerzas
motrices del desarrollo animal. El de las plantas esta condicionado por la presencia de la
pared celular, que impide cualquier migracion. En consecuencia, contribuyen

exclusivamente a la forma de los 6rganos vegetales el ritmo y los planos de la division
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celular, ademas del tamafio final de las células, que a su vez depende del volumen de la

vacuola (Twyman, 2001).

[11.1.3.- Arabidopsis como sistema modelo del desarrollo de las plantas

Se denomina sistema modelo a cualquier organismo experimental en cuyo estudio
se haya concentrado un colectivo amplio de grupos de investigacion, con el fin de obtener
conclusiones que puedan ser aplicables a otras especies (Bolker, 1995). La adopcién de
Arabidopsis thaliana (en adelante, Arabidopsis) como sistema modelo para el estudio del
desarrollo se debi6 a su pequefio tamafio, a su ciclo de vida corto y numerosa
descendencia, y a su mantenimiento simple y econdmico en el laboratorio (Meyerowitz,
1987; Somerville y Koornneef, 2002). Posteriormente se comprobd que presenta otras
caracteristicas Utiles para su manipulacion genética, como su facil transformacién por
infecciébn con la bacteria Agrobacterium tumefaciens (Koornneef y Meinke, 2010) o un
genoma mas pequefio y con menos ADN repetitivo que los de otras plantas. Se han
generado muchos recursos y herramientas, como la secuencia de los genomas de
centenares de accesos (Weigel y Mott, 2009), que facilitan el estudio de la biologia de
Arabidopsis.

Las singulares caracteristicas de Arabidopsis han facilitado la diseccién de
numerosos procesos de su desarrollo, cuyas conclusiones han iluminado la ontogenia
vegetal. Por ejemplo, su raiz tiene un desarrollo y una organizacion celular muy
reproducibles, que han permitido comprender como se forman las de otras especies
(Scheres y Wolkenfelt, 1998). Arabidopsis también ha servido para establecer el papel de
ciertos genes homedticos en la especificacion de los 6rganos florales de las plantas (Coen
y Meyerowitz, 1991). La estructura de las hojas de Arabidopsis es simple, resultando
especialmente apropiadas para el estudio de muchos aspectos de su desarrollo (Beemster
et al., 2006), como el establecimiento de la dorsoventralidad de sus tejidos (Eshed et al.,
2004; Ha et al., 2007) o la morfogénesis del margen del limbo (Bilsborough et al., 2011).
Cardamine hirsuta es una especie modelo emergente para el estudio de la disyuntiva entre
hojas simples y compuestas; su intimo parentesco con Arabidopsis posibilita andlisis

comparativos genéticos y fenotipicos entre las dos especies (Hay et al., 2014).

[11.2.- Los mutantes como herramientas genéticas
[11.2.1.- Anotacion funcional del genoma de Arabidopsis

Arabidopsis posee una dotacién haploide de 5 cromosomas nucleares (Laibach,
1943), que totalizan 119 Mb de ADN (The Arabidopsis Genome Initiative, 2000). La

7
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secuenciacion de este genoma ha permitido la anotacion de casi todos sus genes. Segun
la base de datos TAIR (The Arabidopsis Information Resource; http://www.arabidopsis.org/
portals/genAnnotation/gene_structural_annotation/annotation_data.jsp), el genoma de
Arabidopsis contiene 27.411 genes que codifican proteinas, 4.827 pseudogenes y
transposones, y 1.359 genes de ARN no codificante. En noviembre de 2010 se disponia
de informacion acerca del proceso biolégico en el que participa el 56% de los genes de
Arabidopsis (http://www.arabidopsis.org/portals/genAnnotation/genome_snapshot.jsp). No
pocas de estas anotaciones carecen de base experimental en Arabidopsis, ya que son
predicciones basadas en la homologia con genes de otras especies. Lloyd y Meinke (2012)
elaboraron una lista de 2.400 genes de Arabidopsis cuya funcion ha sido estudiada

experimentalmente gracias a sus alelos mutantes.

[11.2.2.- Diseccion mutacional de la funcién de los genes

La forma méas habitual y directa para comprender la funcion de un gen es su
mutacién seguida del estudio del fenotipo resultante (Parinov y Sundaresan, 2000; Page y
Grossniklaus, 2002). Existen dos abordajes experimentales distintos para este propésito.
Por un lado, se ha dado en llamar genética inversa a la que parte del conocimiento de la
secuencia del gen a estudio para modificarla y establecer a continuacién sus
consecuencias fenotipicas. La mas moderna de las variantes de este abordaje es la que
se basa en la introduccion de mutaciones mediante el sistema CRISPR/Cas9 (Sander y
Joung, 2014). Por el contrario, se habla de genética clasica o directa para referirse a los
casos en los que se realiza una mutagénesis al azar, desconociendo los genes que seran
dafados por el mutageno, para aislar mutantes que manifiesten perturbaciones en el
proceso a estudio. En cada uno de estos mutantes es necesario identificar después el gen
causante del fenotipo de interés (Ostergaard y Yanofsky, 2004). A la genética inversa ha
contribuido sustancialmente la disponibilidad de las secuencias completas de los genomas
de las especies modelo (Lloyd y Meinke, 2012), que ha facilitado la creacion de colecciones
de mutaciones indexadas, cuyas posiciones en el genoma son conocidas (Alonso y Ecker,
2006).

[11.2.3.- Colecciones de mutantes indexados de Arabidopsis

No existen técnicas eficientes y baratas para inducir a gran escala mutaciones
dirigidas y crear asi colecciones de mutantes indexados en Arabidopsis. No obstante, se
han empleado como mutdgenos el ADN-T y algunos transposones, que se insertan

mediante recombinacion ilegitima en posiciones aleatorias del genoma (O'Malley y Ecker,
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2010). La secuencia de estos elementos insercionales es conocida, por lo que sefalizan al
gen que interrumpen (Feldmann, 1991; Mathur et al., 1998; Alonso y Ecker, 2006). Una de
las muchas técnicas efectivas para determinar la posicién de una insercion de ADN-T es la
denominada PCR mediante ligacion de un adaptador (Adapter ligation-mediated PCR;
O'Malley et al., 2007). En este método el ADN gendmico a estudio es digerido con
restrictasas y se ligan a los extremos de los fragmentos de restriccion obtenidos
oligonucledtidos sintéticos a los que se denomina adaptadores. Se realiza a continuacion
una amplificacién mediante PCR utilizando un cebador que hibrida con el ADN-T y otro que
lo hace con un adaptador. El producto de amplificacion es después secuenciado, y la
secuencia asi obtenida es finalmente alineada con la del genoma de la estirpe silvestre de
referencia a fin de determinar la identidad del gen portador de la insercion.

El ADN-T es un mutidgeno eficaz dado que su insercion en un gen lo interrumpe,
alterando necesariamente su actividad (Feldmann et al., 1989; Marks y Feldmann, 1989;
Koncz et al., 1990). Durante la infeccion por Agrobacterium tumefaciens pueden suceder
varios eventos de insercion de ADN-T por genoma haploide (Sessions et al., 2002; Alonso
et al., 2003; Rosso et al., 2003), lo que dificulta el establecimiento de una relacion causal
entre una de ellas y el fenotipo mutante observado (Azpiroz-Leehan y Feldmann, 1997;
Ostergaard y Yanofsky, 2004; Ulker et al., 2008). Las colecciones indexadas disponibles
totalizan mas de 500.000 lineas, siendo las mas numerosas las denominadas Salk (ya que
se obtuvo en el laboratorio de Joseph Ecker, en el Salk Institute for Biological Studies) y
SAIL (Syngenta Arabidopsis Insertion Library) (Galbiati et al., 2000; Samson et al., 2002;
Sessions et al., 2002; Alonso et al., 2003; Rosso et al., 2003; Woody et al., 2007; O'Malley
y Ecker, 2010). Las semillas de estas colecciones estan disponibles en los centros de
conservacion y distribucion de estirpes y clones de ADN de Arabidopsis, entre los que cabe
destacar el norteamericano ABRC (Arabidopsis Biological Resource Center) y el europeo

NASC (Nottingham Arabidopsis Stock Centre).

[11.2.4.- Colecciones de mutantes fenotipados de Arabidopsis

Las colecciones de mutaciones indexadas facilitan el analisis de los efectos de la
disfuncion de centenares o miles de genes, pudiendo alcanzarse la saturacion del genoma
(O'Malley y Ecker, 2010). En estas colecciones pueden analizarse los efectos de cada
mutacion en diferentes facetas de la biologia del organismo a estudio. Se han obtenido
colecciones de mutantes de Arabidopsis a los que se ha caracterizado a dos niveles: de
algunos de sus rasgos fenotipicos y del gen mutado que los causa. Cada una de estas

colecciones esta documentada en una base de datos que permite hacer escrutinios in silico
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empleando como criterios de busqueda genes o fenotipos particulares (Alonso y Ecker,
2006). Una de estas bases de datos incluye mutaciones en las regiones codificantes de
4.000 genes e informacién sobre sus efectos en varias etapas del ciclo de vida de la planta
(Kuromori et al., 2006). En otra coleccion se analizaron los efectos sobre la fotosintesis de
més de 5.000 mutaciones en genes nucleares que codifican proteinas del cloroplasto
(Ajjawi et al., 2010). El objetivo de dichas colecciones es la anotacién funcional de muchos
genes, lo que conlleva la acumulacion de grandes cantidades de texto e imagenes (http://
rarge.psc.riken.jp/phenome; http://bioinfo.bch.msu.edu/2010_LIMS). La disponibilidad de
sistemas robotizados de fenotipado de mutantes a gran escala permitird realizar escrutinios
masivos, a los que se denomina fenémicos, que incluyen rasgos fenotipicos moleculares,
celulares, tisulares y de morfologia y fisiologia general del organismo a estudio (Carpenter
y Sabatini, 2004; Finkel, 2009; Micol, 2009).

[11.2.5.- Uso de la secuenciacién masiva para identificar mutaciones

Se denomina secuenciacion masiva a la lectura simultanea de millones de
fragmentos de un genoma, cada uno de ellos de decenas o centenares de nucleétidos.
Existen diversas tecnologias masivamente paralelas (Metzker, 2010; Reuter et al., 2015),
todas las cuales rinden una gran cantidad de informacién a un coste muy bajo por
nucledtido. La secuenciacion masiva se ha convertido en la herramienta de eleccién
preferente para la identificacién de mutaciones (Schneeberger, 2014; Candela et al., 2015),
tanto insercionales (Williams-Carrier et al., 2010; Mourier et al., 2015) como puntuales
(Arnold et al., 2011; Austin et al., 2011), en mutantes individuales o agrupados. El objetivo
del proyecto SALKseq, por ejemplo, es saturar el genoma de Arabidopsis en inserciones
de ADN-T, dado que son varios centenares los genes de los que aln no se dispone de
alelos insercionales (http://signal.salk.edu/).

Se han desarrollado infraestructuras y programas informaticos para gestionar y
analizar las grandes cantidades de datos que rinden las tecnologias de secuenciacion
masiva (Goecks et al., 2010; Minevich et al., 2012). Algunos de estos programas facilitan
la identificacion de mutaciones mediante el alineamiento de las lecturas obtenidas y la
secuencia de la estirpe parental del mutante; otros identifican y listan todas sus diferencias
y permiten filtrarlas segun diversos criterios y predecir sus consecuencias en las

secuencias de las correspondientes proteinas (Nielsen et al., 2011).

[11.2.6.- Descripcion ontologica de fenotipos mutantes

La descripcion de la parte relevante del genotipo de un mutante es simple y objetiva.
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La de su fenotipo, sin embargo, puede ser compleja y es siempre subjetiva en mayor o
menor medida, ya que un mismo rasgo fenotipico es habitualmente descrito de diferentes
formas por distintos investigadores. Para resolver este problema se han desarrollado
ontologias: vocabularios controlados que se han estandarizado para describir las
enfermedades humanas y los efectos fenotipicos de las mutaciones en los organismos
modelo (Mabee et al., 2007; Washington et al., 2009). Estas ontologias son conjuntos de
términos descriptivos organizados jerarquicamente, a cada uno de los cuales se ha
asignado un coédigo unico y una definicién. Una ontologia de uso muy extendido es la
denominada PATO (Phenotype, Attribute and Trait Ontology; Smith et al., 2007,
http://obofoundry.org/wiki/index.php/PATO:Main_Page). Los términos de PATO se
clasifican en tres categorias: entidad, atributo y valor, que son, respectivamente, la
estructura bioldgica que se esta analizando, la cualidad de la entidad que se describe vy el
estado de un atributo. Por ejemplo, en el estudio fenotipico de la hoja, la entidad de interés
puede ser el sistema vascular, el atributo, su densidad, y el valor, una densidad reducida.

Una descripcion ontolégica permite un acceso facil y rapido a la informacion
disponible, empleando para ello palabras clave. Se estan desarrollando protocolos para
que las descripciones de los fenotipos en las publicaciones cientificas se hagan mediante
ontologias para su incorporacion a bases de datos publicas. En el caso de Arabidopsis, la
base de datos TAIR permite hacerlo asi, pero aun no es posible realizar consultas
empleando términos ontolégicos como criterios de busqueda para obtener una lista de
genes asociados a un rasgo fenotipico (Sozzani y Benfey, 2011). También se ha intentado
extraer de manera semiautomatizada la informacion de las descripciones fenotipicas de la
literatura cientifica, que se ha hecho tradicionalmente en lenguaje natural, y convertirla a

formatos que permitan consultas basadas en palabras clave (Szakonyi et al., 2015).

[11.3.- Evolucién y desarrollo de las hojas de las plantas
[11.3.1.- Filogenia de la hoja

La arquitectura corporal de las plantas presenta una simetria fundamentalmente
radial, con dos polos, cada uno de los cuales es un meristemo apical: una estructura de
origen embrionario indiferenciada y pluripotente. Los meristemos apicales de la raiz y el
tallo generan respectivamente todas las partes subterrdneas y aéreas de la planta,
incluidos los 6rganos laterales como las hojas y las flores (Lyndon, 1990).

En las primeras plantas vasculares terrestres, que aparecieron hace 440-410
millones de afios, todas las estructuras generadas por el meristemo apical del tallo eran

radiales. Los primeros organos laterales, las hojas, aparecieron hace 410-360 millones de
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afios (Cronk, 2001), cuando lo permiti6 el descenso de la concentracién del CO-
atmosférico (Osborne et al., 2004; Beerling, 2005). En efecto, el alto nivel de CO- en la
atmosfera de nuestro planeta en el Paleozoico medio dificultaba el desarrollo de los
estomas, ya que hubiera limitado el enfriamiento por evaporacion, conduciendo a un
calentamiento letal de las hojas, que absorben grandes cantidades de energia solar.

Desde un punto de vista evolutivo, las hojas pueden ser microéfilas, estructuralmente
simples y con un tejido vascular no ramificado, o megéfilas, que presentan una
organizacion definida sobre el tallo (filotaxia) y crecimiento determinado, estan
vascularizadas (pudiendo tener ramificaciones) y muestran dorsoventralidad y una forma
laminar (Micol, 2009; Tomescu, 2009). Las hojas de Arabidopsis son megéfilas segun estos
criterios. El registro fosil indica que la estructura ancestral a partir de la que evolucionaron
las hojas estaba ramificada tridimensionalmente y presentaba crecimiento indeterminado
(Tomescu, 2009). Una de sus modificaciones criticas fue necesariamente la de dotarse de
un mecanismo para interrumpir el crecimiento de manera programada. Se acepta
generalmente que algunos genes de la familia KNOTTED1-LIKE HOMEOBOX (KNOX) de
la clase | son los responsables ultimos del mantenimiento de la pluripotencia celular y del
crecimiento indeterminado del meristemo apical del tallo (Endrizzi et al., 1996). A su vez,
se considera responsables del crecimiento determinado de las hojas a los factores de
transcripcion del grupo ARP (ASYMMETRIC LEAVES, ROUGH SHEATH vy
PHANTASTICA, de Arabidopsis, el maiz y Antirrhinum majus, respectivamente). Estos
genes ortélogos se expresan en los primordios foliares y reprimen especificamente a
SHOOT MERISTEMLESS (STM; Cronk, 2001; Boyce, 2010), un gen KNOX de la clase |
gue también codifica un factor de transcripcion.

Otra innovacién crucial durante la evolucién de las hojas fue la adquisicion de su
forma laminar a fin de maximizar la relacion entre su superficie y su masa, optimizando asi
la funcion fotosintética. Este cambio morfolégico sucedié aparentemente como
consecuencia de la actividad antagonica de los factores de transcripcion de las familias
KANADI (KAN) y HOMEODOMAIN-LEUCINE ZIPPER de la clase Il (HD-ZIP Il
Yamaguchi et al., 2012). Los genes de estas dos familias ya estaban presentes en los
genomas de las plantas sin hojas, en cuyos tallos creaban la polaridad central-periférica
(Boyce, 2010). El analisis de los alelos mutantes de estos genes ha demostrado que son
necesarios tanto para la disposicion relativa del xilema y el floema como para la generaciéon
de la forma laminar de las hojas. Se ha propuesto que la diferenciacion del limbo tiene
como prerrequisito la yuxtaposicién de células con caracteristicas dorsales y ventrales

(Waites y Hudson, 1995), cuya especificacion depende de los genes de las familias HD-
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ZIP 1l y KANADI, que asumieron estas funciones durante la evolucion de las plantas

terrestres (Emery et al., 2003).

[11.3.2.- Morfologia de la hoja de Arabidopsis

Las hojas de Arabidopsis presentan tres ejes de polaridad, cada uno de los cuales
define dos regiones (Figura 1A): el proximodistal, el peciolo y el limbo, que corresponden
a las partes mas proximas y alejadas al tallo; el dorsoventral, los tejidos adaxiales y
abaxiales, cuya manifestacion externa es el haz y el envés, respectivamente; y el
mediolateral, los tejidos vascular y fotosintético, y el margen (Byrne et al., 2001). Algunos
autores hablan de dos ejes mediolaterales enfrentados para resaltar la simetria bilateral
del limbo (Palmer, 2004).
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Figura 1.- Morfologia e histologia de la hoja vegetativa de Arabidopsis. (A) Morfologia externa. Se
muestran el haz (izquierda) y el envés (derecha) de una hoja del tercer nudo. PD: eje proximodistal.
ML: eje mediolateral. DV: eje dorsoventral. (B) Algunos tipos de margenes caracteristicos de las
hojas y denominacion que reciben las estructuras que los forman. (C) Siluetas de una hoja simple
(izquierda) y una compuesta (derecha), de ArabidopSiargtlamine hirsuta, respectivamente. (D)

Corte transversal de una hoja vegetativa del primer nudo. (A, D) Tomado de Jover-Gil (2005). Las
barras de escala indican (A) 1 mm, (C) 4 mmy (D) 100 um.
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La morfologia foliar en el plano determinado por sus ejes proximodistal y
mediolateral es uno de los rasgos mas diversos de las dicotiledoneas (Malinowski, 2013;
Wang y Chen, 2014). Existe una gran variedad natural en la forma del margen foliar,
probablemente porque modula las relaciones hidricas en la hoja, que influyen en la
adaptacion de las plantas a diferentes habitats (Nicotra et al., 2011). El margen de las hojas
puede ser liso, cuando es totalmente convexo, como en Arabidopsis, y serrado o lobulado,
cuando presenta segmentos concavos y convexos intercalados, como en Arabidopsis
lyrata (Figura 1B). Por otra parte, las hojas pueden ser simples (Figura 1C), con un Unico
limbo, como en Arabidopsis, 0 compuestas, con varios limbos no conectados directamente
entre si (foliolos), como en Cardamine hirsuta o en el tomate (Solanum lycopersicum;
Champagne y Sinha, 2004; Blein et al., 2010).

Son varios los clados del reino vegetal en los que a lo largo de la evolucién han
ocurrido interconversiones entre las formas simples y compuestas de las hojas (Piazza et
al., 2010; Vlad et al., 2014). Se han descrito casos en los que la modificacion de uno o unos
pocos genes basta para convertir una hoja simple en compuesta, o a la inversa. La
insuficiencia de la funcion de REDUCED COMPLEXITY (RCO), cuyo producto es un factor
de transcripcion con homeodominio que se expresa en el margen foliar de Cardamine
hirsuta, o de ENTIRE (E) en el tomate, que codifica una proteina de respuesta a auxina de
la familia Aux/IAA, es suficiente para producir hojas simples (Zhang et al., 2007; Koenig et
al., 2009; Vlad et al., 2014). Por otro lado, varias combinaciones dobles mutantes de alelos
de ganancia de funcién de los genes CUP-SHAPED COTYLEDON2 (CUC2), WUSCHEL-
RELATED HOMEOBOX9 (WOX9) y JAGGED AND WAVY (JAW) rinden hojas compuestas
en Arabidopsis (Blein et al., 2013). CUC2 y WOX9 codifican factores de transcripcion, y
JAW, un microARN; estos tres genes estan implicados en el control de la proliferacion
celular (Palatnik et al., 2003; Wu et al., 2007). El estudio de estos genes indica que la
diversidad morfolégica de las hojas depende al menos en parte de la modulacion del
desarrollo de sus margenes (Blein et al., 2008). Ademas, la morfologia del margen es muy
plastica, y algunas especies pueden producir hojas con diferente configuracion marginal en

respuesta a diferentes condiciones ambientales durante su desarrollo (Royer et al., 2009).

[11.3.3.- Histologia foliar

Las hojas de las plantas son histol6gicamente simples (Figura 1D). La epidermis es
la capa de células que aisla a la planta de su entorno y regula el intercambio de sustancias
con el exterior (Becraft, 1999); en la hoja de Arabidopsis envuelve a otras cinco capas de

tejidos internos y esta constituida mayoritariamente por células pavimentosas, aunque
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también incluye otros histotipos que son componentes de estructuras especializadas como
los tricomas y los estomas. La morfologia de las células pavimentosas es irregular, excepto
en el peciolo y el margen del limbo, y junto a la vena primaria, en donde son alargadas y
estrechas. La superficie de la epidermis adaxial es relativamente lisa, mientras que la
abaxial es rugosa y sus células son mas pequefas que las del haz. El tamafio de las células
pavimentosas de la epidermis se corresponde con su nivel de ploidia, que oscila entre 2C
y 16C (Melaragno et al., 1993).

La epidermis adaxial se yuxtapone al meséfilo en empalizada, formado por una o
dos capas de células fotosintéticas alargadas y densamente empaquetadas. Existen otras
cuatro capas de mesdfilo, denominado esponjoso o lagunar, entre el mesdfilo en
empalizada y la epidermis abaxial; sus células son heterogéneas en tamafio y estan
separadas por amplios espacios intercelulares, que facilitan la difusion de los gases.

El sistema vascular de Arabidopsis, como el de otras plantas, sirve para el
transporte de sustancias y proporciona soporte mecanico a la hoja (Braybrook y
Kuhlemeier, 2010). Esta formado por dos tipos de tejidos: el floema, que conduce los
hidratos de carbono, y el xilema, que transporta agua y solutos (Turner y Sieburth, 2002).
Los haces vasculares transcurren a traves del mesofilo lagunar, ocupando el xilema la parte
adaxial y el floema, la abaxial. El patrén de venacién de las hojas de Arabidopsis es
broquidédromo —segun la clasificacion de Hickey (1979)— y esta formado por una vena
primaria central de la que surgen las secundarias formando bucles. Las areolas (regiones
intervasculares del limbo) de Arabidopsis son irregulares en su forma, tamafio y
orientacion. El patron de venacion de las hojas de Arabidopsis se ha descrito en detalle
(Candela et al., 1999; Dhondt et al., 2012), asi como la distribucién de los hidatodos, unas
estructuras asociadas a los conductos vasculares a través de las que sucede la gutacion o

secrecion de agua liquida.

[11.3.4.- Algunas facetas del desarrollo foliar
[11.3.4.1.- Establecimiento

La zona central del meristemo apical del tallo se divide continuamente durante el
desarrollo vegetativo de una planta. Las células recién generadas van desplazando del
apice a las precedentes, que a su vez contribuyen segun su posicion a la formacion del
tallo o de las hojas. Se denomina primordio foliar al grupo de células precursoras de una
hoja, cuya formacién es inducida por la acumulacion de auxina, que es a sSu vez
consecuencia de la actividad de los transportadores AUXIN RESISTANT1 (AUX1) y PIN-
FORMED1 (PIN1; Bayer et al., 2009; Guenot et al., 2012). La auxina que se acumula en

15



16

Introduccioén

los flancos del meristemo regula negativamente a los genes KNOX de la clase I, induciendo
la pérdida de pluripotencia celular y la iniciacion del primordio. La identidad de las células
del primordio es perpetuada por los factores de transcripcién ARP, que se expresan en el
primordio y mantienen la represion de los genes KNOX de la clase | (Long et al., 1996;
Byrne et al., 2002; Hay y Tsiantis, 2006).

La expansion foliar es el proceso por el que, una vez adquirida la identidad foliar, el
primordio crece hasta alcanzar el tamafio final de la hoja madura (De Veylder et al., 2001;
Bogre et al., 2008; Breuninger y Lenhard, 2010). Durante su primera fase, conocida como
de proliferacion celular, las células son similares y relativamente pequefas,
incrementandose su numero mediante divisiones mit6ticas (Donnelly et al., 1999) que
contribuyen solo moderadamente al crecimiento del 6rgano. En la segunda fase, llamada
de expansion celular, el aumento del volumen de las células hace crecer exponencialmente
a la hoja. La transiciébn entre estas dos fases, que coexisten durante parte de la
organogénesis foliar, ocurre primero en el apice y se propaga en direccion basipeta
(Donnelly et al., 1999; Nath et al., 2003). En Arabidopsis, la expansién celular estd asociada
a la endorreduplicacion, en la que la replicacion del ADN no conlleva citocinesis (Beemster
et al., 2005). Durante la fase de expansion celular las células también se diferencian
(Gonzalez et al., 2012). El tamafio final de las hojas puede modularse variando el ritmo de
la division o la expansion celular (Cho y Cosgrove, 2000; Rojas et al., 2009) y su duracion

(Kurepa et al., 2009; Lee et al., 2009; Sonoda et al., 2009).

[11.3.4.2.- Morfogénesis

Se llama morfogénesis a la adquisicion de la forma en un ser vivo (Gilbert, 2003).
Se denomina patron a la distribucién no aleatoria de las distintas partes de un érgano o de
un organismo (Spemann, 1938; Child, 1941; Sinnot, 1963; Wolpert, 1971; Twyman, 2001).
Una hoja madura no es uniforme a nivel tisular o morfologico, ya que muestra patrones
especificos. Su forma final depende de la regulacién espacial y temporal de la proliferacion
y la expansién celular, que a su vez dependen de la expresion de determinados genes
(Gifford y Foster, 1989; Sachs, 1991; Kuchen et al., 2012). La gran diversidad de formas
de las hojas en el plano definido por sus ejes proximodistal y mediolateral es consecuencia
de la variacion conjunta de dos parametros: el patron de crecimiento del margen y su
duracion (Blein et al., 2013). A la morfogénesis foliar contribuye més la proliferacion que la
expansion celular (Blein et al., 2008), aunque esta Ultima también es importante (Pien et
al., 2001). A pesar de que la forma de las hojas de las plantas de una especie dada es

reproducible, el nUmero y la orientacion de sus divisiones celulares no es fijo, lo que sugiere
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la existencia de algun tipo de control supracelular sobre la morfogénesis foliar (Ichihashi et
al., 2011).

Para que la formacién de patrones suceda es necesario que las células conozcan
su linaje o su posicion con respecto a los ejes de la estructura de la que forman parte. A
esta informacion se le denomina posicional (Wolpert, 1969). En el siglo pasado se
formularon dos hipétesis al respecto de cdmo las células vegetales adquirian su
informacion posicional. Las descripciones de linajes celulares y los resultados de la
manipulacion quirdrgica indicaron que algunas células solo rendian un tipo concreto de
progenie, lo que sugeria que su destino dependia de su linaje. En otros casos no era facil
correlacionar el destino y el linaje de las células, muchas de las cuales, en particular las de
organos en desarrollo, lo cambiaban tras ser transferidas a un nuevo contexto espacial.
Esta dltima observacion indicaba que el destino de las células también depende de su
posicion (Scheres, 2001). Se acepta generalmente en nuestros dias que la informacion
posicional es mas determinante que el linaje celular durante el desarrollo vegetal (Pallakies
y Simon, 2010). En el caso particular de la hoja, el analisis clonal ha demostrado que las
tres regiones concéntricas en que se subdivide el meristemo —denominadas de fuera
adentro L1, L2 y L3— son las precursoras de los tejidos epidérmicos, subepidérmicos y
vasculares de la hoja, respectivamente. Sin embargo, durante el desarrollo foliar se dan
divisiones periclinales que hacen que alguna de estas capas sea invadida por células de
otra, que pasan a comportarse segun su nueva posicion (Stewart y Derman, 1975; Poethig,
1989; Pallakies y Simon, 2010).

[11.3.4.3.- Informacion posicional durante el desarrollo foliar

Las células en desarrollo obtienen su informacién posicional mediante sefales
distribuidas heterogéneamente en su contexto tisular, que pueden ser exbégenas o
enddgenas. Se denomina morfégenos a estas sefiales en los animales: moléculas
difusibles cuya concentracion modula el comportamiento de las células durante el
desarrollo (Wolpert, 1969). En las plantas, se llama moléculas sefializadoras a las que
muestran actividad morfogenética, que son de naturaleza y funcién diversas (Braybrook y
Kuhlemeier, 2010; Pallakies y Simon, 2010). Se describen a continuacion algunos ejemplos
de este tipo de moléculas y el modo en que confieren informacion posicional a las células
durante el desarrollo foliar.

Cabe mencionar en primer lugar a los sistemas ligando-receptor, constituidos por
un péptido pequefio que es secretado al medio extracelular en el que difunde pasivamente

formando un gradiente de concentracion, y una proteina localizada en la membrana
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plasmatica, que se une especificamente al péptido y transduce la sefial de este al medio
intracelular (Matsubayashi, 2003). Pertenecen a este grupo los ligandos EPIDERMAL
PATTERNING FACTOR 1 (EPF1) y EPF2 y los receptores ERECTA (ER) y TOO MANY
MOUTHS (TMM), que contribuyen al correcto espaciamiento de los estomas. Las células
precursoras de los estomas producen EPF1 y EPF2, que al difundirse inhiben la
diferenciacion de las células adyacentes (Torii, 2012).

Los ARN pequefios moviles son moléculas cortas y difusibles, que forman
gradientes reprimiendo postranscripcionalmente a sus genes diana de forma no autébnoma
celular (Skopelitis et al., 2012). El microARN166 (miR166), por ejemplo, se expresa en el
polo abaxial de los primordios foliares, desde donde se difunde hacia el adaxial, formando
un gradiente de silenciamiento de los transcritos del gen PHABULOSA (PHB), que otorga
identidad adaxial a las células (Waites y Hudson, 1995; McConnell y Barton, 1998;
McConnell et al., 2001; Emery et al., 2003; Eshed et al., 2004; Kidner y Martienssen, 2004).

Por ultimo, merecen comentario las fitohormonas, que pueden conferir informacién
posicional al ser transportadas activamente o difundir pasivamente (Holder, 1979; Pallakies
y Simon, 2010). Un ejemplo de ello es la auxina, que participa en la especificacion del
patron vascular y la determinacion de la forma del margen foliar mediante su distribucion
heterogénea en el limbo, tal como se discute en el apartado siguiente (Hay et al., 2006;

Scarpella et al., 2010; Bilsborough et al., 2011).

[11.3.4.4.- Papel de la auxina en el desarrollo foliar

La auxina regula muchos aspectos del desarrollo vegetal. Suele distribuirse en
gradientes de concentracion o en puntos discretos, habitualmente llamados maximos.
Estos gradientes y maximos cambian dinAmicamente durante el desarrollo, modulando el
efecto de la hormona. Existen opiniones contrapuestas acerca de si la auxina es un
morfégeno en sentido estricto (Bhalerao y Bennett, 2003). Algunos autores consideran que,
en ciertos aspectos del desarrollo, la auxina puede considerarse un “disparador
morfogenético” (Dubrovsky et al., 2008): un factor que se distribuye de manera no
homogénea, induciendo nuevos destinos de desarrollo en células inicialmente iguales a
sus vecinas (Benkova et al., 2009). La mayor parte de la auxina de una planta se sintetiza
en el tallo y llega a las hojas mediante transporte activo, mediado por proteinas de las
familias PIN-FORMED (PIN) y AUXIN RESISTANT (AUX). La ubicacion de estos
transportadores en la membrana de las células foliares cambia en respuesta a sefales
exdgenas y endogenas con el fin de canalizar la auxina en una direccién determinada
(Tanaka et al., 2006; Teale et al., 2006; Benkova et al., 2009; Vanneste y Friml, 2009).
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La auxina es un determinante del desarrollo del margen foliar (Reinhardt et al.,
2003; de Reuille et al., 2006; Jonsson et al., 2006; Smith et al., 2006; Barkoulas et al., 2008;
Bilsborough et al., 2011). Los primordios foliares de Arabidopsis presentan inicialmente un
margen liso en el que se forman progresivamente dientes y I6bulos, cuyas posiciones
dependen del transporte polar de auxina. El transportador PIN1 (Hay et al., 2006) y el factor

de transcripcién CUC2 (Nikovics et al., 2006) forman maximos de auxina (Figura 2). Estos

Figura 2.- Papel de la auxina en el desarrollo del margen foligrdbidopsis. (A) Visualizacic
mediante microscopia confocal de la polarizacion de la proteina de fusion PIN1:@Reerbran
de las células del margen. Las flechas indican la direccién del transporte de auxina ques forma
maximo de la hormona. Se aprecia claramente la acumulacion de PIN1 en uno de los ladt
célula, perpendicularmente a la direccion del transp()eAcumulacién de auxina, visualize
indirectamente mediante la fusion transcripcioD®&%,,,:GFP (en verde DR5 es un promot
sintético que responde a auXira un maximo situado entre dos dominios de expresion de la p
de fusion CUC2:VENUS (en amarillo). (C) Formacién de maximos de auxina (circulos) en si
estadios (de izquierda a derecha) del desarrollo de un primordio foliar.e{Bjidhes entre
auxina, PIN1 y CUC2 en el margen foliar. La acumulacion de la auxina causada por su t
polar por PIN1 influye en la expresion y polarizacion de esta Ultima proteina, lo qudzasebil
méaximo. CUC2 tambiémfluye en la orientacién de PIN1 para estabilizar dicho maximo, mi
que la auxina, a su vez, inhibe la expresién de CUC2. Los simboy)s—| indican regulaci¢
positiva y negativa, respectivamente. GFP: proteina veroleeficente. VENUS: variante de la \
(proteina amarilla fluorescente, que es a su vez una variante de la GFP). Modifieatifode (A

B, D) Bilsborough et al. (2011) y (C) Teale et al. (2006). Las barras de escala indican 10 u
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méaximos coinciden con regiones del limbo que crecen mas que las adyacentes, formando
un diente o un I6bulo. Los dominios en los que se expresa CUC2, por el contrario, crecen
menos (Figura 2D; Bilsborough et al., 2011). Los importadores de auxina de la familia AUX
también son necesarios para la formacion de los méximos de auxina en el margen foliar
(Kasprzewska et al., 2015). Se desconoce la naturaleza molecular de la relacion entre el
transporte de auxina y CUC2.

La auxina también es necesaria para la formacion de los foliolos de las hojas
compuestas (Koenig et al., 2009) y para iniciar la diferenciacion de las venas (Scarpella et
al., 2006; Wenzel et al., 2007; Scarpella et al., 2010). Tras la formacion de cada maximo
de auxina en el margen foliar, PIN1 canaliza la auxina hacia la region medial del limbo. Asi,
las venas secundarias tienen su origen en los dientes y I6bulos del margen, y desembocan

en la vena primaria.

[11.4.- Antecedentes y objetivos
[11.4.1.- Generacion de la simetria bilateral en los seres vivos

La simetria bilateral es una propiedad morfoloégica de gran importancia para la
mayoria de los seres vivos, y ha aparecido varias veces en la evolucion de los animales y
las plantas para satisfacer necesidades diversas. En el caso de los animales, un plan
corporal con simetria bilateral permite una movilidad mas eficiente, esencial para su
supervivencia (Finnerty, 2003). Las plantas son sésiles y la mayoria de sus estructuras,
como la raiz, el tallo, y muchas flores y frutos presentan simetria radial. Solo la mayoria de
las hojas y algunas flores son bilateralmente simétricas como consecuencia de la
dorsoventralidad que han adquirido durante su evolucion para la captacién de luz y el
intercambio de gases, y para la polinizacion, respectivamente (Hudson, 2000; Preston y
Hileman, 2009; Endress, 2012).

Los 6rganos con simetria radial, como el tallo, presentan solo dos ejes de polaridad:
el proximodistal, desde la base al apice de la planta, y el mediolateral, que cruza diferentes
capas de tejidos concéntricos (Figura 3A, en la pagina 21). En los organismos y los 6rganos
bilaterales existe un tercer eje, el dorsoventral, que es perpendicular al proximodistal y
genera la particion del eje mediolateral (Figura 3A; Bowman et al., 2002; Husbands et al.,
2009).

Se dispone de un gran nimero de mutantes morfologicos de Antirrhinum majus,

cuyo andlisis ha revelado que la expresion asimétrica de uno o pocos genes basta para
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Figura 3.- Relacion entre la simetria radial y la bilaterafatirrhinum majus(A) Ejes de polaridad

en estructuras tridimensionales que manifiestan simetria radial (izquierda) y bilateral (derecha). PD,
ML y DV: eje proximodistal, mediolateral y dorsoventral, respectivamente. (B) Morfologia general
(arriba) y cortes histologicos transversales (abajo) de las hojas del tipo silvestre y un phmatante

de Antirrhinum majus La dorsoventralidad de la hoja silvestre se pierde en la mutante, que esta
radializada. (C) Transicion de la simetria bilateral de la flor zigomorfa silvesumiddinum majus

a mutantes actinomorfasyc cycloidea.dych: dychotoma. d, | y v: pétalos dorsales, laterales y
ventral, respectivamente. (B) y (C) se han tomado de Bowman et al. (2002).

especificar un nuevo eje de polaridad, como el dorsoventral. En efecto, la insuficiencia de
la funcidn del gen Phantastica (Phan), que se expresa en las células foliares adaxiales,
causa la radializacion de las hojas (Figura 3B; Waites y Hudson, 1995). A una conclusion
similar conduce el fenotipo del doble mutante cycloidea dichotoma (cyc dich), que presenta
flores con simetria radial y pérdida de identidad dorsal (Figura 3C; Luo et al., 1996; Hileman
y Baum, 2003; Hileman, 2014). Estos y otros fenotipos de radializacion foliar o floral suelen
estar asociados a alelos mutantes de genes que codifican factores de transcripcion que se
expresan desigualmente en los territorios dorsal y ventral de los 6rganos afectados (Waites
y Hudson, 1995; McConnell y Barton, 1998; McConnell et al., 2001; Galego y Almeida,
2002; Emery et al., 2003; Eshed et al., 2004; Kidner y Martienssen, 2004; Corley et al.,
2005). Los factores de transcripcion CYC y DICH, de la familia TCP (por los genes teosinte
branchedl, CYCLOIDEA, PROLIFERATING CELL FACTORL1 y 2) controlan la polaridad
floral regulando a genes efectores de la proliferacion y la expansion celular (Martin-Trillo y
Cubas, 2010). Otros autores han propuesto que para generar la dorsoventralidad, CYC y
DICH también deben controlar a otros genes que confieran direccionalidad al crecimiento

de los 6rganos florales (Green et al., 2010; Kennaway et al., 2011).
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[11.4.2.- Desviaciones de la simetria bilateral en los seres vivos

Se han definido varios tipos de desviaciones de la simetria bilateral (Ludwig, 1932;
Bock y Marsh, 1991). Se ha dado en llamar asimetria fluctuante a la desviacion sutil y
aleatoria de la simetria bilateral que se atribuye al ambiente y al polimorfismo genético en
las poblaciones (Palmer, 1996; Hosken et al., 2000; Palmer, 2004, Lin et al., 2012). Se
denomina asimetria conspicua a las diferencias reproducibles y controladas genéticamente
entre las dos mitades de un 6rgano u organismo completo, distinguiéndose dos tipos:
asimetria direccional, si la manifiestan de igual modo todos los individuos de una especie
dada, y antisimetria, si coexisten dos tipos especulares en la poblacion. Se cree que la
antisimetria se debe a la influencia del ambiente sobre ciertos genes durante el desarrollo
(Palmer, 2004). El cangrejo Homarus americanus, cuya pinza mas utilizada durante el
desarrollo se hipertrofia, constituye un ejemplo de antisimetria (Govind y Pearce, 1989).

Es tan sorprendente como cierto que no se conocen genes responsables de la
simetria bilateral. Sin embargo, si se han descrito numerosas estructuras biolégicas, tanto
animales como vegetales, que manifiestan una asimetria bilateral que esta controlada por
genes concretos (Vandenberg y Levin, 2013). En el embrion de Drosophila melanogaster,
los ejes anteroposterior y dorsoventral son especificados por productos de genes maternos
en funcién de la posicion del oocito en el foliculo ovérico (Gilbert, 2003); sin embargo, se
desconoce la existencia de mecanismos responsables de la definicion de los polos
izquierdo y derecho. De hecho, se han buscado sin éxito mutantes de Drosophila
melanogaster con pérdida de la simetria bilateral en diversas estructuras corporales (Smith
y Sondhi, 1960; Purnell y Thompson, 1973; Coyne, 1987; Tuinstra et al., 1990). Se ha
concluido de lo anterior que la unidad béasica de la estructura corporal de Drosophila
melanogaster es cualquiera de sus dos mitades, izquierda o derecha, y que la simetria
bilateral se consigue combinandolas especularmente (Palmer, 2004). El animal, en

consecuencia, presenta dos ejes mediolaterales.

[11.4.3.- La simetria bilateral en las hojas de las plantas

El polo proximal del eje proximodistal y el dorsal del eje dorsoventral de un primordio
foliar se especifican en funcién de la posicién de este Ultimo en el meristemo apical del
tallo. En otras palabras, el primordio usa una estructura preexistente como referencia
espacial (Hudson, 2000). Aunque todas las hojas manifiestan asimetria bilateral fluctuante,
las de algunas plantas pueden considerarse bilateralmente simétricas mientras que las de
otras especies manifiestan asimetria conspicua. Dado que todas las especies con hojas

asimétricas muestran una filotaxia espiral, se ha propuesto que esta Ultima causa la
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asimetria (Chitwood et al., 2012b). Algunos ejemplos de plantas con hojas asimétricas son
Arabidopsis y el tomate, cuyo grado de asimetria es pequefio pero reproducible, o especies
de los géneros Aglaonema y Calathea, en las que la asimetria es mayor (Chitwood et al.,
2012b). Se ha demostrado en Arabidopsis y el tomate que la causa de la asimetria es una
distribucion asimétrica de la auxina en el primordio, impuesta por la propia arquitectura
espiral del meristemo (Chitwood et al., 2012a). En efecto, cada primordio emergente
compite por la auxina més con el siguiente (que al ser mas joven consume mas auxina de
los tejidos vecinos) que con el anterior (que al ser mas viejo es capaz de sintetizar su propia
auxina). Esta disponibilidad asimétrica de auxina para el primordio emergente causa un
crecimiento asimétrico de la hoja (Figura 4). Se deriva de lo anterior que la simetria en la

distribucion de la auxina es fundamental para la simetria foliar.

=== Centro de masa
» Maximo de auxina

Figura 4.- Efectos de la auxina sobre la simetria bilateral de las hojas del tomate, una planta con
filotaxia espiral. (A) Distribucion espacial de los centros de masa (ejes proximodistales) de los
primordios foliares y de los maximos de auxina en un meristemo apical del tallo del tomate. Notese
gue los maximos de auxina estan desviados lateralmente respecto a los centros de masa. Los
poligonos verdes y azules representan las células epidérmicas del meristemo y los primordios
foliares, respectivamente. Los primordios estan numerados (PO a P6) en orden inverso al de su
aparicion. (B-E) Efectos de la aplicacion asimétrica de lanolina (B-C) sin y (D-E) con &cido
indolacético sobre la simetria en la hoja compuesta del tomate. (B, D) Posicién de aplicacion de la
lanolina (manchas oscuras). (C, E) Hojas resultantes de los tratamientos. Nétese en (E) que la
aplicacion de auxina causa el desplazamiento distal de un foliolo lateral (flecha) y la aparicién de un
I6bulo ectdpico en el foliolo terminal (asterisco). Tomado de Chitwood et al. (2012a).
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En Arabidopsis —como en Drosophila melanogaster— no se han encontrado
mutantes cuyas hojas manifiesten asimetria direccional o antisimetria propiamente dichas.
Se han descrito mutantes con asimetria aleatoria, en los que las hojas de una misma planta
son diferentes entre si, lo que sugiere que sus mutaciones intensifican la asimetria
fluctuante intrinseca del tipo silvestre (Hosken et al., 2000; Townsley y Sinha, 2012).

