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INTRODUCCION GENERAL

I.1. — Concepto y Morfologia de la
Semilla

Las semillas representan el propdgulo
elegido por las plantas Espermatdfitas
(Gimnospermas y Angiospermas) tanto para
su dispersién como para la propagacién de su
estirpe (Lohe y Chaudhury, 2002). La
independencia  del agua durante la
fecundacién o el control de la germinacién a
través de la dormicién son importantes
estrategias adaptativas que han hecho de las
Espermatéfitas los seres mds evolucionados
del Reino Vegetal (Baskin y Baskin, 1998,
2004; Probert, 2000; Sacandé et al., 2004).
Desde una perspectiva socio-econémica, las
semillas son una sustancial fuente de recursos
alimentarios (Bewley, 1997b); esto se hace
patente en la produccién de cereales, arroces,
pastas, harinas y aceites entre otros productos
derivados de las mismas. Todas estas razones
hacen necesario e interesante el estudio
fisiolégico, bioquimico y molecular de la
semilla con el fin de optimizar y garantizar la
sostenibilidad de su explotacién.

Una vez ocurre la doble fertilizacién,
comienza el desarrollo de la semilla en
Angiospermas. La célula huevo (dotacién
haploide) y la célula central diploide del
gametéfito femenino son fecundadas por los
nucleos espermdticos procedentes del grano
de polen; originando el zigoto y el
endosperma, respectivamente. Posteriormente,
el zigoto es sometido a una serie de procesos
de diferenciacién que dardn lugar al embrién
maduro y al suspensor; estructura efimera que
sostiene al embridn, fisica y fisiolégicamente,
durante las fases tempranas del desarrollo del
mismo. El embrién consta principalmente de
dos regiones: el eje, a partir del cual se
formard el cuerpo vegetativo de la planta y
el(s) cotiledén(es) que a menudo funciona
como 6rgano de reserva en las Dicotiledéneas
(West y Harada, 1993; Goldberg ez al,
1994). La célula central fertilizada sufre una
serie de divisiones celulares carentes de
citocinesis, provocando la formacién de un
sincitio, que posteriormente se celularizard

(Olsen, 2004), originando al endosperma. El
endosperma puede ser una estructura
transitoria o permanente; todo depende de la
especie en cuestion. En las semillas no-
endospérmicas, como la soja (Glycine max) y
el cacahuete (Arachis hypogea), el endosperma
es absorbido completamente por el embrién
en desarrollo. En las semillas endospérmicas
existe gran variacion en el grado de presencia
del mismo. Asi por ejemplo, las semillas de
Arabidopsis thaliana presentan una Gnica capa