A continuacién se describen algunos mutantes de Arabidopsis cuyas hojas
manifiestan algun grado de asimetria bilateral (Figura 2 de Mufioz-Nortes et al. [2014], en
la pagina 42 de esta Tesis). Los factores de transcripcion AS1 (ASYMMETRIC LEAVES1)
y AS2 y las proteinas BOP1 (BLADE-ON-PETIOLELl) y BOP2, que presentan dominios
BTB/POZ y repeticiones de anquirina, contribuyen a la diferenciacion foliar reprimiendo en
la hoja a genes que codifican factores de transcripcion de la familia KNOX de la clase |
(KNOTTED-LIKE FROM ARABIDOPSIS THALIANAL [KNAT1], KNAT2 y KNAT6) y a dos
de la familia YABBY (YAB3 y FILAMENTOUS FLOWER [FIL]). En los mutantes simples
asl, as2 y boply en el doble mutante bopl bop2 aparecen I6bulos asimétricos en la region
basal de la hoja (Byrne et al., 2000; Semiarti et al., 2001; Ha et al., 2007; Ha et al., 2010).

El factor de transcripcion JAGGED (JAG) es necesario para la transicion entre la
proliferacion y la diferenciacion en los érganos laterales y se requiere para que adquieran
su forma silvestre; los mutantes jag presentan pérdida aleatoria de la simetria foliar y
defectos morfolégicos en los 6rganos florales (Dinneny et al., 2004). TRN1 (TORNADOL1)
y TRN2 participan en el establecimiento del eje mediolateral en la raiz y en la expansion
lateral del limbo en las hojas. Los alelos nulos de TRN1 y TRN2 causan la pérdida de la
simetria bilateral foliar (Cnops et al., 2000; Cnops et al., 2006). Las proteinas BAM1
(BARELY ANY MERISTEM1), BAM2, BAM3 y STRUBBELIG (SUB) son presuntos
receptores con actividad tirosina quinasa. Los genes BAM participan en el desarrollo de
diversas estructuras vegetales, entre ellas la hoja, y sus alelos mutantes alteran la simetria
foliar (DeYoung et al., 2006). El gen SUB regula el ritmo y la orientacion de los planos de
la division celular, asi como la transicion a la fase de expansion y diferenciacion (Chevalier

et al., 2005); sus alelos mutantes presentan hojas antisimétricas (Lin et al., 2012).

[11.4.4.- Objetivos de esta Tesis

Las hojas de las plantas capturan eficientemente la luz solar, retiran CO; de la
atmosfera, producen el oxigeno que respiramos y constituyen la fuente directa o indirecta
de casi todos los alimentos que consumimos (Micol, 2009). La comprension de los
mecanismos que determinan el nimero de hojas de una planta, asi como su forma, tamafio

y estructura interna, deberia permitir la manipulacion genética de especies vegetales para
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satisfacer mejor las necesidades de la humanidad y del planeta en su conjunto. A pesar de
todo ello, se dispone de muy poca informacion acerca de los procesos genéticos que
subyacen al crecimiento y la morfogénesis de las hojas.

Los abordajes genéticos han sido los mas fructiferos en el andlisis del desarrollo
foliar, gracias a la obtencion de mutantes que manifiestan anomalias en la morfologia de
las hojas. Con el objetivo de contribuir a la diseccién genética del desarrollo de este 6rgano
en Arabidopsis se iniciaron en 1993 en el laboratorio de J.L. Micol varias busquedas de
mutantes que manifestasen alteraciones en la arquitectura foliar. Se identificaron asi 153
mutantes inducidos mediante EMS y 28 por bombardeo con neutrones rapidos. También
se estudiaron 56 mutantes pertenecientes a una coleccion de dominio publico, la del
Arabidopsis Information Service (AlS). Su andlisis de complementacion demostré que
correspondian a 94, 8 y 14 genes, respectivamente (Berna et al., 1999; Serrano-Cartagena
et al,, 1999). Se han identificado desde entonces 55 de estos genes —inicialmente
mediante clonacién posicional, y mas recientemente, por secuenciacion masiva—, que han
sido caracterizados genética y molecularmente en el laboratorio de J.L. Micol, en algunos
casos en colaboracion con otros grupos (Micol, 2009; Pérez-Pérez et al., 2009).

El nimero medio de alelos obtenidos de los genes a estudio en el laboratorio de J.
L. Micol indicaba claramente que no se habia alcanzado la saturacion del genoma (Berna
etal., 1999; Pérez-Pérez et al., 2009). De ahi que se decidiera en 2007 analizar la coleccion
Salk de mutantes de ADN-T (Alonso et al., 2003), afio en el que el ABRC habia empezado
a agrupar en grandes lotes las lineas de la coleccion Salk, para facilitar las basquedas a
gran escala, haciéndolas asequibles para muchos laboratorios medianos.

Los objetivos iniciales de esta Tesis incluian (1) completar en la medida de lo posible
el escrutinio de mutantes foliares en la coleccién Salk, previamente iniciado, (2) realizar
una caracterizacion genotipica y fenotipica preliminar de los mutantes foliares encontrados,
y (3) estudiar con un mayor grado de detalle aquellos que se considerasen de especial
interés. El rasgo fenotipico que se consideré mas importante a priori fue la perturbacion de
la simetria bilateral, por haber sido muy poco estudiado y estar muy poco representado en
las poblaciones de mutantes disponibles, ello a pesar de que esta propiedad morfologica
es una de las mas conspicuas de los seres vivos en general y de las hojas de las plantas
en particular. Solo uno de los mutantes foliares identificados mostré hojas con asimetria
bilateral: la linea SALK_047972, cuya caracterizacion ha constituido el grueso del trabajo
realizado en esta Tesis, que ha incluido la confirmacion de la identidad del gen causante
de su fenotipo mutante, al que hemos llamado DESIGUAL1 (DEAL1), y su analisis

genético, filogenético y molecular. Hemos definido el nUmero de miembros de la familia
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génica a la que pertenece DEAL1, obtenido sus alelos mutantes y estudiado sus
interacciones genéticas intra y extrafamiliares. Nuestro objetivo Gltimo era proponer un
modelo que explicase el fenotipo de los mutantes deal y en particular la contribucién de los
genes de la familia DEAL al desarrollo de la hoja de Arabidopsis y eventualmente, de la

planta en su conjunto.
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Abstract

The body architectures of most multicellular organisms consistently display both symmetry and asymmetry. Here, we
discuss some of the available knowledge and open questions on how symmetry and asymmetry appear in several
conspicuous plant cells and tissues. We focus, where possible, on the role of genes that participate in the mainte-
nance or the breaking of symmetry and that are directly or indirectly related to the cell cycle, under an organ-centric

point of view and with an emphasis on the leaf.

Key words: Arabidopsis, asymmetric cell divisions, bilateral symmetry, laterality, symmetry, symmetry breaking.

Introduction

Most living beings exhibit some form of symmetry; exam-
ples are all bilaterian animals and many plant leaves, which
show bilateral or mirror symmetry, and adult echinoderms
and many flowers, which show radial or rotational symmetry.
In Biology, however, symmetry is usually imperfect from a
geometric perspective, and in not a few cases has been dra-
matically broken by evolution at the cell, tissue, organ, or
whole-body levels. Prototypical examples of both symmetry
and symmetry breaking in animal development are provided
by vertebrates, whose bodies exhibit a bilaterally symmetrical
exterior whereas their internal architecture includes asym-
metrically positioned heart and visceral organs (Vandenberg
and Levin, 2013), the latter phenomenon being termed devel-
opmental chirality, left-right asymmetry, or laterality. The
consistent symmetries and asymmetries found in many body
plans raise fundamental biological questions on their underly-
ing molecular mechanisms; these questions include the extent
of their evolutionary conservation across kingdoms and their
causal relationship, if any, with the known symmetries and
asymmetries that cells display in shape, movement, outgrowth,
and internal distribution of organelles and molecules.

Two of the above-mentioned questions have been addressed
in a recent study focused on the functional importance of

tubulins in symmetry breaking in distinct and phyloge-
netically distant biological systems (Lobikin et al, 2012).
Tubulins are the proteins that make up and/or contribute to
the arrangement of microtubules, one of the most important
components of the cytoskeleton. Left-handed helical growth
is caused by the /leftyl and lefty2 dominant-negative alleles
of the Arabidopsis genes encoding o-tubulin and Tubgcp2
(a y-tubulin-associated protein), respectively (Hashimoto,
2002; Thitamadee et al., 2002; Abe et al., 2004). When the
same mutations were induced in the Caenorhabditis elegans,
Xenopus, and human orthologues of the above-mentioned
genes, these mutations altered very early steps of left-right
patterning in nematode and frog embryos, as well as the chi-
rality of cultured human neutrophils (Lobikin ez al., 2012),
indicating that the origin of laterality is cytoplasmic, ancient,
and highly conserved across widely divergent phyla.

Asymmetric cell divisions and the cell cycle
in plants
In plants, symmetry breaking can occur at the molecular, subcel-

lular, tissue, organ, and body levels (Li and Bowerman, 2010). At
the cellular level, asymmetry exists in cell shapes, cell functions,
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and subcellular protein distributions, which together contrib-
ute to cell polarity (Nelson, 2003). Asymmetry is also evident
in the so-called asymmetric or formative divisions, in which an
initial cell divides into two daughter cells that acquire unequal
fates (Gunning et al., 1978; Weimer et al., 2012; Smolarkiewicz
and Dhonukshe, 2013). Two sister cells can acquire divergent
fates as a result of extrinsic factors, such as interactions with
neighbouring cells and environmental signals, or of intrinsic
cell factors that are inherited unequally. The latter type of
asymmetric cell divisions require that organelles and other
intracellular components are organized in an asymmetric man-
ner in the mother cell (Horvitz and Herskowitz, 1992; Petricka
et al., 2009). The molecular mechanisms that control the asym-
metry of cell divisions have been hypothesized to be tightly
coupled to cell cycle timing and progression (Zhong, 2008), as
asymmetric divisions often depend on cell cycle regulators and
are essential for normal plant development and reproduction
(De Smet and Beeckman, 2011).

The development of multicellular plants and animals ini-
tiates with multiple asymmetric divisions of an initial cell,
the zygote, and the subsequent specification and differentia-
tion of distinct cell types in the embryo (Scheres and Benfey,
1999). While cell migration plays an essential role in animal
embryos, the rigid walls of plant cells make cell migration
impossible. For this reason, the generation of plant tissues
and organs relies on the control of the asymmetry and ori-
entation of cell divisions, cell differentiation, and cell expan-
sion (Abrash and Bergmann, 2009; Petricka et al., 2009).

Asymmetric divisions in the zygote and early embryo

In higher plants, the first division of the zygote is asymmetric
(Fig. 1A), giving rise to an apical cell, which will form most
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of the embryo proper, and a basal cell, which will give rise
to the hypophysis and the suspensor, the structure that con-
nects the embryo with the maternal tissues (Jiirgens, 2001).
The correct orientation and asymmetry of the first zygotic
division is controlled in Arabidopsis by the GNOM (GN)
gene, which encodes an ADP ribosylation factor-GDP/GTP
exchange factor (ARF-GEF) that regulates the formation
of vesicles in membrane trafficking. The GNOM protein is
specifically involved in the endosomal recycling of the auxin-
efflux carrier PIN-FORMEDI1 (PIN1) (Richter et al., 2010).
In gn mutants, the first division of the zygote is symmetric
and the subsequent divisions are also altered (Mayer et al.,
1993). In Arabidopsis, the YODA (YDA) gene encodes a mito-
gen-activated protein kinase kinase kinase (MAPKKK). In
loss-of-function yda mutants, the zygote also divides sym-
metrically, and some derivatives of the basal cell become part
of the embryo, instead of the suspensor. Conversely, gain of
YDA function causes excessive proliferation of the suspensor
(Lukowitz et al., 2004). Therefore, GN and YDA are essen-
tial in breaking zygote symmetry in Arabidopsis. Additional
asymmetric cell divisions are important for the establishment
of the basic body plan at early stages of embryo develop-
ment, including the divisions that initiate the formation of
epidermal, ground, and vascular tissues (Jiirgens, 1995).

Asymmetric divisions in root and shoot development

Establishment of the primary root apical meristem requires
the asymmetric division of the hypophysis, the uppermost
cell of the suspensor (De Smet et al., 2010), and the forma-
tion of lateral roots starts with several asymmetric divisions
of pericycle cells (De Smet et al., 2008). The importance of
asymmetric divisions in the Arabidopsis root is also illustrated
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Fig. 1. Two models for the establishment of developmental asymmetry through cell division in plants. The asymmetric architecture of an organ or whole
body can be achieved either (A) by one or few very early asymmetric cell divisions (i.e. as in the embryo or the stomatal lineages) or (B) later on by an
asymmetrically distributed division property (i.e. division plane orientation in leaf primordia). Drawings are not to scale.
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by the cell divisions that lead to the formation of cortical and
endodermal cell files, the two lineages that constitute the root
ground tissue. In the root meristem, the cortex/endodermal
initial cell (CEI) experiences a transverse asymmetric division
that gives rise to one stem cell and a cortex/endodermal initial
cell daughter (CEID). The CEID subsequently divides asym-
metrically in the longitudinal plane to produce two different
cell types, the endodermal and cortical cells (Dolan et al.,
1993; Walker et al., 2007).

Mutations in the SHORT-ROOT (SHR) and SCARECROW
(SCR) genes, which encode transcription factors, disrupt the
CEID longitudinal asymmetric division, resulting in a sin-
gle layer of ground tissue. SHR seems to be required for the
specification of endodermal cells, because the cells derived
from the CEID only exhibit cortical properties in shr mutants
(Benfey et al., 1993). However, in scr mutants, the cells derived
from the abnormal CEID exhibit traits from both cell types,
suggesting that SCR controls the asymmetric division of the
CEID rather than the specification of endodermal or cortical
identity (Di Laurenzio et al., 1996). SHR and SCR regulate
the spatiotemporal activation of components of the cell cycle
network during the asymmetric divisions that initiate the cor-
tical and endodermal root lineages. At the time of CEID peri-
clinal division, SHR and SCR are bound to the promoter of a
D-type cyclin, CYCDG6;1, indicating that this cyclin is a direct
target of these genes. In addition, CEID periclinal divisions
are diminished in cycd6, 1 mutants, suggesting that the activa-
tion of CYCD6;,1 through the SHR/SCR network is required
for the asymmetric divisions giving rise to the cortical and
endodermal root lineages (Sozzani et al., 2010).

Other cell cycle genes are regulated by SHR and SCR dur-
ing lateral root formation. Two cyclin-dependent kinases,
CDKB2;1 and CDKB2;2, are expressed in CEI cells (De
Smet et al., 2008). Ectopic expression of the CDKB2;1 and
CDKB?2;2 genes in ground tissue causes an increase in endo-
dermal cell divisions, and partially rescues the division defects
of shr mutants, suggesting that these kinases act downstream
of SHR and SCR in the regulation of asymmetric divisions
during lateral root formation (Sozzani et al., 2010).

A recent study of fewer roots (fwr), a novel recessive allele
of the above-mentioned GN gene, strongly suggests that
GN is required for the establishment of the auxin response
maximum for lateral root initiation, probably through the
regulation of local and global auxin distribution in the root
(Okumura et al, 2013). Additional observations suggest a
link between auxin, lateral root initiation, and the cell cycle.
A CDK inhibitor, KIP-RELATED PROTEIN2 (KRP2),
which is expressed specifically in the asymmetrically divided
pericycle cells, seems to regulate the G, to S transition in an
auxin-dependent manner. In the absence of an auxin signal,
KRP2 prevents the cell cycle induction of pericycle cells.
Conversely, when auxin is present, the down-regulation of
KRP2 makes the G, to S transition of these cells possible
(Himanen et al., 2002).

A common mechanism that controls formative divisions
in the root and shoot of Arabidopsis relies on the activity of
CDKA;1, a homologue of the human A-type cyclin-depend-
ent kinase Cdkl. High CDKA;l levels are required for

asymmetric cell divisions in root and shoot tissues (Weimer
et al.,2012). RETINOBLASTOMA RELATEDI (RBR1)is
an essential target of CDKA;1. Phosphorylation of RBR1
by CDKA;I inhibits RBR1 and regulates the entry into S
phase, allowing asymmetric cell divisions. Two B-type cyc-
lin-dependent kinases, CDKBI;1 and CDKBI;2, seem to be
functionally redundant with CDKA;1 (Nowack ef al., 2012;
Pusch et al., 2012).

Asymmetric divisions in stomatal patterning

Stomatal patterning, both in monocotyledonous and in
dicotyledonous plants, initiates with the asymmetric division
of an epidermal cell (Fig. 1A) (Larkin er al, 1997; Facette
and Smith, 2012). In maize, this symmetry breaking gives
rise to the so-called guard mother cell (GMC), which divides
symmetrically to produce a pair of guard cells and induces
the division of contiguous cells to form the subsidiary cells
(Sack and Chen, 2009). In Arabidopsis, a protodermal cell
divides asymmetrically to yield the meristemoid mother cell
(MMC). The MMC divides asymmetrically, giving rise to a
larger spacer pavement cell and a smaller meristemoid cell,
which in turn can experience additional asymmetric spacing
divisions or become a GMC. Like in maize, the subsequent
symmetric division of the GMC produces a guard cell pair
(Barton, 2007; Bergmann and Sack, 2007).

In Arabidopsis, the plant-specific protein BREAKING OF
ASYMMETRY IN THE STOMATAL LINEAGE (BASL)
regulates asymmetric divisions and accumulates at the cell
periphery before the MMC divides asymmetrically. bas/ loss-
of-function alleles cause a loss of asymmetry in these divisions,
so that the two daughter cells frequently express meristemoid
fate markers (Dong et al., 2009). Other mutations that alter
the asymmetric divisions characteristic of wild-type stoma-
tal development include too many mouths (tmm), speechless
(spch), and yda. TMM encodes a transmembrane leucine
repeat-containing receptor-like protein. tmm mutants exhibit
an increased number of leaf stomata, many of which form
clusters of adjacent guard cells, which suggests a defect in the
oriented asymmetric divisions that lead to the spacing of sto-
mata in the leaves (Geisler ez al., 2000; Bergmann and Sack,
2007). SPCH encodes a basic helix-loop-helix (b HLH) tran-
scription factor. In spch mutants, the protodermal cell divides
symmetrically. The MUTE gene also encodes a bHLH protein
that acts downstream of SPCH, and mute alleles promote
asymmetric divisions in the MMC stage, forming excessive
pavement cells. As a consequence, differentiation to GMC
does not occur, and mute mutants fail to generate guard cells
(MacAlister et al., 2007; Pillitteri et al., 2007). YDA represses
stomatal initiation in response to spacing regulators. In yda
mutants, the asymmetry of the spacing divisions of meriste-
moids is altered, giving rise to clusters of adjacent stomata
(Bergmann ez al., 2004).

The sequence of asymmetric divisions that leads to the
spacing of stomata and the surrounding pavement cells
is related to cell cycle progression. The expression of the
CDK inhibitor KIP-RELATED PROTEINI (KRPI) under
the control of the TMM promoter produces a reduction in
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asymmetric divisions, resulting in enlarged pavement cells
(Weinl et al., 2005). The final stage of stomatal development
is also related to changes in the timing of the cell cycle. When
the GMC divides symmetrically to form a pair of guard cells,
the cell cycle in these daughter cells is arrested in the G, stage
or they exit the cell cycle (Gy) (Bergmann and Sack, 2007).
The FOUR LIPS (FLP), MYBS88, and FAMA transcription
factors are responsible for the end of cell cycling during later
steps of stomatal lineage differentiation. FLP is expressed
before GMC mitosis, and flp mutants produce clusters of
guard cells because GMC cell cycling continues, instead of
guard cell differentiation (Lai ez al., 2005).

Several cell cycle regulators have been related to stomatal
development. CDKBI;I promotes stomatal production by
positively regulating mitosis in GMCs (Boudolf ez al., 2004a,
b). The cyclin-dependent protein kinase CDTI and CELL
DIVISION CONTROL 6 (CDC6) are expressed in stoma-
tal precursor cells and decide which cells will replicate their
DNA. Overexpression of these genes increases the number of
stomata in Arabidopsis leaves (Castellano et al., 2004). The
Arabidopsis D-type cyclin CYCD4 controls cell division in
the stomatal lineage of the hypocotyl epidermis, and its over-
expression increases the generation of stomata (Kono et al.,
2007). Another cell cycle regulator, the RBR1 protein, appears
to be involved in asymmetric divisions of the stomatal line-
age. RBR1 inhibits the activity of E2F-DP, a heterodimeric
transcription factor that activates CDKBI, 1. Inactivation of
RBRI1 or overexpression of E2F-DP leads to an increased
number of asymmetric divisions in the stomatal lineage
(Desvoyes et al., 2006). Furthermore, virus-induced silencing
of RBRI generates stomatal clusters similar to those of tmm
mutants, suggesting that TM M regulates asymmetric cell divi-
sions through the RBR1/E2F-DP pathway (Park ez al., 2005).

Asymmetric divisions in pollen development

In male gametophyte development, microspores undergo an
asymmetric division that is called pollen mitosis I (PMI),
which generates a small generative cell (GC) and a large veg-
etative cell (VC). The GC divides symmetrically and gives
rise to two sperm cells, whereas the VC yields the pollen tube
(Mccormick, 1993). Both the gemini pollen (gem) and sidecar
pollen (scp) mutations alter the asymmetric division that gives
rise to GC and VC (PMI), but with different consequences.
In the gem mutants, both daughter cells express typical VC
markers (Twell et al, 1998). SCP encodes a LATERAL
ORGAN BOUNDARIES DOMAIN/ASYMMETRIC
LEAVES 2-like (LBD/ASL) protein (Oh et al., 2010, 2011),
whose mutations cause the division of the microspore to be
symmetric. As a result, one daughter cell becomes a VC and
the other experiences a normal asymmetric division, gen-
erating pollen grains with two VCs and one GC (Chen and
McCormick, 1996). In addition, scp mutants show delayed
entry into mitosis (Borg ez al., 2009).

The regulation of cell cycle progression is crucial for male
gametogenesis in Arabidopsis. It has been demonstrated that
CDKA;1 also participates in the generation of the GC, and
is repressed by the cell cycle inhibitors KRP6 and KRP7 in

the VC (Iwakawa et al., 2006). The degradation of KRP6
and KRP7 via SKPl-cullin 1-FBL17 (SCF"B") releases
CDKA:!1 in the GC and allows cell cycle progression (Kim
et al., 2008). Moreover, the R2ZR3 MYB transcription factor
DUO POLLEN 1 activates CYCBI;1, the regulatory subunit
of CDKA;I (Brownfield et al., 2009).

Conserved and non-conserved ways of breaking
symmetry

A regulatory module that appears to play an important
and highly conserved role in asymmetric cell divisions
along several eukaryotic model organisms involves the cell
division control 42 (Cdc42) protein (Li and Bowerman,
2010). Cdc42 is a GTPase that belongs to the Rho GTPase
family, which was first discovered in Saccharomyces cer-
evisiae (Adams et al., 1990). This protein is called Cdc42
or Rac in metazoans and fungi, and RHO-RELATED
PROTEIN FROM PLANTS (ROP) in plants (Johnson
etal.,2011). Rho GTPases regulate processes such as gene
expression, cell polarity, and the cell cycle (Jaffe and Hall,
2005).

Several symmetry-breaking processes are regulated
by ROP GTPases in plants (Yang and Lavagi, 2012). In
Arabidopsis, all Rho-related GTPases belong to the ROP
subfamily, and six of the 11 Arabidopsis ROPs partici-
pate in cell polarity (Yang, 2008). ROPI1 participates in
the growth of pollen tube tips. ROPI generates an apical
cap in the plasma membrane that is regulated by two feed-
back mechanisms: a positive feedback that allows the lat-
eral spreading of active ROP1, and a negative feedback
that restricts the presence of active ROPI to the apical cap
(Hwang et al., 2010). This apical ROP cap has also been
found at the tip of root hairs, suggesting that the mecha-
nism of ROP-mediated polarization is shared by pollen
tubes and root hairs (Molendijk et al., 2001). Plant ROP
proteins are also involved in the generation of the char-
acteristic shape of pavement epidermal cells through the
regulation of the cytoskeleton (Qian ez al., 2009). It seems
that polarized domains in the plasma membrane of pave-
ment cells have a ROP-based regulation. The activation of
a ROP2 effector, ROP-INTERACTIVE CRIB MOTIF-
CONTAINING PROTEIN 4 (RIC4), promotes the accu-
mulation of F-actin in the lobes, whereas ROP6 is activated
in the indentations, and activates RIC1 to promote micro-
tubule organization. ROP2 inhibits the ROP6-MT path-
way, whereas microtubules inhibit ROP2 activation. Thus,
these two pathways are mutually exclusive, leading to the
formation of the characteristic puzzle-shaped pavement
cells (Fu et al., 2005, 2009). Another example of ROP-
based regulation is related to the above-mentioned BASL
gene. Overexpression of BASL in petiole and hypocotyl
epidermal cells generates cellular outgrowths. There is evi-
dence that the generation of these outgrowths requires the
action of ROP GTPases (Dong et al., 2009; Facette and
Smith, 2012).

Other symmetry-breaking mechanisms are not conserved
in higher plants. Septins are a family of GTPases that form



Publicaciones 41

Symmetry, asymmetry, and the cell cycle in plants | 2649

higher order structures adequate for the control and main-
tenance of cell asymmetry (Spiliotis and Gladfelter, 2012),
and have long been known to play roles in animal and fun-
gal cytokinesis. Four septin genes (CDC3, CDCI0, CDCI1,
and CDC12) were identified in yeast in the screen for cell
division mutants performed by Lee Hartwell >40 years
ago (Hartwell, 1971). Septin genes seem to have been lost
in the Plantae lineage, exceptions being some algae: sep-
tin homologues have only been found in diatoms and green
algae, but not in glaucophytes, red algae, and land plants
(Yamazaki et al., 2013). Why septins have been lost and
which proteins have taken their role in higher plants remain
open questions.

Another interesting question is to what extent different
symmetry-breaking mechanisms are conserved across the dif-
ferent plant tissues. Some genes are known to control differ-
ent asymmetric cell divisions in different tissues. For instance,
YDA is required for asymmetric divisions in both the zygote
and stomatal lineages. In the first case, it enforces the asym-
metry of the first zygote division, whereas, in the stomata,
it promotes the meristemoid asymmetric division that leads
to the spacing of stomata. Another example is GN, which is
required for the first asymmetric division of the zygote, and
also for the asymmetric divisions of pericycle cells during
lateral root formation. Some cell cycle regulators are neces-
sary for asymmetric divisions, including CDKA;1, which
is required for root and shoot formative divisions, and also
for the asymmetric division that forms a GC during pollen
development.

Organ symmetry and the cell cycle
in plants

In the following sections, we evaluate how changes in the
cell cycle can affect the shape and symmetry of plant organs.
Altering cell cycle progression in plants might be expected to
alter whole-organ morphology, but the relationship between
symmetry and the cell cycle does not seem straightforward.
Evidence shows that organ shape can be modified by alter-
ing the cell proliferation rate or the timing of transition from
proliferation to differentiation, but not as much when divi-
sion plane orientation is impaired. The functions of several
genes that link the cell cycle to the acquisition of shape and
symmetry in plant organs are discussed.

Leaf bilateral symmetry

Numerous components of the molecular machinery that con-
trols the cell cycle in plant leaves have homologues among
animals and fungi. However, the coordination of cell prolif-
eration required to achieve leaf patterning must be controlled
by a unique gene regulatory network, since leaves are organs
with no counterparts outside the plant kingdom (Townsley
and Sinha, 2012). Leaves are determinate organs that develop
in a coordinated pattern from leaf primordia in the flank of
the shoot apical meristem (SAM). Cells within a primordium
continue to divide for a limited period of time, with no fixed

patterns of cell division. Cells cease to divide according to
a stochastic gradient of termination of cell division, and
cell expansion accounts for the final enlargement of the leaf
(Donnelly et al., 1999). Chitwood et al. (2012) have recently
reported a slight, but reproducible deviation from bilateral
symmetry in the leaves of tomato and Arabidopsis, which the
authors attribute to differences between the right and left
sides of the primordium at the time of leaf initiation. These
differences correlate with the direction of the phyllotactic
pattern, emphasizing the impact of an asymmetric distribu-
tion of auxin in the meristem on the growth patterns of plant
leaves.

Mutations in several genes are known to alter dramatically
the bilateral symmetry of Arabidopsis leaves (Fig. 2). In wild-
type plants, the activity of the class I knottedI-like homeobox
(knoxlI) genes KNOTTED-LIKE FROM ARABIDOPSIS 2
(KNAT2), BREVIPEDICELLUS (BPIKNATI), and KNAT6
is confined to the SAM, where they promote cell division and
prevent differentiation (Chuck et al., 1996; Belles-Boix et al.,
2006). Genes such as ASYMMETRIC LEAVES 1 (ASI)
and 4S2 normally repress the expression of knoxI genes in
the leaves (Byrne et al., 2002). AS1 and AS2 encode nuclear
proteins with a MYB domain (Byrne ez «l., 2000; Sun ez al.,
2002) and a plant-specific AS2/LOB domain (Iwakawa ez al.,
2002; Shuai et al., 2002), respectively. Both proteins have been
reported to form a complex that binds to the BP promoter
(Xu et al., 2003; Yang et al., 2008), limiting cell proliferation
at the leaf base. Failure to limit this cell proliferation in as/
and as2 mutants causes the formation of asymmetric lobes
in the leaf lamina. In addition to their role in the meristems,
knoxI genes are also important for cell proliferation during
the development of compound leaves in Arabidopsis suecica
and Arabidopsis halleri, as shown by the suppression of leaf
dissection caused by an artificial microRNA targeting the
homologues of the knoxI gene SHOOT MERISTEMLESS
in these species (Piazza et al., 2010).

The BLADE-ON-PETIOLE 1 (BOPI) and BOP2 genes
promote lateral organ fate and polarity, and are necessary
to maintain a balance between both sides of the leaf. They
encode BTB/POZ domain- and ankyrin repeat-containing
proteins, suggesting that they play a role in protein—protein
interactions (Norberg et al, 2005). BOP1 and BOP2 con-
trol leaf morphogenesis through regulation of the knoxl/,
YABBY3 (YAB3), and FILAMENTOUS FLOWER (FIL)
genes (Ha et al, 2007, 2010). Indeed, the petiole of bopl
bop2 double mutants shows ectopic lamina tissue that can be
progressively suppressed by eliminating several knox/ genes,
YAB3, and FIL. This suppression is uneven along the petiole,
resulting in asymmetric development. The extent of suppres-
sion is dosage dependent, revealing that wild-type symmetry
is achieved by tuning the amount of several gene products,
some of which regulate cell proliferation activity. BOP1 and
BOP2 also repress JAGGED (see below), therefore widening
the role of these proteins to timing the shift from cell prolif-
eration to differentiation (Norberg et al., 2005).

The CLAVATA 1 (CLVI)-related BARELY ANY
MERISTEM 1 (BAMI), BAM2, and BAM3 genes
encode receptor-like kinases that are required for several
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Fig. 2. Genes that control cell proliferation and are required for achieving bilateral symmetry in leaves. (A) Diagram of a shoot apical meristem and
emerging leaf primordia, showing genes involved in cell cycling regulation and their functional relationship. (B) Diagram representing several genes
necessary to regulate the leaf developmental transition from a proliferating to a differentiated tissue. (A, B) When known, (+) and (=) symbols denote
enhancement and repression of activity, respectively. (C) Leaf diagrams of single and double mutants affected in the genes shown in (A) and (B), exhibiting

bilateral asymmetry. Drawings are not to scale.

developmental processes, including the control of leaf sym-
metry. These genes regulate the pool of SAM stem cells, in a
way opposite to that of CLVI. In the bam mutants, growth
is unequal at the basal region of the lamina, rendering an
asymmetric leaf. Since expression of the BAM genes is not
restricted to the SAM, the ham mutants exhibit a pleiotropic
phenotype (DeYoung et al., 2006).

After the establishment of a leaf primordium, proliferation
continues until cells differentiate, producing an organ with a
high degree of bilateral symmetry. Mutations that alter the
correct progression of these events result in loss of symmetry.
Such is the case for the Arabidopsis jagged loss-of-function
mutants. JAGGED encodes a protein with a single C2H2
zinc-finger domain that prevents premature differentiation
of tissues in a position-dependent manner in lateral organs
(Dinneny et al., 2004). Symmetry is also lost in the tornado
(trn) mutants, which present narrow and asymmetric leaf
laminae because of a severe reduction of cell number caused
by an imbalance between cell proliferation and cell differenti-
ation. TRNI and TRN2 are expressed in the SAM and young
leaf primordia and encode proteins involved in signalling
(Cnops et al., 2006). TRN1 encodes a protein of unknown
function with high similarity to nucleotide-binding oligomer-
ization domain- leucine-rich repeat (NOD-LRR) proteins
and is predicted to be cytoplasmic. TRN! is a homologue of
DAPKI (DEATH-ASSOCIATED PROTEIN KINASEI).
However, the kinase domain is not present, as occurs in the
genes required for cellular communication CLAVATAZ2 and
TOO MANY MOUTHS (Nadeau and Sack, 2003). TRN2

belongs to the tetraspanin family, a group of proteins that
participate in diverse communication processes, such as cell
proliferation, differentiation, and virus and toxin recognition
(Hemler, 2003). Genetic analyses revealed that both genes act
in the same pathway (Cnops et al., 2006).

Temperature-sensitive mutant alleles of the STRUBBELIG
(SUB) gene develop asymmetric leaves when grown at 30 °C
(Lin et al., 2012). SUB encodes a receptor-like kinase that
is required in some tissues for the orientation of the mitotic
division plane (Chevalier er al., 2005). Expression pattern
analyses and temperature shift experiments suggest that SUB
probably mediates a developmental stage-specific signal for
early leaf patterning (Lin ez al., 2012).

Leaf asymmetry along the proximal—distal axis

Leaf primordia exhibit polarity along three axes: proximal—
distal (base-apex), dorsal-ventral (adaxial-abaxial), and
medial-lateral (midvein—margin). How asymmetry is gener-
ated along the proximal-distal axis is poorly understood,
partly because the leaf, unlike the embryo, does not derive
from a single cell. Leaf proximal-distal axis establishment
seems to occur at the leaf initiation stage, as leaf primordia
first grow in the proximal-distal direction. This complicates
the identification of the genes responsible for the generation
of the proximal-distal axis, since their loss of function is likely
to prevent the normal emergence of the organ (Hudson, 2000).

After leaf initiation, a proliferative zone in the primordium
produces the cells that will develop into the petiole and the
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lamina (Ichihashi ez al., 2011). This meristem-like region har-
bours asymmetric cell divisions in the anticlinal plane per-
pendicular to the proximal-distal axis. The daughter cells
originated from these divisions that fall on the petiole side will
undergo more divisions in the same anticlinal plane, whereas
the daughter cells that are in the blade side will divide in all
anticlinal planes (Fig. 1B).

Several developmental processes do not occur evenly
across the lamina, revealing that functional asymmetry exists,
which can contribute to explain its proximal-distal morpho-
logical asymmetry. One such process is the transition from
cell proliferation to cell expansion. This is coupled with the
entry into the endoreduplication cycle and occurs basipetally.
Donnelly ez al. (1999) used a cycl At,,,:GUS reporter con-
struct to monitor cell division at different time points, and
found that cell division arrests first at the apex and later at
the base of the lamina. The shift from cell proliferation to cell
growth might be triggered by the exposure of cells of the leaf
primordia to light, which occurs progressively from the tip to
the base (Andriankaja et al., 2012). These authors found that
genes involved in the retrograde (from chloroplast to nucleus)
signalling were differentially expressed during this transition,
and also that proliferating primordia treated with norflura-
zon, a chemical inhibitor of retrograde signalling, have inhib-
ited onset of cell expansion.

Another process that is differentially distributed is endore-
duplication, a cell cycle variant in which DNA replicates
repeatedly but cytokinesis does not occur, resulting in poly-
ploid cells. Since mitotic cell division and endoreduplication
are not simultaneous processes along the leaf, the distribution
of cycling and endoreduplicating cells is not homogeneous.
In fact, the transition from cell division to endoreduplication
proceeds basipetally (Donnelly ez al., 1999), making the leaf
an asymmetric organ in terms of cell cycle progression along
the proximal-distal axis.

Supracellular control of cell division

An impaired division plane orientation during the prolifera-
tive phase of leaf development may result in the accumulation
of many incorrectly oriented divisions over time and therefore
break bilateral symmetry. This assumption comes from the
general belief that a strict control of division plane alignment
is a prerequisite for ordered spatial development in plants.
However, several cases are known of mutants with altered
planes of cell division throughout the plant, yet their organ
morphology remains unaffected. An example is provided by
the tangledl (tanl) mutation, which alters cell division orien-
tations throughout maize leaf development without altering
leaf shape or bilateral symmetry, suggesting that the gen-
eration of shape is controlled at a supracellular level, inde-
pendently from the initial orientation of the new cell walls
(Smith et al., 1996). The maize Tanl gene encodes a highly
basic protein that directly binds to microtubule-containing
cytoskeletal structures that are misoriented in dividing tanl/
mutant cells, which suggests that the TANI1 protein par-
ticipates in the orientation of these cytoskeletal structures
(Smith ez al., 2001). A cortical ring of microtubules and

F-actin—the pre-prophase band (PPB)— is formed in most
plant cells during S or G, phase, at the future division plane,
and persists throughout prophase (Mineyuki, 1999). AtTAN,
the Arabidopsis orthologue of maize TANI, co-localizes with
the PPB and persists at the cell division site after PPB dis-
assembly. Hence, AtTAN preserves the memory of the PPB
throughout mitosis and cytokinesis (Walker ez al., 2007).

Inaddition, mutantsin which the cell division planeisseverely
disrupted can still generate basic elements of plant anatomy
(Traas et al., 1995). Such is the case for the Arabidopsis fass
(fs) and tonneau (ton) mutants. The TON2/FS gene encodes
the B” subunit of protein phosphatase 2A, which is essen-
tial for the control of cortical cytoskeleton organization and
regulates microtubule nucleation (Camilleri ez al., 2002; Kirik
et al., 2012). Despite the cells of these mutants being unable to
form the PPB, all cell types are present in their correct relative
positions. Similarly, modulation of the expression of several
cyclins was found to alter the plant growth rate, but with little
or no impact on plant shape (Doerner ez al., 1996; Cockcroft
et al., 2000).All these data support the hypothesis that at least
some aspects of plant morphogenesis can occur in a cell divi-
sion-independent manner.

An interesting hypothesis is that shape acquisition, and
therefore symmetry, is governed by gradients of cell divi-
sion rate. Using Arabidopsis leaf primordia, Wyrzykowska
et al. (2002) locally and transiently manipulated the cell divi-
sion rate, and observed the outcome on leaf morphogenesis.
Induction of cyclin genes increased the number of cells at the
site of induction, although lamina expansion was reduced,
resulting in an asymmetric lamina. Conversely, treatment with
the cell cycle inhibitor roscovitine resulted in a local increase
in lamina growth, again perturbing bilateral symmetry. These
observations suggest that cells respond to gradients of cell
cycle regulators, transducing them into gradients of cell divi-
sion rate, and this response ultimately shapes the organ.

However, cell division-dependent mechanisms fail to
explain completely the acquisition of shape, as regulators
of cell expansion are also known to contribute to leaf mor-
phogenesis. As an example, expansins are cell wall-loosening
proteins necessary for cell growth (McQueen-Mason et al.,
1992; Cosgrove, 2000). Pien ez al. (2001) successfully elimi-
nated the bilateral symmetry of tobacco leaves by locally and
transiently overexpressing the cucumber CsEx29 expansin.
Auxin and cytokinin were shown to enhance synergistically
the accumulation of the cytokinin-inducible soybean mRNA
(Ciml) expansin in soybean cell cultures, suggesting that these
hormones participate in the coordination of organ growth at
the supracellular (or organ) level (Downes et al., 2001).

Asymmetry in zygomorphic flowers

Symmetry is an inherent trait of several organs of flowering
plants, such as leaves, roots, shoots, flowers, and fruits. Floral
symmetry has attracted the attention of many researchers
because of its biological significance in pollination processes.
In fact, flowers have traditionally been classified into differ-
ent categories depending on their symmetry. Polysymmetric
or actinomorphic flowers have radial symmetry, and they are
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frequently designated as ‘symmetric flowers’. Monosymmetric
or zygomorphic flowers have bilateral or dorsoventral sym-
metry, with a single symmetry plane, and are sometimes
referred to as ‘asymmetric flowers’ (Endress, 2001; Almeida
and Galego, 2005). Zygomorphy is thought to have evolved
many times independently in flowering plants as an adapta-
tion to pollinators (Cubas ez al., 2001; Feng et al., 2006).

In Antirrhinum majus, flower asymmetry depends on the
function of two closely related TCP-box genes, CYCLOIDEA
(CYC) and DICHOTOMA, which activate the MYB tran-
scription factor RADIALIS in dorsal areas of the floral mer-
istem (Luo et al., 1996, 1999; Almeida et al., 1997; Corley
et al., 2005). Floral meristems produce five stamen primordia
in Antirrhinum, and the CYC gene suppresses the develop-
ment of dorsal staminodes. Cell cycle-related genes, such
as CYCD3B, CYCBI;1, CYCB2, CDC2C, and CDC2D,
are expressed at very low levels at early stages of staminode
formation, reflecting reduced growth and cell division (Luo
et al., 1996; Gaudin et al., 2000; Preston and Hileman, 2009).

Root and shoot radial symmetry

Maintenance of root and shoot radial symmetry is
achieved in part by tightly controlling the orientation, fre-
quency, and timing of cell division in their apical meristems.
MGOUN3/BRUSHYIITONSOKU (MGO3/BRUIITSK) is
one of the genes required to maintain such a radial pattern
(Guyomarc’h et al., 2004), as revealed by the effects of its
mutant alleles, which strongly perturb meristematic cell divi-
sion planes, which in turn cause fasciated shoots and split root
tips (Suzuki et al., 2004). The MGO3/BRUI/TSK gene encodes
a nuclear leucine-glycine-asparagine (LGN) domain protein
(Vandenberg and Levin, 2013). LGN repeats are present in ani-
mal proteins involved in asymmetric cell division (Suzuki ez al.,
2004). Expression of MGO3/BRUI/TSK is cell cycle depend-
ent and its mutant alleles cause a delayed G, to M transition
(Suzuki et al., 2005). These results suggest that MGO3/BRUI/
TSK plays an important role in some aspects of cell cycle pro-
gression and cell division orientation, and that these processes
are involved in keeping the radial symmetry of roots and shoots.

In the fasciatal (fasl) and fas2 mutants, the SAM is radially
asymmetric, and the shoot becomes fasciated. Expression of
FASI and FAS? is high in actively dividing cells (Exner et al.,
2006) and the perturbation of shoot radial symmetry seems to
be caused by altered cell division patterns in the SAM, which
in turn cause irregular SAM cell arrangement (Leyser and
Furner, 1992; Kaya et al., 2001). FAS1 and FAS2 are subu-
nits of the Arabidopsis counterpart of the human chromatin
assembly factor-1 (CAF-1), a heterotrimeric complex that par-
ticipates in several aspects of cell division, such as nucleosome
assembly on newly replicated DNA to reconstitute S-phase
chromatin (Smith and Stillman, 1989) and homologous chro-
mosome recombination (Kirik er al, 2006). Loss of FASI
function results in reduced type-A CDK activity, inhibits
mitotic progression, and promotes a precocious and systemic
switch to the endocycle (Ramirez-Parra and Gutierrez, 2007),
observations that shed light on the mechanism by which FAS
genes contribute to proper cytokinesis in the SAM.

The Arabidopsis TEBICHI (TEB) gene is necessary for
controlling cell division and differentiation in meristems. The
TEB protein is homologous to Drosophila MUS308 and mam-
malian DNA polymerase 6 (POLQ), which restrict DNA dou-
ble-strand breaks in response to DNA damage. DNA damage
responses are constitutively activated in zeb mutants, which
also show fasciated stems. The meristems of feb mutants show
abnormal patterns of cell division and differentiation, as well
as an accumulation of cells expressing cyclinBI,1:GUS. This
accumulation suggests a defect in the G, to M transition trig-
gered by DNA damage and also occurs in other fasciated
mutants such as fas2 and mgo3/brul/tsk (Inagaki et al., 2006).

Breaking symmetries and asymmetries:
final remarks

The structural diversity and complexity of living beings, includ-
ing plants, is the outcome of a complex sequence of develop-
mental events. Complex structures require cell fate decisions
that often occur as a consequence of asymmetric cell divisions.
Mutants that break such asymmetries, sometimes reverting
them to a symmetric condition, have allowed researchers to
identify critical steps in the development of plant embryos.
Plants have taken advantage of these asymmetries not only
to deliver different fates to different cell lineages, but also to
generate complex, often beautiful, developmental patterns, as
in the spacing of the stomatal complexes of plant leaves.

The beauty and elegance of developmental symmetries is
also apparent at the macroscopic, organ, and organism levels.
Mutants that break such symmetries have identified cell cycle
regulators, highlighting that such symmetries often emerge
from the concurrent behaviour of individual cells. How indi-
vidual cells proliferate and expand in a coordinated manner
to produce highly symmetric organs, such as the leaves, with
reproducible size and shape, remains one of the most intrigu-
ing open questions in Plant Biology.
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SUMMARY

The study and eventual manipulation of leaf development in plants requires a thorough understanding of
the genetic basis of leaf organogenesis. Forward genetic screens have identified hundreds of Arabidopsis
mutants with altered leaf development, but the genome has not yet been saturated. To identify genes
required for leaf development we are screening the Arabidopsis Salk Unimutant collection. We have identi-
fied 608 lines that exhibit a leaf phenotype with full penetrance and almost constant expressivity and 98
additional lines with segregating mutant phenotypes. To allow indexing and integration with other
mutants, the mutant phenotypes were described using a custom leaf phenotype ontology. We found that
the indexed mutation is present in the annotated locus for 78% of the 553 mutants genotyped, and that in
half of these the annotated T-DNA is responsible for the phenotype. To quickly map non-annotated T-DNA
insertions, we developed a reliable, cost-effective and easy method based on whole-genome sequencing. To
enable comprehensive access to our data, we implemented a public web application named PhenoLeaf
(http://genetics.umh.es/phenoleaf) that allows researchers to query the results of our screen, including text
and visual phenotype information. We demonstrated how this new resource can facilitate gene function dis-
covery by identifying and characterizing At1977600, which we found to be required for proximal-distal cell
cycle-driven leaf growth, and At3g62870, which encodes a ribosomal protein needed for cell proliferation
and chloroplast function. This collection provides a valuable tool for the study of leaf development, charac-
terization of biomass feedstocks and examination of other traits in this fundamental photosynthetic organ.

Keywords: leaf development, reverse genetic screen, gene-indexed leaf mutant collection, leaf mutant
database, Arabidopsis thaliana, resource.

INTRODUCTION

The isolation of loss-of-function alleles and examination of
their phenotypic effects provides a direct and reliable way
to assign a function to a gene (Parinov and Sundaresan,
2000; Page and Grossniklaus, 2002; Carpenter and Sabatini,
2004). Although forward genetics has yielded a wealth of
Arabidopsis thaliana (hereafter Arabidopsis) mutants
impaired in leaf development (Feldmann, 1991; Berna
et al., 1999; Serrano-Cartagena et al., 1999), reverse genet-
ics became the preferred approach after the sequencing of
the Arabidopsis genome (Lloyd and Meinke, 2012). Since
then, large-scale phenotyping efforts have allowed
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researchers to identify gene functions that contribute to
the formation of leaves (Kuromori et al., 2006; Ajjawi et al.,
2010; Myouga et al., 2010, 2013; Lu et al., 2011).

Efficient reverse genetics has been made possible in
Arabidopsis by the availability of large, gene-indexed
insertional mutant collections (Galbiati et al,, 2000; Sam-
son et al., 2002; Sessions et al., 2002; Alonso et al., 2003;
Rosso et al., 2003; Kuromori et al., 2004; Ito et al., 2005;
Woody et al., 2007). Together, these collections include
hundreds of thousands of T-DNA or transposon insertions
mapped to the Columbia-0 (Col-0) reference genome, with

© 2014 The Authors
The Plant Journal © 2014 John Wiley & Sons Ltd



30 990 genes annotated by at least one mutant allele
(http://signal.salk.edu/Source/AtTOME_Data_Source.html).
To date, 20 803 of these genes are represented by homozy-
gous knockout mutants available from the stock centers.
The large Salk Unimutant collection (O'Malley and Ecker,
2010) is particularly useful for reverse genetics screens
since it includes two T-DNA alleles of most Arabidopsis
genes (http://signal.salk.edu/cgi-bin/homozygotes.cgi).

Public gene-indexed insertional mutant collections allow
systematic reverse genetics screens to test the function of
all the genes in the genome, rather than a limited set of
selected genes (Giaever et al., 2002; Carpenter and Sabatini,
2004; Alonso and Ecker, 2006; O'Malley and Ecker, 2010;
Pressman et al., 2012). A systematic reverse genetic screen
combines advantages from both forward and reverse
genetics. First, it prevents the bias towards a particular gene
or type of gene that typically limits reverse genetics; sec-
ondly, it more easily reaches saturation of the genome.
Usually, the goal of a systematic reverse screen is to pro-
duce a list of gene-phenotype pairs and make these data
available for the community to query either the gene or the
phenotype. These gene-phenotype pairs enable other
researchers to perform in silico screens for a particular gene
or phenotype (Alonso and Ecker, 2006), saving labor and
time. In Arabidopsis, several public databases gather this
kind of information, including qualitative and quantitative
descriptions, and digital images of the phenotype of inter-
est. These databases include: the Chloroplast 2010 Project
(http://bioinfo.bch.msu.edu/2010_LIMS; Lu et al., 2011), the
RIKEN Arabidopsis Phenome Information Database (http://
rarge.psc.riken.jp/phenome/; Kuromori et al., 2006) and the
Chloroplast Function Database (http://rarge.psc.riken.jp/
chloroplast/; Myouga et al., 2010).

To identify the genes required for leaf development, we
initiated a systematic reverse genetic screen using the Salk
Unimutant collection (Alonso et al., 2003). So far, 608 non-
segregating mutants and 98 segregating lines have been
isolated. We described their phenotypes using ontology
terms and conducted a preliminary characterization of the
genotypes. These data were archived in an online database
named Phenoleaf (http:/genetics.umh.es/phenoleaf) to
make the data publicly available. To demonstrate the use-
fulness of our resource data, we identified and character-
ized two genes not previously related to leaf development.
Seeds of the leaf mutants were provided to the Arabidop-
sis stock centers.

RESULTS

Leaf mutant screen

To conduct a comprehensive search for mutations affecting
leaf morphology, we are screening all available batches of
T4 homozygous T-DNA lines from the Salk Unimutant col-
lection from the Arabidopsis Biological Resource Center

© 2014 The Authors
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Figure 1. Systematic screen for leaf mutants.

(a) Workflow chart depicting the screening of the T-DNA lines, characteriza-
tion of the leaf mutants, production of homozygous seeds and storage of
the information in the PhenoLeaf database.

(b) Screen status and yield at the time of this publication. The total number
of genes is 14 586, of which 6133 are represented by two alleles. Out of
23 982 lines currently available, 19 500 have already been analyzed. We
selected 3890 lines because they displayed at least one non-wild-type plant,
of which 706 were confirmed as genuine leaf mutants.

(ABRC). The workflow of our mutant screen is shown in
Figure 1(a). Thirty T, plants from each line were analyzed
because we found that some lines included plants that were
not homozygous mutants at the annotated locus (Table S1),
consistent with data from Ajjawi et al. (2010). Seedlings
were grown in vitro, as described in Experimental Proce-
dures. Eighteen days after stratification (das), plates were
photographed, seedlings were individually analyzed and
any morphological leaf abnormality was scored and added
to the online database. Lines including at least one plant

The Plant Journal © 2014 John Wiley & Sons Ltd, The Plant Journal, (2014), 79, 878-891
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with a putative leaf mutant phenotype were selected, and
up to three phenotypically mutant plants were transferred
into pots and allowed to self-pollinate. Sixteen Ts seeds
obtained from each selfed T, plant were sown in vitro and
pictures were taken of the Ts rosettes to test the reproduc-
ibility of the phenotype.

The screened lines were recorded in the database to
document the leaf phenotypes displayed in the T, and Tg
generations. When all T, plants displayed leaf morphology
indistinguishable from that of Col-0, the line was recorded
as ‘wild-type leaves’. When T, plants with leaf abnormali-
ties were found, but we failed to see the same phenotypic
traits in the Tg generation, the line was recorded as ‘puta-
tive leaf mutant’. When T, plants with leaf abnormalities
were found, and those same traits were recovered again in
the Ts generation, the line was recorded either as ‘con-
firmed non-segregating mutant’ or ‘confirmed segregating
mutant’, depending on the homogeneity of the phenotype
across the studied Ts plants. The putative leaf mutants cor-
respond to lines that we were unable to confirm because
their phenotype was subtle in our growth conditions and
to false positives due to inferior T, seed quality and seed-
ling growth (Figure S1). At the time of writing we had iso-
lated 608 non-segregating and 98 segregating mutant
lines, altogether 3.6% of the lines analyzed (Figure 1b). All
confirmed non-segregating and segregating leaf mutants
are included in Table S2. Non-segregating mutants, hereaf-
ter referred to as genuine leaf mutants, were subjected to a
detailed phenotypic description and genotyped for the
annotated T-DNA insertion (see below).

Ontological description of the genuine leaf mutants

To avoid semantic ambiguity of the phenotypic descriptions
and to allow us to index and compare the mutants, their
phenotypic traits were described using a controlled vocabu-
lary (Bodenreider and Stevens, 2006). We implemented a
leaf-specific ontology (Tables 1 and S3) including existing
terms from Plant Ontology (PO) (Jaiswal et al., 2005; http://
www.plantontology.org/), Phenotype, Attribute and Trait
Ontology (PATO) (Smith et al., 2007; http://obofoundry.org/
wiki/index.php/PATO:Main_Page) and others newly pro-
posed and registered in PATO. Every phenotypic trait was
documented following an entity-attribute-value (EAV)
structure (Figure 2). The ontology descriptions of all the leaf
mutants identified so far are included in Table S2 and the
PhenolLeaf database.

Examination of the mutant descriptions (Figure 3) shows
that we isolated mutants for all the entities and attributes
initially established, indicating that we have developed a
comprehensive leaf mutant collection and suggesting that
many different developmental or maintenance processes
that occur in the leaf were hit in our screen. We discovered
mutant phenotypes very rarely found in the literature, such
as asymmetric leaf laminae, mesophylls with empty

Table 1 Ontology structure

Entity Attribute Values

Rosette Relative size Equal to Col-0; increased size;
decreased size

Normal (same as Col-0); abnormal

Equal to Col-0; compact; loose

Equal to Col-0; increased number;

decreased number

Phyllotaxis
Compactness
Leaf number

Leaf Relative size Equal to Col-0; increased size;
lamina decreased size
Symmetry Symmetrical; asymmetrical
Shape (2D)? Roundish; ovate; orbicular;
oblong; elliptical; lanceolate;
linear; spatulate; cuneate;
subulate; rhomboid; triangular;
heart-shaped; reniform;
arrow-shaped
Shape (3D)P Convex; flat; concave; undulate;
involute; revolute; convolute;
circinate; reclinate
Surface Smooth; rugose
Color filling Green; pale green; yellow green;

dark green; white; yellow; purple

Mono-colored; variegated; spotted;
blotched; netted

Leaf Shape (2D)? Continuous; crenated; serrated;
margin toothed; lobed; angular

Petiole Relative length Equal to Col-0; increased length;
decreased length

Equal to Col-0; increased width;
decreased width

Color pattern

Relative width

The first value for each attribute corresponds to the wild-type line
Col-0, exception being the leaf lamina entity, attribute shape (2D),
where the first two values correspond to Col-0 leaves.

“Refers to the plane defined by the leaf proximal-distal and med-
ial-lateral axes (2D, two dimensions).

PRefers to the direction defined by the leaf adaxial-abaxial axis
(3D, three dimensions).

patches, protruding primary veins, and leaf numbers twice
as high as that in the wild type (some shown in Figure 2),
indicating that our screen may have identified previously
missed mutations affecting leaf development. No ontologi-
cal term could be found for some of these phenotypes,
which thus fell into the ‘other phenotypic traits’ category.
Also, the different attributes considered were altered with
very different frequencies. For example, some leaf traits,
such as “filling color’, appeared to be easily altered by sin-
gle mutations, while others, such as ‘lamina symmetry’,
were very seldom perturbed (Figure 3).

Genotyping and characterization of annotated insertion
loci in the genuine leaf mutants

As the T-DNA insertions in the Salk lines are gene indexed,
we aimed to confirm whether the leaf mutants isolated in
this work were homozygous for the annotated insertion. We
genotyped a minimum of five Ts seedlings obtained by

© 2014 The Authors
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SALK_030624C
E: Leaf lamina
A: Shape (2D)
V: Elliptical

SALK_009903C
E: Leaf lamina
A: Shape (2D)
V: Linear

SALK_002057C
E: Leaf lamina
A: Color filling
V: Pale green

SALK_055458C
E: Leaf lamina
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V: Blotched

#

SALK_059601C SALK_101771C

E: Petiole
A: Relative length
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E: Leaf margin
A: Shape (2D)
V: Lobed

E: Leaf margin
A: Shape (2D)
V: Toothed

A: Color pattern
V: Netted

“Protruding primary vein”

Figure 2. Rosettes and ontological descriptions of some representative leaf mutants.

The first line below each picture indicates the Salk line from which the mutant was isolated. The next three lines describe the most conspicuous trait of the
mutant using our ontology. Scale bars correspond to 2 mm. E, Entity; A, Attribute; V, Value. Pictures were taken 21 days after stratification (das).

(b) Example of multiple traits in a single mutant. In addition to having a compact rosette (compactness), the leaf lamina is rounded [shape (2D)] and variegated

(color pattern).

(o) Example of a mutant trait for which there is no term in our ontology. Common words are instead used to describe the phenotype.

selfing a single T, plant displaying a mutant leaf phenotype,
and inferred the genotype of the T, parent from the results.
Table S2 and the PhenolLeaf database include the genotype
for the annotated insertion determined for each line. Sev-
enty-eight per cent of the leaf mutants identified were
homozygous for the annotated insertion (Figure 4a), consis-
tent with the data reported by Ajjawi et al. (2010). Roughly
three-quarters of the confirmed insertions are within tran-
scribed regions and half affect coding sequences (Fig-
ure 4b). The abundance of insertions in the transcriptional
units decreases with the distance from the transcription
start site (TSS), which most likely reflects the distribution of
transcript lengths in the genome. Upstream of the TSS,
there was a frequency bias towards the proximal 500-bp
region.

© 2014 The Authors

Gene-phenotype causality in the mutant collection

In the Salk collection, each line contains one annotated
T-DNA insertion. However, Alonso et al. (2003) estimated
an average of 1.5 T-DNA insertions per haploid genome
and recent studies showed that T-DNA insertional lines
often contain additional, non-annotated base substitutions
and structural mutations (De Muyt et al, 2009; Ajjawi
et al., 2010; Clark and Krysan, 2010; Dobritsa et al., 2011).
In large-scale approaches, evidence of gene-phenotype
causality can only be obtained through quick methods due
to constraints on resources and throughput. We used four
methods to provide evidence of gene-phenotype causality:
(i) multiple independent alleles with similar phenotypes,
(ii) the same phenotype scored in different large-scale

The Plant Journal © 2014 John Wiley & Sons Ltd, The Plant Journal, (2014), 79, 878-891
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Figure 3. Classification of leaf mutant phenotypes based on ontological terms.

X-axis categories denote the leaf attributes considered. Tags on the bars indicate the terms. The number of mutants considered in this graph is 536. The total

number of trait annotations is 1851 (3.5 per mutant).

projects, (iiij T-DNA insertion co-segregation with the
mutant phenotype, and (iv) a non-complementation result
from an allelism test. Using these methods, we gathered
evidence supporting gene-phenotype causality for 42 gen-
uine mutants from our collection, with one to three inde-
pendent sources of evidence for a given line (Table S2 and
the Phenoleaf database).

Additionally, we looked at gene-phenotype causality
from a population perspective. The co-segregation and
allelism test data were used to estimate the percentage of
leaf mutants for which the annotated T-DNA insertion
causes the mutant phenotype. First, we studied co-segre-
gation in 15 randomly selected homozygotes for the anno-
tated T-DNA insertion. Co-segregation was found between
the leaf mutant phenotype and the T-DNA insertion in 47%
(seven lines) of these cases. Second, we queried our
mutant database to confirm homozygous leaf mutants in
which the annotated insertion disrupted a gene with a pre-
viously described mutant allele (reviewed in Lloyd and
Meinke, 2012) and performed allelism tests for 15 of these
mutants. In 11 of these crosses (73%), the same phenotype
was seen in both parental lines and their F; progeny,
which indicated non-complementation and proved that the
annotated T-DNA insertion caused the observed aberrant
leaf morphology (Table S4).

Among the studied T, lines, about 30% of the genes
were represented by two independent alleles. To find
gene-phenotype causal relationships, we selected homozy-

gous mutants and compared their phenotypes with those
of the alternative allele. Negative results were obtained in
many cases: the line putatively carrying the alternative
allele presented a very subtle phenotype or lacked the
annotated T-DNA (Savage et al, 2013), making this
approach unfeasible.

Rapid methods to clone non-annotated T-DNA insertions

For cases where the annotated T-DNA is not responsible
for the mutant phenotype, we developed a method to
clone non-annotated T-DNA insertions based on a cost-
effective Illumina paired-end pooled whole-genome
sequencing method coupled with a simple data analysis
pipeline. First, we simulated different coverage depths in
silico and found that 4.5x coverage depth provides enough
information to detect T-DNA insertions reliably. Ten
mutants were then pooled in groups and sequenced to
4.5x coverage depth per independent genome. In contrast
to SNP detection, no straightforward software or protocols
exist for insertions such as T-DNAs (Pabinger et al., 2013),
and thus we developed an easy method based on three
subsequent cycles of read alignment and filtering (Figure 5
and Experimental Procedures). Each detected insertion
was confirmed and traced back to the corresponding indi-
vidual line in the pool by PCR. In the 10 mutants
sequenced, 19 insertions were recovered (Table 2). The
positions of 11 T-DNAs were already known, either
because they were insertions annotated by the Ecker lab,

© 2014 The Authors
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Figure 4. Leaf mutant genotyping.

(a) Percentage of lines with each of the three possible genotypes at the
annotated locus (n = 553).

(b) Frequency distribution of confirmed annotated insertions, grouped
according to the gene structural element they interrupt (n = 413). The cate-
gory ‘1000-5 UTR’ corresponds to the first 1000 bp upstream of the tran-
scription start site (TSS), while the category ‘3’ UTR-300" denotes the first
300 bp downstream of the end of transcription. CDS, coding sequence.

(c) Frequency distribution of confirmed annotated insertions, grouped
according to the distance to the TSS of the gene they interrupt (n = 413).
Note that the class 4 to 8 kb from the TSS spans a region eight times
greater than the rest of the classes.

In (b) and (c) T-DNA insertion to gene comparisons were made considering
only the first alternative transcript (gene model) available at The Arabidop-
sis Information Resource. When a T-DNA interrupted more than one gene,
only the closest one was considered for the calculations.

or because they had been recovered by adapter ligation-
mediated PCR (AL-PCR; see below). We detected in this
way all 11 known mutations, which were used as positive
controls, thus validating the robustness of the method. We
concluded that this method provides an efficient way to
clone unknown insertions when the annotated insertion
does not account for the mutant phenotype. Additionally,
this experiment revealed that the average number of T-
DNA insertions in the studied lines is 2.1.

© 2014 The Authors
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Adapter ligation-mediated PCR was also used (AL-PCR;
O’Malley et al., 2007; Thole et al., 2009), with some modifi-
cations, to obtain all possible flanking sequence tags (FSTs;
see Experimental Procedures). We confirmed the insertions
detected by PCR genotyping at the corresponding loci. We
analyzed six Ts lines and recovered 11 independent inser-
tions (1.8 per line; Table 2). In these lines, 10 insertions
were already known, but only 9 were recovered by
AL-PCR, suggesting that this method is less reliable than
whole-genome sequencing.

PhenoLeaf, an online resource for Arabidopsis researchers

To make this mutant collection available to Arabidopsis
researchers we implemented a relational database that
stores all the information obtained and links our phenotype
and genotype data with publicly available datasets from
The Arabidopsis Information Resource (TAIR; gene struc-
tural and functional annotation) and the Salk Institute Geno-
mic Analysis Laboratory (SIGnAL) (T-DNA coordinates;
Figure 6a). To enhance the usefulness of our resource data,
we built PhenoLeaf, a web-based query system available
through http://genetics.umh.es/phenoleaf (Figure 6b-e). In
PhenoLeaf, the user can search by gene (Figure 6b) or by
mutant phenotype (Figure 6¢). When the query is submit-
ted, the user is directed to a results summary page (Fig-
ure 6d). Once there, by clicking on a result record the user
can see the full details of a particular line (Figure 6e). As we
analyze additional lines, the results will become publicly
available through the web query application. Seeds of the
leaf mutants were donated to the Nottingham Arabidopsis
Stock Centre (NASC). Users can search for a particular leaf
mutant line using our query interface and then be redi-
rected to the NASC website to order the corresponding
seeds. Therefore, this web interface provides a comprehen-
sive resource for the scientific community.

Using our collection for rapid identification of genes
required for leaf morphogenesis

As a demonstration of the usefulness of our collection to
accelerate gene study, we used our database to identify
two genes not previously related to leaf morphogenesis.
We queried our database for mutants that have specific
traits and harbor a homozygous T-DNA insertion in a gene
of unknown function. We demonstrated gene-phenotype
causality, and performed a phenotypic characterization to
further define the functions of the genes.

Characterization of At1g77600. We were interested in
examining the differential growth rate along the proxi-
mal-distal and medial-lateral axes of leaves. We queried
the database for mutants with altered two-dimensional
leaf shape and found that the At1g77600 locus was repre-
sented in our database by two independent lines that both
showed compact rosettes and roundish leaves (Figure 7b,
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Figure 5. Mapping of T-DNA insertions using lllumina short reads.

(a) Example of paired-end reads within a genome segment encompassing a T-DNA insertion. The pairs of boxes linked by lines represent the random library
fragments, the boxes being the sequenced part. Fragments 2 and 4 are used to establish a candidate span to contain the T-DNA. The reverse read of fragment 3
is used to tell the position of the T-DNA with a 1-nucleotide resolution.

(b) Paired-end full-read alignment to the T-DNA sequence (alignment 1). The figure shows that mate 2 from fragment 2 aligned to the left end of the T-DNA and
mate 1 from fragment 4 aligned to the right end. The SAM file containing the output of the alignment is filtered for those pairs of reads where one mate aligned
and the other did not, and then written to a new FastQ file.

(c) Filtered read pairs alignment to the Col-0 reference sequence (alignment 2). Mate 1 from fragment 2 and mate 2 from fragment 4 align at the flanks of the
T-DNA position. These two reads establish the candidate span that harbors the T-DNA insertion.

(d) Local alignment to the Col-0 reference sequence (alignment 3). A local alignment allows partial alignments of reads by ignoring non-matching parts and
therefore marks the exact position of a T-DNA insertion. The figure shows that the leftmost part of mate 2 from fragment 3 aligns to the reference sequence
exactly up to the last base before the insertion, marking the exact T-DNA position.

(e) Overview of alignment 2 of pool #1 reads in Arabidopsis chromosome 1. Reads were grouped in 1-Mb classes. The accumulation of reads in intervals 6-7
and 29-30 Mb marks two putative insertion sites. Intervals pointed by only one read are artifacts, as confirmed by PCR genotyping the precise loci.

(f) Enlargement of interval 6-7 shown in (e), around the first putative insertion site. Out of 13 reads, 12 remain clustered in interval 6.35-6.40 and one is actually
a single alignment pointing to other loci.

(g) Genome browser screenshot showing reads signaling a candidate span for an insertion. Green reads are forward reads that aligned to the left end of the
T-DNA insertion. Blue reads are reverse reads that mapped to the right end of the same T-DNA insertion. Read length is 90 nucleotides.

(h) Trimmed reads pointing the exact T-DNA position. In all cases, the last read character before the trimming maps to the same position on the reference
sequence.

¢,f). Two additional T-DNA lines that interrupt At1g77600
also shared the same phenotype. All mutations were
found to be recessive, and allelism tests showed that the
mutations failed to complement each other, indicating
that At1g77600 is responsible for the phenotype (Figure
S2b-f). At1g77600 encodes a protein that belongs to the
armadillo repeat superfamily. A morphometric character-
ization of the phenotype showed that the rosette of the
SALK_087484 mutant is 1.5 times more compact (see
Experimental Procedures) than the wild type due to a
reduction in petiole and lamina length, but it retains a

wild-type lamina width (Figures 7h,i and S3a,b). We next
sought to determine the origin of this reduction at the
cellular level. In both the lamina and the petiole the mean
cell size and the cell diameter along the proximal-distal
axis were not significantly different from those of Col-0,
suggesting that cell expansion was not the origin of its
shortened leaves (Figures 7j and S3c,d). In contrast, the
number of cells from end to end of the proximal-distal
axis was lower in both the lamina and the petiole of the
mutant (Figures 7k and S3e), explaining the macroscopic
reduction in lamina and petiole length. This trait suggests

© 2014 The Authors
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ONTOLOGY DESCRIPTION FH2 (InterPro:IPR015425); BEST Arabidopsis thaliana protein match is: Formin
Homology 14 (TAIR:AT1G31810.1); Has 905 Blast hits to 899 proteins in 94 species:
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Figure 6. Phenoleaf database and query application to perform in silico screens.

(a) Simplified structure of the relational database underlying the web query system. The blue rectangles represent datasets curated at The Arabidopsis Informa-
tion Resource. The yellow rectangle represents a dataset produced by the Ecker laboratory. The dataset labeled ‘Screen’ contains all the information that is gen-
erated in the course of the screen, and the dataset ‘Mutants’ is a detailed description of the phenotypes and genotypes of the leaf mutants. The solid lines
represent the relationship between different datasets. The application relates lines to genes and vice versa by comparing the coordinates of the T-DNAs and the
genes (dashed line). The white rectangle represents the image file archive, which so far contains 16 700 JPEG files of plates and individual rosettes.

(b) Form to query by one or multiple genes of interest (in silico reverse screen). The user can choose between AGI codes, Salk alleles or gene keywords.

(c) Form to query by a phenotypic trait of interest (in silico forward screen). Multiple combinations of traits can be specified selecting different ontology terms.

In addition, the query can be restricted to only genes within a physical interval

and/or lines with confirmed annotated T-DNA.

(d) Table-like summary page. Each record shows a Salk line (allele), information about the gene affected and the phenotype we scored. In the records corre-

sponding to confirmed leaf mutants, a representative picture of the phenotype

is displayed.

(e) Full details of the SALK_139862C line. The left panel displays all the information related to the phenotype scored in the screen. It includes all available pic-
tures (not all shown in the image) and a phenotype description using ontology terms. The right panel displays information about the gene mutated and the par-
ticular allele studied, such as the genotype test result and the gene structural feature interrupted by the T-DNA.

that At1g77600 is necessary for cell division-driven proxi-
mal-distal leaf growth.

Characterization of At3g62870. Our lab studies the rela-
tionship between leaf development and ribosomal protein

function; mutations affecting these proteins often cause
smaller, toothed and netted leaves (Horiguchi et al., 2011,
2012; Casanova-Saez et al., 2014). We found in our
database that the SALK_086913 mutant harbors a homozy-
gous insertion in At3g62870, which encodes a member of

© 2014 The Authors
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Figure 7. Identification and characterization of the genes At1g66700 and At3g62870.
(a—e) Phenotypes of Col-0 and two T-DNA mutants affected in each gene. Pictures were taken 21 das.
(f, g) Tagged genes with the position of T-DNA insertions used for gene confirmation.

(h, k) Morphometric study of the eighth-node leaves of SALK_087484C.

(j) CDp_p: palisade mesophyll cell diameter parallel to the leaf proximal-distal axis.

(k) NCp.p: total number of palisade mesophyll cells along the proximal-distal axis.

(I-r) Study of the photosynthetic competence of SALK_086913.
(I, m) Adaxial side of 14-das leaves showing macroscopic pigmentation.
(n) Chlorophyll concentration of 14-das plants.

(0, p) Confocal laser scanning sections of the palisade mesophyll cells of third-node leaves showing chlorophyll autofluorescence. Micrographs were taken 14

das.

(q) Boxplot distribution of chloroplast count per cell in 28-um sections. Boxes are delimited by the first (Q1, lower hinge) and third (Q3, upper hinge) quartiles.
Whiskers represent Q1 - 1.5 1Q (lower) and Q3 + 1.5:1Q (upper), where 1Q = Q3-Q1. ¢, mean. —, median.

(r) Boxplot distribution of the mean chlorophyll autofluorescence intensity normalized to a 100-step range in 28-um sections.

Scale bars: (a-e) 5 mm; (f) 1 kb; (g) 0.2 kb; (I, m) 1 mm; (o, p) 20 um. The ** and *** symbols represent P-values of 0.01 and 0.001, respectively.

the L7Ae superfamily of ribosomal proteins that has not
been functionally studied to date. Three additional muta-
tions were found to share the same phenotype, and allel-
ism tests showed that the mutants failed to complement

© 2014 The Authors

each other (Figures 7d,e,g and S2g-k). The rosettes and
leaves of SALK_086913 were significantly smaller (Figure
S3a,b) because of diminished cell proliferation (Figure
S3e,f). Cell expansion and density were not significantly
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affected (Figure S3c,d). The protein has been detected in
the cytoplasm (Chang et al., 2005; Giavalisco et al., 2005),
although the mutant leaves appeared pale green and
netted (Figure 7I,m), suggesting that chloroplast function
was impaired in the mutant. Concentrations of chloro-
phyll a and b in the mutant were reduced to three-fourths
of the wild-type levels (Figure 7n). The mutant also
showed significantly fewer chloroplasts per cell and a
reduced and variable chlorophyll content per chloroplast
(Figure 70-r). Despite this, the maximum efficiencies of
PSIl in the wild type and the mutant, measured as F,/F,,
were 0.772 + 0.01 and 0.774 + 0.01, respectively, and the
difference was not significant (n=7, P=0.9). We con-
cluded that At3g62870 affects chloroplast biogenesis.

DISCUSSION

Our screen of the Salk Arabidopsis Unimutant collection
identified 706 mutants exhibiting visible leaf phenotypes.
The identification rate of mutant phenotypes was 3.6%,
similar to that of Kuromori et al. (2006), who screened
4000 Ds mutants for visible mutant phenotypes. Myouga
et al. (2010) found that of 318 Salk homozygous knockout
lines of chloroplast-targeted protein-coding nuclear genes,
8.5% show a mutant phenotype. Their higher yield proba-
bly reflects the fact that they selected genes encoding chlo-
roplast-targeted proteins and discarded non-homozygous
lines prior to screening. We identified a phenotype for
many genes that had no previously identified mutant phe-
notype, indicating that our database provides a useful
resource that will help researchers to place many genes
within the genetic network underlying leaf development
and maintenance.

However, our screen could not capture all leaf-related
genes. According to Wang (2008), 80% of T-DNA insertions
within a gene transcription unit result in no protein expres-
sion; therefore, essential genes are probably underrepre-
sented in the Unimutant collection. Functionally redundant
genes are also likely to have escaped from this screen.
New strategies such as screening double mutant collec-
tions (GABI-DUPLO; https://www.gabi-kat.de/duplo.html)
(Bolle etal, 2013) or whole-gene-family knockouts
silenced by artificial microRNAs (Schwab et al., 2006;
Jover-Gil et al., 2014) will enable additional systematic
reverse genetic screens.

To increase the utility of our collection, mutant pheno-
types were described using ontological terms from a con-
trolled and widely accepted vocabulary that ensures that
the description of any particular mutant can be understood
by others. This also allows researchers to group, query, and
compare mutants from the same or different datasets, such
as public resources like TAIR (http://www.arabidopsis.org/).

A leaf mutant collection where every line has an anno-
tated T-DNA insertion is attractive for potential users
because the putative gene responsible for the phenotype is

already known. However, only 78% of the leaf mutants
identified contained a T-DNA insertion at the position anno-
tated in the Salk database. Similar to our results,
Ajjawi et al. (2010) genotyped 6673 lines from the Salk
collection and concluded that 74% were homozygous, 14%
were segregating and the remaining 12% lacked the anno-
tated insertion. Myouga et al. (2010) genotyped 483 Salk
lines and found that only 66% contained the annotated
insertion. We also found that the annotated T-DNA insertion
does not always account for the observed leaf phenotype.
Co-segregation and allelism data were different. We believe
that the co-segregation percentage (47%) provides a picture
closer to reality, because the lines used in the allelism tests
were not randomly selected, possibly introducing a bias in
the experiment. Also, the co-segregation percentage is
more similar to previously reported results. For example,
Ajjawi et al. (2010) used the Salk collection for the Chloro-
plast 2010 Project and found that their observed pheno-
types often were not related to the annotated T-DNA-tagged
gene. De Muyt et al. (2009) screened the Versailles T-DNA
population, plus lines from other collections, for meiotic
recombination defects and found that just 43% (n = 28) of
the mutations isolated were caused by a T-DNA insertion.
Dobritsa et al. (2011) searched for genes involved in pollen
exine production, confirming linkage between the anno-
tated gene and the phenotype in only 30% of the 23 Salk
lines checked. Genotype information displayed in our data-
base is therefore partial, and a causal relation with the phe-
notype scored must be experimentally established on a
case-by-case basis.

If the annotated T-DNA is missing or does not cause the
phenotype of interest, researchers can map other T-DNAs
in the line to try to discover genes with a role in leaf devel-
opment. Here we presented a cost-effective and simple
method to map the non-annotated T-DNA by a workflow
that is simpler than previous methods (Korbel et al., 2007;
Williams-Carrier et al., 2010; Polko et al., 2012; Lepage
et al., 2013), and feasible for any plant genetics laboratory.
Also, all the software tools used here have been fitted with
a graphical interface and integrated in open source, cloud-
based platforms for data-intensive research such as Galaxy
(http://galaxyproject.org/; Goecks et al, 2010) and iPlant
(http://www.iplantcollaborative.org/; Oliver et al., 2013),
thus making computer equipment and command line
knowledge dispensable. Our method also proved to be
robust, detecting 11 out of 11 previously known T-DNAs in
the mutants analyzed.

The database and web-based query tool developed in
this work, PhenoLeaf, makes our data publicly available to
scientists for leaf functional analysis. Researchers can use
Phenoleaf for in silico forward or reverse genetics. For
example, a user interested in chloroplast function could
enter a list of genes that encode chloroplast-targeted pro-
teins, or enter the keywords ‘located chloroplast’, and

© 2014 The Authors
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check our phenotypic data for these genes (in silico reverse
genetics). The user could also search for mutants with
defective pigmentation and check the genes putatively
affected (in silico forward genetics). To demonstrate the
usefulness of our resource, we used PhenoLeaf to identify
two genes not previously related to leaf development. We
quickly found that At1g77600 is required for proximal—-
distal cell proliferation by querying PhenolLeaf for mutants
with roundish leaves; similarly, we assigned a chloroplast-
related function to At3g62870, a member of the ribosomal
protein L7Ae superfamily. In conclusion, we have gener-
ated a valuable public resource for the study of leaf
development.

EXPERIMENTAL PROCEDURES
Plant material, culture conditions and crosses

Seeds of the A. thaliana (L.) Heynh. wild-type accession Col-0 and
all Salk T-DNA insertion mutants screened in this work were
obtained from ABRC. The stock numbers of the batches were
CS27941, CS27951, CS27942, CS27952, CS27943, CS27953 and
CS27944. Previously described alleles used for allelism tests were
either purchased from NASC [tz-1 (Li and Redei, 1969), g/s71-30
(Coschigano et al., 1998), tir1-1 (Ruegger et al., 1998), esi1-1(Chen
et al., 2005), and ddI-2 (Morris et al., 2006)] or kindly provided by
the authors who first described them [Hidetoshi Saze, ibm1-4
(Saze et al., 2008); Joanne Chory, cue1-2 (Streatfield et al., 1999);
José Alonso, wei8-1 (Stepanova et al., 2008); Edgar Spalding,
mdr1-1 and mdr1-3 (Noh et al., 2001); Scott Poethig, sqn-1 and
sqn-2 (Berardini et al., 2001); Scott Michaels, cdc73-1 and cdc73-2
(Yu and Michaels, 2010); and Hiroyasu Motose, ibo7-4 (Motose
et al., 2008)]. Seeds were sterilized with bleach and stratified at
4°C for 72 h. Seedlings were grown in vitro as described in Ponce
et al. (1998), under continuous illumination of approximately
75 umol m~2 sec”". Adult plants were grown in a 2:2:1 (volume)
mixture of perlite:vermiculite:sphagnum moss in identical envi-
ronmental conditions as seedlings. Crosses were performed as
described in Berna et al. (1999).

Leaf mutant screen and phenotyping

For each Salk T, T-DNA line obtained, 30 seeds were grown in vi-
tro as described above. Each Petri dish contained two independent
lines to help eliminate phenotypic traits caused by microenviron-
mental variations across plates. As described in Pérez-Pérez et al.
(2011), Ts T-DNA lines were grown at a density of 20 plants per
plate. The phenotypic analysis was done under a magnifier lamp
against a white surface. Plate photographs were taken 18 das with
a Panasonic DMC-FX9 digital camera (2816 x 2112 pixels; http:/
panasonic.net/), whereas Ts rosette close-up images of genuine
mutants were taken 21 das with a Nikon SMZ1500 stereomicro-
scope equipped with a Nikon DXM1200F digital camera
(3840 x 3072 pixels; http://www.nikon.com/). The phenotype anno-
tations were stored in a relational database.

Genotyping of T-DNA insertion loci

The presence of the annotated T-DNA insertions was determined
by PCR, following the Salk Institute Genomic Analysis Labora-
tory recommendations (http://signal.salk.edu/tdnaprimers.2.html).
Primers were designed either using their primer design tool

© 2014 The Authors
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(http://signal.salk.edu/tdnaprimers.2.html; Table S5), or manually
for non-annotated T-DNA insertions (Table S7). The PCR reactions
were performed with Phire Hot Start Il DNA polymerase (Thermo
Scientific, http://www.thermoscientific.com/). Template DNA was
obtained by grinding one leaf of a 15- to 21-day-old rosette with
three glass beads in 115 ul of distilled water. Immediately
afterwards, samples were incubated at 50°C for 3 min and centri-
fuged at 15 870 g for 1 min. One microliter of supernatant was
used as PCR template in 10- pul reactions.

Next-generation sequencing and analysis

Total DNA was purified from at least five Ts siblings of a given line
to capture segregating T-DNAs, using the DNeasy Plant Mini Kit
(Qiagen, http://www.giagen.com/) following the instructions of the
manufacturer. Whole-genome sequencing of the samples was per-
formed at BGI Hong Kong in an lllumina HiSeq2000 sequencer.
Average insert size in the paired-end libraries generated was
500 bp, read length was 90 bp and coverage was 23x per sample.
Each sample consisted of a pool of DNA from five different leaf
mutants. The read data were submitted to the NCBI and are avail-
able as accession SRX473258. All the data analyses were per-
formed on a machine equipped with Intel Core i7 X980 3.33 GHz
x12 CPU and 24 GB RAM. The reads were aligned using Bowtie 2
(Langmead and Salzberg, 2012) using the default settings in both
the end-to-end and local alignments. Sequence alignment map
(SAM) files were processed using custom PHP scripts. These
scripts were written for comparison of alignments to the Col-0
and pBIN-pROK2 sequences, and for processing SAM alignments
and writing the output to new FastQ files. To detect non-canonical
T-DNA insertions, such as a vector backbone sequence next to the
T-DNA, we aligned sequences against the complete sequence of
pBIN-pROK2, the vector used to produce the Salk collection. Tab-
let viewer (Milne et al., 2010) was used to visualize alignments.
Primers used for confirming non-annotated insertions detected
are listed in Table S7.

Adapter ligation-mediated PCR

Selective amplification of FSTs was done as described in O'Malley
et al. (2007) and Thole et al. (2009) with the following modifica-
tions: 50 ng of genomic DNA was digested and ligated; a nested
PCR was also performed when the Asel adapter was used; when
multiple PCR products were obtained, they were purified by recov-
ering DNA from each band in the electrophoresis gel with a pip-
ette tip and each pure DNA sample was used as a template in a
subsequent PCR amplification; and amplification was attempted at
both the LB and RB ends. Adapters used were those described in
O’Malley et al. (2007). Adapter and primer sequences are shown
in Table S6. Primers used for confirming non-annotated insertions
detected are listed in Table S7.

Database and web query interface

The genomic coordinates of all T-DNA lines were obtained from
the SIGnAL database (http:/natural.salk.edu/database/tdnaex-
press/). These coordinates were used for all calculations displayed
in our database web interface. In the SIGnAL T-DNA Express web-
site (http://signal.salk.edu/cgi-bin/tdnaexpress) it is considered that
a T-DNA can potentially affect the function of a gene when it is
located from 1000 bp upstream of the TSS to 300 bp downstream
of the end of transcription. For simplicity, we adopted those val-
ues, thus creating the structural elements 1000-5' untranslated
region (UTR) and 3'UTR-300. The database is managed using
MySQL software, and the programs to calculate and format the
information for the user were written in PHP scripting language.
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Morphology, ultrastructure and photosynthesis analyses

Leaf clearing, fixation and embedding, quantification of rosette,
leaf and cellular anatomical features and observation of leaf
tissues by confocal microscopy were performed as previously
described (Pérez-Pérez et al., 2011; Quesada et al., 2011). Rosette
compactness was calculated by dividing the rosette area by the
area of the best-fitting ellipse containing the rosette. Mean chloro-
phyll autofluorescence intensity was measured from confocal
images using ImageJ 1.47v (http://rsb.info.nih.govi/ij/). For chloro-
phyll quantification, four independent samples of 100 mg of fresh
leaves from rosettes collected 14 das were pooled, frozen in liquid
N, and homogenized with 4 ml of 80% acetone at 4°C. The sam-
ples were centrifuged for 10 min at 2350 g and pigment concen-
tration in the supernatant was spectrophotometrically determined
following Wellburn (1994). Photosynthetic maximum quantum
yield was measured 20 das on plants dark-adapted for 30 min and
after applying a 0.8-sec saturating light pulse (4000 pmol pho-
tons m~2 sec”'). Measurements were made with a DUAL-PAM/F
fluorometer and a DUAL-BA leaf positioning device (WALZ, http://
www.walz.com/). Student’s t-tests and Mann-Whitney U-tests for
comparing distributions were done using SPSS 16.0.2 (SPSS Inc.,
http://www.spss.com.hk/).
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Figure S1. Seed quality and seedling growth.

(a) Appearance of the seeds from one of the lines; some of the seeds are dark and shrunken
(yellow arrowheads).

(b-c) Example of (b, circle) a T4 plant with abnormal morphology that produced (c) phenotypically
wild-type T5 offspring.

(d-e) Example of the isolation of (d, circle) a T4 abnormal plant whose (e) T5 offspring
recapitulated the same phenotype.

Scale bars correspond to (b) 0.5 and (c-f) 10 mm.
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Col-0

SALK_087484 x SALK_092843 F,

At1g77600

SALK_086913 x SALK_016597 F,

At3g62870

SAIL_515_C04 SAIL_393 D12

Figure S2. Rosette phenotypes of the lines carrying mutant alleles of At1g77600 and At3g62870 and
of the F, progeny of their crosses. Pictures were taken 21 das. Scale bar: 5 mm.
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Figure S3. Morphometric characterization of the SALK_087484 and SALK_086913 mutants.

(a) Dissected rosettes of Col-0 and the mutants.

(b) Relative rosette and leaf areas.

(c) Palisade mesophyll and adaxial epidermis cell diagrams showing cell area and density.
(d) Boxplot distribution of cell sizes. Boxes are delimited by the first (Q1, lower hinge) and third (Q3,
upper hinge) quartiles. Whiskers represent Q1-1.5+1Q (lower) and Q3+1.5+1Q (upper), where 1Q = Q3—
Q1. o: Mean. —: Median. o: Extreme maximum outlier (> [Q3+3°1Q]). x: Maximum outlier.

(e) Relative number of cells per leaf of Col-0 and the mutants.
(f) Relative cell density of Col-0 and the mutants.

All photographs were taken 21 das. All data correspond to 3rd-node leaves.

Scale bars: (a) 5 mm and (c) 100 pm.

The symbols *, ** and *** represent, p-values of 0.05, 0.01 and 0.001, respectively.
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Table S1. Genotypes for the annotated insertion in 24 randomly chosen lines

Genotypes found (5 plants per line were tested) Number of lines
Homozygous 12
Homozygous and wild type

Homozygous, heterozygous and wild type
Heterozygous and wild type

Wild type

A R N O
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Table S3. Ontological terms and their definitions

Publicaciones

Entity Attribute Value PATO ID Common name Definition
Phyllome - Rosette Relative size Increased size PATO0:0000586  Big A size quality which is relatively high
Decreased size PATO0:0000587  Small A size quality which is relatively low
Organ arrangement - Phyllotaxis Abnormal PATO:0000460  Altered A quality inhering in a bearer by virtue of the bearer's deviation from normal or average.
Compactness Loose PATO:0001802  Loose A patte_rn quality inhering in a bearer by virtue of the bearer's not being compact or
dense in arrangement.
Compact PATO:0001485  Compact A structural quality |nhe|f|ng ina bgarer by virtue of the bearer's being thicker or more
closely packed together; pressed tightly together.
Relative organ number Increased number PATO:0000470  More leaves An amount which is relatively high
Decreased number PATO:0001997  Fewer leaves An amount which is relatively low.
Leaf lamina Relative size Increased size PATO:0000586 Big A size quality which is relatively high
Decreased size PATO:0000587  Small A size quality which is relatively low
Relative length Increased length PATO:0000573 Lon A length quality which is relatively large
Decreased length PATO:0000574  Short A length quality which is relatively small
Relative width Increased width PATO:0000600 Wide A width which is relatively large.
Decreased width PATO:0000599  Narrow A width which is relatively small.
Symmetry Symmetrical PATO:0000632  Symmetrical A} gymmetry quall?y |qherlng ina bea(er}by virtue of the bearer's being capable of
division by a longitudinal plane into similar halves
Asymmetrical PATO:0000616  Asymmetrical A symmetry quality inhering in a bearer by virtue of the bearer's lacking symmetry.
Geometric shape - 2D Roundish PATO:0001935 Roundish A shgpe quality inhering in a bearer by virtue of the bearer's being roundish, a little
inclining to be oblong.
A spheroid quality inhering in a bearer by virtue of the bearer's exhibiting a continuous
Ovate PATO:0001891  Oval convex surface with an axis of symmetry and one axis longer than the other; egg-
shaped.
Orbicular PATO:0001934  Roundish A shape quality inhering in a bearer by virtue of the bearer's being perfectly circular.
Oblong PATO:0000946  Blunt ended A shape quality ||-{her|ng in g bearer by vmue. of the bearer's having a somewhat
elongated form with approximately parallel sides.
Elliptical PATO:0000947  Elliptical (or) Pointed A spheroid quality inhering in a bea.rer by wrtue of the bearer's being oval with two axes
of symmetry, as produced by a conical section.
A shape quality inhering in a bearer by virtue of the bearer's being shaped like a lance-
Lanceolate PATO:0001877  Pointed head, considerably longer than wide, tapering towards the tip from below the middle;
attached at the broad end.
Linear PATO:0001199  Linear A sha;_)e quallt_y inhering in a bearer by virtue of the bearer's being narrow, with the two
opposite margins parallel.
Spatulate PATO:0001937  Spatulate A shape quality inhering in a bearer by virtue of the bearer's being oblong, with the
lower end very much attenuated.
Cuneate PATO:0001955 Cuneate A_shape quality inhering in a bearer by virtue of the bearer's being narrowly triangular,
wider at the apex and tapering toward the base.
Subulate PATO:0001954  Narrow and pointed A shgpe quality mh_erlng ina bearer by virtue of the bearer's being linear, very narrow,
tapering to a very fine point from a narrow base.
Rhomboid PATO:0001938  Rhomboid A sphergld quall?y inhering in a bearer by virtue of the bearer's being oval and a little
angular in the middle.
Triangular PATO:0001875  Triangular A shape quality inhering in a bearer by virtue of the bearer's having three angles.
Heart-shaped PATO:0000948  Heart shaped A concave 3-D shape quality inhering in a bearer by virtue of the bearer's having a
sinus or rounded lobe at the base.
Renioma PATO:0001871  Kidney shaped A concave 3_—D shape quality inhering in a bearer by virtue of the bearer's having the
shape of a kidney.
Arrow-shaped PATO:0001881  Arrow shaped A»shape q\:lallty mherlng |q a bearer by virtue of the bearer's forming two equal obtuse
triangles with a short side in common.
Geometric shape - 3D Convex PATO:0001355  Convex A shape quality that obtains by virtue of the bearer having inward .faclng edges; having
a surface or boundary that curves or bulges outward, as the exterior of a sphere.
Concave PATO:0001857  Concave A shape quality in a bearer by virtue of the bearer's curving inward
Flat PATO:0000407  Flat A curvatul.'e quality |nher|pg in a bearer by virtue of the bearer's having a horizontal
surface without a slope, tilt, or curvature.
Undulate PATO:0000967 Wavy A shgpe quality inhering in a bearer by virtue of the bearer's having a sinuate margin
and rippled surface.
Involute PATO:0001962  Upwards folded A curlgd quality |r.\her|ng ina begrer by virtue of the bearer's edges of its surface being
rolled inwards spirally on each side.
Revolute PATO:0001963  Downwards folded A curled quality |nhgr|ng ina bearer by virtue of the bearer's edges of its surface being
rolled backwards spirally on each side.
Convolute PATO:0001966  Rolled A (?urled quality |nher|ng in a bearer by virtue of the bearer's one edge of its surface
being wholly rolled up in another.
Circinate PATO:0001964 Rolled A curled .qualny inhering in a bearer by virtue of the bearer's edges of its surface being
rolled spirally downwards.
Reclinate PATO:0001965  Bent down A curled quality |nhgr|ng in a bearer by virtue of the bearer's edges of its surface being
bent down upon their stalk.
Surface - deformation Smooth PATO:0000701  Smooth A texture qualny.lnhenng. |.n a bearer by virtue of the bearer's processing a surface free
of roughness or irregularities.
Rugose PATO:0001359  Wrinkled A surfacg feature shape quality inhering in a bearer by virtue of the bearer's having
many wrinkles or creases on the surface.
A color hue with medium-low wavelength of that portion of the visible spectrum lying
Color - filling Green PATO:0000320 Green between yellow and blue, evoked in the human observer by radiant energy with
wavelengths of approximately 490 to 570 nanometers.
Pale green PATO:0001272  Pale green A color consisting of green hue and low saturation.
Yellow green PATO:0001941  Yellow green A color consisting of yellow and green hues.
Dark green PATO:0001249  Dark A color consisting of green hue and low brightness.
White PATO:0000323  White /_\n achromgt{c color of maximum brightness; the color of objects that reflect nearly all
light of all visible wavelengths.
A color hue with medium wavelength of that portion of the visible spectrum lying
Yellow PATO:0000324  Yellow between orange and green, evoked in the human observer by radiant energy with
wavelengths of approximately 570 to 590 nanometers
Purple PATO:0000951  Purple A color that falls about midway between red and blue in hue
Color - pattern Mono-colored PATO:0001532  Plain A color pattern inhering in a bearer by virtue of the bearer's having one hue
Variegated PATO:0001533  Variegated A color pattern inhering in a bearer by virtue of bearer's having two or more hues or
degrees of saturation.
Spotted PATO:0000333  Spotted A color p?ﬂern inhering in a bearer by vn.tue of bearer's being marked with a round
area of different hue or degree of saturation.
Blotched PATO:0000329  Blotched A color pattern inhering in a.bearer by virtue of bearer's belr?g marked with irregularly
shaped spots or blots of a different hue or degree of saturation.
Netted PATO:0001947  Netted A color par.lem inhering in a bearer by vmug of bearer's being covered with reticulated
lines of a different hue or degree of saturation.
Leaf margin Geometric shape - 2D Continuous PATO:0000689  Continuous A guallty ofa §|ng|e process inhering in a bearer by virtue of the bearer's being
uninterrupted in time, sequence, substance, or extent.
A surface feature shape quality inhering in a bearer by virtue of the bearer's having the
Crenated PATO:0001889  Crenated border, edge, or outline cut into a series of segments of circles resembling a scallop-
shell
Serrated PATO:0001206  Serrated A §h§pe quality inhering in a bearer by virtue of having sharp straight-edged teeth
pointing to the apex.
Toothed PATO:0001205 Toothed A surface fe_atur_e shgpe quality !nherlng in a bearer by virtue of the bearer's having
toothlike projections in the margin.
Lobed PATO:0001979  Lobed A shapg quality inhering ina bearer by virtue of the bearer's being partly divided into a
determinate number of regions.
Angular PATO:0001977  Angular A shape quality mh_erlng in a bearer by virtue of the bearer's having several salient
angles on the margin.
Leaf petiole Relative length Increased length PATO:0000573 Long A length quality which is relatively large
Decreased length PATO:0000574  Short A length quality which is relatively small
Relative width Increased width PATO:0000600  Thick A width which is relatively large.
Decreased width PATO0:0000599 _ Thin A width which is relatively small

77



78 Publicaciones

uonejuswa|dwod oN

/

(€002 ‘e 18 osuo|y)

¢ AALLISNISNI ANTFTAHLI HVIM

sadAlouayd
[reano Jejiwis T-2lom JVPVLT0 MIVS 0€.500Gv
uonejuswa|dwod oN (866T T 3SYHLNAS

/

sadAiouayd
|[eJano Jejuis

e 18 ouebiyaso))

€0T-TSI6 '0E-TSID

DSE0TTO MIVS

ALVAVLINTO LNIANIdIA-NIXOd3Hd34

0rTr0obGIvY

uoneuswadwo)

/
sadAiouayd ualayia

(otoC
e 18 ueleypises)

T-LTYX

2627800 MIVS

LT 3ASVI0HAAH/3SYT
~ASOONTOSNVHLOANT NVONTOOTAX

0TES96TIV

uonejuswa|dwo)

/
sadAlousayd siaylg

(666T
““[e 18 pjaesns)

Z-Tand

J¥TZ.00 MNIVS

T d3SS3ddX343IANN gvO

ozeeehay

uoneyuawadwod oN

/

sadfjouayd
|[eJan0 JejiwiIS

e 9

(8002 ‘e 10 97eS)

p-Tuq!

2Z70900 MIVS

T NOILVIAHLAW IVSNO4G NI 3SVIHONI

0T9.06g1v

1S9] Wsl9|e
T4 /1s91 uoslredwod
adAlouayd [elusred

radAjouayd T4

adAouayd
9|3|[e paysliqnd

(9oualajal) paisal
(s)ajalre paysiiand

adAjouayd
anasoy

aull YNd-L

awreu auab pue apod |9V

"S9SS019 J19Y1 Jo Auaboud T4 ay) Jo pue S1S3] WISI3|e ul pasn siueinw ayl Jo sadAouayd anasoy S ajgel



79

Publicaciones

AN i
/ % (9002 “1e 10 sLION) 37amvda
sadAiouayd Q ﬁ
[[elano Jejiuis e Z-1PP ‘T-IPp 0620570 MVS 0550zZ6ev
co_umH:wEw_QEoO “\ . 9 i Ammm.ﬁ “lele mEmm_v nl.ﬁ.v\ k. ¥ VISNONY
) = Vi NN
\ el
,\. 3 m:...u% . f —
sadAiouayd jualayia v T-vBue A.\ JSTHYr0 MIVS 0561702V
uonejuawadwod oN -
} ’ (T00Z "[e 18 lUIpreIag) 1NINOS
sad/Ajouayd
[resano Jejiwis Z-ubs ‘T-ubs JTTSEE0 MIVS 06,5121V
uolieluswa|dwod oN o
/ (T00Z “"1e 18 YoN) TT NI3LOdd AONVLSISTIH ONddlLTINN
sadAiouayd
[[elan0 Jejluls €-TIpW ‘T-TIpW DSSYEE0 MVS 0988zheY
uonejuswa|dwod oN - (8002
/ ““[e 19 enouedals) 8 IAILISNASNI ANTTAHLI MVIM
sadAiouayd
[reano Jejiwis T-81am J€¥2220 MIVS 0950.6TIvV
1s91 wsifa)e
T4 /1s91 uoslredwod adAouayd (9oualajal) paisal adAousyd
adAiousyd [elusied tadAousyd 14 ala|re paysliqnd (s)aja|re paysiand SUCEI)] aull YNd-L awreu auab pue apod |9V

"'S9SS019 J19Y1 Jo Auaboud T4 ay) Jo pue S1S3] WISI3|e ul pasn sjuelnw ayl Jo sadAlouayd ansesoy S ajgel



80 Publicaciones

‘Buudsyo 14 a|gein

-uou Jo (s)[euased a|1A)S AN "d|9|[e pauliapun ayi 0} puodsaniod umoys (S)ainiold 8yl ‘wiw T :Sieq a[eds ‘Sep GT USXE) aJam Sainidld; "UWN|od puodas ay) Aq palos SI a|gel ay L

uoneluswa|dwod oN

/

sadAiouayd
|[eJano Jejwis

(8002 ‘| 10 8S0I0IN)

v-10q!

028/2ST MIVS

TO4l ‘9 ISVYNIM A3 LVI1IH-VININ

002¥bEIV

uoneluswaldwo)

/
sadAlouayd jualayig

(866T “Te 10 4obbany)

T-Tn

DE09TST MNIVS

T 3SNOdS3Y JOLIGIHNI LHOdSNVYL

086296€1v

uonejuawadwod oN

/

sadAlouayd
|lelano rejwis

(0TOZ “re19 np)

Z-€19p2 ‘T-€L9P3

J¥¥90ST MNIVS

€002 ‘NINOYgIdvVYVd
01 SNOSDOTONOH LNV1d

0652zbg1v

uoinreluswa|dwod oN

/

(5002 “"le 18 usyQ)

T NIIFHO-MOTTIA ANV LN3IOI43d
-INSIdOYLIAVYEO LNIAN3Id3IA-INTTAHLT

sadAiouayd
IreJsn0 Tejiwis T-TI63 JV6¥T90 MIVS ozesebaw
AN
(696T '19pay pue 1) V., ONIMINOIY F10ZVIHL
/ »
sadAjousyd !
[reJan0 Jejiwis 1-2} - 0250450 M1VS 0..vS6%v
1s91 wsifa)e
T4 /1s91 uoslredwod (9oualajal) paisal adAousyd
adAiousyd [elusied tadAousyd 14 ala|re paysliqnd (s)aja|re paysiand SUCEI)] aull YNd-L awreu auab pue apod |9V

"'S9SS019 J19Y1 Jo Auaboud T4 ay) Jo pue S1S3] WISI3|e ul pasn sjuelnw ayl Jo sadAlouayd ansesoy S ajgel



Table S5. Primers used for the genotyping of annotated T-DNA insertions
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Line

LP sequence (5'—3)

RP sequence (5'—>3")

SALK_000028
SALK_000739
SALK_000901
SALK_001004
SALK_001364
SALK_001496
SALK_002057
SALK_003223
SALK_003711
SALK_004298
SALK_004741
SALK_005153
SALK_005786
SALK_006042
SALK_006410
SALK_006582
SALK_006616
SALK_006881
SALK_007214
SALK_007784
SALK_007854
SALK_008088
SALK_008178
SALK_008429
SALK_008459
SALK_008546
SALK_008561
SALK_008887
SALK_009026
SALK_009120
SALK_009370
SALK_009623
SALK_009736
SALK_009798
SALK_010286
SALK_010406
SALK_010588
SALK_011035
SALK_011049

CCGGTATGGAAGAAGGAGAAG
TCGATTCCTCAAGAGGTGTTG

AACAGTTTCGATACTAATCTTCAC

AAGAGAATGTTGGTGGTGGTG
TTTTTGGTCATCGGTACTTGG
TGGTCTTTGGTGCGATAATTC
GCCAGAGCTAAAACCAAAAGC
TTGAAGATCCCATAGTGCACC
CTCTCTTCATCGCTCTCCAATG
AAAACCATTGCATCAGGTCAG
AGTATCCTTCCAGGGTGAGTG
GAAAAACGTTTTGAGGATGCTG
AATTGCACCAATGCAATCTTG
CTTAGCTGTTGCCTTGAGATCC
AAACCCTAGAATGCGTGATCC
CTCTTCGCTTTCGTCTACTGC
AGGATATTGGGATCGTATGGG
TGTTTTTCATTGCACTTGCAG
CCTTCAAACTTGTTCATTTTTGC
TCCAGTTGCTTGGATAATTGC
ACCCAAGAGAAAGAGAGACGG
CATGCAGACAGAAAGGGAAAG
GATTTGTGTGCTGGACCTAGC
CGACATCGATTATTGCAATTG
CAAGCTTTATGAAAGCGCATC
GAGGATTAAGGTTCACGAATTG
TTTGTTTTTGTTCAAAAGGCG
GTGTTTGCCCTTAAGACCCTC
AGGTGACACAAACAAGCCAAC
CGCTCCGTCAATATACTTAGAG
CGCAATGGGATTACCACATAC
TGTCTGAGGATCAAATCCCTG
TGCTTCCGAAATATCGTGTTC
TCTTGTTAGCTTCCAATTGGC
TTTAGCGGTGGGAATGGAAGCG
ATGTTGAACCAGAGGTTGCTG
GGGAGAAAGTGTCTGGAAATTC
TGCAGACACTTATCGCAAATG
AAACTGCTTCTTCTTCCGGAG

CGTTTCGGCAACACTCTTTAG
CTCCATTAGTTTCGTTGGTGG
GAAGCAGTCTATTGAACACAAAC
TACCTTATGGATTGCAGGTGC
GATTTGTCTAGGGTTTTCGCC
GCACCTTTTGGAGGATTTTTC
AAAACCCAACACGCATCATAC
AAATGGTATTGTAGGTCGGCC
GTACCTCGTCGTCTACTATCTG
TGTTGTTGTAGGAATCTGGGC
TCTAAGTGAACAAGGTCATTACC
GCTGACTGAAGCAGCAGAACC
AATGCCAAAAGGCTAAAAAGG

GCATCTACCAGAAAAGGCAAAAC

ATGACAGAACCAAGAAAGGCG
TCGCATCAAGCAGTTGTACAG
GTTGTGGGATGGTGAAAACAC
CGCTTGCTCACCAAAGATAAC
GAGCTTTGCATCGTTGAGATC
CTCTCATTCAAAAGCCTGCAC
CAGGCAGAAAGTACAGGCAAG
CGAACGCCATTCTTGTAAGAG
GTTCTCCATTCCGCCTTAGTC
TTTGTCGAGCGAGAGAGAAAG
TCATCAACCAAACCAAAAACAC
TTTGATAGCGTACTTCCTTATTG
TGGATACAGACCCTGAAATGG
GCAGCATCCAATGGTAAATTG
AATCGAACAGGACACCATCTG
GTGGTCCGAACGGCAGTGAA
ATCAAGCCAAGAACGATGATG
GATCTGTTGCCTCTGCTTCTG
TTCAATTACCTCGCCAATGAC
ATAGAAACCACTCATTCGCCG
CAGTGCATCCATACCATCCAC
CAATACCCATGTTTGAGCAAG
AGACAAGGGTGAAGGCAGATTG
AATAACACCAGCAACACGACC
TCAATTCCGTCTTCAAGTTGC




82 Publicaciones

Table S5. Primers used for the genotyping of annotated T-DNA insertions

Line

LP sequence (5'—3)

RP sequence (5'—>3")

SALK_011376
SALK_011586
SALK_011867
SALK_011936
SALK_012011
SALK_012678
SALK_012771
SALK_012816
SALK_012836
SALK_012970
SALK_012988
SALK_013253
SALK_013273
SALK_013297
SALK_013461
SALK_013567
SALK_013909
SALK_014243
SALK_014499
SALK_014587
SALK_014614
SALK_014727
SALK_015088
SALK_015251
SALK_015252
SALK_015522
SALK_016004
SALK_016311
SALK_016447
SALK_016521
SALK_017254
SALK_017444
SALK_017692
SALK_017913
SALK_017975
SALK_018321
SALK_018664
SALK_019044
SALK_019081

AGGGGAGACAGCTTCATATCC
TTTATCTTCGCCAAAACATCG
AACCCTTACCCATCTCGACAC
AGAGATCACACTGACTTGGCG
TCAGGTTGATCTTTCCATTCG
TGATCAAGAGCATTTTCCTGC
ACTTTGGTCAAACATCCAACG
GCTATGTCATGTGTGAACCCC
AGTGAAGCTGAGGTCTTGGATG
GAGACTTTCCTTGCGTTAGGG
GCAGACGTTGTAGCTGGAATC
CGATTCACTCTTTTCGTCAGC
AGTTTTGGGTCCGATAAGACG
CAGAGCATTTTCAGGATGAGC
ACCTAAAAATCCGAAGCAACC
TTGAAGTTTAACATGCCTGGG
ACTTGAAAAGCTTCTGCCCTC
GATGGTGACGCTAGAGAATGG
CATGAAGAGCTGGTGGAGAAG
ACCTGCATTGAAACAACCAAG
TGCCATAATCCAATAAGCTGC
TTTGACGGATTTCTTGAATGG
ACCGTATATTACGTGGGGAGG
GAAGCTAAGCATTGATGTGGC

AGGTATGGATTCAACAGAAAGAG

GGCAAGTGCAATAAGCTGATC
TATCTGGCCATGGAGTAGCAG
TATCGCCAAAAGGACATTGAC
TGGAATGCCTTCTTCTCATTC
TGGGCCATATATTAGACACGG
TTCTTGATTCTTTTGATCCCG
ACTTGGTGGCCAAGTTACATG
TCCCGAGTGAGTTTCGCTTTC
TTAGGACTGAAGCAAAGCGAG
ACTCAATGTTCCATCCGTTTG
AAGCATGAGGAACCACACAAC
TATTTATTGGGCCTATTCGGG
AGCCATCAACATCGACAATTC
TGCAATAATTTCGGAATTTGG

ATCACAACACCAAATTCGAGC
TTGGTGATTTTCATTGGCTTC
TTTGATCAAATCAAGGCATCC
TCAAGCTGTGATTTGAGTCCC
GGAACAGAAGGCCAAGGTATC
TTTTCGGTTCTTCAATCCAAG
TCTCCTTAGGTGAGAGGGAGG
CCAAACCTTTTGGACTCTTCC
TAACTGCTAAAGCCATATCCTG
TTCGCTTCTTCTACTTGCTCG
TGGGACTCTGGACAGTTATGG
TCCATTCTTTGCAATTTACGG
GGGAATTGAAGAGCAGAGTCC
TACCTCAACATCGGAAGCTTG
TTCTCATCCTCACACGGTTTC
TCCAATGCTCGATTGATTAGC
AAGTCTGGTGCAAGTCTCGAG
CTGGGCAAATTTGATTCAATC
CACTGTGACCAATTGACATCG
CGCAATGTCATTGCACATTAC
ACCAGTTTGTGAATTGGCTTG
CAGAGTTCGCCAACAGAATTC
TCTTCTCGGTTTTCAGAAACG
CCATGGAGATCAGATGATTGC
TACGTTCCCAAGTCTTCCTATG
TGCCGGATATTATTTCAGTGG
AGCCATATCATTTTCTTGGGG
CCCTAAATCGCGTTTCTTCTC
AGAGAGAATGTTGAGAAGGCG
GCTTGCAGGTGAAGGATACTG
GCTGGTGTTGTTCTCTTGCTC
GAAGGAGACTCCACCAAAACC
AGCAACACGCAGATTCACCAG
ACTGTGTGCTGTGCACTTCAC
AGATATGGTTGGAATCCTGCC
CCGTAGAAGAAGTCGTTGGTG
GAAGTTCAACGCAAGACCAAG
GAAGCTGTTGCTAAAGGCAAG
AAGCGTCTCTGAAGCTCACAG




Table S5. Primers used for the genotyping of annotated T-DNA insertions
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Line LP sequence (5'—3) RP sequence (5'—>3)
SALK_019175  TGAAAATTTGCATTTGGGTTC AAGAGTTAAGCGGCAGAGAGG
SALK_019359  ACCACCACGCTTATACGATTG CGAATTCGAGAAAAAGCAATG
SALK_019413  GTCTCCCAAAGGAAATTCTCG AGAGATGTCGCGTATGAATGC
SALK_019830  GACATAGTAGCACGGCACACC ATAGTGAGTAGCACGGAACGC
SALK_019994  ACGACTCAATTGATGAATCGG GTGTGGAGAAGCTCCACTTTG
SALK_020615  AAAAGTTGCATGCATTGATCC TCCGTGAAACTGCCAATAAAC
SALK_020801  TGATCAACTCCGCTGGATATC CTTTTGCAAGGACTACGTTGC
SALK_020814  ATTCTGTTTTGCACAGGTTGG CCTCAAGAGAATACCGGGAAG
SALK_020957  CAGTCTGCTTTTTCATTCAAAGG AGTTTCGTCAACAATCATGCC

SALK_021062
SALK_021171
SALK_021217
SALK_021618
SALK_021650
SALK_021759
SALK_021778
SALK_021882
SALK_022035
SALK_022083
SALK_022117
SALK_022640
SALK_022743
SALK_022780
SALK_022843
SALK_022878
SALK_023099
SALK_023198
SALK_023910
SALK_024210
SALK_024270
SALK_024285
SALK_024556
SALK_024589
SALK_024627
SALK_024759
SALK_024760
SALK_024963
SALK_025062
SALK_025213

GGTTTAAAAGACGGTTCCTCG
AACGATAATTTGAAGCATCGG

GTCTGATGAAGCAAATGCTACTG
GTCATGGCTCTTCTCTCCAATTG

TAAAGGGGAACCAACGTAACC

AACATCACGTGTTAACTGTAAAG

TGATATCACTTTCACCCGCTC
CTGAGATGTTGCCAGGAGAAG
CATCATCAGCATCATGTCACC
CAACAAAAGCAATAAGCGGTC
CAACAAAGGCAATGAAGAAGC
GGGGATTCGAATATGGTTTTC
TCTTTTCCATTACAACGTGGG
TGGAGCCAACCACTACATAGC
AAGAGTGGGTAAATCGCCAAG
TTTCGTCACCTTCGAGTACATC
AGAAAACTGGGACGCAATTTC
TTTGGAAAGGTTGCTGAGAAG
TTGCAGACATGATCCATCTTG
CAGAGCGAATTTTAGCACTCG
TCTTCTCTCGAAGATGCTTGC
AATACTTGGCCATATCGCTCC
TCCATTGTCTCCATTCTACGC
CATTTTTGACGAATGAATGCC
GACCTTGGATTCCCTGACTTC

ACCCTTCAACATCAACCTTCAAG

GAAGACATGGATTGGGACAAG
ATTCGCTCTGTCGACACTTTG
TGAGCAAATTAACAACGACAAC
GCTCAAAGCAGAGGATGTCAC

CAGCCCACACATAAGGATTTC
GTTTCTGAGCATTGTAAGGCG
GTTGTAGCAGATTGTTGAAAG
AGTATAGAGCTTTGCTCAGAAG
CCAGAGAGGTTTGAATTTCCC
ACTCAGAACTTCTGGTCTTAGG
TCAATATGAGGCAAAGGAACG
AGGATGTGTGGTGAGAGGATG
TTCACGAAGGCAAAAGAGTTG
TGGATGTAAAGGCTCAACCAC
TTTTTCCGACAATCCTGATTG
GTTTGTGATGGAACACAACCC
CGTCAAGACCATGACATCATG
GACTTGCCACGCTTTTATGTG
AGCAACATGGTGTGGATTCTC
AATCTGGACACATGGATGGAG
GAGTCTGGAAAACCCGTTTTC
GCAACCATTAACAAACCAACG
TTCAAAGTCCGATCAAAATGC
CGAAACGAATTTGAATCATCC
TCTGACTGTTGTTTCCCCATC
TAATTTAGGCTCTTCCGGGTG
AAAGAGGAAACAGTTCGAGGC
AGCTAGCTTGCACTTACGCAG
CGCGTTTGAAATTCGTAAGAG
AAGATCCTCCGTTCAGCTTTCG
CCCAAATTTACATTAAAACGCC
AGCATCTTGTGGTTAGAGGGG
TCTCTCCTCAGGGAGAAAAGG
TGCGGAAAATTTATGAACGAG
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Table S5. Primers used for the genotyping of annotated T-DNA insertions

Line

LP sequence (5'—3)

RP sequence (5'—>3")

SALK_025508
SALK_025598
SALK_025730
SALK_025769
SALK_025969
SALK_026036
SALK_026171
SALK_026226
SALK_026289
SALK_026306
SALK_026489
SALK_026551
SALK_026595
SALK_026611
SALK_026655
SALK_026667
SALK_027152
SALK_027288
SALK_027396
SALK_027461
SALK_027524
SALK_027691
SALK_027747
SALK_027847
SALK_027928
SALK_027931
SALK_030106
SALK_030155
SALK_030202
SALK_030624
SALK_030786
SALK_030930
SALK_030932
SALK_031983
SALK_032511
SALK_032659
SALK_032904
SALK_032963
SALK_033307

GTTGGTCCTTCATCCTTAGGC
TTCATGCGAGAACAAGAAAGC
GAAATGAAGCATTTCACACCG
AAACGCGTTCTCCTTAACCAC
CCTTCTCGCAGAGTCATGATC
CTGGTCTTCGCTCTATGATGG
TTCAAGTGCATATGCATGGTC
TCTCACAGTTGCAACCTGATG
TCCGACCAATCTATCATCTGC
TTCGATACCAATCTTTGCAGTG
CGACCTAGGTCTCCGACTTG
TCCAATAACCACCACACACAG
TTGGACAAAAAGCTCGAGAAG
GAGGGGACAAAAGAATATCGG
TTTGATTTCATCTTTGGGCAG
TTGGTGTTGAACCAACTCCTC
CTGGAATTTTTCTTGCGTCAG
TGGCCTCAATGAGCTTAATTG
CAAGGAGGGGTTTTCATCTTC
AAATCCATCCAATCCTCATCC
GACGAGAAATCGAAGCATACG
GGCATGCTAGGATGAGCATAG
GAAACGGGGAGAAAATAAACG
AACCAAAGATTGCATGCACTC
TCGTTCTACTGTCGTGGAAGC
ACGACGTTTGGATTGGCAAGAC
CAAACCAGCTTTGTTTAACGG
ATCGTTCACTGAGATCCGATG
AACTTACCAATCCCATCGACC
ATGCTTTTATCATTCCCTCGG
ATCCCATCAGCTTGTTCATTG
CAGTGGAACGAGAGCAAGTTC

TCATCCGAGTAACAACTTATCCAG

CCAAGATTCTCCCCAGAGTTC
CAAGGATGTTGAAGAAGGCTG
CGTGCTAGAGTCGGATTTGAG
TTTTTGGATTTTGGATTGTGG

GCAATGAACCTCTGGTGGAAG
TCGAATCCAAGACGAATCAAC

TGCAAGCTTTAGCTTCTCCAG
GTCTGAGAAACACACGAAGGC
CTGGAGTTGGCTCGTTAACTG
TACTTTGGGTCAACGGTTCTG
AATTCACAGCAAACGAACCAC
AGAGTTCTTACAGCAATGCGC
TTTGATAAAAGCTAAACAACCAGG
GGGGTTTTACAGGTTTTGGAC
ACAAGAATAGCCAGTGAACCG
AGGGAGAGCCTGAAGAAGTTG
AAGGGCGCAGCCAGCTATAG
TGCATATCCAGATTTACATCTTTTTG
TCTCTATGCACAGGCATGTTG
CTCACTTTCTTCGTGTGGAGG
GAAACAAAGACTCCAGATTCTGG
TTGGAACCAAGCACATCTACC
TTCTGATTGAGGGATTGCATC
TAGATTAGGCCACCGGTTAGG
CTTGAAGTTGGGACCTGTTCC
TGTTTTTATCACCGAATTCGC
AACCTGAGTTTGGCCTTTAGC
TTGTCTGATCTGTCGGAGAGG
CGATTCCTGTCTTTAACAGCG
ATTATTCGGTGATGAAATGCG
TCCAGTGGATATTTGGTCTCG
CCGCTAAGTAGTAACACTCGAG
CATATTCCATGGAGGTTGGTG
TTTCCCCAAAATCACAGTCAG
CCTCGTCTTCGACATAACTGG
ATGGAAATGTTGTCTGCTTGG
CTAGAACACAGGGGACTGCAG
AATGCTCTTTTCGCTTCTTCC
GGGATTTGAAGGTTTTTGCTC
ACACATGAGTTCCTCACCGTC
ACTTTCATCATCCGAATCGTG
GCAGAACTACAGAAGATGCCG
TGACCAGCAGTATCCCAAATC
TAGAAGATGGATTTGGTGAGCTT
AGAACAAGCGTAAGGCCCTAG
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Line

LP sequence (5'—3)

RP sequence (5'—>3")

SALK_033455
SALK_033511
SALK_033728
SALK_034362
SALK_034684
SALK_035241
SALK_035363
SALK_035676
SALK_036097
SALK_036463
SALK_036569
SALK_037023
SALK_037483
SALK_037512
SALK_037549
SALK_037675
SALK_038138
SALK_038240
SALK_038804
SALK_038835
SALK_038859
SALK_038907
SALK_039030
SALK_039212
SALK_039359
SALK_039478
SALK_039706
SALK_039718
SALK_040155
SALK_040244
SALK_040660
SALK_040739
SALK_041111
SALK_041291
SALK_041437
SALK_042323
SALK_043116
SALK_043149
SALK_043549

TAGTTGGATTTGTATCAGCATGG

ACGAGTACTGCCTTGCGTAAG
AATGTCATACCATGCTCTGGC
CGGACTCATGAGCAAAAGAAG
CTTGACGACACACCAAACATGC
GCAATGTGAGCAAGAGACAGC
TCTGATCTTTGACAGTGCGC
CAACAGCGAAGATCTGGAGAC
ACACCCGCACTTGACATAAAG
CCAACCCACTTTCTACATCTGA
GGAGGAATCCGATGTAATTCC
TTGGTTCTACTCGACCCAATG
ATGGGTAGGCAAACCAAAATC
TCCCTTGTCATCGTGAAAGTC
ATTATGTCAACAGCCAGCTGC
GGGTTCCAATTCTCCAGATTC
AGCCTCAAAGCTTTTCCAAAG
TCAACCGAAATTCCACAAAAC
GACCACGAGTCTCTCAAGCAC
TATGCAGAACCAAGAAAACCG
CAAGCACTAACTGGGATCAGG
GGTTTAGCCGTTTAGGTTTCG
GAAGAACCAGCTTCACAGTCG
TTTGTCGTGGTTGATTAACCG
TATGTGGAGTCTGTGGTCACTG
TGAAACTCAACCGATGTGTTG
TTGACCAATAACAACTGCACG
TGGTTTTTCTTGAGTCATGCC

TGTGTCGTAGCCTTTAGGAAGT
TTTGCGGTACTGCTTTTTCTC
ACCCTACAGCTCCGTCTTCTC
ATGGTGATTTCTTGCGTATGC
TCACCAGGTCTCCCAGATTGC
ACACTCCTGACGTAATTTGCG
TCAGGCAGATCAACATAACCC
CTGGAACCTGTTTTGCTTCTG
TAACCACCCCCTCTCTCTCTC
CACGTACTTCAGTTTCCTCATG
CCACTCTGATTCCTTCAGCTG
TGGCCTATTACTACCATCCCC
GCTTTTTGATTGTTGCTCGAC
AGAGAGCTGCCTTGGGAATAG
AATGAAAAGGAAGAAGGCGAG
AAGCTTCATCTACCTCCCTGC
TTTGATTTGTTGGTGCCTCTC
AGGGACATCGATCATTCATTG
TTGGGACAAAACTTGACAAGG
CTCCCAGTGTTTCAAAAGCTG
AGGAGAAGAGACTTATCGCCG
TTTAATTTCGACACAAACGCC
ATAAACTTCTCGCTCGTCACG
AGTTCAGGTTTTGACACGTGG
TTCGTTTCATCAAGTACGCTAC
AGATGAACGTCGATAAGCGTG
TTTATCTTCGTCAATCACGCC

CATTTGACTAAGCAAAATCTCGTG

AACATTTCTCTAATGTGTGTTATTCATG ACACACAGCCGCGTTATTTAC

CGAAAGATCTCTTGCCATGTC
CTAGAGTGTACATTGAGGATGG
CGCCAAAATCTTGAGTAAACG
CAGCTCTTGCCTTTAAACGTG

AAAAGAACAAGGGATCTCTTCTTG

TCGAAACCCTAATCCGATTTC
TTTCTGGAAACTTGTTTTCCG
TTATTCCGGTGATTAGCAACG
TTATTTCTTGCTAGTTCTGGCC
TCAGCTAGCATTGTCCCTTTC

CCCCATAAGCTCTTCAATTCC
CTCTGTACAGAGACCAAACTTC
TCATTTCTGTTTCAATTCTCCG
AAGTAACGGTGTGACGTCAGC
CTCTGCTTGAATCGGAGTTTG
TATGGGCATGACCGTTTAGAG
ACAAGAGGAATGCACCAATTG
TAGTCGTGGCTGGGTTTAATG
TAGCGGAGATACTCGCAGAAG
ATGTGGCGTACTTTTGCATTC
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Table S5. Primers used for the genotyping of annotated T-DNA insertions

Line

LP sequence (5'—3)

RP sequence (5'—>3")

SALK_043616
SALK_044018
SALK_044034
SALK_044091
SALK_044119
SALK_044145
SALK_044371
SALK_044415
SALK_044478
SALK_044496
SALK 044616
SALK_045025
SALK_045034
SALK_045441
SALK_045619
SALK_045623
SALK_045880
SALK_046141
SALK_046378
SALK_046439
SALK_046728
SALK_047268
SALK_047274
SALK_048174
SALK_048175
SALK_048627
SALK_048891
SALK_049200
SALK_049907
SALK_050137
SALK_050231
SALK_050259
SALK_050260
SALK_051228
SALK_051857
SALK_051913
SALK_053063
SALK_053198
SALK_054336

AACAGCATCAACAATTGCCTC
ACGCGGTTTTACTAAACCGAC
TGGATTTGTCCACAAAGAAGC
TTCCAATACGGTAGATCGGTG
ATCAAGCCATCAAAACCACTG
AAGTCATTGGTTCAATGTTTGC
CCTCTAATGGAGGCTTCCAAG
TTTTCTGTTTCAGGGATGTCG
GCCCTTAAACCCTGTGTTCTC
AGCTAATAAGCTCCTCCGCAC
GATCCTTACAAGGCACCTTCC
GGTTGAGACTCTTGAGCATGG
TAGTGGCAGATTTCTCCTATGG
TTTGGGGATCGTATCAATACG

CGTCCATTCTATTACCAGAAAAC

CAATTCTTTCGCATGAGCTTC
AAAATGATTGGAACTGGTCCC

GAGTCTGCCACTACATAACTGCC

TGATACCCACTTGCCAAAAAG
GATTTTATGGGGAAAACTCCG
CGCAAATCATTAAGAGCCAAG
CTATGTGTCTCATAAGCGGCC
CGCAGAGGTTTACCTCAACAG
TAGAACGATTGGAGACGAACG
CAGCTTGGATTCCTTCTGATG
CTTAGGAGCAACAGTTGGTCG
GAAGTCTGCTTCGAGGTGTTG
CATTGAAATCATGCTTTTACCG
TCCTTTGTTGGTCGTTTTGAG
CGAAGATCTTCGAATTCAACG
TGGCTAAAGGATACGCAGTTG
ACATATTAATGGACCAGGCCC
CAAGTTTCTCTTGCTCATGGC
GGACAACTTTTTGGGTTTAGGC
TACACGTCTTCTTTGGCCATC
AGCTAGAGAGGGGCAACAAAC
GCAGAGTTGGTTCTGATGAGG
GAATCTCGGATAGAGCTTGATC
CGGCGTAGTCTTGAGAGTCTG

GCCGAACAGAAATCTCAAGTG
TTTACCGGTGTATCGTCCTTG
GGTAGCGGTACTCAGTGCTTG
CAATCATCGGAGTCCATTTTG
AGAGAAGCCAAGTCCCTCTTG
CAGTCGATCGATTACACATGG
TGCATCTTCTGTTCATGTTGC
TTGGCTATTTCCATTTCCTCC
ACTGCACCCAATTCAAACATC
AATAAAGGTGACAAGGTCCCG
TTCCGAGGTAGCTTGTCTGTG

TCATCTTACTTGATAATGATTTCATGTC

TTCTTGCACCTTCGAACTCTGC
AGATGACCATGACCAAGTTGC
TTTCCAAGTTCTTGTTCCTCATC
ACAGCTCGAGACTGCTCTGTC
TGTGTTTAGCAGTTGCGTCTG
GCGTCTTCTTCTTCAGGTGTG
ATGCAATCAAAGGAGTGTTCG
TGACAAGATCACCACCTCCTC
GACACAGGGTGTGGAATTCAC
TCCCTCAAGAGGAGGAGTCTC
TCAGAAACCATCCGATGTAGC
TGTCGTTTATGTTGCATGTGG
ATTGAAGGACATTTCAGCCG
GCTGTTCGAGACTATTGCCAG
TGGATGTAACGATCAAAAGCAG
TGCAGAAAATCCTCAATGGTC
GTTCCCATGCTTCTTAGTCCC
TAGTCCTCTTGCAGAGCAAGC
TGAACCATCTCTTCAGCATCC
TGGCAAACACAAGTTCTTGTG
CTCTGCAGCAAGGATTGAAAC
AAGGTTGAGTAGCTCTTCCGG
ACTTCACCAAAAATGGTGTCG
AACACGGTGAGCAATAAGACG
TGTTGACAGTTGCTGCAAGTC

GAAACGTAATCCAAATGTATGTAG

TTCGGGCATACAAACATCTTC
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Line

LP sequence (5'—3)

RP sequence (5'—>3")

SALK_054681
SALK_055458
SALK_055996
SALK_056529
SALK_057033
SALK_057052
SALK_057083
SALK_057184
SALK_057480
SALK_057752
SALK_057782
SALK_057785
SALK_057986
SALK_057987
SALK_059367
SALK_059601
SALK_060403
SALK_060686
SALK_060822
SALK_060836
SALK_060871
SALK_061494
SALK_061595
SALK_062509
SALK_062797
SALK_062875
SALK_062900
SALK_063054
SALK_063404
SALK_063595
SALK_063956
SALK_064104
SALK_064329
SALK_064507
SALK_064524
SALK_064915
SALK_065118
SALK_065777
SALK_066103

CGGTTACAAAACATAACTGAATTCC

AAAATTGGCTCCACAACTGTC
CGGCTTACGCTAGATTGACAC
CCTCCTTTCATTTCTCGTTCC
GTGACACCAAGAGGACTAGTG
TCTCGTCATCTCACGTGACAC
CGAGGATGAAGCAAAGTTTTG
GATAGAGAGGTGTTACCGGGG
GGTCAAAACTCTCAAACGCAG
CCTCTTGCAAATGATGCTCTC
ATATCCGTTGGAAATTCTCCG
TAGCTCCTCCGCAGAGGAATG
AACCCATTCGGGTAATTCTTG
AACTATTTGCGTATTTGATCCG
TGGACTACTTTGCACACGATG
GCCCTTCCACAATTTAAAAGG
CGCGATGGAAAAACAAAGTAG
TTTTCGTAAGACAAACCGCAG
TCTGGTGGTAGTGCACAGAAAC
CTGCAGCGTAGGAAGTTTGAG
ACATGTACCAAAACGCTCCAG
TATTACCTGTGTGATTGCCCC
AACACAAGGCAAAGGATGATG
TGTCCTCCCGATTCTGTGTAC
TTGCAGTGAAATCAAGCAATG
GGCTTTGACAAAGTCTGCAAC
TTGGGTTTTGCTTATTATGCG
AGACGGGACTTTGTCTGTCTG
ACACGAGCCACAAGGTCATAG
GATCTCATGAAGCTCGAAACG
ACGCATCAGTGACTCGAACTC
AGTTAGAGGAAACGCAGCAGG
CGTGGTTACACGCAAAATTTC
TTAGGCAACCAATTGAGGATG
CGTCAATCTCCTCGAGATCTG
GATACCAGTAACTGACCAACCG
TGTCCAAGTTTGATAATCGCC
GTTTATGATTCTGGCGACGAG
TTGCTTCTAGGGATTTTCACG

AACAAGTTGGTCTGGGTTGTG
TCGTTCATGATATGTTTTGACG
ATCGTCAAATTCGACACGAAC
TCGAGATCATCATCGTGTCTG
CTTGTGCCGGAAGTCCCTTC
ACCAACCGGAAGTTTATACGG
TTGTTACTGCAATGGGGAAAG
AAGATGCTAGGCCGAGAGAAG
TGGTTACAGTCTTCAGCCACC
CACTTTCTTCCGACGTCTCAG
TTACGGATCCAACCAAGTGTC
GGAGTCTCAAGAGTCCCGTAG
TAAGTGAAGAAAGGGCCTTCC
AGCTTCTCGAATACGAGGAGG
ACTACCGAAGCAAGCCTGTTC
ATGTGAGTCAAGGAGTGGCAC
GACCAAAAAGGGAATTTCTGC
CTTGTAATAAGGCAGCCATGG
ACCCTTTATTGTCGTTTTGGG
ATTGGACTATTGGGCCGATAC
AAATCCCAATACATAAGCGGC
ACTAGCAGCAGCAACGAGTTC
ATGATGACATAACTCGCACCC
ATATGGGTTTCGAGGAACCTG
CGCAGCAATCTCTAACACCTC
ATTCAGAGGGCATGTAACACG
AGAAGCAAGCGAAAAGGTCTC
TTGGAAGGATCATTGTCAAGG
GTCTGACCACTGAGCTGTTCC
CTCTAGCCAATGTTGCTCCAG
TAGTAAGCACAACGATTGGGG
TTGGCCAATTGTTCACTTTTC
CTTTCTACTTCTGATGCCCCC
GGCCCATGACTAGTTTCTTCC
AAAACGTTTAATGCTCGAGGC
GCACAAGATTCGTGCCTAGAC
GCAAGCAGAATGTTTGCTACC
AGTTGATTAAGCAGCCACCAC
GCGTTTCAATTTTCAAAGCAG
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Table S5. Primers used for the genotyping of annotated T-DNA insertions

Line

LP sequence (5'—3)

RP sequence (5'—>3")

SALK_066708
SALK_066806
SALK_067017
SALK_067058
SALK_067582
SALK_067800
SALK_069400
SALK_069422
SALK_070464
SALK_070853
SALK_070975
SALK_072705
SALK_072771
SALK_072930
SALK_073011
SALK_073728
SALK_074630
SALK_074780
SALK_075362
SALK_075661
SALK_075797
SALK_075882
SALK_075970
SALK_076935
SALK_077062
SALK_077069
SALK_077422
SALK_077716
SALK_078275
SALK_078760
SALK_079285
SALK_080188
SALK_080381
SALK_080604
SALK_080831
SALK_082289
SALK_082482
SALK_082749
SALK_083333

GCAACTAATACGACCAATAAG
TTGCAGTTCAGTTCAGTTTGTG
GACCTCCTCTCAAGTTTTGAGC
GAGCTGTTTTTCTGACTATTCAG
AGGTGGTATGGGAAAACAAGG
TGTTACTGGGATTTGGATTGC
AGTTGCCGATCTTTACCTTGC
ATGAATGCAAATGCGATTTTC
TTCATCCAAAAATGTCGAAGC
TCCCGAATAAGTGACGTATGG
TACAGCAAGCTGATATTGGGG
GTCACTTTATGCGTCGCCATC
AGCATTGCAAAGACCAAACTG
TCATCCATATCTTGCAATGCC
AATTTCCTTAGAACAACGGCG
ATCTCAAAGCATCTGTCCACG
TCGAATGAGTTTACGGATTCG
TTTTAGCGATTGCCATTTGTC
TTCAAATATGATCCTCCTGCC
GGGACCGACAAAGAGTCTCTC
TTCTCCGCTTCTTCTTCTTCC
CATTCTCTCTTGTGGAACCCC
TCGATACAAGCGAATAAACCC
AGGTTAACCACGAGCAAGAGC
GCTGCTGTGAATAATCGGATC
ATTTCCACGGGTAATTCAACC
GTGTAATGATCCAAACGGTGG
AATGAACCCTCCCTATTGCTG
GACACCAATGGATACAATCGG
TGGTGGCATAATTGACTCCTC
CGGTCCAGATTGATACGTACG
ATTTACAATAGCATTCCGGGC
TTTCCACTTTCTGATGTTGGG
CAAAAGCAAATGCGCCTATAG
TGGTTTGGATTTCCTCAGTTG
ATGTACCCCAAAAACGAGAGG
AAGGTTTATTGGTCTTTCGGG
GGACAACATTAATTGCCCATG
GCAGTGCTGAGTCTTTGGAAC

TCATCTTCTGACTCTGTTTCTG
ACCATTACGTTGCGATTGATC
AACCTGGGTTTGAAGATTTCG
CCTTCACGGAGGATATCTGTAG
ACGAGAACCGTGAATGATTTG
GCTGGGAGTACAGACAGCAAC
TTTGAGTGAAAAACTGCGACC
TTTACCTTTGGCTGCATCAAG
TTACCTTGGTGCAATCTGCTC
TACTTCTCGAGAAATCGTCGG
CATGCATATTTGAATGCGATG
GAATGGAATTTGTGATAGCGTTC
ATGCCTTGGTTTGACAGATTG
TCAGCGAACTTCAGAAAAAGG
TGAACCACTCACTTGAAACCC
CCAAACCAACACAATGGAAAC
TGGAAAACAGGCTTGTTGATC
TCAAAAATGGTGGCAGATCTC
CAAAAGCTTGACGAAGGTGAG
TCATGTCCACAAGGTAAAGCC
ACCTCACCATGAAACAACCAC
TCCACAGGTCTAATCTCACGG
CAGGTTCAACGTCTCTGAAGC
TAACCCCTCAAGCCCATCTTC
TATACCAATTGAGCTCCCCAC
AAAATGATAAAGCCGGGACTG
GATGGTCAATAACGGTCCATG
ATGAAAGCTCTATAATGCGCG
CGAGTATGAGGAGATCGAACG
TCTGCCACTGGCTAACAAAAC
TATCGGAATTCTCCAACAACG
TCGATCAATCACTGTCACTGG
CTCCGGTCAAATTGTTATTCG
GTGCCTGCTCTATGATAACGC
CCCAGAGAAAGCCTCTAGAGG
ACTAGGTGATGTTCAATGCGG
CATTGATCATGATCGCAAATG
GCTCAAACCAAAACTTTGCTG
GATTTGACTACAATCGCTTTGTC
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Line

LP sequence (5'—3)

RP sequence (5'—>3")

SALK_085503
SALK_085820
SALK_085920
SALK_086240
SALK_086630
SALK_086690
SALK_086834
SALK_087484
SALK_087642
SALK_087720
SALK_087804
SALK_088435
SALK_088750
SALK_089798
SALK_089912
SALK_091886
SALK_092843
SALK_094291
SALK_094653
SALK_094849
SALK_094856
SALK_094948
SALK_095148
SALK_097064
SALK_098395
SALK_099684
SALK_100396
SALK_101697
SALK_101771
SALK_102160
SALK_102161
SALK_102662
SALK_103127
SALK_103278
SALK_103728
SALK_104376
SALK_106689
SALK_106720
SALK_107544

ATGATTCGTAACGCTGGTCTG
GATGCTGACAAATCTAAGGCG
AAAGATTTGATCCCACGAACC

TGGTGGAATGTATTCCTTAAATTTG

CTGTTATGGCTTAAGCCCAAC
TTGGATTTCATTGGATTGAGC
GAGTGTTGTTCCGTTCTCGAG
ACCACGGCGAAGCAATCATTG
TGAAACTGTGTTGTCGTGGAG
TCAACAGTTCCACAAGTGACG
TGCCATCTTACTTTTCCAACG
AAGTTGCGGTTCATTGACTTG
TTCAATGGGGATTCTGATAGAAC

TGATCTAGTTCATCTTGTAGCAATG

TCCCTTCTTAAAACCCTTCCTC
TTGCAATAAGAAACATGCTTTTG
CAGGTCGATGTGCGAATAAAAG
ATCCATAGTCGAACATGCGTC
CAGAAAATCACAATGGCTTTTG
GGTAGAGCATCCGAAGGATTC
CGTGACCCATTTATCATTTGG
TCTTTGCCTTGTGATTGGATC
CAAATGTTCATGGTCGTTGTG
TTCGATCAATTCGAAGGATTG
TCCCGGTAAGTGATACCAGTG
TTGCCAATCTTTGTACTTGCC
GAACAGAGTTGCTAACACGGG
ACCATCACACTCAAACCGTTC
CTGGGATGCAGACACAACCTC
AAAACATTTCTTTCATGGGCC
CTCCAACTCATTCCACTCAGC
AGCGCCTCCTCAAAGCTATAC
TGCCACGAAACATTTTGTTTC
CAGTGCGGTCAAAGAATTAGC
TTTGGGATCTGAATCAGATGC
TTGGAACATCTTCTTCAACGC
TGGATTGCCCCAACGTCTCC
AATGGCTCTCTCACTCTGCAC
CCGGTCCGAACAGTATAGATG

CTTGAGAAGGTCTTGGTGCAG
AGTACCAGGGGTAGAAGCAGC
CAACAGACCTGAAAGAGGCTG
GAACGAGGGAAAAGGTTTTTG
CGGCTCAAGCAAGACTAACAC
TTCAAAGGTCAATTCTGGTGG
TCGGCTTTTGATTAGTCATGG
GTAACCTTTGCAAGCGTATGAC
AACATGGATGTTGAGGCTTTG
TTTCCAGATTTGGCATTTGTC
ATAAGCAAGCCTCTTTCCAGC
ATTTGTACGGATCTCACGACG
TAGATGTCTGGAGGCAAATTCC
AGTCACACAATGAATCAGGCC
CCCTACCTTCCATGGTTTTTG
TTCAAGTCACACCCGCTATTC
TTGGACCCAGTGCCGCATCC
TAAGGCTGGTGTTGTAAACGG
GTTGCAAATCCTCAAGCTCAC
GGTGGTATCCTAAGGGAGCAG
AATCCAGACGATGGTACAACG
AATGACCAGATGGCTGAAATG
ACAGATAACCGGTGAGTGTGC
AAAACAATGATGTTTTTGCGG
TTCGTCTCTGGAATTTTGGTG
CATCACCGTATCGTTACCACC
AGGCTAGCCACAGGACTAAGC
TGCAAGAAATGGGATTCTACG
TAAAGCTATTATGTCCGCATCAG
GAAAGAAACAAACCGTAGGGC
GACACAGAGAGAACAGGACCG
CACGCAATCCTTTTTAATCCC
TGTTGCTCCAAGTACTGCTCC
GCGCTCATTAAACGTATCAGC
CAATGTCACTCATTCCCCAAG
AAAAATTGTTGGCTCCGAAAC
GCTGAACCGAAGGTTGTTAATG
TTTAGCTGTGCCTATGTTGGC
GGAGTTGGTGGACCCTTAAAG
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Table S5. Primers used for the genotyping of annotated T-DNA insertions

Line

LP sequence (5'—3)

RP sequence (5'—>3")

SALK_108010
SALK_108337
SALK_110242
SALK_110691
SALK_110749
SALK_110873
SALK_11139%4
SALK_112720
SALK_112882
SALK_113067
SALK_113154
SALK_113246
SALK_113285
SALK_113585
SALK_113836
SALK_114083
SALK_114091
SALK_114679
SALK_114696
SALK_116141
SALK_116537
SALK_116625
SALK_116744
SALK_116974
SALK_117972
SALK_118239
SALK_118536
SALK_119148
SALK_119409
SALK_119457
SALK_119833
SALK_119925
SALK_120077
SALK_121288
SALK_121961
SALK_122235
SALK_122701
SALK_122867
SALK_123405

TTCATGCTGGTGAAAATTTTG
AATTTCCCAAAATCGGCTATG
ACGCCACATCAATTTCAACTC
GAGAAGACTTTGGGATCGAGAG
TCTGGTACATCTTTGCTTGCC
TTGCTCTCTTGCTCGATCTTC
GTTCTGGAACAAGTTTCTGCG
CTACGAAGAATGCCATCAAGG
GAACGCACCAGAGTGCTTATC
ATTGAAAATGGTGATGCAAGC
TGGTCAAACAATGTCAAGCAG
TGCCACCTTCAATTCAAAAAC
CCTTTTTGTGCTATGTCCAGC
TGACGATGTCTGTCCACAGAG
GGAATCGAGGAAATCCTCAAC
CTCGAGAACTACTGCGACAGG
GCGGAAATTTAACGACATGTC
AGACGGGTAGAGGATACACGC
TATAGACATGGCACCCACTCC
TAAGCAAGGGAGAGCATCTCC
TTCTTGTTCTTCCACCCAATG
AAACACATGTCATCGTGATCTG
GAGATCAAAGCGCTGAATGAC
AGGTGAACCAGTGATCTGGTG
CCTGAACTTCTTCCACAGCTG
CGTTTGCTTCGATGTTAGGTC
CTTCGCATCGAACTTCTCATC
CAATGGGTTCTCCATGATTTG
TTGAATACTTTTTGGGATCTATCAAAC
AAAACCACCATCACGTAGCAG
CAGAAAAGGTCCTTAATCCGG
AAAGAGACCCTGATGAGGAGG
TGGTCCAGAAACAGATCCAAG
TGTAAACAAGGACAGGATGGC
AAACATCGATCCAGATTCGTG
TGCATACCATGGAGTATGCAG
TTACTATGGATGTCACGCGTG
CAGGGACATCAATAATCATAACC
TAGGAAGCAGAACAATGGTGG

TTCGTGTTTCCTCTTCTTCCC
TGTTACTTGTCGTCGTTGTCG
TGTGAATGCAATTCCAACATG
TGGTCTCGGGCTTTTTCATCAG
TGAACACATCTCCCAAGATCC
TGTCATGCTGCTGTAGAATGC
AAAAGGTGAGGAACAGAACCAC
ACTCCGTTGGAGCTTTCTCTC
AGGTTCATGTTGATCAATGCC
ACAGAGCATGGAAGGAGAATG
TGGGTTGCTACATCTACTGGG
TGATTTTCTTGAGACCGATGC
CAAGAGAGCTTCACAAGGACG
TTCAAATCCTATTTTTGCCCC
TCAAACAATCGAATGGAATGC
TGGAGACAACCCGATAACTTG
ACCCAAAGGTACCGAAGCTAG
GCATGATAAAGCTTAGTGGAGAAAG
AAGCAGTAGGAATTCCACGTG
TCAAATCCTCACCAAGTCCAG
AATTGGGGACTGAATTTGGAG
TGATTCCACACCCGTTGTTAC
TCAACAAGAGGTATCCGCAAC
AAAAGTCGGTCGCTAATCAGG
AGAGGAGATGGGAAGATGAGC
AAAGCAAAGGTGTGATGATGG
CCTACTCGTAAACCTCCGTCC
AAGTGGATGTGGAGCATGTTC
ATCCTGCGTTTTTGTTGATTG
AATTCACGAATTCGTGAGGTG
ACTCAATTACCCCATCCTTGG
CAAGACTTGTTGCCTTTCCAG
CCTCTGAGTAATGCTTCGTGG
GTACTAGCGGTGACAATTCGG
GCTGAAACATTAGGGCACTTG
ATTTGCAGTTTGGAAGGTTCC
AATCAGCTCCAACTGTGTTGG
CCCAGTTCTTTCAGCTTCCTTG
GGCCTAAACTCATCAGGGTTC
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Line LP sequence (5'—3) RP sequence (5'—>3)
SALK_124393  CACTCCTGCGACTTTCTTCTC ACCATGTCCAACACATCCTTC
SALK_125189  ATGTTCAACAAAAGCGGAAAG TACCCGTGCAAACTTGCTAAC
SALK_125416  CCTCTCTAATGGCGTACTAGGG TAGGACAGTTTCATGGTTGGG
SALK_125621  AGGGAAGAAGCCTGCATAAAG ATCAAGAGGCCTTCTTTGAGC
SALK_126071  GCATATTCTTTCTCCCCCAAC ATCTCTTTTTGCAGTTGCTCG
SALK_126447  TCGACGATAAAAACATCGGAG GGCCAACTTCTCCTGGTTATC
SALK_126725  TCAGAGAGAGGTCAAAATTGAGG TACCTGCGAGATTGGTAATGG
SALK_126818  TGTCCGTAACGAATTCCTCAG ACCCTTAGGCATCACATCCTC
SALK_127261  CTATTCCCCGAGATCTTTTGG TGGCTGAGATGGTAAACTTGG
SALK_127430  GTAAATTGTGGCATTAAGAACG TCAAGATGCTCGCCACACTGA
SALK_127920  CACACACAAAGTACGCACCAC AGCAGACCCCTCAGAGCTTAG
SALK_128177  AGAAGCAGTTGCTTCGATCAG ATGTGCCCCTTTTGTTTCTTC
SALK_129037  CCCATTGAACCTAAAAGGACC ATCAGATGCTGGTGTTGGATC
SALK_129213  TCATTCATTGTTCCCAAATCAG TGCATAGTTTCGATTCATGACC
SALK_129352  CCATGGGTTAAAGATCATTGG TTGTTGTGGGAACTCTATCGG
SALK_130010  TCATACCACTTTGTTAGACGTGC AAGGAATGGTAGGAGAGCAGG
SALK_130499  TCCGTTCTATTACCTTGCACG GGGAAAGGACTTGCAGATTTC
SALK_130961  TGCAGATGCAGATTTTGACTG CTCTTTGGCCTTTGTGATGTC
SALK_131604  TAGTCAAAGGGTGTGACCTGC AATTCATCAGTGACCCACGAG
SALK_131610  GGAAGAGCATACCCCTCGTAG AAATCTTTGTTTTGGGGGTTG
SALK_132447  GTTGCTTCCCTTTCCTCAAAG TTGTCCCCTTCGTACTGTCAC
SALK_132789  TGCATGGAAAAGGTTCATACC TGACAGGTCTTTTGGAACAGC
SALK_132810  TTTTCGTGCGAGAATTGAATC ATGACAAGGCGCTACTACTGC
SALK_133751  TTCTTCTCCTTAGGTCCCGTC GTGGCAAAGGAGTCTCAACAG
SALK_133963  AATGTGCGATAATTGGTTTGC GATCTTTCTCCACTCTTGGCC
SALK_135329  ACACCGTACAAATGGTTACCG CTCTCTACCACCAAACCTCCC
SALK_136507  GTTGCTTGGAAAGAGACAACG AAACCTCGCCCACATAAATTC
SALK_138001  GGCCCTTAAATCTCACCAGTC AATTTTCACACGCATAATCGC
SALK_138229  CCAAAGCAATCAGCTTTTCAG TCCCTACCCATAACCAAAACC
SALK_138474  TACCTTCATGAGGTTGCAACC TCATCCGCCAACTGAAGTAAG
SALK_138605 AGCTTCTTGATGTTCTGGTGG TAAAACTCAACGAAGCATGGC
SALK_138650  ACTTGAAGATGGGAGCCGTAC TTACTGATGTCCCAGAGACCG
SALK_138693  TTTGATTCCATCTTGGATTCG AGCTAAAGCATTGCCACACTG
SALK_139246  GCAAACGAGAGTGGAATCATC GAATAACACTGGCATGGATCG
SALK_139777  AAACAGAGCCACCATCATTTG AAGGAGCAAAATCAAAATGAAGAC

SALK_139862
SALK_141603
SALK_142112
SALK_ 142184

TCCGCTGATTCATTTTCATTC

TATCCGCCTCACAACTTATGC
TGTTGGACCCCTAACACTCTG
TTTTTCCACCAGAACCATGAC

TTCGAGACCACTTCTCAGGTC
ACTGTTATCACACTCGGCTGC

CCACATTTCAAGTATAGATGAATTGG

CGATGCTCCAGAGGTAAGTTG
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Table S5. Primers used for the genotyping of annotated T-DNA insertions

Line LP sequence (5'—3) RP sequence (5'—>3)
SALK_142534  TACATTGCCGGATTTTCTCAG AGTCACATCGATCAACGGAAC
SALK_143087  CAATCTGCTACTGAAGTCGGC GAAGGTCGGAGGATATATCGC
SALK_143422  GCATTACTGCTTCGGTGACTC ACCACACAAGGACAGGACAAC
SALK_144022  CTCTGTGACGCCGAGGTTGC TATCCTGGATCTCTCAATCTGG
SALK_144264  GAATGTTGAAAGGCTGGATTAC TTTATCGACCAACGCCTATGCT
SALK_145086  ACGACACGTTTCTTGAAGCAG GATTTTCGGGCTTCTTTCATC
SALK_145158  ACGTGTGAAGTGTGATTTCCC ATTTTCCCAAAACCACGAATC
SALK_145203  GACTCTTCGACCTTAAATCACC GTTCAACTCTAGTTTTCTCAAGC

SALK_145983
SALK 146126
SALK 146865
SALK_147068
SALK_147685
SALK_147805
SALK_148403
SALK 148633
SALK_148815
SALK_150081
SALK_150281
SALK_150306
SALK_150644
SALK_151239
SALK_151478
SALK_151603
SALK_152677
SALK_152782

CATAATTTGGATACCAGTACTAAG

ATTTTGGCGGCTTAAACTTTG
TTAGCTATGCATGCAATGCAG
AGCTTCTTCTCGAACTTTCCG
AATGAATCCAGCATCAAGCAG
TTGACAAAAAGGCAATGGATC
ATGCAGAGCTTGAGCTAAACG
TGCGGTTATACAATCCTCTGC
TTATATCCCTTGGGATAGGCC
CGACGACCTTACTGGATGAAC
ATTCAATTGTGGTTGCGAGAG
CTAGCGTAAACCGGGAAAATC
ATCGAAAGCCAAGATGTAGCC
GAGCAGAATCAGCAGGAAATG
CGAAATTGATTCCAAGAGCTG
TTTATGAATCCAAGTGGTGGG
CTTTCTAGAACCGGTTCACCC
CTTTGAAAGCAGGTCGATACG

TATATAAGCCCATCTTCACCATG
ATTGACTTACCAACGCACTCG
TCAGTTAAAGTGTCGTGGTCAC
TTCCCTAGAATGCAATTGCAC
CTAGCACTAATCCCGGATTCC
ATACCCTGGATGCTCTATCCG
AGACGGCTCTGGAGTTTTCTC
TTAAAATGGGGGACAAGATCC
CTCAGGAGCTCAACAAGGTTG
CGTTTCGCTTACTCTGTTTGC
TTTAAATCTCCCAAACCCCAC
AACACCAGGAACAACCTCATG
CAACCTCCATATCTGCAATCG
CTTTACGAAGAATGCAATCGC
ATAGTGTTGGTCATCCGCTTG
ATACACGTAACCTCCCCATCC
TGATCTTCGTTGTCCGATTTC
TTTGGTTACAGGGCTGAGTTG
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SUMMARY

Bilateral symmetry, a striking property of many plants and animals, remains poorly
understood. Arabidopsis thaliana has bilaterally symmetric leaves with interspersed
marginal lobes and indentations along the margin. Several overlapping regulatory pathways
establish these marginal features; these pathways involve feedback loops of auxin, the PIN-
FORMED1 (PIN1) auxin efflux carrier, and the CUP-SHAPED COTYLEDON2 (CUC2)
transcriptional regulator. Here, we identified a novel gene involved in leaf margin patterning,
DESIGUAL1 (DEAL1), which affects leaf bilateral symmetry. The deall mutants have
randomly asymmetric leaves that fail to acquire symmetry in the early stages of leaf
primordium development, but instead form ectopic lobes and sinuses. Among other defects,
deall mutants show aberrant recruitment of marginal cells expressing properly polarized
PIN1, resulting in misplaced auxin maxima. Normal PIN1 polarization requires CUC2
expression and CUC2 genetically interacts with DEAL1; DEAL1 also affects CUC2
expression in the leaf primordium margin. DEAL1, a protein of unknown molecular function,
localizes to the endoplasmic reticulum membrane and functions in the leaf, acting partially
redundantly with its two closest paralogs. DEAL1 also participates in flower development,

revealing that this gene has diverse functions in plant morphogenesis.
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Leaf function critically depends on leaf form!. Therefore, genetically dissecting the
acquisition of leaf shape during development, through the identification and characterization
of the underlying genes, can improve our understanding of leaf function. Leaf development
begins at the flanks of the shoot apical meristem (SAM) with the commitment of a group of
cells, called a leaf primordium, to form a leaf. Class | KNOTTED1-like homeobox (KNOX)
genes are expressed in the SAM to maintain a continuous source of pluripotent cells. In leaf
primordia, ASYMMETRIC LEAVES1 (AS1) and ASYMMETRIC LEAVESL1 (AS2) repress
class | KNOX genes, thereby conferring determinate growth?2 with cell division occurring a
finite number of times. After cell proliferation, cell differentiation and expansion complete
the development of a leaf. The shift from cell proliferation to expansion and differentiation
occurs basipetally*. In many plant species, including Arabidopsis, an exception to this global
cell proliferation pattern occurs at the leaf margins*. There, class | KNOX genes are
transiently derepressed to delay differentiation, allowing a secondary proliferative stage to
build margins of varied shapes,® which include intercalated lobes and sinuses. The
developmentally competent strip of marginal cells created by expression of class | KNOX
genes requires positional information, which is provided by auxin, to determine the positions
of these lobes and sinuses®’. The auxin transport system appears to be the most important
factor in creating a non-homogeneous distribution of this hormone. Abolishing polar auxin
transport, either genetically, or chemically by adding exogenous auxin at the leaf primordia
margins, results in the absence of auxin maxima in the margins and defects in lobe and
sinus morphogenesis”®.

It has been proposed that the precise margin position towards which auxin is
transported depends on self-organized feedback loops involving the PIN-FORMED1 (PIN1)
auxin efflux carrier, the CUP-SHAPED COTYLEDON2 (CUC?2) transcriptional regulator,
and auxin itself”°. These feedback loops create mutually exclusive spatial domains of auxin
and CUC2 along the margin. In one loop, CUC2 influences auxin distribution in the marginal
cells by polarizing PIN1 to the plasma membrane pole furthest from its own expression

domain. Auxin, in turn, negatively affects CUC2 transcription where the hormone is more
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concentrated. This loop helps to establish juxtaposed CUC2 and auxin domains. In a
second loop, auxin upregulates PIN1 transcription and also induces PIN1 localization to the
pole of the cell with the highest auxin concentration'®'%12  thus self-perpetuating the
maximum created by the first loop. Auxin- and CUC2-positive patches propagate from the
primordium tip basipetally along the margin’. This propagation results in periodic,
interspersed domains of auxin and CUC2 that mark the lobes and sinuses, respectively, of
the developing leaf. The sizes of the auxin maxima and lobes directly depend on the dose
of CUC2: the loss-of-function cuc2-3 allele causes absence of auxin maxima’ and smooth
margins'®!4, whereas leaves expressing the CUC2g-m4 gain-of-function allele display the
opposite traits'®. Recent work found that auxin influx carriers of the AUXIN1/LIKE AUX1
(AUX1/LAX) family influence the extent of leaf serration by regulating auxin dynamics in the
leaf margin®. Leaf symmetry is very sensitive to auxin distribution: leaf primordia that
develop with slightly unbalanced auxin supply at each flank, either artificially, or naturally in
species with spiral phyllotaxis, produce asymmetric leaves!®’,

Here we report the characterization of DESIGUAL1 (DEALL1), which is expressed in
leaf primordia and is necessary for the proper coordination of cell proliferation between
different domains of the leaf lamina. This work investigates loss-of-function deall alleles
that cause stochastic alterations in the size, shape and spatial arrangement of the auxin
and CUC2 leaf margin domains, and loss of bilateral symmetry of the leaf. We describe the
participation of DEALL in plant morphogenesis, where it functions to modulate margin
configuration and bilateral symmetry by interactions with auxin- and CUC2-dependent

pathways.
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RESULTS

The deall mutations perturb leaf bilateral symmetry

We previously screened the Salk collection of homozygous T-DNA lines*® for mutants with
altered leaf form'®. Among the 706 leaf mutants that we identified, only one had leaves that
clearly deviated from bilateral symmetry: the SALK_047972 line. Plants from this line had
clear patterning defects at the rosette leaf margins, resulting in asymmetric leaf laminae
(Fig. 1A, B). Based on the rarity of this phenotype, we considered this mutant of particular
interest for studying plant organ ontogeny.

SALK 047972 is annotated to harbor a T-DNA insertion in the At2g32280 gene. We
identified two independent insertional alleles in this gene from public collections, carried by
the SAIL_237_C09 and SALK_023737 lines. Both of these lines also show leaf asymmetry
and they fail to complement the allele carried by SALK 047972 (Fig. 1C, D). To confirm a
gene-phenotype causal relationship, we transformed SALK 047972 plants with a
35S,10:At2g32280:CFP construct. All analyzed transformants (10 independent events) had
wild-type leaf laminae (Fig. 1E) confirming that disruption of At2g32280 causes the
observed mutant phenotype. We named the gene DEAL1 (DESIGUAL1) and the three
alleles deall-1 (SALK_047972), deall-2 (SALK_023737), and deall-3 (SAIL_237_C09)
(Fig. 1F). We characterized the DEAL1 mRNAs produced in these mutants. The deall-1
mutant contains a T-DNA insertion in exon 3, and produces a truncated protein (Fig. S1A,
B). The deall-2 allele contains a T-DNA insertion in the first intron that is spliced out in 32%
of the transcripts, which result in wild-type mRNAs (Fig. S1A, C, E). The deall-3 allele
contains an insertion in the first intron and a deletion that spans part of intron 1 and exon 2,
which results in the absence of wild-type protein (Fig. S1A, D). The deall-1 and deall-3
alleles were used in all subsequent experiments since they seem to represent a more
complete loss of function. DEAL1 has also been named VASCULATURE COMPLEXITY
AND CONNECTIVITY (VCC) and a previous study showed that it is required for embryo

provasculature development?,
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The deall mutants show perturbed bilateral symmetry in adult vegetative leaves
The patterning defects in deall mutants produce rosette leaves with abnormal lobes and
sinuses that override the serrations of wild-type Col-0 leaves. We assessed whether this
phenotype is a consequence of insufficient and/or excessive local growth by comparing
deall leaf silhouettes to a consensus Col-0 leaf outline. Localized sparse growth and
overgrowth were both identified in these morphological characterizations (Fig. 2A-C). These
patterning defects arise at random positions, with random sizes and shapes; similarities
between leaf halves or between equivalent leaves from different deall plants were not
observed. The randomness of these shape defects ultimately causes loss of leaf bilateral
symmetry and these defects exclusively affect tissue growth along the mediolateral axes of
the leaf. Measurements to identify altered tissue growth along the proximodistal axis in
mutant leaves, by measuring whole leaf and lamina lengths, did not find significant
differences between Col-0 and deall plants (Fig. S2A). We conclude that the mutant
phenotype arises exclusively from uncoordinated expansion of the lamina along the
mediolateral axis in each leaf half.

To quantify the severity of the leaf phenotype of deall mutants, we devised a
guantitative procedure to measure bilateral symmetry, the Leaf Symmetry Index (LSI). This
index compares both sides of the lamina, as mirror images, to calculate the non-overlapping
area. This area calculation is then compared to total leaf area (Fig. 2D). LSI values range
from O for leaves having no symmetry, to 1 for leaves having perfect symmetry. We
compared the LSI of individual rosette leaves from Col-0 and deall plants. While rosette
leaves 1 to 4 (from the first to the fourth nodes) are similar in both genetic backgrounds (LSI
> 0.9), symmetry generally decreases from leaves 5 to 14 in deall mutants (Fig. 2E). We
did not observe any symmetry defects in cotyledons or in cauline leaves. Rosette leaf 10
was chosen as the model for all subsequent analyses. Based on LSI values of the basal
and apical halves of leaf 10 laminae, the basal half is the main contributor to the leaf
asymmetry shown by deall mutants (Fig. 2F). The asymmetry was incompletely penetrant

in our growth conditions (Fig. 2G). Therefore, in all subsequent experiments involving leaf
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phenotype characterization, we measured both its penetrance and LSI. We did not find
differences in LSI (Fig. S2B, C) or penetrance (Fig. S2D) among the three deall alleles

under study.

The deall leaves show defects in cell proliferation but not in cell expansion

In plant organs, morphogenesis depends upon the interplay between cell proliferation and
cell expansion. To ascertain which processes are defective in deall leaves, we first
examined leaf primordia before the onset of cell differentiation and expansion, analyzing
patterning and symmetry in the absence of cell growth. Patterning defects and a loss of
symmetry in deall leaf primordia were detected at an early developmental stage (Fig. 3A-
G) suggesting that proliferation is impaired and that this impairment accounts for the mutant
phenotype. We also monitored cell division using the CYCB1;1,,:GUS marker, a reporter
for the G2/mitotic phase of the cell cycle (Ferreira et al. 1994). With this reporter, Col-0
showed uniform, symmetrical GUS staining on both sides of the lamina. In contrast, deall
mutants had visible heterogeneous patches (Fig. 3H, 1), and spots with abnormally intense
staining in basal tissue margins (Fig. 3J). These observations directly associate DEAL1 with
the regulation of cell proliferation.

Cell expansion was analyzed by measuring the size of palisade mesophyll cells and
surveying for abnormal lobes and sinuses in fully expanded Col-0 and deall leaf laminae.
Cell size was similar in equivalent regions of Col-0 and deall leaves with shape defects
(Fig. 3K); specifically, cell sizes were homogeneous across the entire leaf with the exception
of the marginal tissue, where cell size abruptly decreased in both wild-type and mutant
plants. Abnormal lobes and sinuses were not accompanied by either an increase or
decrease in cell size. These results indicate that cell size is uncoupled from the formation
of the mutant ectopic lobes or sinuses and, therefore, is not a driving agent of the mutant
phenotype. Taking these results together, we conclude that DEAL1 participates in
acquisition of bilateral symmetry in the lamina through cell proliferation. This role in leaf

development is consistent with its expression pattern (see below).
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DEAL1 is broadly expressed

DEAL1 has previously been reported to be expressed in the embryo?°. Our results further
suggest that DEAL1 is required for leaf patterning in early stages of development. Since
patterning genes often show constrained spatiotemporal expression domains, useful to infer
their function, we characterized DEAL1 expression in vivo. To do this, six independent
transgenic plants that stably express a DEAL1,,:GUS transgene were analysed by leaf
staining at various stages of development.

High levels of expression were observed as dark blue staining in leaf primordia (Fig.
4A). During the transition to cell differentiation and expansion, GUS staining became
localized to the margins and the base of the lamina (Fig. 4B, C). One day later, only the
domain that eventually creates the petiole remained blue (Fig. 4D). Observation under
higher magnification showed that blue staining coincided with tissue in a proliferative state
that fades upon cell differentiation (Fig. 4E, F). The observed DEAL1,,:GUS expression
pattern and domain are reminiscent of that of the CYCB1;1,0:GUS proliferation marker?;
they are also consistent with a role for DEALL in early leaf patterning and during the cell
proliferation stage in plant leaves. GUS staining was also detected in flower primordia (Fig.
4G). After the differentiation of root and aerial tissues, GUS activity reappears in the

vasculature (Fig. 4H, 1), indicating that DEAL1 is expressed in a broad range of tissues.

The leaf patterning defects in deall mutants are independent of the class | KNOX-AS
developmental module

The DEALL expression pattern and the mutant phenotype of deall leaves suggest that
DEALL1 acts at early stages of leaf development. Two other regulatory modules, KNOX-AS
and auxin-CUC2, similarly operate at these stages and are involved in leaf margin
patterning. We thus hypothesized that class | KNOX gene expression might be perturbed
in deall leaf primordia, causing unbalanced cell proliferation in the leaf margin®. To test this
hypothesis, we assayed the expression of an STM;o:GUS reporter in deall leaf primordia

and quantified the transcript abundance of SHOOTMERISTEMLESS (STM), KNOTTED-
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LIKE FROM ARABIDOPSIS THALIANAZ2 (KNAT2), and KNAT6 in young Col-0 and deall
aerial tissues using gRT-PCR. STM;0:GUS expression was similarly observed in discrete
margin domains in both backgrounds (Fig. S3A, B), and STM and KNAT2 levels were also
comparable (Fig. S3C). KNAT®6 transcripts, however, generally increased (approximately
1.5 fold) in deall leaves as compared to Col-0 (Fig. S3C).

Class | KNOX genes are de-repressed in leaves of the asl-1 and as2-1 mutants.
These mutants exhibit asymmetric basal lobe phenotypes?32! that are similar to those
displayed by deall mutants. We crossed deall plants to both of these mutants and
evaluated the double mutant phenotypes. All the deall asl-1 and deall as2-1 double
mutants showed an additive phenotype (Fig. S3D-H) suggesting that the KNOX-AS

regulatory module is not affected in deall mutants.

Auxin is abnormally distributed in the deall leaf margin

Auxin and CUC2 are central to shaping the leaf margin, which is abnormally patterned in
deall mutants (Fig. 5A, B). Exogenous application of auxin to discrete spots in developing
primordia is sufficient to trigger the development of vascularized lamina from the petiole
domain and override bilateral symmetry'®1’, traits that spontaneously occur in deall leaves
(Fig. 5C, D). We hypothesized that the auxin-CUC2 regulatory module is spatially
deregulated at the primordium margins, preventing cells from performing their appropriate
roles during their proliferative period. To know whether DEALL1 is related to auxin distribution
in the leaf, we cultivated Col-0 and deall plants in the presence of the polar auxin transport
inhibitor 1-N-naphthylphthalamic acid (NPA). NPA has been shown to smooth leaf margin
serration when applied at 1 to 5 uM concentrations®® and to abolish serrations when applied
at 10 yM?2, Growth on medium supplemented with 0.6 yM NPA had no visible effect on Col-
0 leaf margins, but was sufficient to increase penetrance of the deall phenotype from 55 to
95% (Fig. 5E). This result suggests that the deall defects are dependent on polar auxin
transport. We also quantified phenotype severity by evaluating leaf symmetry, but we

observed no significant differences between the mutants and the wild type (Fig. 5F).
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Evaluations performed at higher NPA concentrations exhibited growth retardation in Col-0
making it difficult to characterize any specific DEAL1-associated effects in the margins.
Crosses between deall-1 and pinl-1 mutant plants were performed to better understand
auxin function. The deall-1 pinl-1 double mutant plants showed heterogeneous
morphological aberrations that ranged from symmetrical leaves with smooth margins to
amorphous leaves with split petioles, the latter appearing at a higher frequency than in the
pinl-1 single mutant (Fig. 5G-J). In a complementary approach, we grew Col-0 and deall
plants in the presence of 0.1 uM of the synthetic auxin 1-naphthaleneacetic acid (NAA).
This NAA concentration decreased the penetrance of the deall phenotype from 55 to 14%
(Fig. 5K) and also decreased the severity of the leaf asymmetry (Fig. 5L). In our culture
conditions, 0.1 uM NAA does not have any visible effect on margin development in Col-0
leaves. These results further support a role for DEALL in auxin function in leaf margin
development.

To assess whether auxin transport, signal transduction, or perception are impaired
in deall leaves, we monitored the in vivo expression of PIN1p,:PIN1:GFP? and the auxin-
responsive marker DR5revy:GFP?4. The PIN1:GFP protein appears properly polarized in
the membranes of the margin cells, and similar fluorescence intensities were observed in
both backgrounds (Fig. 5M, N). The tissue domain whose cells are coordinated to pump
auxin in the same direction, however, is randomly misplaced in the deall leaf margin (Fig.
50, P). The DR5revpo:GFP maxima in the primordial margins showed a similar intensity in
the mutant and the wild type, ruling out an auxin transduction or perception problem in deall
cells (confirmed by auxin-induced root growth inhibition tests; Fig. S4). However, several
defects in auxin maxima were observed: (1) Auxin maxima were often misplaced in the
deall mutant [Fig. 5R (m)] and lacked the regular spatial arrangement along the margin
seen in Col-0 (Fig. 5Q); the unique defects on each side of the lamina cause asymmetric
patterns. (2) The number of maxima differed between lamina sides causing asymmetry [Fig.
5R (n)]. (3) Auxin maxima of incorrect shape and/or size were present [Fig. 5R, S (sh, si)].

We conclude that the magnitude of the PIN1-mediated auxin transport is not altered in deall
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leaves, but occurs in a different bi-dimensional pattern, and this causes auxin to accumulate

incorrectly.

Leaf vascular network in deall leaves

Vein density and complexity (the number of branches and junction points per unit of area)
are normally compromised when auxin function is altered®2527, We measured venation
density, branches per leaf area, and branching points per leaf area in tenth-node rosette
leaves and found a slight reduction, for all traits, in deall leaves as compared to Col-0
leaves (Table S1). Connectivity appeared unaltered, as both genotypes have the same
numbers of free-ending veins. Observation of cleared tissue showed that mutant lamina
lobes have a proportionally extended vascular network with all the vein orders present (Fig.
S5A, B). Sinuses showed a reduction or absence of secondary and higher order veins
connected to the primary vein (Fig. S5A, C). These observations indicate that differentiation
of the vasculature is not impaired in deall mutants and that its layout during differentiation
is coupled to the abnormal shape acquired earlier during proliferation; this is consistent with

a role for DEALL prior to cell differentiation.

DEAL1 and CUC2 influence one another

The CUC2 transcription factor has been proposed to be critical for the proper positioning of
the convergent PIN1 marginal domains that build auxin maxima at the tip of developing
lobes’. Notably, we found a correlation between the severity of asymmetry at each rosette
leaf and its degree of serration (Fig. S6), which depends on CUC?2 activity at the margin31°,
To explore a possible relationship between DEAL1 and CUC2, we crossed deall plants to
plants carrying the strong cuc2-3 allele?®. Analysis of the double mutants obtained revealed
that the absence of CUC2 causes a reduction in the penetrance of the random lobes and
sinuses from 58 to 18% (Fig. 6A). Moreover, those plants that still retained leaf traits of the
phenotype of deall-1 had high LSI values, more similar to Col-0 than to deall-1 (Fig. 6B,

C). We also crossed deall-1 with the CUC2-overexpressor mutant CUC2g-m4*3, Leaves
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from CUC2g-m4 generally possessed large lobes and deep sinuses. Many lobes were
misplaced or failed to form in the deall-1 CUC2g-m4 double mutant (Fig. 6C). These
complex epistatic relationships between deall-1 and the lack or excess of CUC2 function
suggest that DEAL1 and CUC2 are dependent on one another during margin
morphogenesis.

We investigated whether expression of DEAL1 and CUC2 depend on each other by
measuring mRNA levels in different backgrounds. We found that DEAL1 transcription in leaf
primordia was similar in Col-0 and CUC2g-m4, but significantly less (0.67 fold) in the cuc2-
3 background (Fig. S7A). CUC2 expression levels remained the same in the absence of
DEAL1 (Fig. S7B). To determine whether there is a qualitative (spatial) influence, we
studied the spatial pattern of CUC2p,:CUC2:RFP fluorescence. In Col-0 primordium
margins, RFP-positive domains appeared well-defined and evenly spaced proximodistally
along both margins (Fig. 6D). These domains were present in developing sinuses of the
serrated leaf margin and are spatially complementary to DR5revo:VENUS-expressing
cells. Equivalent domains were generally similar in size and shape among Col-0 primordia
(Fig. 6D). In deall leaf margins, however, the wild-type CUC2:RFP pattern was randomly
lost; abnormally close or distant consecutive CUC2-positive patches were frequently
observed [Fig. 6E (1, 2)]. In addition, the size and shape of these patches were
heterogeneous and asymmetric (Fig. 6E). Overall, these observations show that the spatial

pattern of CUC2 expression is altered in deall primordia.

The DEALL1 protein localizes at the endoplasmic reticulum

DEAL1 encodes a protein of 163 amino acids. Most sequence analysis programs from the
Aramemnon database?® predict an N-terminal targeting peptide for the secretory pathway
(Fig. S8A). To investigate the localization of the DEAL1 protein, we used a
35Sp0:DEALL:CFP construct, which retains DEAL1 function, as verified by
complementation of deall-1 plants (Fig. 1E). Ten independent transformants showed the

same fluorescence pattern, which consists of round spots (Fig. 7A). We performed co-
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localization experiments with propidium iodide and the endoplasmic reticulum (ER) and
Golgi markers AtWAK2:YFP:HDEL and Man49:YFP®°. The CFP blots sometimes appeared
to be associated with the nucleus, but did not overlap (Fig. 7B). Golgi vesicles also appeared
to be systematically associated with the CFP spots but the two fluorescent signals could be
clearly differentiated (Fig. 7C, D). We also found that DEAL1:CFP is normally intimately
associated with a sub-section of the ER; however, we did not observe a matching intensity
pattern indicating strict co-localization of these two assayed proteins (Fig. 7E-J). The same
observations were made in root and leaf cells. The data gathered suggest that the protein
resides in a compartment that belongs to, or is functionally related to, the ER.

DEALL1 has four predicted transmembrane domains (Fig. S8B). To test whether
DEALL1 localizes to the ER membrane, we performed a split-ubiquitin yeast two-hybrid
membrane localization assay®'®2. We detected strong ubiquitin re-association when co-
expressing the fusion protein DEAL1-Cub (Cub is the C-terminal half of ubiquitin) with the
fusion proteins Nub-Alg5 and Nub-Ostl (Nub is the N-terminal half of ubiquitin; Alg5 and
Ostl are known to reside in the yeast ER membrane; Fig. 7K). Weak ubiquitin re-association
could be detected with Nub-Fur4, targeted to the plasma membrane, and no interaction was
detected with Nub-Tom20, in the mitochondria outer membrane (Fig. 7K). Cytosolic proteins
interact with the mitochondria outer membrane while membrane-associated proteins do not.
These results confirm that DEAL1 is not cytoplasmic. The co-localization of DEAL1 with
Alg5 and Ostl suggests that DEAL1 resides in an ER membrane, supporting the
DEALL1:CFP subcellular localization results presented above. Both Nter-DEAL1-Cub-Cter
and Nter-Cub-DEAL1-Cter showed interaction with Nub-Alg5 and Nub-Ost1, which have
their ubiquitin fragment at the cytosolic side of the membrane. This reveals that both ends
of the DEALL protein orient towards the cytoplasm, and implies an even number of

transmembrane domains.

DEAL1 genetically interacts with other members of the DUF1218 family

The DEALL1 protein sequence contains the DUF1218 conserved domain, of unknown
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function, which defines a gene family only present in multicellular plants®. In DEAL1, this
domain spans 58% of the protein (Fig. 8A), including the 2nd, 3rd, and 4th transmembrane
domains, and two soluble peptides (15 and 17 amino acids in length). In Arabidopsis, 15
proteins contain this domain, but to date only DEAL1 has been studied experimentally.
Within the family, the DUF1218 amino acid sequence from DEAL1 shares high sequence
similarity with three other proteins of the family, At4g21310, At1g11500, and At1g052912°,
which we named DEAL2, DEAL3, and DEAL4, respectively. To explore whether any of
these genes is functionally related to DEAL1, we studied their spatial expression pattern by
RT-PCR (Fig. 8B). Expression of DEAL1 is relatively uniform across roots, developing
leaves and flowers, and lower in mature leaves. The expression pattern of DEAL3 is similar
to that of DEAL1. Expression levels of DEAL2 are lower in developing leaves than DEAL1
and DEAL2, but comparable in flowers and roots. DEAL4 is absent from leaves and roots
and only expressed in flowers.

T-DNA alleles for DEAL2 (SALK_099815) and DEAL3 (SAIL_140 H09) were
obtained from public collections and named deal2-1 and deal3-1, respectively (Fig. S9). The
deall-3 deal2-1 deal3-1 triple mutant showed an increase in leaf phenotype penetrance to
86% (Fig. 8C). This penetrance is 30% higher than that observed in the deall-3 single
mutant, or in the deall-3 deal2-1 and deall-3 deal3-1 double mutants. This reveals some
degree of functional redundancy and confirms that the deal2-1 and deal3-1 mutations alone
do not modify the phenotype caused by deall mutations.

We also tested the interaction between these genes and auxin homeostasis by
growing the single, double, and triple mutants in media supplemented with 0.6 yM NPA or
0.1 yM NAA. Only leaves from deall plants were sensitive to NPA, as seen by their
phenotype penetrance (Fig. 8C). As in the single mutant, NPA does not increase the
severity of the phenotype of the double and triple mutants (Fig. 8D). Addition of 0.1 uM NAA
exerted a relative change in the penetrance and severity of the symmetry defects that was
similar in all genotypes carrying the deall-3 mutation (Fig. 8C, D).

RT-PCR results revealed expression of DEAL1 in roots and inflorescences (Fig. 8B)
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and prompted us to evaluate the phenotype of these organs in the mutants. While we did
not observe changes in root development, the pistils of deall-1 and deal2-1 flowers showed
developmental defects (Fig 8E, F): some were bent or coiled or twisted, and some pistils
showed unfused carpels with exposed ovules. These defects were only observed at a very
low frequency and addition of 0.6 uM NPA did not modify the phenotype (Fig. 8G). Addition
of higher NPA concentrations compromised flower emergence and development in both

Col-0 and the mutants.
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DISCUSSION

Modular role of DEAL1 in plant development

In this report, we present a role for the DEAL1 gene in leaf morphogenesis, in addition to
its previously characterized role in embryo provasculature development?. Both roles show
DEAL1 involvement in tissue patterning, consistent with this protein performing an
evolutionarily important process in multicellular photosynthetic organisms?. An even
broader role for this gene is expected, since we also observed DEAL1 transcription in roots
and floral organs. The plant-wide function predicted for DEAL1 could be associated with
multiple unrelated developmental roles of the protein, depending on the organ, as well as
timing and location of expression. We propose this hypothesis based on the fact that DEAL1
and OCTOPUS, a gene involved in embryo provasculature development in the embryo,
genetically interact in the embryo?, but not during leaf development. An example of a gene
with many independent functions in different organs is CUC2, which participates in ovule
development®3, meristem function®, leaf margin patterning®, and carpel fusion during
gynoecium formation®.

The study of leaf margins in deall mutants has revealed that equivalent cells from
both sides of the lamina do not divide equivalently. We also found evidence of unbalanced
auxin supply to the margins. Since auxin maxima formation precedes proliferation foci that
build the serrations in the margins®, it is likely that aberrant coordination of cell proliferation
Is a consequence of the aberrant distribution of auxin. The DEAL1 expression pattern in the
earliest stages of leaf development is consistent with this hypothesis. We found that leaf
primordia containing undifferentiated cells already show patterning defects and an altered
expression pattern of a cell-cycle marker. Vascular pattern analyses revealed that these
defects are not coupled to cell proliferation anomalies, since venation density was not
altered in the deall mutant lobes or sinuses. Even the ectopic laminae often found in deall
petioles present vascular tissue undistinguishable from that of a wild-type lamina. Taken
together, these results indicate a role for DEAL1 prior to cell differentiation and vasculature

layout formation in the leaves. We think that the deall mutants could also serve as a tool to
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unravel how differentiation adapts to the pre-existing cellular matrix formed during cell

proliferation.

DEAL1 could coordinate growth-promoting and growth-repressing signals to
stabilize patterning

Areas of increased and reduced lamina expansion randomly coexist in different locations of
a single deall leaf, and therefore DEAL1 cannot be considered a promoter or repressor of
lamina expansion. One explanation for this observation is that DEAL1 is necessary for
communication between growth-promoting and growth-repressing signals that operate in a
juxtaposed manner on the plane defined by the leaf proximodistal and mediolateral axes.
These signals could be the lamina-promoting hormone auxin and the lamina-repressing
transcription factor CUC2. We present evidence that the auxin-CUC2 module, which
establishes the position of the marginal lobes and sinuses in simple leaves, fails to do so
when DEAL1 is absent. Based on this observation, DEAL1 could have an intermediary role
in the crosstalk between auxin and CUC2 that happens during leaf development’. Two
observations support this idea: (1) margins indistinguishable to those cause by CUC2 loss
and excess of function can simultaneously be identified in a population of deall leaves, and
(2) CUC2 loss of function partially suppresses the defects of deall mutants whereas the
deall mutations partially suppress the margin phenotype caused by CUC2 excess of
function.

A proposed model of the Arabidopsis leaf margin’ can successfully predict the
position and magnitude of lobes and sinuses. Simulations based in this model in which the
auxin supply rate was stochastic led to non-symmetrically positioned lobes and sinuses.
From this model, DEAL1 could have a role in buffering the auxin concentration to stabilize
patterning. This hypothesis is supported by our NPA and NAA supplementation
experiments, which respectively enhanced and suppressed the phenotypic effects caused
by the lack of function of DEAL1 in the leaf margin. It has been proposed that plant

patterning progresses through mechanisms with inherent stochasticity, such as cell division
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orientation, and that such stochasticity is compensated for by a series of control regulatory
networks acting at the whole organ level®. In this context, auxin could be central for
buffering stochasticity in the leaf and could perform this function via DEALL.

Our results indicate that increasing auxin availability can partly replace the loss of
DEAL1 function. We found that the DEALL1 protein localizes at the membrane of the ER, an
organelle known to be involved in auxin homeostasis®. Indeed, PIN5 is the major auxin
transporter toward the ER lumen and regulates the level of active cytoplasmic auxin; high
PIN5 levels can lead to leaves with severe developmental defects®. To ascertain if DEAL1
could be involved in auxin homeostasis through hormone sequestering in the ER via PIN5,
we generated deall pin5 double mutants, which did not show any genetic interaction.
Alternatively, DEAL1 could be part of an independent developmental module superimposed
on, and providing robustness to, the auxin-CUC2 module. An example of such a dual
system was recently described®, in which a novel cytokinin-based signaling mechanism in
the SAM that overlaps with the auxin inhibitory fields mechanism*®4! and that is required to
provide robustness to phyllotaxis. In the wild type, at a very low frequency, the auxin-
inhibitory fields mechanism stochastically fails to produce lateral organs at the correct
divergence angle. When the overlapping cytokinin mechanism is genetically broken by
mutant alleles of the ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEING
(AHP6) gene, the frequency of incorrect angles increases. Random deviations from bilateral
symmetry in the CUC2 and auxin expression patterns, and in leaf shape, are also observed
in the wild type, although at a very low frequency and severity. This is observed in all
biological structures with bilateral symmetry and is called fluctuating asymmetry*2,
Reminiscent of the ahp6 mutant, absence of DEAL1 dramatically increases the frequency

and severity of these deviant fluctuations.

The function of DEALL paralogs
We found that DEAL2 and DEALS3 are functionally redundant with DEALL1 in the leaf. The

penetrance of the phenotype increased from 56% in the deall-1 single mutant to 86% in
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the triple mutant. The deal2-1 and deal3-1 single mutants exhibit phenotypically wild-type
leaves, suggesting that DEAL2 and DEAL3 contribute to margin development at a lower
level than DEALL. It is possible that these paralogs play a more prominent function in other
organs. Supporting evidence for this role is based on the observation of developmental
defects in deall and deal2 floral tissues and the detection of transcripts following RT-PCR
assays on these organs. Among other defects, pistils exhibited open ovaries due to unfused
carpels. Carpels are modified leaves that require CUC2 and auxin for their margins to fuse
together®, which supports the hypothesis that DEAL1 acts in concert with CUC2 and auxin
in carpel morphogenesis. However, the frequency of flower organ morphological defects in
deal single and multiple mutants is extremely low, making a comprehensive characterization
of the phenotype impossible, and suggesting functional redundancy with other genes. We
found that DEAL4 is exclusively expressed in flowers, but we failed to isolate a loss-of-
function allele from public collections. It is tempting to think that the function of this gene

masks additional phenotypes in the flowers.
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EXPERIMENTAL PROCEDURES

Plant material and culture conditions

Seeds of the Arabidopsis thaliana (L.) Heynh. wild-type accession Columbia-0 (Col-0) and
SALK_047972C were obtained from the Arabidopsis Biological Resource Center (ABRC)
and SALK 023737, SAIL_237_C09, SAK_099815, SAIL_140_ HO09 and pinl-1 seeds, from
the Nottingham Arabidopsis Stock Centre (NASC). T-DNA lines were backcrossed to Col-0
at least once before analyses. Other lines used in this work have been published previously:
CYCB1;1p0:GUS*, PIN1p0:PIN1:GFP?2, DR5revp,.GFP?*, STMpn:GUS*, cuc2-3%, and
CUC2g-m4®, The CUC2,,:CUC2:RFP and DR5revpo:VENUS lines (unpublished) were
kindly provided by Patrick Laufs. All analyses and crosses were done with the deall-1 and
deall-3 alleles. Crosses involving the CUC2g-m4 dominant allele and the transgenes
encoding fluorescent markers were analyzed in F; DEAL1/DEALL and deall/deall siblings.
Three independent F3; families of each genotype were analyzed to take into account
transgene dose oscillations.

For standard leaf phenotype analyses, plants were cultured under sterile conditions
on half-strength Murashige and Skoog (MS, Phytotechnology Laboratories) 0.65% agar
medium with 1% sucrose at a density of 0.18 plants cm. For flower organ morphological
studies and plant propagation, plants were grown in a 1:2:2 moss:peat:vermiculite mixture.
All cultures were maintained at 20°C, 60-70% relative humidity, under continuous
fluorescent illumination of = 80 umol m2 s, as described previously*. NPA, IAA, and NAA
(Sigma-Aldrich) were dissolved in dimethyl sulfoxide (DMSO). The final concentration of
these compounds in MS medium is indicated in the results section. MS plates with the same
DMSO concentration were used as controls. In the NPA and IAA treatments, seeds were
sown in non-supplemented MS medium and then transferred to supplemented media 5 and

4 days after stratification (das), respectively.
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Leaf, vasculature, and cell morphometry
Leaf morphometry was performed on fully expanded (35 das) tenth-node leaves, which
were flattened between glass slides, photographed with a Nikon SMZ1500
stereomicroscope equipped with a Nikon DXM1200F digital camera, and converted to
silhouettes. Leaf pictures were rotated until the imaginary line that cuts the leaf tip and the
middle of the petiole (sagittal plane) was vertical. Consensus Col-0 leaf contours were
obtained by overlapping 10 leaves and calculating the median of the stack image. Mutant
leaf silhouettes were overlaid with the Col-0 contour for comparisons. To obtain the Leaf
Symmetry Index (LSI), leaf silhouettes were horizontally folded along the sagittal plane, with
left and right halves overlaid to obtain mirror images. Total leaf area (Ar) and non-
overlapping area (Ano) were measured using ImageJ 1.49v (National Institutes of Health,
USA; http://imagej.nih.gov/ij/) and used to calculate LSI as 1 — (Ano / Ar). The Leaf
Dissection Index was calculated as described previously’. At least 10 leaves were analysed
for each genotype studied. All image processing was done using Photoshop CS3 (Adobe).

Palisade mesophyll cells were used for all cell morphometric analyses. Leaves were
collected and cleared with 70% ethanol for 24 h at 4°C and 16 M chloral hydrate for 7 days
at room temperature. Microscopy of leaf tissues was performed using differential
interference contrast optics on a Leica DMRB microscope equipped with a Nikon
DXM1200F digital camera. Cells were extracted from photographs by drawing cell contours
with Photoshop CS3 on a Cintig 18SX Interactive Pen Display screen (Wacom). To
reconstruct tissue areas larger than a single microscope field, digital images were joined
together based on their XY microscope stage coordinates. Cell count, position, and area
measurements were done with ImageJ 1.49v. Cell area heatmaps were created with Excel
2013 (Microsoft).

Leaf venation patterns were obtained as described previously*®. Veins were
manually drawn from micrographs using Photoshop CS3 on a Cintiq 18SX Interactive Pen
Display screen. Skeletonization was done with ImageJ 1.49v and network parameter

measurements were performed with the ImageJ plugin Analyze Skeleton
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(https://github.com/fiji/AnalyzeSkeleton/)*'.

Leaf primordia GUS analyses

Leaf primordia were excised with a scalpel, perpendicularly to the shoot apical-basal axis,
and placed in a drop of water on a microscope slide. All primordia were imaged using bright-
field microscopy with a Nikon D-Eclipse C1 microscope equipped with a Nikon DS-Ril
camera. GUS staining was performed as described previously*. X-Gluc buffer incubation
times for DEAL1,0:GUS, CYCB1;1,0:GUS, and STMpo:GUS were 4, 4, and 2 hours,
respectively. Tissue was then processed as described above for cell morphometry

analyses.

RNA isolation, cDNA synthesis, RT-PCR, and quantitative RT-PCR

Leaf primordia were collected 15 das, when they are just becoming visible. Roots, shoots,
and leaves longer than 5 mm were excised to obtain plant material enriched in leaf primordia
and immediately frozen in liquid nitrogen. Purification of total RNA was done using standard
protocols as described previously®®. Three different biological replicates were used in
triplicate reactions. Relative quantification of gene expression data was performed using
the 222" method***°. The housekeeping gene ACTIN2 (At3g18780) was used to normalize
the expression levels in all RT- and gRT-PCR experiments. The PCR primers used in these
experiments are listed in Table S2. A Mann-Whitney U test was used for mean AC+

statistical comparisons in qRT-PCR experiments.

Gene constructs and plant transformation

Gene constructs were engineered using Gateway Technology (Life Technologies),
following the manufacturer’s protocol, and mobilized into plants as described previously®:.
Transgene integrity in T1 plants was verified by PCR. To generate the DEAL1po:GUS
transgene, the intergenic region between Atg2g32275 and Atg2g32280 (TAIR10

chromosome 2, coordinates 13,710,358 to 13,713,209) was PCR amplified from Col-0



Publicaciones

genomic DNA using At2g32280_attB primers (Table S2). The PCR product was cloned into
the pMDC163 vector®?2. Col-0 and Col-5 glabra-1 plants were transformed and T;
transformants were selected on MS supplemented with 15 pg It hygromycin B (Invitrogen).
To construct the 35S,0:DEALL1:CFP transgene, a fragment of the At2g32280 cDNA that
spanned the coding region (TAIR10 At2g32280 cDNA coordinates 170 to 664), was
amplified using At2g32280_attB primers (Table S2) and cloned into the pEarleyGate102
vector®. The deall-1 plants were transformed and T transformants were selected on sand
watered with a 15 mg I'* solution of BASTA (Finale; Bayer). The AtWAK2,,:YFP:HDEL and
Man49,,:YFP constructs®® were obtained from the ABRC (CD3-957 and CD3-965 stock
numbers, respectively). 35S,0:DEAL1:CFP plants were transformed as previously
described and transformant seeds were selected on MS supplemented with 50 mg I

kanamycin (Duchefa).

Confocal laser scanning microscopy

Confocal laser scanning microscopy images were obtained from a D-Eclipse C1 confocal
microscope equipped with a DS-Ril camera and the EZ-C1 software (all components from
Nikon). CFP was excited at 408 nm with a modulated diode laser and its emission collected
with 450/35 and 515/30 nm wavelength/bandwidth filters. GFP and YFP were excited at
488 nm with an argon ion laser. Their emissions were detected at 515/30 and a combination
of 515/30 and 605/75 nm filters, respectively. RFP and propidium iodide were excited with
a 543 nm laser and detected with a 605/75 nm filter. To stain nuclei, we incubated
35S,0:DEALL:CFP seedlings with a 10 mg ml* solution of propidium iodide (Sigma-Aldrich)
for 30 min at room temperature. All images from a given GFP marker at a defined time point

were taken using the same settings.

Split-ubiquitin yeast two-hybrid membrane-based protein localization assay
Split-ubiquitin Y2H membrane-based assay®*? was performed by Hybrigenics, S.A.

(France) and used to test the co-localization of DEAL1 protein with several yeast proteins
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with known subcellular localizations. In short, two membrane-associated proteins, used
respectively as bait and prey, were fused to the N- and C-terminal halves of ubiquitin (Nub
and Cub, respectively) and introduced in a HIS3 yeast strain. If the bait and the prey reside
in the same cell membrane, Nub and Cub can re-associate and trigger an enzymatic
cascade that activates HIS3 transcription. The full-length coding sequence of At2g32280
was cloned into vector pB102, in-frame with Cub, coupled to the artificial transcription factor
LexA. Preys were fused to Nub and expressed from the pPR3-N vector. Yeast strains
NMY32-DeltaGal4 (mata) and YHGX13 (Y187 ade2-101::loxP-kanMX-loxP, mat) were
used in these assays. Diploid cells were grown on DO-2 (-Trp -Leu) medium to check co-
transformation with the prey and bait plasmids. The re-association of ubiquitin was assayed
on DO-3 medium (-Trp -Leu -His). 20 mM of 3-aminotriazole (3-AT), a competitive inhibitor
of the HIS3 reporter gene product, was used to increase the stringency of the tests.
Interaction assays were done in duplicate as two independent clones from each condition

were picked for the growth assay.
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FIGURE LEGENDS

Figure 1. Leaf phenotypes and molecular nature of the deall mutations.

(A, B) Leaves of (A) the Col-0 wild type and (B) the deall-1 mutant.

(C, D) Leaves of F1 plants derived from (C) SALK 047972 x SALK 023737 and (D)
SALK_047972 x SAIL_237_CO09 crosses, showing that the deall-1, deall-2, and deall-3
mutations do not complement each other.

(E) Phenotypically wild-type deall-1 35S,,:DEAL1:CFP leaf, showing rescue of the mutant
phenotype of deall-1 by the wild-type allele of At2g32280.

(F) DEAL1 gene structure with indication of the position of the mutations studied in this
work. Exons are represented by boxes, introns by lines between boxes, and T-DNA
insertions by triangles. Open boxes correspond to untranslated regions.

Pictures (A-E) show the abaxial side of tenth-node rosette leaves. Scale bars: (A-E) 2 mm.

Pictures were taken 25 days after stratification (das).

Figure 2. Morphological characterization of deall-1 leaves.

(A) Consensus outline (in black; see Methods) of Col-0 tenth-node rosette leaves (n = 10)
overlaid to the silhouette (in grey) of a deall-1 tenth-node leaf showing (lo) an ectopic lobe
and (si) an ectopic sinus.

(B, C) Detail of extreme examples of (B) ectopic sinus and (C) ectopic lobe, both highlighted
by an asterisk.

(D) From the top to the bottom, successive steps in leaf silhouette processing in order to
obtain the areas used to calculate the Leaf Symmetry Index (LSI = 1 — [Ano / Ar]). SP:
sagittal plane. Lm-I: left mediolateral axis. Rm-I: right mediolateral axis. Ar: total area. Ano:
non-overlapping area.

(E) LSI values of rosette leaves from the first to the fourteenth node (leaves 1 to 14) from
Col-0 and the deall-1 mutant (n = 10).

(F) LSI values of tenth-node rosette leaf apical and basal halves from Col-0 and deall-1 (n

= 10).
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(G) Penetrance of the leaf phenotype of deall-1.
Scale bars: (A) 4 mm and (B, C) 1 mm. Pictures were taken after full leaf expansion (35
das). Error bars indicate standard deviations. Asterisks indicate values significantly different

from the corresponding wild type in a Mann-Whitney U-test (*p < 0.05, **p < 0.01, n = 10).

Figure 3. Leaf cell proliferation and growth in the deall-1 mutant.

(A-G) Defective patterning in proliferating tissues of deall-1 leaf primordia. Similar results
were obtained with deall-2 and deall-3. (A, B, E, F) Excised leaf primordia from (A, E) Col-
0 and (B, F) deall-1. (C, D, G) Magnification of areas framed in B and F, showing
proliferating undifferentiated protodermal cells.

(H-J) CYCB1;1,0:GUS expression in (H) Col-0 and (I, J) deall-1 leaves. (J) Detail of strong
GUS staining in a group of marginal cells of a deall-1 CYCB1;10:GUS leaf.

(K) Cell size heatmaps of Col-0 and an asymmetric deall-1 leaf. Numbers represent leaf
regions with equivalent cell sizes. Each heatmap unit represents 1/16 mm?.

Scale bars: (A, B, E, F, H, I) 100, (J) 40 and (C, D, G) 20 um. Pictures and measurements
were taken from tenth-node leaves collected (A-J) 14 das, and (K) after full expansion (35

das).

Figure 4. DEAL1 expression analysis in DEAL1,,:GUS transgenic plants in a Col-0
background.

(A-D) GUS staining in tenth-node developing leaves collected at the time shown.

(E, F) GUS staining fade-out coinciding with the transition from proliferative to differentiated
tissue. a: apical. b: basal. m: differentiated margin cell.

(G) Emerging axillary shoots with developing flowers showing GUS staining.

(H, I) GUS-stained vascular tissues in (H) a fully-expanded third-node leaf and (I) a root.
Pictures were taken (E, F, I) 10, (G) 45 and (H) 25 das. Scale bars: (A, I) 50 um, (B-D, G)

100 pm, (E, F) 10 pm, and (H) 1 mm.
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Figure 5. Effects of pharmacological treatments, genetic interactions and auxin spatial
distribution of the deall-1 mutant.

(A-D) Abnormal leaf margin in deall-1 plants. (A-C) Ectopic lamina emerging from (A) the
base of the lamina and (B, C) the petiole of deall-1 leaves. (D) Normal vascular
differentiation in a deall-1 ectopic lobe. In the drawing, veins are shown in red and the leaf
margin in blue.

(E, F) Effects of NPA on the (E) penetrance and (F) severity of the phenotype of deall-1.
(G-J) Leaf phenotypes of (G) Col-0, the (H) deall-1 and (I) pinl-1 single mutants, and (J)
the deall-1 pinl-1 double mutant.

(K, L) Effects of NAA on the (H) penetrance and (1) severity of the phenotype of deall-1.
(M, N) PIN1:GFP membrane localization in marginal cells of Col-0 and deall-1 leaf
primordia developing serrations.

(O, P) PIN1,0:PIN1:GFP expression pattern in (O) Col-0 and (P) deall-1 leaf primordia.
(Q-S) DR5revp:GFP expression pattern in (Q) Col-0 and (R, S) deall-1 leaf primordia. m:
misplaced auxin maximum coinciding with a sinus. n: different number of maxima at each
side of the leaf. si: maximum of abnormal size. sh: maximum of abnormal shape.

All rosette leaves studied (A-L) were excised from the tenth node. Primordia (M-S)
correspond to any node from the eighth to the twelfth; these nodes are extremely difficult to
distinguish to each other at their early stages of development. Pictures were taken (A-D, G-
J) 30 and (M-S) 14 das. Scale bars: (A-D) 1 mm, (G-J) 2 mm, (M, N) 15 pym, (O, P) 50 um,
and (Q-S) 100 um. Error bars indicate standard deviations. Asterisks indicate values
significantly different from the corresponding control in a Mann-Whitney U-test (*p < 0.05, n

= 10).

Figure 6. Genetic interactions between DEAL1 and CUC2.
(A, B) Leaf phenotypes caused by the deall-1 and cuc2-3 loss-of-function mutations, the
CUC2g-m4 excess-of-function mutation, and their genetic combinations. The (A)

penetrance and (B) severity of the phenotypes of the single and double mutants is shown.
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(C) Representative leaf silhouettes of the genotypes analyzed in (A) and (B).

(D, E) Expression patterns of the CUC2,,:CUC2:RFP (red) and DRb5revpo:VENUS
(greenish yellow) markers in Col-0 and deall-3 leaf primordia. (E1) Consecutive
CUC2:RFP-positive patches abnormally close. (E2) Consecutive CUC2:RFP-positive
patches abnormally far apart.

All fully expanded rosette leaves studied (A-C) were excised from the tenth node. The
primordia shown in (D, E) correspond to any node from the eighth to the twelfth. Leaves
were collected (A-C) 35 and (D, E) 14 das. Scale bars: (C) 2 mm and (D, E) 50 um. Error
bars indicate standard deviations. Asterisks indicate values significantly different from that

of the deall-1 single mutant in a Mann-Whitney U-test (*p < 0.05, n = 10).

Figure 7. Subcellular localization of the DEALL1 protein.

(A, B) Root cells expressing 35S;,:DEAL1:CFP (DEAL1, blue) stained with propidium
iodide (PI, red) to mark the nuclei and plasma membranes.

(C, D) Cells expressing 35Sp0:DEAL1:CFP (DEAL1, blue), and the Golgi marker
35S,0:Man49:YFP (Golgi, yellow).

(E-G) Cell expressing 35S;,0:DEAL1:CFP [blue in (E) and cyan in (G)], and the ER marker
35S0 AtWAK2:YFP:HDEL [red in (F) and green in (G)]. (G) Partial overlap between YFP
and CFP signals in ER cisternae-like structures.

(H-J) Cell expressing the same markers as in (E-G) showing contiguous signals of YFP and
CFP.

Pictures in (A-J) were taken 10 das. Scale bars: (A) 20 um and (B-J) 2 um.

(K) Split-ubiquitin Y2H membrane-based localization assay. Yeast growth indicates
membrane colocalization of the prey and bait proteins (see Methods). Nub: N-terminal half
of ubiquitin. Cub: C-terminal half of ubiquitin. Alg5, Ostl, Fur4 and Tom20 are the names
of the yeast proteins used in the assay. ER: endoplasmic reticulum. PM: plasma membrane.
M: mitochondria. DO-2: Selective medium for co-transformation with the bait and prey

plasmids. DO-3: Selective medium for ubiquitin re-association. 3-AT: 3-Aminotriazole. Alg5
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homodimerization was used as a positive control for ubiquitin re-association.

Figure 8. Functional analysis of DEAL1 paralogs.

(A) Gene structure of members of the DEAL gene family with indication of the mutations (T-
DNA insertions, shown as triangles) studied in this work. The conserved DUF1218 domain
is shown in blue. Arrows indicate the position of the primers used in (B), which are not drawn
to scale.

(B) Semiquantitative RT-PCR expression analysis of the DEAL1, DEAL2 (At421310),
DEAL3 (Atlgl11500), and DEAL4 (Atl1g05291) genes in different plant tissues. I:
inflorescences. ML: mature tenth-node leaves. DL: developing eighth- to twelfth-node
leaves. R: roots. Two biological replicates are shown for each gene and tissue combination.
The house-keeping gene ACTIN2 (ACT2) was used as control. The primers used are listed
in Table S2.

(C, D) Effects of NPA and NAA on the (C) penetrance and (D) severity (LSI) of the deal
mutants. Blue asterisks indicate values obtained from untreated plants that were
significantly different from those of the deall-3 single mutant. Red and green asterisks
indicate values obtained from treated plants that were significantly different from those of
the corresponding controls (untreated plants of the same genotype). A Mann-Whitney U-
test was applied (*p < 0.05, **p < 0.01, n = 10).

(E, F) Abnormal ovaries of deall-1 and deal2-1 plants. Scale bars: 0.5 mm.

(G) Quantification of abnormal siliques in the deal single and triple mutants.
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Wilson-Sanchez et al., Figure 1

deall-1/deall-2
deall-1/deall-3

deall-3
(SAIL_237_C09)

X X 100 bp

deall-2 deall-1
(SALK_023737) (SALK_047972)

35Spro:DEAL:CFP

Figure 1. Leaf phenotypes and molecular nature of the deall mutations.

(A, B) Leaves of (A) the Col-0 wild type and (B) the deall-1 mutant.

(C, D) Leaves of Fl1 plants derived from (C) SALK 047972 x SALK 023737 and (D)
SALK 047972 x SAIL_237_C09 crosses, showing that the deall-1, deall-2, and deall-3
mutations do not complement each other.

(E) Phenotypically wild-type deall-1 35S, DEALL:CFP leaf, showing rescue of the mutant
phenotype of deall-1 by the wild-type allele of At2g32280.

(F) DEALL1 gene structure with indication of the position of the mutations studied in this work.
Exons are represented by boxes, introns by lines between boxes, and T-DNA insertions by
triangles. Open boxes correspond to untranslated regions.

Pictures (A-E) show the abaxial side of tenth-node rosette leaves. Scale bars: (A-E) 2 mm.
Pictures were taken 25 days after stratification (das).
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Wilson-Sanchez et al., Figure 2
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Figure 2. Morphological characterization of deall-1 leaves.

(A) Consensus outline (in black; see Methods) of Col-0 tenth-node rosette leaves (n = 10) overlaid
to the silhouette (in grey) of a deall-1 tenth-node leaf showing (lo) an ectopic lobe and (si) an
ectopic sinus.

(B, C) Detail of extreme examples of (B) ectopic sinus and (C) ectopic lobe, both highlighted by an
asterisk.

(D) From the top to the bottom, successive steps in leaf silhouette processing in order to obtain
the areas used to calculate the Leaf Symmetry Index (LSI = 1 — [Ayo / A{]). SP: sagittal plane. Lm-
I: left mediolateral axis. Rm-I: right mediolateral axis. A;: total area. Ayo: non-overlapping area.

(E) LSI values of rosette leaves from the first to the fourteenth node (leaves 1 to 14) from Col-0
and the deall-1 mutant (n = 10).

(F) LSI values of tenth-node rosette leaf apical and basal halves from Col-0 and deall-1 (n = 10).
(G) Penetrance of the leaf phenotype of deall-1.

Scale bars: (A) 4 mm and (B, C) 1 mm. Pictures were taken after full leaf expansion (35 das).
Error bars indicate standard deviations. Asterisks indicate values significantly different from the
corresponding wild type in a Mann-Whitney U-test (*p < 0.05, **p < 0.01, n = 10).
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Wilson-Sanchez et al., Figure 3
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Figure 3. Leaf cell proliferation and growth in the deall-1 mutant.

(A-G) Defective patterning in proliferating tissues of deall-1 leaf primordia. Similar results were
obtained with deall-2 and deall-3. (A, B, E, F) Excised leaf primordia from (A, E) Col-0 and (B, F)
deall-1. (C, D, G) Magnification of areas framed in B and F, showing proliferating undifferentiated
protodermal cells.

(H-J) CYCB1;1,,,:GUS expression in (H) Col-0 and (I, J) deall-1 leaves. (J) Detail of strong GUS
staining in a group of marginal cells of a deall-1 CYCB1;1,,:GUS leaf.

(K) Cell size heatmaps of Col-0 and an asymmetric deall-1 leaf. Numbers represent leaf regions
with equivalent cell sizes. Each heatmap unit represents 1/16 mm?,

Scale bars: (A, B, E, F, H, 1) 100, (J) 40 and (C, D, G) 20 um. Pictures and measurements were
taken from tenth-node leaves collected (A-J) 14 das, and (K) after full expansion (35 das).
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Figure 4. DEAL1 expression analysis in DEALL,,:GUS transgenic plants in a Col-0 background.
(A-D) GUS staining in tenth-node developing leaves collected at the time shown.

(E, F) GUS staining fade-out coinciding with the transition from proliferative to differentiated
tissue. a: apical. b: basal. m: differentiated margin cell.

(G) Emerging axillary shoots with developing flowers showing GUS staining.

(H, 1) GUS-stained vascular tissues in (H) a fully-expanded third-node leaf and (I) a root.

Pictures were taken (E, F, I) 10, (G) 45 and (H) 25 das. Scale bars: (A, I) 50 um, (B-D, G) 100 pm,
(E, F) 10 um, and (H) 1 mm.
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Wilson-Sanchez et al., Figure 5
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Figure 5. Effects of pharmacological treatments, genetic interactions and auxin spatial distribution
of the deall-1 mutant.

(A-D) Abnormal leaf margin in deall-1 plants. (A-C) Ectopic lamina emerging from (A) the base of
the lamina and (B, C) the petiole of deall-1 leaves. (D) Normal vascular differentiation in a deall-
1 ectopic lobe. In the drawing, veins are shown in red and the leaf margin in blue.

(E, F) Effects of NPA on the (E) penetrance and (F) severity of the phenotype of deall-1.

(G-J) Leaf phenotypes of (G) Col-0, the (H) deall-1 and (l) pinl-1 single mutants, and (J) the
deall-1 pinl-1 double mutant.

(K, L) Effects of NAA on the (H) penetrance and (I) severity of the phenotype of deall-1.

(M, N) PIN1:GFP membrane localization in marginal cells of Col-0 and deall-1 leaf primordia
developing serrations.

(O, P) PIN1,,,,:PIN1:GFP expression pattern in (O) Col-0 and (P) deall-1 leaf primordia.

(Q-S) DRb&rev,,,:GFP expression pattern in (Q) Col-0 and (R, S) deall-1 leaf primordia. m:
misplaced auxin maximum coinciding with a sinus. n: different number of maxima at each side of
the leaf. si: maximum of abnormal size. sh: maximum of abnormal shape.

All rosette leaves studied (A-L) were excised from the tenth node. Primordia (M-S) correspond to
any node from the eighth to the twelfth; these nodes are extremely difficult to distinguish to each
other at their early stages of development. Pictures were taken (A-D, G-J) 30 and (M-S) 14 das.
Scale bars: (A-D) 1 mm, (G-J) 2 mm, (M, N) 15 pm, (O, P) 50 um, and (Q-S) 100 um. Error bars
indicate standard deviations. Asterisks indicate values significantly different from the
corresponding control in a Mann-Whitney U-test (*p < 0.05, n = 10).
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Figure 6. Genetic interactions between DEAL1 and CUC2.

(A, B) Leaf phenotypes caused by the deall-1 and cuc2-3 loss-of-function mutations, the CUC2g-
m4 excess-of-function mutation, and their genetic combinations. The (A) penetrance and (B)
severity of the phenotypes of the single and double mutants is shown.

(C) Representative leaf silhouettes of the genotypes analyzed in (A) and (B).

(D, E) Expression patterns of the CUC2,,;CUC2:RFP (red) and DR5rev,,;'VENUS (greenish
yellow) markers in Col-0 and deall-3 leaf primordia. (E1) Consecutive CUC2:RFP-positive
patches abnormally close. (E2) Consecutive CUC2:RFP-positive patches abnormally far apart.

All fully expanded rosette leaves studied (A-C) were excised from the tenth node. The primordia
shown in (D, E) correspond to any node from the eighth to the twelfth. Leaves were collected (A-
C) 35 and (D, E) 14 das. Scale bars: (C) 2 mm and (D, E) 50 um. Error bars indicate standard
deviations. Asterisks indicate values significantly different from that of the deall-1 single mutant in
a Mann-Whitney U-test (*p < 0.05, n = 10).
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Figure 7. Subcellular localization of the DEAL1 protein.

(A, B) Root cells expressing 35S,,,;,DEALL:CFP (DEALL, blue) stained with propidium iodide (P,
red) to mark the nuclei and plasma membranes.

(C, D) Cells expressing 35S,,DEALL:CFP (DEALL, blue), and the Golgi marker
35S,,,:Man49:YFP (Golgi, yellow).

(E-G) Cell expressing 35S,,:.DEALL:CFP [blue in (E) and cyan in (G)], and the ER marker
35S,,,,:AtWAK2:YFP:HDEL [red in (F) and green in (G)]. (G) Partial overlap between YFP and
CFP signals in ER cisternae-like structures.

(H-J) Cell expressing the same markers as in (E-G) showing contiguous signals of YFP and CFP.
Pictures in (A-J) were taken 10 das. Scale bars: (A) 20 um and (B-J) 2 pum.

(K) Split-ubiquitin Y2H membrane-based localization assay. Yeast growth indicates membrane
colocalization of the prey and bait proteins (see Methods). Nub: N-terminal half of ubiquitin. Cub:
C-terminal half of ubiquitin. Alg5, Ost1, Fur4 and Tom20 are the names of the yeast proteins used
in the assay. ER: endoplasmic reticulum. PM: plasma membrane. M: mitochondria. DO-2:
Selective medium for co-transformation with the bait and prey plasmids. DO-3: Selective medium
for ubiquitin re-association. 3-AT: 3-Aminotriazole. Alg5 homodimerization was used as a positive
control for ubiquitin re-association.
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Figure 8. Functional analysis of DEAL1 paralogs.

(A) Gene structure of members of the DEAL gene family with indication of the mutations (T-DNA
insertions, shown as triangles) studied in this work. The conserved DUF1218 domain is shown in
blue. Arrows indicate the position of the primers used in (B), which are not drawn to scale.

(B) Semiquantitative RT-PCR expression analysis of the DEAL1, DEAL2 (At421310), DEAL3
(Atlg11500), and DEAL4 (At1g05291) genes in different plant tissues. I: inflorescences. ML:
mature tenth-node leaves. DL: developing eighth- to twelfth-node leaves. R: roots. Two biological
replicates are shown for each gene and tissue combination. The house-keeping gene ACTIN2
(ACT2) was used as control. The primers used are listed in Table S2.

(C, D) Effects of NPA and NAA on the (C) penetrance and (D) severity (LSI) of the deal mutants.
Blue asterisks indicate values obtained from untreated plants that were significantly different from
those of the deall-3 single mutant. Red and green asterisks indicate values obtained from treated
plants that were significantly different from those of the corresponding controls (untreated plants
of the same genotype). A Mann-Whitney U-test was applied (*p < 0.05, **p < 0.01, n = 10).

(E, F) Abnormal ovaries of deall-1 and deal2-1 plants. Scale bars: 0.5 mm.

(G) Quantification of abnormal siliques in the deal single and triple mutants.
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Role of DESIGUALL and auxin in bilateral symmetry of
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Figure S1. Molecular characterization of deall mRNAs.

(A) DEALL1 gene structure with indication of the position of the T-DNA insertions carried by the
deall alleles (triangles). Arrows represent the primers used to analyze the deall-2 transcripts
shown in (C), which are not drawn to scale. E: exon. I: intron.

(B-D) Structure of the DEAL1 mRNAs detected in the (B) deall-1, (C) deall-2 and (D) deall-3
mutants. More than one transcript was found in the three mutants. The presence of intronic and T-
DNA sequences in the aberrant mature mRNAs is due to missplicing. STOP: premature stop
codon.

(E) Expression of the deall-2.1 wild-type mRNA variant detected in the deall-2 mutant. Error bars
in this and all other Supplementary Figures indicate standard deviation. Asterisks indicate values
significantly different from Col-0 in a Mann-Whitney U-test (**p < 0.01, n = 9).
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Figure S2. Length and asymmetry of deall leaves.

(A) Whole leaf and lamina lengths in Col-0 and the deall mutants (n = 10).

(B) LSI (Leaf Symmetry Index) of rosette leaves 1 to 14 from Col-0 and the deall mutants (n =
10).

(C) LSI of tenth-node rosette leaf apical and basal halves from Col-0 and the deall mutants (n =
10).

(D) Penetrance of the mutant phenotype of tenth-node leaves from the deall mutants.

All leaves were collected after full leaf expansion (35 das).
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Figure S3. Expression of class | KNOX genes in deall leaves.

(A, B) STM,,,:GUS expression pattern in Col-0 and deall-1 backgrounds. The leaves shown
might correspond to any node from the ninth to eleventh and were collected 14 das.

(C) gRT-PCR expression analysis of the STM, KNAT1 and KNAT6 genes in Col-0 and deall-1
backgrounds. The asterisk indicates a statistically significant difference with the wild type in a
Mann-Whitney U test (p < 0.05, n = 10).

(D-H) Abaxial side of (D) deall-1, (E) as1-1, (F) deall-1 as1-1, (G) as2-1 and (H) deall-1 as2-1
tenth-node leaves, collected 25 das.

Scale bars: (A) 100 um and (B-E) 2 mm.
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Figure S4. Effects of auxin on root growth in the deall-1 and deall-3 mutants.
Root length was measured between 4 and 10 das (n = 15).
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deall-1 deall-1

Figure S5. Leaf venation pattern of the deall-1 mutant.

Diagrams of half of a leaf from (A) Col-0 and (B, C) deall-1 strains. Blue, red and black lines
represent the primary vein, all other veins, and the leaf margin, respectively. Tenth-node leaves
were collected after full leaf expansion (35 das). Scale bar: 1 mm.
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Figure S6. Correlation between the degree of dissection in Col-0 leaves and the severity of the
asymmetry in deall-1 leaves across all rosette nodes.

The scatter plot shows each node as an ordinal number. Each X and Y value was calculated as
the mean of 10 samples. The Leaf Dissection Index was calculated as [perimeter? / (4 x T x
area)]. A trend line is shown in red, which was calculated by linear regression. R?: coefficient of
determination. Measurements were performed in leaves collected after full leaf expansion (35
das).
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Figure S7. Functional relationship between DEAL1 and CUC2.

Relative levels of the (A) DEAL1 and (B) CUC2 mRNAs in Col-0 and mutant backgrounds.
Asterisks indicate values significantly different from the wild type in a Mann-Whitney U-test (**p <
0.01,n=09).
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Figure S8. In silico prediction of the subcellular localization of the DEALL1 protein.
(A) Predicted subcellular localization of DEAL1. Data were obtained with the sequence analysis
programs indicated, as shown in the Aramemnon database (Schwacke et al., 2003).
(B) Predicted transmembrane domains in DEAL1. Data was obtained with the topology prediction
programs indicated, as shown in the Aramemnon database.
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Figure S9. Expression analysis of deal2-1 and deal3-1.
Semiquantitative RT-PCR expression analysis of DEAL2 (At4g21310) and DEAL3 (At1g11500) in
Col-0, deal2-1 (SALK _099815) and deal3-1 (SAIL_140_HO09) plants. The ACTIN2 (ACT2) gene

was used as a control. The primers used are listed in Table S2.
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Supplemental table S1. Vascular parameters of deall-1 rosette leaves

Col-0 deall-1
Leaf area (mm?) 94.17 + 22.89 87.71+16.49
Venation density (mm - mm-2) 469 +0.25 4.34 +0.14**
Branches per leaf area (mm?) 16.50 + 1.64 14,10 £ 1.17**
Branching points per leaf area (mm?) 9.88+0.91 8.34 + 0.72**
Free-ending veins per venation length (mm) 0.52 £ 0.06 0.52 + 0.06

Measurements were made on tenth-node rosette leaves collected after full leaf expansion (35 das).
Asterisks indicate values significantly different from Col-0 in a Mann-Whitney U-test (**p < 0.01, n =
10).
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A reverse genetics approach to the analysis of leaf development

Mufioz-Viana, R., Rubio-Diaz, S., Pérez-Pérez, J.M., Wilson-Sanchez, D., Ponce, M.R.,

and Micol, J.L.

Instituto de Bioingenieria, Universidad Miguel Herndndez, Campus de Elche, Alicante,

Spain.

Because of their photosynthetic activity, leaves are the ultimate source of most of
the oxygen that we breathe and of the food that we eat. Yet the processes by which these
organs grow are poorly understood. Previous forward genetics studies yielded a large
number of mutations affecting Arabidopsis leaf development, shape or size. However, none
of these earlier attempts reached genome saturation. The group of Prof. J.R. Ecker at the
Salk Institute is obtaining a large collection of gene-indexed homozygous T-DNA insertion
mutants that will cover 25,000 genes of the Arabidopsis genome. To identify novel genes
required for leaf growth regulation, we have begun a reverse genetics screening using the
14,000 T-DNA insertion lines available in batches from the ABRC, which correspond to
10,800 different Arabidopsis genes. These lines are grown in vitro and those exhibiting
aberrant leaf phenotypes are documented and kept for further studies. In order to saturate
the Arabidopsis genome with viable and fertile leaf mutations, we plan to screen the entire

Salk homozygous T-DNA insertion collection for visible leaf phenotypes.

XVIITI Congress of the Federation of European Societies of Plant Biology
Valencia, 2010
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A reverse genetics approach to the
analysis of leaf development
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Because of their photosynthetic activity, leaves are the ultimate
source of most of the oxygen that we breathe and of the food that
we eat. Yet the processes by which these organs grow are poorly
understood. Previous forward genetics studies yielded a large
number of mutants affecting leaf growth, shape or size. However,
none of these previous attempts reached genome saturation!. The
group of Prof. Ecker at the Salk Institute is obtaining a large
collection of sequence-indexed homozygous T-DNA insertion
mutants that will cover 25,000 genes of the Arabidopsis genome?2:3,

To identify novel genes required for leaf growth regulation, we
have begun a reverse genetics screen using homozygous T-DNA
Salk lines provided by ABRC. Plants were grown in vitro, and the
vegetative phenotype of those displaying abnormal leaves was
documented both at the T4 and T5 generations, in order to avoid
false positives (Fig. 1).

We have grown 9,760 T4 lines, 2,034 of which exhibited
abnormally sized or shaped leaves. 1,301 T5 progenies have been
studied so far, only 173 of which displayed the same leaf
morphological aberrations than their T4 parentals (Table 1 and Fig.
2). We genotyped 10 lines randomly chosen among the above
mentioned 173, and found that all of them were homozygous for a T-
DNA insertion in the gene annotated by Ecker’s lab (Fig. 3B).

We expect to identify about 600 gene-indexed leaf mutants. A
database of the genes causing leaf phenotypes will be made
publicly available in the context of the Agron-Omics project.

T5

—

Figure 1.- |Identification of mutants.
Heterogeneous growth was displayed by P 1 A
many T4 lines in our culture conditions. 2

Only in a few T5 lines a genuine mutant /.
phenotype was shown. Pictures were 34

le” 18 days after stratification (das). ) j Figure 2.- Rosettes of (A) the wild type Col-0 and (B-X) 23 of the mutants identified in our screening. Pictures

were taken 21 das. Scale bars: 1 mm.

Table 1.- Progress of our screening for leaf mutants

T4 lines B ﬂ— —
studied exhibiting T5 genuine w. [
abnormal leaves mutants confirmed e EEE
Completed 6,866 1,301 173 ——
In progress 2,894 733 72% 12 3 4 5 WT
| GI1GIGIGIGIG
Total 9,760 2,034 245*
*Expected values.
Table 2.- Functional clasification of the leaf mutans identified Figure 3.- Genotyping of a phenotypically mutant T5 line. (A) Leaves were collected from 5 plants of
2 a T5 line displaying an unambiguous leaf mutant phenotype. (B) Genotyping for the presence of the
Number % T-DNA insertion in the annotated gene was performed as recommended by the Ecker group
P P (http://signal.salk.edu/isects.html). (C) Amplification products obtained in the genotyping of the line
Gene function alreadY described shown in A. Numbers indicate different plants. The | and G lanes correspond to PCR amplification
in leaf development 21 12 products obtained using the BP+RP and LP+RP primer pairs, respectively [see (B)].
in other processes 37 22
Unknown gene function
belongs to a gene family 68 39 ACKNOWLEDGEMENTS
encodes a known domain 12 7 Research in the laboratory of J.L.M. is supported by grants from the Ministerio de Ciencia e
Innovacién of Spain [BIO2008-04075 and CSD2007-00057 (TRANSPLANTA)], the Generalitat
completely unknown 29 17 Valenciana (PROMETEO/2009/112) and the European Commission [LSHG-CT-2006-037704
Transposons 6 3 (AGRON-OMICS)].
Total 173 100
REFERENCES

Table 2.- Classification of the loci affecting leaf morphogenesis identified in our screening. 58 A " .
genes out of the 173 found (34%) had been already studied at some level. 109 (63%) had no L= I, @, [Retiles; 7, £ M'C.OI' L (1), Caneites fep, 72742
previously described mutant alleles, 80 of which either belong to known gene families or 2-Alonso, J.M., etal . (2003). Science 301, 653-657.

contain a known protein domain, 29 are completely unknown, and 6 are transposons. 3.- O'Malley, R.C., and Ecker, J.R. (2010). Plant Journal 61, 928-940.
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Genética inversa del desarrollo foliar

Mufoz-Viana, R., Rubio-Diaz, S., Pérez-Pérez, J.M., Wilson-Sanchez, D., Ponce, M.R., y

Micol, J.L.

Instituto de Bioingenieria, Universidad Miguel Herndndez, Campus de Elche, 03202 Elche,

Alicante.

Las hojas de las plantas producen el oxigeno que respiramos y constituyen la fuente
directa o indirecta de casi todos los alimentos que consumimos. El interés del estudio y la
eventual manipulacién del desarrollo de las hojas radica en que son el érgano fotosintético
basico, en torno al cual gravita la vida en nuestro planeta. Mediante abordajes genéticos
clasicos se han obtenido muchos mutantes que manifiestan perturbaciones en el desarrollo
foliar, pero no se ha alcanzado la saturacion del genoma de Arabidopsis.

El grupo del Prof. J.R. Ecker, del Salk Institute, esta generando una coleccién
indexada de lineas homocigéticas para inserciones de ADN-T en unos 25.000 genes de
Arabidopsis. Con el objetivo de identificar nuevos genes implicados en la regulacion de la
forma o el tamafio de la hoja, estamos sometiendo a escrutinio a 14.000 de estas lineas de
ADN-T, las que por ahora pueden obtenerse por lotes en el ABRC, que corresponden a
mutaciones en 10.800 genes. Cultivamos estas lineas in vitro y conservamos y analizamos
morfométricamente las que muestran hojas anormales. Nuestros resultados se reflejaran

en una base de datos publica.

X Reunién de Biologia Molecular de Plantas
Valencia, 2010
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Genética inversa del desarrollo foliar

R. Mufioz Viana, S. Rubio Diaz, J.M. Pérez Pérez, C
D. Wilson Sanchez, M.R. Ponce, y J.L. Micol

UNIVERSITAS

-

S
S
2
3
3
s
=
]

) Instituto de Bioingenieria, Universidad Miguel Hernandez, Campus de Elche, 03202 Elche, Alicante.
Instituto de Bioingenieria rmunoz@umbh.es jimicol@umh.es WWWw.agron-omics.eu genetica.umh.es
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El interés del estudio y la eventual manipulacién del desarrollo
de las hojas radica en que son el 6rgano fotosintético basico, en
torno al cual gravita la vida en nuestro planeta. Mediante abordajes
genéticos clasicos se han obtenido muchos mutantes que
manifiestan perturbaciones en el desarrollo foliar, pero no se ha
alcanzado la saturacion del genoma de Arabidopsis!. El grupo del
Prof. J.R. Ecker, del Salk Institute, esta generando una coleccion
indexada de lineas homocigoéticas para inserciones de ADN-T en
unos 25.000 genes de Arabidopsis23.

Con el objetivo de identificar nuevos genes implicados en la
regulacion de la forma o el tamafio de la hoja, estamos sometiendo
a escrutinio a 14.000 de estas lineas de ADN-T, que corresponden a
mutaciones en 10.800 genes. Cultivamos estas lineas in vitro y
documentamos las que muestran fenotipos foliares anormales tanto
en la generacion T4 como en su progenie T5 (Fig. 1).

Hemos cultivado 9.760 lineas T4, 2.034 de las cuales
presentaron fenotipos foliares aberrantes. Hemos estudiado hasta
ahora 1.301 de sus descendientes T5, confirmando su fenotipo
mutante en 173 casos (Tabla 1 y Fig. 2). Hemos genotipado 10 de
estas 173 lineas elegidas al azar, comprobando que todas ellas
eran homocigéticas para la insercion de ADN-T en el gen anotado
por el grupo de Ecker (Fig. 3B).

Esperamos identificar unos 600 mutantes foliares que se
reflejaran en una base de datos publica.

/T4 T5
i, 1

Figura 1.- Identificacion de mutantes.
Crecimiento heterogéneo observado en
numerosas lineas T4 en nuestras
condiciones de cultivo. Sélo algunas il
lineas T5 exhibieron un fenotipo tre
mutante genuino. Las fotos se tomaron e

Q}d 1;785 después de la estratificacion / Figura 2.- Rosetas de (A) el tipo silvestre Col-0 y (B-X) 23 de los mutantes identificados en nuestro escrutinio.
e).

Las fotos se tomaron 21 dde. Barras de escala: 1 mm.

Tabla 1.- Progreso de nuestro escrutinio de mutantes foliares

Lineas T4
estudiadas con hojas mutantes genuinos
anormales confirmados en T5
Completados 6.866 1.301 173
Presunto Mutante
En proceso 2.894 733 72%* 1 2 3 4 5 Colo
Total 9.760 2.034 245% petel 81 C e o

1mm

*Valores esperados.

. " . . Figura 3.- Genotipado de una linea T5 de fenotipo mutante. (A) Se recolectaron hojas de 5 plantas
Tabla 2.- Clasificacion funcional de los mutantes foliares encontrados de una linea T5 que mostr6 un fenotipo mutante foliar inequivoco. (B) El genotipado para confirmar

0 i la presencia de la insercion de ADN-T en el gen anotado se hizo segin la recomendaciones del
Numero Porcentaje laboratorio de J. Ecker (http://signal.salk.edu/isects.html). (C) Productos de amplificacién obtenidos
genotipando la linea mostrada en A. Los nimeros indican diferentes plantas. Las calles | y G

Genes de funcién descrita previamente

en el desarrollo foliar 21 12 corresponden a amplificaciones de PCR realizadas usando las parejas de cebadores BP+RP y
LP+RP, respectivamente (vease el apartado B).
en otros procesos 37 22
Genes de funcidn desconocida
pertenecientes a una familia génica 68 39
que codifican un dominio conocido 12 7 AGRADECIMIENTOS
totalmente desconocidos 29 17 El laboratorio de José Luis Micol esté financiado por la Comisién Europea (Agron-Omics, LSHG-CT-
2006-037704), la Generalitat Valenciana (PROMETEO/2009/112) y el Ministerio de Ciencia e Innovacién
Transposones 6 3 [BI02008-04075 y CSD2007-00057 (TRANSPLANTA)].
Total 173 100 )
Tabla 2.- Clasificacion de los genes que perturban la morfologia foliar identificados en nuestro BIBLIOG,RAFIA . .
estudio. 58 de los 173 genes encontrados (34%) han sido caracterizados previamente a algin 1.-Bera, G., Robles, P, y M'COI'_J'L' (1999). Genetics 152, 729-742.
nivel. Para 109 de los mutantes encontrados (63%) no hay alelos mutantes previamente 2.- Alonso, J.M,, etal. (2003). Science 301, 653-657.

descritos, y los 6 mutantes restantes corresponden a inserciones anotadas en transposones. 3.- O'Malley, R.C., y Ecker, J.R. (2010). Plant Journal 61, 928-940.
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A reverse genetics approach to the analysis of leaf development

Mufioz-Viana, R., Rubio-Diaz, S., Pérez-Pérez, J.M., Wilson-Sanchez, D., Ponce, M.R.,

and Micol, J.L.

Instituto de Bioingenieria, Universidad Miguel Herndndez, Campus de Elche, Alicante,

Spain.

Because of their photosynthetic activity, leaves are the ultimate source of most of
the oxygen that we breathe and of the food that we eat. Yet the processes by which these
organs grow are poorly understood. Previous forward genetics studies yielded a large
number of mutations affecting Arabidopsis leaf development, shape or size. However, none
of these earlier attempts reached genome saturation. The group of Prof. J.R. Ecker at the
Salk Institute is obtaining a large collection of gene-indexed homozygous T-DNA insertion
mutants that will cover 25,000 genes of the Arabidopsis genome. To identify novel genes
required for leaf growth regulation, we have begun a reverse genetics screening using the
14,000 T-DNA insertion lines available in batches from the ABRC, which correspond to
10,800 different Arabidopsis genes. These lines are grown in vitro and those exhibiting
aberrant leaf phenotypes are documented and kept for further studies. In order to saturate
the Arabidopsis genome with viable and fertile leaf mutations, we plan to screen the entire

Salk homozygous T-DNA insertion collection for visible leaf phenotypes.

Plant Biology (Joint Annual Meetings of the American Society
of Plant Biologists and the Canadian Society of Plant Physiologists)
Montreal (Canadad), 2010
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Because of their photosynthetic activity, leaves are the ultimate
source of most of the oxygen that we breathe and of the food that
we eat. Yet the processes by which these organs grow are poorly
understood. Previous forward genetics studies yielded a large
number of mutants affecting leaf growth, shape or size. However,
none of these previous attempts reached genome saturation. The
group of Prof. Ecker at the Salk Institute is obtaining a large
collection of sequence-indexed homozygous T-DNA insertion
mutants that will cover 25,000 genes of the Arabidopsis genome?3.

To identify novel genes required for leaf growth regulation, we
have begun a reverse genetics screen using homozygous T-DNA
Salk lines provided by ABRC. Plants were grown in vitro, and the
vegetative phenotype of those displaying abnormal leaves was
documented both at the T4 and T5 generations, in order to avoid
false positives (Fig. 1).

We have grown 10,442 T4 lines, 2,189 of which exhibited
abnormally sized or shaped leaves. 1,301 T5 progenies have been
studied so far, only 173 of which displayed the same leaf
morphological aberrations than their T4 parentals (Table 1 and Fig.
2). We genotyped 10 lines randomly chosen among the above
mentioned 173, and found that all of them were homozygous for a T-
DNA insertion in the gene annotated by Ecker’s lab (Fig. 3B).

We expect to identify about 600 gene-indexed leaf mutants. A
database of the genes causing leaf phenotypes will be made
publicly available in the context of the Agron-Omics project.

T4 T5

Figure 1.- |Identification of mutants.
Heterogeneous growth was displayed by &
many T4 lines in our culture conditions. ;
Only in a few T5 lines a genuine mutant

phenotype was shown. Pictures were

taken 18 days after stratification (das).

Figure 2.- Rosettes of (A) the wild type Col-0 and (B-X) 23 of the mutants identified in our screening. Pictures
were taken 21 das. Scale bars: 1 mm.

Table 1.- Progress of our screening for leaf mutants

T4 lines T5 genuine
studied exhibiting mutants
abnormal leaves confirmed
Completed 6,866 1,301 173
In progress 3,576 888 90*
Total 10,442 2,189 263* Lo
*Expected values.
Table 2.- Functional clasification of the leaf mutans identified Figure 3.- Genotyping of a phenotypically mutant T5 line. (A) Leaves were collected from 5 plants of
- a T5 line displaying an unambiguous leaf mutant phenotype. (B) Genotyping for the presence of the
Number % T-DNA insertion in the annotated gene was performed as recommended by the Ecker group
f A (http://signal.salk.edufisects.html). (C) Amplification products obtained in the genotyping of the line
Gene function alreadY described shown in A. Numbers indicate different plants. The | and G lanes correspond to PCR amplification
in leaf development 21 12 products obtained using the BP+RP and LP+RP primer pairs, respectively [see (B)].
in other processes 37 22
Unknown gene function
belongs to a gene family 68 39 ACKNOWLEDGEMENTS
encodes a known domain 12 7 Research in the laboratory of J.L.M. is supported by grants from the Ministerio de Ciencia e
Innovacién of Spain [BIO2008-04075 and CSD2007-00057 (TRANSPLANTA)], the Generalitat
completely unknown 2 17 Valenciana (PROMETEO/2009/112) and the European Commission [LSHG-CT-2006-037704
Transposons 6 3 (AGRON-OMICS)].
Total 173 100 NS
Table 2.- Classification of the loci affecting leaf morphogenesis identified in our screening. 58 1.-Berna G.. Robl P d Micol. J.L. (1999). G tics 152, 729-742.
genes out of the 173 found (34%) had been already studied at some level. 109 (63%) had no o S, (Ehy NAREE, [y ETU IC.O’ AL JAGenetcs ’ B .
previously described mutant alleles, 80 of which either belong to known gene families or 2.-Alonso, J.M., etal . (2003). Science 301, 653-657.

contain a known protein domain, 29 are completely unknown, and 6 are transposons. 3.- O'Malley, R.C., and Ecker, J.R. (2010). Plant Journal 61, 928-940.
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Reverse genetics of leaf development

Wilson-Sanchez, D., Mufioz-Viana, R., Rubio-Diaz, S., Pérez-Pérez, J.M., Jover-Gil, S.,

Ruiz-Pino, A., Diaz-Cruz, M.A., Sanchez-Herrero, J.F., Ponce, M.R., and Micol, J.L.

Instituto de Bioingenieria, Universidad Miguel Herndndez, Campus de Elche, 03202 Elche,

Alicante, Spain.

The interest of the study, and eventual manipulation, of leaf development lays on
the fact that leaves are the fundamental photosynthetic organ, of vital importance for life in
our planet. Although hundreds of mutants that show altered leaf development have been
isolated using forward genetics, Arabidopsis genome saturation has not yet been reached.
The group of Prof. J.R. Ecker, at The Salk Institute, is obtaining a large collection of gene-
indexed homozygous T-DNA insertion mutants that will cover the 27,000 genes of the
Arabidopsis genome. Aiming to identify novel genes involved in leaf shape and size
regulation, we are screening 20,718 of these lines, which correspond to 14,585 genes. So
far, we have analyzed the leaf phenotype of 13,367 lines, and identified 382 that show a
mutant phenotype with full penetrance and quite constant expressivity. We have genotyped
199 of these genuine leaf mutants, assessing that a T-DNA insertion is homozygous at the
annotated locus in 75% of them. A public database will collect the results of our screen and

the preliminary characterization of their mutant phenotypes.

Plant Growth Biology and Modeling Workshop
Elche, 2011

Péster
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Because of their photosynthetic activity, leaves are the ultimate
source of most of the oxygen that we breathe and of the food that we
eat. The identification of the genes that control leaf development is a
necessary step towards its understanding and eventual engineering.
In Arabidopsis, forward genetics approaches have identified
hundreds of mutants that show altered leaf development, but did not
reach genome saturation?.

The lab of J.R. Ecker, at The Salk institute, is obtaining an
indexed collection of homozygous T-DNA insertion mutants intended
to cover all Arabidopsis genes?2. In order to identify novel genes with
a role in leaf morphogenesis, we are performing a reverse genetics
screen on this collection. T, generation lines received from ABRC
were grown in vitro and analyzed 18 days after stratification (das)
and those displaying abnormal leaf traits were grown to the next
generation to confirm or discard their phenotypes.

So far, we have analyzed the leaf phenotype of 16,060 T, lines,
2,883 of which displayed abnormally shaped or sized leaves. The
analysis of the T; offspring of 2,518 of them revealed that only 410
lines (2.9% of total T, lines studied) show the same mutant
phenotype as their parental with full penetrance and almost constant
expressivity (Fig. 1, Table 1 and Fig. 2). 199 of these genuine leaf
mutants were genotyped, assessing that a T-DNA insertion is
homozygous at the annotated locus in 76.7% of them (Fig. 3 and
Table 2). Known-genotype seeds were preserved.

We expect to identify over 600 leaf mutants at the end of this
project. A comprehensive database will collect the results of our
screen and the preliminary characterization of the mutant
phenotypes, which will comprise an ontological description and
several pictures.

T4v }& " Ts
4y P

Figure 1. Identification of mutants.
Heterogeneous growth was displayed by 1
many T, lines in our culture conditions.
Only in a few T; lines a genuine mutant /.
phenotype was shown. Pictures were 34
taken 18 das. s

Figure 2.- Rosettes of (A) the wild type Col-0 and (B-X) 23 of the mutants identified in our screening. Pictures
were taken 21 das. Scale bars: 1 mm.

A B
1 2 3 M
Table 1.- Progress of our screening for leaf mutants E G: 0.9-1.2 kb ‘G 1 'G 1 G I
T, lines Ts genuine -
studied exhibiting mutants Genomic DNA
abnormal leaves confirmed R

Completed 14,084 2,518 410 1'8 kb
In progress 1,976 365 57* _ 0.5
Total 16,060 2,883 467+ LE

*Expected values. Figure 3.- Genotyping procedure of Ty mutants. Leaves were collected from 7 plants of a T line displaying

an unambiguous leaf mutant phenotype. (A) Genotyping of the T-DNA insertions in the annotated genes was

_ i il performed as recommended by the Ecker group (http:/signal.salk.edu/isects.html). (B) Amplification

Table 2. GenOtypmg of mutant Ts families products of a (1) wild-type, (2) homozygous and (3) heterozygous plant for a given insertion. Numbers

Genotype Number of lines Percentage indicate different plants. The G and | gel lanes correspond to PCR amplification products obtained using the
F+R and F+LB primer pairs, respectively [see (A)].

Homozygote 135 76.7
Segregant 5 2.8 ACKNOWLEDGEMENTS
Research in the laboratory of J.L.M. is supported by grants from the Ministerio de Ciencia e
Wild type 36 20.4 Innovacion of Spain [BIO2008-04075 and CSD2007-00057 (TRANSPLANTA)], the Generalitat
Valenciana (PROMETEO/2009/112) and the European Commission [LSHG-CT-2006-037704
Total 176 100 (AGRON-OMICS)].
Non conclusive* 23 S REFERENCES

R R R . . 1.- Bern4, G., Robles, P., and Micol, J.L. (1999). Genetics 152, 729-742.
*These lines will require the genotyping of a higher number of 2.- Alonso, J.M., et al . (2003). Science 301, 653-657.
individuals. 3.- O'Malley, R.C., and Ecker, J.R. (2010). Plant Journal 61, 928-940.
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Forward and reverse approaches to the genetic dissection of leaf development
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Viana, R., Esteve-Bruna, D., Casanova-Saez, R., Muioz-Nortes, T., Wilson-Sanchez, D.,

Gonzalez-Bayon, R., Jover-Gil, S., Candela, H., Pérez-Pérez, J.M., Ponce, M.R., and

Micol, J.L.

Instituto de Bioingenieria, Universidad Miguel Herndndez, 03202 Elche, Alicante, Spain.

Plant leaves are the best solar panels ever built, and they also perform well as air
purifiers and food factories. Leaves efficiently trap sunlight, remove carbon dioxide from the
air, and are the ultimate source of most of the oxygen that we breathe and of the food that
we eat. Understanding how a leaf is made is important for several reasons, which include
gaining knowledge of the biology and evolution of a multicellular organ with no equivalents
in the animal kingdom, as well as identifying —and eventually manipulating, to increase
crop yield— the genetic, environmental, and hormonal cues that determine its final
architecture and function.

To shed light on the making of plant leaves, we took a forward genetics approach to
the saturation of the Arabidopsis genome with viable mutations causing abnormal leaf
morphology. The identified mutations fell into 147 complementation groups. Using a high
throughput gene mapping method that we developed, we have already cloned 47 of these
genes identified by mutation. The products of these genes participate in various
developmental processes, such as polar cell expansion, transduction of hormonal signals,
gene regulation, plastid biogenesis, and chromatin remodeling, among others. The broad
spectrum of leaf morphological alterations that we identified is helping to dissect specific
leaf developmental processes.

We are now combining traditional linkage analysis and next-generation sequencing
techniques in order to positionally clone 40 non-allelic mutations already isolated in our
laboratory, which affect leaf morphology. In addition, we have started to use clonal analysis
to study essential, embryonic-lethal genes that are expressed in wild-type leaves.

We also aim at identifying genes involved in the development of an organ —the
leaf— at a scale with no precedent in plants, and perhaps animals. The Ecker laboratory is
producing 50,000 sequence-indexed homozygous T-DNA lines representing all the protein
coding genes in the Arabidopsis genome. We are searching this collection for leaf

morphological aberrations, and have already identified 340 genes required for normal leaf
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development. These leaf mutants provide an opportunity to propose models and test

hypotheses about how genes control plant development at the organ level.

Plant Growth Biology and Modeling Workshop
Elche, 2011

Conferencia pronunciada por J.L. Micol, por invitacién.
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Genética inversa del desarrollo foliar

Wilson-Sanchez, D., Mufioz-Viana, R., Rubio-Diaz, S., Pérez-Pérez, J.M., Jover-Gil, S.,

Ruiz-Pino, A., Sanchez-Herrero, J.F., Ponce, M.R., y Micol, J.L.
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Alicante.

Las hojas de las plantas producen el oxigeno que respiramos y constituyen la fuente
directa o indirecta de casi todos los alimentos que consumimos. El interés del estudio y la
eventual manipulacién del desarrollo de las hojas radica en que son el érgano fotosintético
basico, en torno al cual gravita la vida en nuestro planeta. Mediante abordajes genéticos
clasicos se han obtenido centenares de mutantes que manifiestan perturbaciones en el
desarrollo foliar, pero no se ha alcanzado la saturacion del genoma de Arabidopsis.

El grupo del Prof. J.R. Ecker, en el Salk Institute, estd generando una coleccion
indexada de lineas homocigoticas para inserciones de ADN-T en los 27.000 genes de
Arabidopsis. Con el objetivo de identificar nuevos genes implicados en la regulacion de la
forma o el tamafio de la hoja, estamos sometiendo a escrutinio 20.718 de estas lineas, que
corresponden a 14.585 genes. Por ahora hemos analizado el fenotipo foliar de 13.367
lineas, identificando 382 que muestran un fenotipo foliar mutante con penetrancia completa
y expresividad relativamente constante. Hemos genotipado 199 de ellas, comprobando en
el 75% de los casos que la insercién de ADN-T esta presente en homocigosis en el locus
anotado. Los resultados de la caracterizacion de estos mutantes se reflejaran en una base

de datos publica.

XXXVIII Congreso de la Sociedad Espatiola de Genética
Murcia, 2011

Péster
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Las hojas de las plantas producen el oxigeno que respiramos y
constituyen la fuente directa o indirecta de casi todos los alimentos
que consumimos. El interés del estudio y la eventual manipulacion
del desarrollo de las hojas radica en que son el 6rgano fotosintético
bésico, en torno al cual gravita la vida en nuestro planeta. Mediante
abordajes genéticos clasicos se han obtenido centenares de
mutantes que manifiestan perturbaciones en el desarrollo foliar, pero
no se ha alcanzado la saturacién del genoma de Arabidopsist.

El grupo del Prof. J.R. Ecker, en el Salk Institute, esta
generando una coleccién indexada de lineas homocigéticas para
inserciones de ADN-T en los 27.000 genes de Arabidopsis?2. Con el
objetivo de identificar nuevos genes implicados en la regulaciéon de
la forma o el tamafio de la hoja, estamos sometiendo a escrutinio
20.718 de estas lineas, que corresponden a 14.585 genes. Las
semillas T, que recibimos del ABRC son cultivadas in vitro y
analizadas 18 dias después de su estratificacion (dde). Aquéllas que
presentan un fenotipo foliar anormal son seleccionadas para
confirmar o descartar su fenotipo tras el estudio de su descendencia.

Por ahora hemos analizado el fenotipo foliar de 16.060 lineas,
identificando 410 que muestran un fenotipo foliar mutante con
penetrancia completa y expresividad relativamente constante (Fig. 1
y 2, Tabla 1). Hemos genotipado 199 de ellas, comprobando en el
76,7% de los casos que la insercion de ADN-T estd presente en
homocigosis en el locus anotado (Fig. 3 y Tabla 2). Las semillas de
los individuos genotipados se etiquetan y conservan para su futuro
estudio.

Esperamos identificar cerca de 600 mutantes una vez finalizado
el proyecto. Los resultados de la caracterizacién de estos mutantes
se reflejarén en una base de datos publica.

24 N

Figura 1.- Identificacion de mutantes.
Crecimiento heterogéneo observado en [ P 2
numerosas lineas T, en nuestras con- Ya or
diciones de cultivo. Solo algunas de las ”,

lineas Ts; manifestaron un fenotipo mu- t

tante genuino. Las fotografias se tomaron >

18 dde.

Ty

Tabla 1.- Progreso de nuestro escrutinio de mutantes foliares

Genética inversa del desarrollo foliar

Lineas T, mutantes
estudiadas con hojas genuinos
anormales confirmados en Tg
Completadas 14.084 2.518 410
En estudio 1.976 365 57*
Totales 16.060 2.883 467*

*Valores esperados

Tabla 2.- Genotipado de familias T5 mutantes

Wilson-Sanchez, D., Mufioz-Viana, R., Rubio-Diaz, S.,
Pérez-Pérez, J.M., Ruiz-Pino, A., Sanchez-Herrero, J.F.,,
Jover-Gil, S., Ponce, M.R., y Micol, J.L.

Instituto de Bioingenieria, Universidad Miguel Hernandez, Campus de Elche, 03202 Elche, Alicante
jlmicol@umh.es

Www.agron-omics.eu genetica.umh.es

Figura 2.- Rosetas de (A) el tipo silvestre Col-0 y (B-X) 23 de los mutantes identificados en nuestro escrutinio.
Las fotografias se tomaron 21 dde. Barras de escala: 1 mm.
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Figura 3.- Genotipado de lineas Ty con fenotipo mutante. Se recolectaron hojas de 7 plantas Ts que
mostraban inequivocamente el fenotipo mutante. (A) El genotipado de las inserciones de ADN-T en los
genes anotados se realizd siguiendo las recomendaciones del laboratorio de J.R. Ecker (http://signal.
salk.edufi .html). (B) Productos de la amplificacién del ADN de una planta (1) silvestre, (2) homocigética

Genotipo Numero de lineas Porcentaje
Homocigotico 135 76,7
Segregante 5 2,8
Silvestre 36 20,4
Total 176 100,0
No concluyente* 23 -

*Seré necesario genotipar mas individuos de estas lineas

y (3) heterocigética para la insercion a estudio. Las calles G e | corresponden a los productos de
amplificacién obtenidos empleando las parejas de cebadores F+R y F+LB, respectivamente [ver (A)].
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Reverse genetics of leaf development

Micol, J.L.%, Wilson-Sanchez, D.%, Jover-Gil, S.%, Liévre, M.2, Granier, C.2, Pérez-Pérez,
J.M.1, and Ponce, M.R.2

Instituto de Bioingenieria, Universidad Miguel Hernandez de Elche, Spain.

2L aboratoire d’Ecophysiologie de Plantes sous Stress Environnementaux UMR759, France.

The interest of the study and eventual manipulation of leaf development lays on the
fact that leaves are the fundamental photosynthetic organ, of vital importance for life in our
planet. Although hundreds of mutants with altered leaf development have been isolated
using forward genetics, saturation has not yet been reached for the Arabidopsis genome.
The group of Prof. J.R. Ecker, at The Salk Institute, is obtaining a large collection of gene-
indexed homozygous T-DNA insertion mutants. Aiming to identify novel genes required for
leaf growth, we are screening 20,718 of these lines, which correspond to 14,585 genes. So
far, we have analyzed the leaf phenotype of 16,400 lines, and identified 518 that show a
mutant phenotype with full penetrance and almost constant expressivity. We have
genotyped 300 of these genuine leaf mutants, finding that a T-DNA insertion is homozygous
at the annotated locus in 74% of them. According to TAIR functional annotation, 56% of the
loci for which we identified a mutant allele have no previously described mutant alleles. We
have designhed and implemented a public database and a web-based query application that
collects the results of our screen and the preliminary characterization of the mutant
phenotypes. 120 genuine leaf mutants with a confirmed homozygous T-DNA insertion have
been subjected to detailed time-lapse qualitative and quantitative phenotypic analyses (see

poster by Maryline Liévre et al.).

23 International Conference on Arabidopsis Research
Viena, 2012
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Figure 2.- Genotyping of genuine leaf mutants. Almost three
quarters of all lines genotyped are homozygous for the
annotated insertion, 3.5% harbour a segregating insertion, and
in the remaining 22.4% the insertion is absent from the
annotated locus.
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Figure 3.- We performed a phenotype-driven screen on a gene-indexed mutant collection. (A) Position of the
252 homozygous T-DNA insertions confirmed in our laboratory so far, laid out using the TAIR map
visualization tool (http://www.arabidopsis.org/serviets/ViewChromosomes). Numbers on the top of each bar
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Figure 4.- (A) Simplified database schema. It contains phenotypic information of all
T, and Ty lines screened, plate and rosette pictures, and the genotyping results
obtained for the lines confirmed as leaf mutants. It also includes the position of the
annotated insertions, provided by The Salk Institute Genomic Analysis Laboratory,
and the Arabidopsis genome structural and functional annotation, available from
TAIR. (B, C) Query page of the database. The user is prompted to choose between a
gene or a phenotype query. If the former option is selected (B), three different input
types can be chosen: AGI codes, Salk codes, and gene keywords. Other options are
also available to refine or format results. If the latter type of query is selected (C),
there are several ways to customize it: confirmed mutants can either be browsed or
searched by their phenotypes using ontology terms (right hand side of figure C);
query can be filtered for mutants with confirmed annotated T-DNA only; finally, it is
possible to retrieve only mutants within a physical genomic interval. (D) Example of
the results that can be obtained for a given line.
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Genética inversa del desarrollo foliar

Wilson-Sanchez, D., Jover-Gil, S., Pérez-Pérez, J.M., Ponce, M.R., y Micol, J.L.

Instituto de Bioingenieria, Universidad Miguel Hernandez, Campus de Elche, 03202 Elche,

Alicante.

Las hojas de las plantas producen el oxigeno que respiramos y constituyen la fuente
directa o indirecta de casi todos los alimentos que consumimos. El interés del estudio y la
eventual manipulacién del desarrollo de las hojas radica en que son el érgano fotosintético
bésico, en torno al cual gravita la vida en nuestro planeta. Mediante abordajes genéticos
clasicos se han obtenido centenares de mutantes que manifiestan perturbaciones en el
desarrollo foliar, pero no se ha alcanzado la saturacion del genoma de Arabidopsis.

El grupo del Prof. J.R. Ecker, en el Salk Institute, estd generando una coleccion
indexada de lineas homocigaéticas para inserciones de ADN-T en casi todos los genes de
Arabidopsis. Con el objetivo de identificar nuevos genes implicados en la regulacion de la
forma o el tamafio de la hoja, estamos sometiendo a escrutinio 20.718 de estas lineas, que
corresponden a 14.585 genes. Hemos analizado la morfologia foliar de 16.400 lineas,
identificando 518 que muestran un fenotipo mutante con penetrancia completa y
expresividad relativamente constante. Hemos genotipado 300 de ellas, comprobando en el
74% de los casos que la insercidn de ADN-T esta presente en homocigosis en el locus
anotado. Esta coleccion resultara especialmente Gtil para el estudio del crecimiento de las
plantas: No existen alelos previamente descritos de los genes mutados en el 56% de estas
lineas; entre los restantes, solo un 15% han sido relacionados con el desarrollo foliar.

Con el objetivo de compartir la informacion obtenida, que incluye imagenes y
descripciones ontoldgicas de los fenotipos encontrados, hemos implementado una base de

datos y una aplicacion web para su consulta.

XT Reunién de Biologia Molecular de Plantas
Segovia, 2012
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Las hojas de las plantas producen el oxigeno que respiramos y
constituyen la fuente directa o indirecta de casi todos los alimentos que
consumimos. El interés del estudio y la eventual manipulacién del desarrollo
de las hojas radica en que son el érgano fotosintético basico, en torno al
cual gravita la vida en nuestro planeta. Mediante abordajes genéticos
clasicos se han obtenido centenares de mutantes que manifiestan
perturbaciones en el desarrollo foliar, pero no se ha alcanzado la saturacién
del genoma de Arabidopsis?.

El grupo del Prof. J.R. Ecker, en el Salk Institute, esta generando una
coleccion indexada de lineas homocigéticas para inserciones de ADN-T en
casi todos los genes de Arabidopsis?3. Con el objetivo de identificar nuevos
genes implicados en la regulacién de la forma o el tamafio de la hoja,
estamos sometiendo a escrutinio 20.718 de estas lineas, que corresponden
a 14.585 genes. Hemos analizado la morfologia foliar de 16.400 lineas,
identificando 518 que muestran un fenotipo mutante con penetrancia
completa y expresividad relativamente constante (Fig. 1 y 2, y Tabla 1).
Hemos genotipado 300 de ellas, comprobando en el 74% de los casos que
la insercion de ADN-T esta presente en homocigosis en el locus anotado
(Fig. 3y Tabla 2). Esta coleccion resultard especialmente util para el estudio
del crecimiento de las plantas: No existen alelos previamente descritos* de
los genes mutados en el 56% de estas lineas; entre los restantes, solo un
15% han sido relacionados con el desarrollo foliar.

Con el objetivo de compartir la informacién obtenida, que incluye
imagenes y descripciones ontoldgicas de los fenotipos encontrados, hemos
implementado una base de datos publica y una aplicacion web para su
consulta (Fig. 4). Las semillas de las lineas con fenotipo mutante seran
depositadas en los centros de distribucion.

Figura 2.- Rosetas de (A) el tipo silvestre Col-0 y (B-T) 23 de los mutantes foliares identificados en nuestro
escrutinio. Las fotografias se tomaron 21 dde. Barras de escala: 1 mm.

Figura 1.- Identificaciéon de mutantes. 3 fo A B
Crecimiento heterogéneo observado en b | 8 1 2 3 M
numerosas lineas T, en nuestras F® 02 o ; s s L N
condiciones de cultivo. Solo algunas de las 8 ‘o 8 E G:0,9-1,2kb G | G | G |
lineas Ty manifestaron un fenotipo mutante e? —
genuino. Las fotografias se tomaron 18 ] Amni
dias después de la estratificacion (dde). ADN gendmico
0,5-0,7 kb R
Tabla 1.- Progreso de nuestro escrutinio de mutantes foliares ADN-T )
= - > 4.5 kb
Lineas T, Mutantes genuinos ( )
estudiadas con hojas confirmados en la —
anormales generacion T LB
Completadas 16.400 2.567 518 Figura 3.- Genotipado de lineas T con fenotipo mutante. Se recolectaron hojas de 7 plantas Ts que
X mostraban inequivocamente el fenotipo mutante. (A) El genotipado de las inserciones de ADN-T en los
En estudio 2.500 450 79* genes anotados se realizé siguiendo las recomendaciones del laboratorio de J.R. Ecker (http://signal.
salk.edufisects.html). (B) Productos de la amplificacion del ADN de una planta (1) silvestre, (2) homocigética
Total 18.900 3.017 597*% y (3) heterocigética para la insercién a estudio. Las calles G e | corresponden a los productos de

amplificacion obtenidos empleando las parejas de cebadores F+R y F+LB, respectivamente.

*Valores esperados

i ili A Resultados B =
Tabla 2.- Genotipado de familias T mutantes 03
del escrutinio
Genotipo respecto a Namero .
. ha a Porcentaje
la insercién anotada de lineas Coordenadas
Coordenadas de la
Homocigéticas 252 74,1 28 |-~ anotacion del
Descripcion de ADN-T de genoma d_e
Segregantes 12 3,5 ontolégica de [ | s coleccion Arabidopsis
. los fenotipos del Salk
Silvestres 76 22,4 mutantes
Total 340 100,0 Resultados Informacién
del funcional de
; los genes de
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es contratado del programa VALi+d de la Generalitat Valenciana. fenotipica de todas las lineas analizadas en nuestro escrutinio, fotografias de placa con grupos de plantas
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A collection of Arabidopsis gene-indexed leaf mutants

Wilson-Sanchez, D., Jover-Gil, S., Pérez-Pérez, J.M., Sdez-Chica, D., Ponce, M.R., and
Micol, J.L.

Instituto de Bioingenieria, Universidad Miguel Hernandez, 03202 Elche, Alicante, Spain.

The interest of the study and eventual manipulation of plant leaf development lays
on the fact that they are the fundamental photosynthetic organ, of vital importance for life in
our planet. Although hundreds of Arabidopsis mutants with altered leaf development have
been isolated using forward genetics, saturation has not yet been reached. The group of
Prof. J.R. Ecker, at The Salk Institute, is producing a large collection of gene-indexed
homozygous T-DNA insertion mutants. Aiming to identify novel genes required for leaf
development, we are screening 24,000 of these lines, which correspond to 17,850 genes.
So far, we have identified 585 lines that exhibit a leaf phenotype with full penetrance and
almost constant expressivity. We genotyped the annotated locus in 450 mutants and found
that the indexed mutation is present in 76% of them. Together with cosegregation and
allelism tests, these results indicate that at least 50% of our mutants owe their phenotypes
to the annotated T-DNA insertion. Adapter ligation-mediated PCR and deep-sequencing
allowed us to determine that the average number of T-DNA insertions in our leaf mutants is
2.1. We implemented a public database and a web-based query application that collects

the results of our screen and the characterization of the mutants.

Society for Experimental Biology Annual Meeting
Valencia, 2013
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The interest of the study and eventual manipulation of leaf development lays
on the fact that they are the fundamental photosynthetic organ, of vital importance
for life in our planet. Although hundreds of mutants with altered leaf development
have been isolated using forward genetics, saturation has not yet been reached
for the Arabidopsis genome?.

The group of Prof. J.R. Ecker, at The Salk Institute, is obtaining a large
collection of gene-indexed homozygous T-DNA insertion mutants?3. Aiming to
identify novel genes required for leaf growth, we are screening 20,718 of these
lines, which correspond to 14,585 genes. So far, we have analyzed the leaf
phenotype of 16,400 lines, and identified 518 that show a mutant phenotype with
full penetrance and almost constant expressivity (Figure 1 and Table 1). We have
genotyped 450 of these genuine leaf mutants, finding that a T-DNA insertion is
homozygous at the annotated locus in 342 of them (Figures 2 and 3). Among
these 342 genes interrupted, only 50 have previously characterized alleles* and,
according to TAIR functional annotation, there is no information available on the
function of 195 of them. These figures highlight the value of our collection.

We have implemented a public database and a web-based query application
that collects the results of our screen and the preliminary characterization of the

Figure 1.- Rosettes of (A) the wild type Col-0 and (B-X) 23 of the leaf mutants identified in our screening.
Pictures were taken 21 days after stratification (das). Scale bars: 1 mm.

A B
1

mutant phenotypes (Figure 4). It will be soon available at http://agron- — %z@
omics.umh.es. / =
120 genuine leaf mutants with a confirmed homozygous T-DNA insertion SALK_060836C (At5g01350)
have been subjected to detailed time-lapse qualitative and quantitative phenotypic &4
analyses. SALK_048891C (At5g01730) — Y
Table 1.- Progress of our screening
T, lines T, genuine \ SALK_051857C (At5g02270) — |
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anormal leaves confirmed \
b
Completed 18,400 3,170 585
In progress 1,600 250 46* &
Total 20,000 3,420 631* SALK_026036C (At503540) — Tl
*Expected values

I 4
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0, " ~ : . Figure 3.- We performed a phenotype-driven screen on a gene-indexed mutant collection. (A) Position of the
224 gﬁ{zr: OfGeaﬂo‘ﬁggg ggf;;;g‘; I:raef mhg:iz‘zsyggggozrlh{: 252 homozygous T-DNA insertions confirmed in our laboratory so far, laid out using the TAIR map
HZ 3.5% annotated insertion, 3.5% harbour a segregating insertion, and visualization tool (http://www.arabidopsis.org/servlets/ViewChromosomes). Numbers on the top of each bar
HM in the remaining '22_4% the insertion is absent fron{ the iQEntify the 5 ArabiQDpsis chronjosomgs, B) Enlargement of a randomly chosen interval showing 6 loci
annotated locus. disrupted by T-DNA insertions, with their corresponding Salk codes and rosette phenotypes observed. Scale
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Figure 4.- (A) Simplified database schema. It contains phenotypic information of all
T, and T, lines screened, plate and rosette pictures, and the genotyping results
obtained for the lines confirmed as leaf mutants. It also includes the position of the
annotated insertions, provided by The Salk Institute Genomic Analysis Laboratory,
and the Arabidopsis genome structural and functional annotation, available from
TAIR. (B, C) Query page of the database. The user is prompted to choose between a
gene or a phenotype query. If the former option is selected (B), three different input
types can be chosen: AGI codes, Salk codes, and gene keywords. Other options are
also available to refine or format results. If the latter type of query is selected (C),
there are several ways to customize it: confirmed mutants can either be browsed or
searched by their phenotypes using ontology terms (right hand side of figure C);
query can be filtered for mutants with confirmed annotated T-DNA only; finally, it is
possible to retrieve only mutants within a physical genomic interval. (D) Example of
the results that can be obtained for a given line.
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A genetic and molecular study of leaf lamina symmetry

Wilson-Sanchez, D., Jover-Gil, S., Saez-Chica, D., and Micol, J.L.

Instituto de Bioingenieria, Universidad Miguel Herndndez, 03202 Elche, Alicante, Spain.

We screened for perturbations in leaf bilateral symmetry among 17,000 Arabidopsis
lines from the Salk homozygous T-DNA collection. One of the mutants that we isolated
exhibited asymmetric leaf laminae and impaired reproductive organ development. In this
mutant, lamina asymmetry arises because of outgrowths and/or growth defects, pointing to
a role of the mutated gene in the coordination of lamina growth. The mutant phenotype is
more extreme in adult rosette leaves, suggesting that the gene mutated is regulated over
time and that could be related to the molecular machinery that controls leaf heteroblasty.
Symmetry deviations are mostly limited to the basal region of the leaf lamina. The flowers
and siliques of this mutant also show morphological aberrations. About 5% of the flowers
are misshappen, the ovary being the most affected organ. Some, but not all these flowers
also present organ identity defects, such as ectopic ovules and stigma hairs. An equal
percentage of siliques are bent or twisted. To determine the contribution of cell division and
cell expansion to the observed asymmetries, we analyzed young 8th-node leaf primordia in
which the cells of the basal portion of the lamina had not yet started to expand. These
primordia were already asymmetric, confirming that cell division regulation is altered and
that this contributes to the observed asymmetry. A CYCB1;1pro:GUS transgene was
transferred into our mutant in order to monitor cell division. Mutations in previously
described genes also cause leaf asymmetry and impaired flower and silique development:
ASYMMETRIC LEAVES2, BARELY ANY MERISTEM, JAGGED LATERAL ORGANS,
STRUBBELIG, TORNADO and BLADE-ON-PETIOLE genes. A genetic analysis of their
potential functional relationships with the gene under study is underway. We confirmed that
At2g32280 is the gene responsible for the phenotype of SALK_047972 by analyzing several
independent alleles and complementation analyses. We are studying its expression pattern
and the subcellular localization of its protein product. We are also studying its closest

paralogs and their genetic interactions.

Society for Experimental Biology Annual Meeting
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We screened for perturbations in leaf bilateral symmetry among 17,000
Arabidopsis lines from the Salk homozygous T-DNA collection! (oral
communication C1.17). One of the mutants that we isolated exhibited
asymmetric leaf laminae and impaired reproductive organ development (Figs.
1A and 3). In this mutant, lamina asymmetry arises because of outgrowths
and/or growth defects (Fig. 1B, C), pointing to a role of the mutated gene in
the coordination of lamina growth. The mutant phenotype is more extreme in
adult rosette leaves (Fig. 1D, E), suggesting that the gene mutated is
regulated over time and that could be related to the molecular machinery that
controls leaf heteroblasty. Symmetry deviations are mostly limited to the
basal region of the leaf lamina.

The flowers and siliqgues of this mutant also show morphological
aberrations. About 5% of the flowers are misshappen, the ovary being the
most affected organ. Some, but not all these flowers also present organ
identity defects, such as ectopic ovules and stigma hairs (Fig. 2A-C). An
equal percentage of siliques are bent or twisted (Fig. 2D-F).

To determine the contribution of cell division and cell expansion to the
observed asymmetries, we analyzed young 8-node leaf primordia (Fig. 3A-
D) in which the cells of the basal portion of the lamina had not yet started to
expand (Fig. 3E-G). These primordia were already asymmetric (Fig. 3D),
confirming that cell division regulation is altered and that this contributes to
the observed asymmetry. A CYCB1;1,,:GUS transgene was transferred into
our mutant in order to monitor cell division.

Mutations in previously described genes also cause leaf asymmetry and
impaired flower and silique development: ASYMMETRIC LEAVES2, BARELY
ANY MERISTEM, JAGGED LATERAL ORGANS, STRUBBELIG, TORNADO
and BLADE-ON-PETIOLE genes. A genetic analysis of their potential
functional relationships with the gene under study is underway.

We confirmed that At2g32280 is the gene responsible for the phenotype
of SALK_047972 by analyzing several independent alleles (Fig. 4) and
complementation analyses. We are studying its expression pattern and the
subcellular localization of its protein product. We are also studying its closest
paralogs and their genetic interactions.

Col-0  SALK_047972

Figure 1.- Leaf phenotype of SALK_047972. (A) Mutant rosette showing some asymmetric leaves. (B)
Comparison of Col-0 (left) and mutant (right) laminae, showing an outgrowth in the basal region. (C)
Comparison of Col-0 (left) and mutant (right) laminae, showing an invagination in the basal region. (D, E)
Cotyledons and leaves of (D) Col-0 and (E) SALK_047972, showing increased asymmetry in adult
leaves. (B, C) Pictures correspond to (B) 6™- and (C) 10"-node leaves. Pictures were taken 21 days after
stratification (das). Scale bars: 5 mm.

b
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Col-0

SALK_047972

Figure 3.- Histology of SALK_047972. (A, D) 8"-node (A, C) leaves and (B, D) primordia
from (A-B) Col-0 and a (C-D) mutant plant. The primordium in (D) is already asymmetric.
(E-G) Magnifications of the abaxial epidermis of the primordium shown in (D), showing
the epidermal cells from regions marked as (E) ‘1’, (F) ‘2’, and (G) ‘3". In regions 2 and 3,
where asymmetry occurs, cells display a square-like shape and still do not form a jigsaw
puzzle pattern, indicating that they are not differentiated, and that expansion has not
started yet?3. In region 1 both processes have only just started. Pictures were taken (A,
C) 21 and (B, D, E-F) 14 das. Scale bars: (A, C) 2 mm, (B, D) 100 and (E-G) 10 pm.
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Figure 2.- Flower and silique phenotypes of SALK_047972. (A) Flower showing a bent ovary and an
staminoid structure with stigma hairs. Some petals and sepals have been removed. (B) Aberrant organ
comprising an anther filament-like structure with ectopic stigma hairs and ovule-like structures attached to
the tip. (C) Unfused gynoecium with ovules exposed. (D-F) Siliques exhibiting different degrees of
bending, twisting and helical rotation. Scale bars: (A-C) 0.5 and (D-F) 1 mm.

:_ﬁr—?}

100 bp
SALK_023737 SAIL_237_C09 SALK_047972 —

Figure 4.- Structure of At2g32280 and position of the T-DNA insertions studied. Exons are depicted as
boxes, and their translared regions shaded black. Introns are represented as lines.
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Las hojas de las plantas producen el oxigeno que respiramos y constituyen la fuente
directa o indirecta de casi todos los alimentos que consumimos. El interés del estudio y la
eventual manipulacién del desarrollo de las hojas radica en que son el érgano fotosintético
bésico, en torno al cual gravita la vida en nuestro planeta. Mediante abordajes genéticos
clasicos se han obtenido centenares de mutantes que manifiestan perturbaciones en el
desarrollo foliar, pero no se ha alcanzado la saturacion del genoma de Arabidopsis. El
grupo del Prof. J.R. Ecker, en el Salk Institute, estd generando una coleccion indexada de
lineas homocigoticas para inserciones de ADN-T en casi todos los genes de Arabidopsis.
Con el objetivo de identificar nuevos genes implicados en la regulacion de la forma o el
tamafio de la hoja, estamos sometiendo a escrutinio 20.718 de estas lineas, que
corresponden a 14.585 genes. Hemos analizado la morfologia foliar de 16.400 lineas,
identificando 518 que muestran un fenotipo mutante con penetrancia completa y
expresividad relativamente constante. Hemos genotipado 300 de ellas, comprobando en el
74% de los casos que la insercidn de ADN-T esta presente en homocigosis en el locus
anotado. Esta coleccion resultara especialmente Gtil para el estudio del crecimiento de las
plantas: No existen alelos previamente descritos de los genes mutados en el 56% de estas
lineas; entre los restantes, solo un 15% han sido relacionados con el desarrollo foliar. Con
el objetivo de compartir la informacion obtenida, que incluye imagenes y descripciones
ontoldgicas de los fenotipos encontrados, hemos implementado una base de datos y una

aplicacion web para su consulta.

XXXIX Congreso de la Sociedad Espafiola de Genética
Girona, 2013
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Genética inversa del desarrollo foliar

Wilson-Sanchez, D., Jover-Gil, S., Pérez-Pérez, J.M.,
Ponce, M.R., y Micol, J.L.
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Las hojas de las plantas producen el oxigeno que respiramos y
constituyen la fuente directa o indirecta de casi todos los alimentos que
consumimos. El interés del estudio y la eventual manipulacién del desarrollo
de las hojas radica en que son el érgano fotosintético basico, en torno al
cual gravita la vida en nuestro planeta. Mediante abordajes genéticos
clasicos se han obtenido centenares de mutantes que manifiestan
perturbaciones en el desarrollo foliar, pero no se ha alcanzado la saturacién
del genoma de Arabidopsis?.

El grupo del Prof. J.R. Ecker, en el Salk Institute, esta generando una
coleccion indexada de lineas homocigéticas para inserciones de ADN-T en
casi todos los genes de Arabidopsis?3. Con el objetivo de identificar nuevos
genes implicados en la regulacién de la forma o el tamafio de la hoja,
estamos sometiendo a escrutinio 20.718 de estas lineas, que corresponden
a 14.585 genes. Hemos analizado la morfologia foliar de 16.400 lineas,
identificando 518 que muestran un fenotipo mutante con penetrancia
completa y expresividad relativamente constante (Fig. 1 y 2, y Tabla 1).
Hemos genotipado 300 de ellas, comprobando en el 74% de los casos que
la insercién de ADN-T esta presente en homocigosis en el locus anotado
(Fig. 3 y Tabla 2). Esta coleccion resultara especialmente Util para el estudio
del crecimiento de las plantas: No existen alelos previamente descritos* de
los genes mutados en el 56% de estas lineas; entre los restantes, solo un
15% han sido relacionados con el desarrollo foliar.

Con el objetivo de compartir la informacién obtenida, que incluye
imagenes y descripciones ontolégicas de los fenotipos encontrados, hemos
implementado una base de datos publica y una aplicaciéon web para su
consulta (Fig. 4). Las semillas de las lineas con fenotipo mutante seran
depositadas en los centros de distribucion.

T, Ts
Voo —
i %
; % }g. e
Figura 1.- Identfficacion de mutantes. r

Crecimiento heterogéneo observado en A
numerosas lineas T, en nuestras

condiciones de cultivo. Solo algunas de las

lineas T5 manifestaron un fenotipo mutante

genuino. Las fotografias se tomaron 18

dias después de la estratificacion (dde).

Tabla 1.- Progreso de nuestro escrutinio de mutantes foliares

jimicol@umh.es

Lineas T, Mutantes genuinos
estudiadas con hojas confirmados en la
anormales generacion Ts
Completadas 16.400 2.567 518
En estudio 2.500 450 79*
Total 18.900 3.017 597*
*Valores esperados
Tabla 2.- Genotipado de familias T5 mutantes
Genotipo respecto a Numero .
A A f Porcentaje

la insercién anotada de lineas
Homocigéticas 252 74,1
Segregantes 12 35
Silvestres 76 22,4
Total 340 100,0

AGRADECIMIENTOS

Esta investigacion ha sido financiada por la Generalitat Valenciana (PROMETEO/
2009/112) y la Comisién Europea [LSHG-CT-2006-037704 (AGRON-OMICS)]. D.W.-S.
es contratado del programa VALi+d de la Generalitat Valenciana.

REFERENCIAS

1.- Bernd, G., Robles, P., y Micol, J.L. (1999). Genetics 152, 729-742.
2.- Alonso, J.M., et al. (2003). Science 301, 653-657.

3.- O'Malley, R.C., y Ecker, J.R. (2010). Plant J. 61, 928-940.

4.- Lloyd, J. y Meinke, D. (2012). Plant Physiol. 158, 1115-1129

WwWw.agron-omics.eu genetica.umh.es

Figura 2.- Rosetas de (A) el tipo silvestre Col-0 y (B-T) 23 de los mutantes foliares identificados en nuestro
escrutinio. Las fotografias se tomaron 21 dde. Barras de escala: 1 mm.
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Figura 3.- Genotipado de lineas Ty con fenotipo mutante. Se recolectaron hojas de 7 plantas Ty que
mostraban inequivocamente el fenotipo mutante. (A) El genotipado de las inserciones de ADN-T en los
genes anotados se realizd sigui ) las recc i del laboratorio de J.R. Ecker (hitp:/signal.
salk.edu/isects.html). (B) Productos de la amplificacion del ADN de una planta (1) silvestre, (2) homocigdtica
y (3) heterocigética para la insercion a estudio. Las calles G e | corresponden a los productos de
amplificacién obtenidos empleando las parejas de cebadores F+R y F+LB, respectivamente.
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Figura 4.- (A) Estructura de la base de datos relacional que hemos implementado. Contiene informacion
fenotipica de todas las lineas anali en nuestro inio, fotografias de placa con grupos de plantas
de las i T,y Ts de rosetas individuales, y los resultados del genotipado de las que
mostraron fenotipo foliar. La comparacién entre las coordenadas de las inserciones de ADN-T y las de la
anotacién del genoma de Arabidopsis permite detectar los genes interrumpidos en cada caso. En nuestra
base de datos pueden emplearse como criterios de bisqueda rasgos fenotipicos y cédigos AGI de genes de
Arabidopsis. (B) Volcado de pantalla de la aplicacién web de consulta, en el que se muestra informacién
sobre el fenotipo de una linea insercional y el gen que presuntamente lo causa. La aplicacion estara
disponible en http://agron-omics.umh.es.
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Leaf phenomics: a systematic reverse genetic screen for Arabidopsis leaf mutants
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The study and eventual manipulation of plant leaf development requires a thorough
understanding of the genetic regulation of leaf organogenesis. Forward genetic screens
have identified hundreds of Arabidopsis mutants with altered leaf development, but the
genome has not yet been saturated. To identify novel genes required for leaf development,
we are screening the Arabidopsis Salk Unimutant collection. So far, we have identified 608
lines that exhibit a leaf phenotype with full penetrance and almost constant expressivity,
and 98 additional lines with segregating mutant phenotypes. To allow indexing and
integration with other mutants, the mutant phenotypes were described using a custom leaf
phenotype ontology. We found that the indexed mutation is present in the annotated locus
for 78% of the 553 mutants genotyped, and that in half of these the annotated T-DNA is
responsible for the phenotype. To quickly map non-annotated T-DNA insertions, we
developed a cost-effective and easy method based on whole-genome sequencing, and
proved its reliability. To enable comprehensive access to our data, we implemented a public
web application named PhenolLeaf (http://genetics.umh.es/phenoleaf) that allows
researchers to query the results of our screen, including text and visual phenotype
information. We demonstrated how this new resource can facilitate gene function discovery
by identifying and characterizing Atlg77600, which we found to be required for proximal-
distal cell cycle-driven leaf growth, and At3g62870, which encodes a ribosomal protein
needed for cell proliferation and chloroplast function. This collection provides a valuable tool
for the study of leaf development, characterization of biomass feedstocks, and examination

of other traits in this fundamental photosynthetic organ.

XIT Reunion de Biologia Molecular de Plantas
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Reverse genetics of leaf development
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The study and eventual manipulation of plant leaf development requires a
thorough understanding of the genetic regulation of leaf organogenesis. Forward
genetic screens have identified hundreds of Arabidopsis mutants with altered leaf
development, but the genome has not yet been saturated!. To identify novel genes
required for leaf development, we are screening the Arabidopsis Salk Unimutant
collection?3.

So far, we have identified 608 lines that exhibit a leaf phenotype with full
penetrance and almost constant expressivity, and 98 additional lines with
segregating mutant phenotypes (Figure 1 and Table 1). To allow indexing and
integration with other mutant collections, the mutant phenotypes were described
using a custom leaf phenotype ontology. We found that the indexed mutation is
present in the annotated locus for 78% of the 553 mutants genotyped, and that in
half of these the annotated T-DNA is responsible for the phenotype (Figures 2 and
3). To quickly map non-annotated T-DNA insertions, we developed a cost-effective Fi_gure 1.- Rosettes of (A) the wild typ_e Qol—o and (B-X) 23 of the leaf mutants identified in our screening.
and easy method based on whole-genome sequencing, and proved its reliability*. IFETES e (L 2 e L ST (), s [T 4

To enable comprehensive access to our data, we implemented a public web
application named PhenolLeaf (http:/genetics.umh.es/phenoleaf) that allows
researchers to query the results of our screen, including text and visual phenotype

. . Y . o 5

information (Figure 4). We demonstrated how this new resource can facilitate gene — %
function discovery by identifying and characterizing At1g77600, which we found to / -

be required for proximal-distal cell cycle-driven leaf growth, and At3g62870, which SALK_060836C (At5g01350)

A B
1

encodes a ribosomal protein needed for cell proliferation and chloroplast function.
This collection provides a valuable tool for the study of leaf development,
characterization of biomass feedstocks, and examination of other traits in this
fundamental photosynthetic organ®.

SALK_048891C (At5g01730) ——— ‘ y

&
&

SALK_026036C (At5g03540) ——

SALK_051857C (At5g02270)
Table 1.- Status of our screen

- : SALK_088750C (At5g02510)
T, lines Ts genuine

studied exhibiting mutants
anormal leaves confirmed

19,500 3,890 706

WT SALK_011035C (At5g04140)

18.4% Figure 2.- Genotyping of genuine leaf mutants. More than three
quarters of all lines genotyped are homozygous for the

Figure 3.- We performed a phenotype-driven screen on a gene-indexed mutant collection. (A) Position of the

[ ; ’ N .
HZ 322 fannotated '"s.e'?'°"* 3.1% harboyr a S_egregatlng insertion, and 431 homozygous T-DNA insertions confirmed in our laboratory so far, laid out using the TAIR map
HM in the remaining 18.4% the insertion is absent from the visualization tool (http://www.arabidopsis.org/servlets/ViewChromosomes). Numbers on the top of each bar
78.5% annotated locus. identify the 5 Arabidopsis chromosomes. (B) Enlargement of a randomly chosen interval showing 6 loci
disrupted by T-DNA insertions, with their corresponding Salk codes and rosette phenotypes observed. Scale
bars: 2 mm.
A GENE QUERY B
results Arabidopsis 9 2 3 4
/ ;:Hﬁ;"uri ° zG\mes Only if*Gene keywords™ seledted SALK_023198C
Salk collection |,/ | (gene features) Seicices Gene name Display [g [ records | | screenresur
Ontological Gene keywords B o dosciphon perpage ;‘::::::L Locus ::rmsm !
description of coordinates Resut
mutant Genes GO mol. func. U genotype test resut
phenotypes ;‘r’"r"fj‘l‘;;‘:r“ - gg ““j“:m':f [Submit | [ Clear form | vt
ﬂ -
results %
PHENOTYPE QUERY C/| Figure 4.- PhenoLeaf mutant browsing tool. (A) Simplified database schema. It .
® Browse all mutant phenotypes X c_omains phenotypic informalion of all T{, and Ty Iings screen_ed, plate and rosette
Searcn by sntology terms : ROSETTE pictures, and the genotyping results obtained for the ||n95 conflrmgd as leaf mutants. | owmosroescarmon
: COMPACTNESS It also includes the position of the annotated insertions, provided by The Salk |emm BLUEE)
Only with confirmed annotated T-DNA - [7] Compact Institute Genomic Analysis Laboratory, and the Arabidopsis genome structural and | “=*
Limit resuls 1o 2 physical interval Loose functiqnal annotation, available from TAIR. (B, C) Query page of the database. The
- o : user is prompted to choose between a gene or a phenotype query. If the former | ...
chromosame | sel. [=] © LAMINA option is selected (B), three different input types can be chosen: AGI codes, Salk s
From pasition (Mb) © COLORPATTERN| codes, and gene keywords. Other options are also available to refine the results. If )
o position b Variegated the latter type of query is selected (C), there are several ways to customize it:
Spotted confirmed mutants can either be browsed or searched by their phenotypes using e
Sort records by [Salk code [<] Blotch ontology terms (right hand side of figure C); query can be filtered for mutants with | """ B
— e MNetted confirmed annotated T-DNA only; finally, it is possible to retrieve only mutants within Retathe wiah
(sSubmits] (uBesst e a physical genomic interval. (D) Example of the results for a given line. Robtitns
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Plant leaves are a suitable model for developmental genetics due to its simplicity.
Bilateral symmetry is an interesting but largely unknown leaf developmental trait. To identify
novel genes required for the acquisition of leaf bilateral symmetry, we screened 15,000 Salk
T-DNA mutants and found one that shows asymmetric leaves, which we named desigual
(deal). Bilateral asymmetry appears only in deal adult leaves and arises from a combination
of outgrowths and growth defects, pointing to a role of the mutated gene in the coordination
of lamina expansion.

To assess the contribution of cell division and cell expansion to the observed
asymmetry, we analyzed young leaf primordia in which the cells had not yet started to
expand. Bilateral asymmetry was visible in these primordia, confirming that cell division
regulation is altered at very early stages of deal leaf development. We tracked cell division
using the CYCB1;1pro:GUS marker, showing that proliferation is unbalanced between both
lamina halves. Cell morphometry across medial-lateral sections encompassing lamina
lobes and sinuses revealed that cell expansion is not affected in the mutant. deal secondary
vein terminations are also asymmetric, suggesting that auxin maxima formation is
mislocalized. Furthermore, secondary vein connections to the midvein is altered,
resembling weak pin-formed 1 mutants. Thus, we started a set of experiments to ascertain
whether there is a link between DEAL and auxin-driven patterning during leaf
morphogenesis.

We identified DEAL as a gene of unknown function exclusive of multicellular plants,
which has four predicted transmembrane spanning domains. GUS reporter analysis showed

expression in the shoot apical meristem, leaf primordia and during early leaf development.
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Plant leaves are a suitable model for developmental genetics due to its
simplicity. Bilateral symmetry is an interesting but largely unknown leaf
developmental trait. To identify novel genes required for the acquisition of leaf
bilateral symmetry, we screened 15,000 Salk T-DNA mutants’-? and found one
that shows asymmetric leaves, which we named desigual (deal). Bilateral
asymmetry appears in deal adult leaves (Fig. 1A-C) and arises from a
combination of outgrowths and growth defects (Fig. 1D,E), pointing to a role of
the mutated gene in the coordination of lamina growth.

To assess the contribution of cell division and cell expansion to the
observed asymmetry, we analyzed young leaf primordia in which cells had not
yet started to expand. Bilateral asymmetry was visible in these primordia (Fig.
2A-G), confirming that cell division regulation is altered at very early stages of
deal leaf development. We tracked cell proliferation using the
CYCBL;1pro:GUS marker?, showing that proliferation is unbalanced between
both lamina halves (Fig. 2H-K). Cell morphometry across medial-lateral
sections encompassing lamina lobes and sinuses revealed that cell expansion
is not affected in the mutant (Fig. 3). deal secondary vein terminations and
loops are also asymmetric, suggesting that auxin maxima formation is
mislocalized. Furthermore, secondary vein connections to the midvein is
altered, resembling weak pin-formed 1 mutants. Thus, we started a set of
experiments to ascertain whether there is a link between DEAL and auxin-
driven patterning during leaf morphogenesis.

We identified DEAL as a gene of unknown function exclusive of
multicellular plants, and predicted to be localized in the plasma membrane
(Fig. 4AB). GUS reporter analysis showed expression in the shoot apical
meristem, leaf primordia and during early leaf development (Fig. 4C-F).

Col-0  deal

A Ans
: g P
,_,-,-, sifo-1]=1 =
1 2 3 45 6 7 8 9 1011 12
Leaf node

Symmetry index (SI)

K % - . n Figure 1.- Leaf macroscopic phenotype of deal mutants. (A, B) Dissected rosettes of Col-0 and deal,
A 6 ¥ 4 showing asymmetry in deal adult leaves. (C) Symmetry measurement by a quantitative method that we
named Symmetry Index (SI). (D, E) Comparison of Col-0 and deal representative laminae, showing (D)
an outgrowth and (E) an invagination in the basal region. Pictures correspond to (D) 6th- and (E) 10th-
node leaves. Pictures were taken 21 days after stratification (das). Symmetry Index measurements were
performed on fully expanded leaves. Scale bars: 5 mm.
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Figure 3.- Cell morphometry across a medial-lateral section of a deal leaf. (A) Portion of a

fully-expanded 9th-node leaf showing more tissue growth to the left side of the midvein

(8,164 versus 3,782 pm). Scale bar: 500 pm. (B) Cell area plotted against the distance from

the midvein along the axis shown in (A) (dashed line). Note that cell proliferation accounts for

the higher tissue growth at the left side of the midvein, and cell expansién does not. The red
wt points the midvein position.

Figure 2.- Cell division-mediated lamina development in the deal mutant. (A-D) 8"-node (A, C) leaves and
(B, D) primordia from (A-B) Col-0 and (C-D) deal plants. Note that the primordium in (D) is already
asymmetric. (E-G) Magnifications of the abaxial protodermis of the primordium shown in (D), showing the
protodermal cells from regions marked as (E) ‘1', (F) ‘2’, and (G) ‘3. In regions 2 and 3, where asymmetry
occurs, cells display a square-like shape and still do not form a jigsaw puzzle pattern, indicating that they
are not differentiated, and that expansion has not started yet®. In region 1 both processes have only just
started. (H-K) CYCB1;1,,,:GUS staining in deal leaves. Cell division arrest is not symmetric with respect to
the midvein and the margin presents spots of abnormally high cyclin expression (asterisks). Scale bars: (A,
C) 2 mm, (B, D) 100 um, (E-G) 10 pm, (H-J) 100 um, and (K) 200 pum.
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The DESIGUAL (DEAL) genes contribute to leaf bilateral symmetry

Wilson-Sanchez, D., Martinez-Lépez, S., Jover-Gil, S., and Micol, J.L.

Instituto de Bioingenieria, Universidad Miguel Hernandez, Campus de Elche, 03202 Elche,

Alicante, Spain.

The body architectures of most multicellular organisms consistently display both
symmetry and asymmetry, which raise fundamental biological questions on their underlying
molecular mechanisms. Answers to these questions are lacking for plant leaves. We
performed a large-scale search for leaf mutants among 21,000 Arabidopsis lines from the
Salk homozygous T-DNA collection, and found only one exhibiting leaf bilateral symmetry
breaking in a strict sense, with incomplete penetrance. We dubbed desiguall-1 (deall-1)
this mutant, which also shows defects in flower and silique organogenesis. Bilateral
symmetry is altered in all these organs of deall-1 in a random fashion, as a consequence
of the presence of both outgrowths and invaginations, phenotypes that are more severe in
adult rosette leaves. Asymmetry is apparent in deall-1 leaf primordia, where cell expansion
has not yet started, suggesting impaired cell proliferation. There are three DEAL redundant
paralogs in the Arabidopsis genome: the deall deal2 deal3 triple mutant exhibits leaf
bilateral symmetry breaking with complete penetrance. We are examining the action of the
redundant DEAL genes and in particular their interactions with auxin-related genes,
including CUC2.

26™ International Conference on Arabidopsis Research
Paris, 2015
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The DESIGUAL (DEAL) genes contribute
to leaf bilateral symmetry

David Wilson-Sanchez, Sebastian Martinez-Lopez, Sara Jover-Gil and José Luis Micol

Instituto de Bioingenieria, Universidad Miguel Hernandez, Campus de Elche, 03202 Elche, Alicante, Spain
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Symmetry is an important but poorly understood property of many biological
systems!. In Arabidopsis, the leaf margin presents interspersed lobes and
indentations; the positional information for such marginal configuration is provided
by two feedback loops involving auxin, the PIN-FORMED1 (PIN1) auxin efflux
carrier, and the CUP-SHAPED COTYLEDON2 (CUC2) transcriptional activator?.
This system is deployed in both sides of the lamina, resulting in symmetric leaves.

We performed a large-scale screen for leaf mutants® among 15,000
Arabidopsis lines from the Salk homozygous T-DNA collection. More than 700
genuine leaf mutants were isolated, only one of which exhibited leaf bilateral
symmetry breaking in a strict sense (Fig. 1A, B), with incomplete penetrance (Fig.
1C). We dubbed desiguall-1 (deall-1) this mutant, which also shows defects in
flower and silique organogenesis.

Asymmetry is apparent in deall leaf primordia before the onset of leaf
expansion (Fig. 1D), suggesting impaired cell proliferation. We confirmed that cell
proliferation is deregulated in deall leaves using the cell division marker
CYCB1,;1:GUS: mutant leaves showed asymmetric cell division arrest and marginal
spots of abnormally high expression (Fig. 1E). Two-dimensional monitoring of cell
size and number (Fig. 1F) reconfirmed that lamina invaginations and outgrowths
are due to altered proliferation and ruled out a role for cell expansion.

Treatment with NPA made asymmetry fully penetrant in the deall mutants,
suggesting a role for DEAL1 in auxin function in leaves (Fig. 2A, B). PIN1:GFP was
properly polarized in deall leaf marginal cells, and DR5:GFP maxima were formed;
both occurred at wrong margin positions (Fig. 2C, D), suggesting a role for the
mutated gene in conferring positional information to cells. The wild-type CUC2:RFP
leaf expression pattern was randomly lost in deall primordium margins (Fig. 2E).
CUC2 loss of function suppresses asymmetry in deall leaves (Fig. 3A-C),
suggesting that CUC2 and DEAL1 are functionally related. pinl deall double
mutant leaves exhibit an array of morphological aberrations including split petioles
(Fig. 3D).

DEALL is expressed in leaf primordia (Fig. 4A). The DEAL1:CFP fusion
protein localizes to the membrane of a sub-compartment of the endoplasmic
reticulum (Fig. 4B). DEALL1 belongs to a gene family: the deall deal2 deal3 triple
mutants show increased asymmetry penetrance (Fig. 4C, D), revealing functional
redundancy. Our results uncover a new player on the leaf bilateral symmetry scene.
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Figure 3.- Genetic interactions of DEAL1 with CUC2 and PIN1. (A-C) Leaf asymmetry in the
deall-2 and cuc2-3 single mutants and the deall-2 cuc2-3 double mutant: (A) penetrance
and (B) severity, and (C) representative leaf silhouettes. (D) Leaf phenotypes of the deall-3
and pinl-1 single mutants and the deall-3 pinl-1 double mutant. Scale bars: 2 mm. All
\pictures and measurements were taken from fully expanded 10th-node leaves (40 das). )
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Figure 4.- Expression in leaf primordia, subcellular localization and redundancy of DEAL
family members. (A) DEAL1,,:GUS histochemical staining in leaf primordia. (B) Co-
localization of DEAL1:CFP and the AtWAK2:YFP:HDEL* endoplasmic reticulum (ER) marker.
(C, D) Leaf asymmetry in deal multiple mutant combinations: (C) penetrance and (D)
severity. Scale bars: (A) 100 pm, and (B) 2 um. Pictures and measurements were taken from
kloth-node leaves (A) at 12 to 15 das, and (C, D) after full expansion (40 das). j
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Figure 1.- Leaf phenotype in the deall mutants. (A) Representative wild-type Col-0 and asymmetric deall-
2 expanding leaves. (B, C) Leaf asymmetry phenotype in the deall mutants: (B) expressivity (severity),
calculated as the degree of leaf bilateral symmetry, and (C) penetrance. (D) Representative wild-type Col-0
and asymmetric deall-2 leaf primordia. (E) CYCBL1;1,,:GUS expression in Col-0 and deall-2 leaves. (F)
Cell size heatmap in wild-type Col-0 and asymmetric deall-2 leaves. Each heatmap unit represents 0.0625
um2. Scale bars: (A) 5 mm, and (D, E) 100 um. Pictures and measurements were taken from 10th-node
\Ieaves at (A) 21, (D) 12 and (E) 14 days after stratification (das), and (F) after full expansion (40 das). J
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Figure 2.- Interplay between CUC2 and auxin transport in deall leaves. (A, B) Effects of the auxin polar
transport inhibitor 1-N-Naphthylphthalamic acid (NPA) on the (A) penetrance and (B) severity of the leaf
asymmetry phenotype of the deall-3 mutant. (C-E) Expression pattern in Col-0 and deall-3 leaf primordia
of (C) PIN1:GFP, (D) DR5:GFP, and (E) DR5:VENUS (yellow) and CUC2:RFP (red). Magnification insets in
C show PIN1:GFP polarization in the membranes of leaf margin cells. Scale bars: 100 um. Pictures and
measurements were taken from 10th-node leaves (A, B) after full expansion (40 das), and (C-E) at 12 to 14
das.
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Arabidopsis DESIGUAL (DEAL) genes are required for leaf bilateral symmetry

Wilson-Sanchez, D., Martinez-Lépez, S., Gual-Barroso, F., Jover-Gil, S., and Micol, J.L.

Instituto de Bioingenieria, Universidad Miguel Herndndez, 03202 Elche, Alicante, Spain.

Symmetry is an important but poorly understood property of many biological
systems. We performed a large-scale search for leaf mutants among 15,000 Arabidopsis
lines from the Salk homozygous T-DNA collection, and found only one exhibiting leaf
bilateral symmetry breaking with incomplete penetrance. We dubbed desiguall-1 (deall-1)
this mutant, which also shows defects in flower and silique organogenesis. Bilateral
symmetry is altered in all these organs of deall-1 in a random fashion, as a consequence
of the presence of both outgrowths and invaginations, phenotypes that are more severe in
adult rosette leaves. Asymmetry is apparent in leaf primordia, where cell expansion has not
yet started, suggesting impaired cell proliferation. There are three DEAL redundant paralogs
in the Arabidopsis genome: the deall deal2 deal3 triple mutants exhibit leaf bilateral
symmetry breaking with complete penetrance. We are examining the action of the DEAL

genes and in particular their interactions with auxin-related genes.

XIV Congreso Hispano-Luso de Fisiologia Vegetal / XXI Reunién de la Sociedad
Espafiola de Fisiologia Vegetal
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symmetry breaking in a strict sense (Fig. 1A, B), with incomplete penetrance (Fig.
1C). We dubbed desiguall-1 (deall-1) this mutant, which also shows defects in
flower and silique organogenesis.

Asymmetry is apparent in deall leaf primordia before the onset of leaf
expansion (Fig. 1D), suggesting impaired cell proliferation. We confirmed that cell
proliferation is deregulated in deall leaves using the cell division marker
CYCB1;1:GUS: mutant leaves showed asymmetric cell division arrest and marginal
spots of abnormally high expression (Fig. 1E). Two-dimensional monitoring of cell
size and number (Fig. 1F) reconfirmed that lamina invaginations and outgrowths
are due to altered proliferation and ruled out a role for cell expansion.

Treatment with NPA made asymmetry fully penetrant in the deall mutants,
suggesting a role for DEAL1 in auxin function in leaves (Fig. 2A, B). PIN1:GFP was
properly polarized in deall leaf marginal cells, and DR5:GFP maxima were formed;
both occurred at wrong margin positions (Fig. 2C, D), suggesting a role for the
mutated gene in conferring positional information to cells. The wild-type CUC2:RFP
leaf expression pattern was randomly lost in deall primordium margins (Fig. 2E).
CUC2 loss of function suppresses asymmetry in deall leaves (Fig. 3A-C),
suggesting that CUC2 and DEAL1 are functionally related. pinl deall double
mutant leaves exhibit an array of morphological aberrations including split petioles
(Fig. 3D).

DEAL1 is expressed in leaf primordia (Fig. 4A). The DEAL1:CFP fusion
protein localizes to the membrane of a sub-compartment of the endoplasmic
reticulum (Fig. 4B). DEAL1 belongs to a gene family: the deall deal2 deal3 triple
mutants show increased asymmetry penetrance (Fig. 4C, D), revealing functional
redundancy. Our results uncover a new player on the leaf bilateral symmetry scene.
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Figure 3.- Genetic interactions of DEAL1 with CUC2 and PIN1. (A-C) Leaf asymmetry in the
deall-2 and cuc2-3 single mutants and the deall-2 cuc2-3 double mutant: (A) penetrance
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Figure 4.- Expression in leaf primordia, subcellular localization and redundancy of DEAL
family members. (A) DEALL,;GUS histochemical staining in leaf primordia. (B) Co-
localization of DEAL1:CFP and the AtWAK2:YFP:HDEL* endoplasmic reticulum (ER) marker.
(C, D) Leaf asymmetry in deal multiple mutant combinations: (C) penetrance and (D)
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Figure 1.- Leaf phenotype in the deall mutants. (A) Representative wild-type Col-0 and asymmetric deall-
2 expanding leaves. (B, C) Leaf asymmetry phenotype in the deall mutants: (B) expressivity (severity),
calculated as the degree of leaf bilateral symmetry, and (C) penetrance. (D) Representative wild-type Col-0
and asymmetric deall-2 leaf primordia. (E) CYCB1;1,,:GUS expression in Col-0 and deall-2 leaves. (F)
Cell size heatmap in wild-type Col-0 and asymmetric deall-2 leaves. Each heatmap unit represents 0.0625
pm2. Scale bars: (A) 5 mm, and (D, E) 100 pm. Pictures and measurements were taken from 10th-node
Qaves at (A) 21, (D) 12 and (E) 14 days after stratification (das), and (F) after full expansion (40 das). )
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Figure 2.- Interplay between CUC2 and auxin transport in deall leaves. (A, B) Effects of the auxin polar
transport inhibitor 1-N-Naphthylphthalamic acid (NPA) on the (A) penetrance and (B) severity of the leaf
asymmetry phenotype of the deall-3 mutant. (C-E) Expression pattern in Col-0 and deal1-3 leaf primordia
of (C) PIN1:GFP, (D) DR5:GFP, and (E) DR5:VENUS (yellow) and CUC2:RFP (red). Magnification insets in
C show PIN1:GFP polarization in the membranes of leaf margin cells. Scale bars: 100 pm. Pictures and
measurements were taken from 10th-node leaves (A, B) after full expansion (40 das), and (C-E) at 12 to 14
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Mapping-by-sequencing in model systems and beyond
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Forward genetic screens in model systems have identified many genes and continue
to be powerful tools for the dissection of gene action and interactions. Moreover, next-
generation sequencing (NGS) has revitalized the classical, time-consuming genetic
approach to the identification of the mutations causing a phenotype of interest. Mapping-
by-sequencing combines NGS with classical mapping strategies and allows the rapid
identification of point mutations. As in conventional linkage analyses, mapping-by-
sequencing requires a phenotyped mapping population, but only a single round of crosses
is required to define a very narrow candidate region and the causal mutation itself. In
addition, the mapping populations are pooled for NGS; mapping-by-sequencing does not
require individual genotypes. The single-nucleotide polymorphisms caused by the
mutagenesis can be used as markers, enabling the use of a single backcross to obtain a
mapping population and making polymorphic strains dispensable. Mapping-by-sequencing
also does not require previous knowledge of the wild-type sequence, making this approach
useful for non-model species. Mapping-by-sequencing has been used successfully for the
rapid identification of chemically induced mutations in Arabidopsis and other plants, as well
as in other model species such as S. cerevisiae, D. melanogaster, and C. elegans. Several

simulations and case studies will be discussed.

Plant Genes and Omics: Technology Development
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DESIGUALZ1 is required for leaf bilateral symmetry in Arabidopsis

Wilson-Sanchez, D., Navarro-Cartagena, S., Muiioz-Diaz, E., Martinez-Lépez, S.,
Jover-Gil, S., and Micol, J.L.

Instituto de Bioingenieria, Universidad Miguel Herndndez, Campus de Elche, 03202 Elche,

Spain.

In bilateral organs such as plant leaves, acquisition of symmetry requires properly
regulated development at both sides of the midplane. However, how this occurs remains
unclear at the molecular level. To examine the regulation of symmetry in leaf development,
we screened 19,850 Arabidopsis thaliana lines from the Salk homozygous T-DNA
collection, and found 706 leaf mutants (Wilson-Sanchez et al., 2014). Only one of these
mutants exhibited defects in bilateral symmetry; we named this mutant desiguall-1 (deall-
1). The deall mutants also show defects in flower and silique organogenesis. In the leaves
of deall mutants, improper regulation of cell proliferation (simultaneous over- and under-
proliferation) along the organ margins alters bilateral symmetry during the primordium
stage. Auxin maxima are mislocalized at the margins of expanding deall leaves (Figure 1)
and this asymmetry can be enhanced by treatment with the polar auxin transport inhibitor
1-N-naphthylphthalamic acid or alleviated by treatment with the synthetic auxin 1-
naphthaleneacetic acid.

DEAL1 genetically interacts with PIN1 and CUC2, which encode the PIN-
FORMED1 auxin efflux carrier and the CUP-SHAPED COTYLEDON2 transcriptional
regulator, respectively. PIN1, CUC2, and auxin interact in self-organized feedback loops
that create mutually exclusive, interspersed auxin and CUC2 spatial domains along the leaf
margin (Bilsborough et al., 2011; Kasprzewska et al., 2015). We identified the DEAL1 gene,
which is expressed during early leaf development and encodes a protein that resides at the
membrane of a sub-compartment of the endoplasmic reticulum. A split-ubiquitin membrane-
based yeast two-hybrid screen for DEALL interactors identified, among other proteins,
several components of the Very-Long-Chain Fatty Acid (VLCFA) elongation complex;
VLCFA lipids are known to negatively regulate leaf cell proliferation through cytokinins. To
examine DEAL1 function further, we are using yeast one-hybrid screens and other
approaches to identify components of the auxin- and cytokinin-mediated leaf developmental

networks that provide positional information to leaf cells.
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Figure 1. The patterns of auxin maxima and CUC2 expression show defects in bilateral
symmetry in expanding deall leaves. Visualization of CUC2,,:CUC2: RFP (red) and
DR5p0:VENUS (yellow) markers in (A) Col-0 and (B) deall-3 developing leaves. Confocal
micrographs were taken from tenth-node leaves collected 14 days after stratification. Scale

bar: 50 pm.

This research was supported by grants from the Ministerio de Economia y
Competitividad of Spain (BFU2011-22825 and BIO2014-53063-P) and the Generalitat
Valenciana (PROMETEOII/2014/006) to José Luis Micol. David Wilson-Sanchez held a
predoctoral fellowship from the Generalitat Valenciana (ACIF/2012/137).

Bilsborough GD, Runions A, Barkoulas M, Jenkins HW, Hasson A, Galinha C, Laufs
P, Hay A, Prusinkiewicz P, Tsiantis M  (2011) Model for the regulation of Arabidopsis
thaliana leaf margin development. Proc Natl Acad Sci USA 108: 3424-3429.
Kasprzewska A, Carter R, Swarup R, Bennett M, Monk N, Hobbs JK, Fleming A (2015)
Auxin influx importers modulate serration along the leaf margin. Plant J 83: 705-718.
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Mapping-by-sequencing to identify mutations: simulations, case studies, and

outlooks

Wilson-Sanchez, D., Sarmiento-Mafus, R., Mufioz-Diaz, E., Ponce, M.R., and Micol, J.L.

Instituto de Bioingenieria, Universidad Miguel Herndndez, Campus de Elche, 03202 Elche,

Spain.

Forward genetic screens have identified many genes and continue to be powerful
tools for the dissection of gene action and interactions in Arabidopsis and other plant
species. Mareover, next-generation sequencing (NGS) has revitalized the time-consuming
genetic approaches to identify the mutation causing a phenotype of interest. Mapping-by-
sequencing combines NGS with classical mapping strategies and allows rapid identification
of point mutations (Schneeberger et al., 2009). As in conventional linkage analyses,
mapping-by-sequencing requires a phenotyped mapping population, but requires only a
single round of crosses to define a very narrow candidate region and the position of the
causal mutation itself. In addition, the mapping populations are pooled for NGS; mapping-
by-sequencing does not require individual genotypes. The single-nucleotide polymorphisms
(SNPs) caused by the chemical mutagenesis can be used as markers, enabling the use of
a single backcross to obtain a mapping population and thus making polymorphic strains
dispensable. Mapping-by-sequencing also does not require previous knowledge of the wild-
type sequence, making this approach useful for non-model species.

We performed several simulations to facilitate the design of mapping-by-
sequencing experiments for the identification of chemically induced point mutations.
Through these simulations, we evaluated first which short-read NGS technology is best
suited to Arabidopsis gene-rich genomic regions, and the minimum sequencing depth
required to confidently call variants. Next, we simulated mapping-by-sequencing
experiments for the identification of point mutations and determined how mapping
population size and sequencing depth affect mapping resolution. We also performed virtual
outcrosses and backcrosses in order to compare natural variations versus chemically
induced SNPs as mapping-by-sequencing tools. We also evaluated the viability of crossing
two chemically induced non-allelic mutants to obtain a mapping population to
simultaneously map two recessive mutations. In addition, we compared different ways of
identifying dominant mutations. Finally, using simulations, we tested a custom protocol to

map T-DNA or transposon insertions with paired-end lllumina-like reads; we assessed its
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reliability using low sequencing depths and pooling several mutants together. The results

of these simulations proved useful for the design of real experiments (Figure 1).
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Figure 1. Mapping-by-sequencing of the argonautel-25 (agol-25; Morel et al., 2002)
mutation, whose position was already known. (A) Allele frequency of ethyl
methanesulfonate-derived SNPs (black dots; the resulting mapping signal is shown as a
red line) across the Arabidopsis genome. The DNA sample subjected to NGS was obtained
from a pool of 100 phenotypically mutant F, plants derived from a single ago1-25 x Col-0
backcross. (B) NGS reads aligned at the AGO1 locus show a SNP at position 17,887,923
of chromosome 1 and the predicted amino acid change in the AGO1 protein. Whole-
genome sequencing was performed with a Life Technologies lon Proton and returned
single-end reads with an average length of 180 nt. A reference-guided assembly of the
clean reads and a SNP report were obtained with BWA-MEM (Li and Durbin, 2010) and
GATK Unified Genotyper (DePristo et al., 2014), respectively.
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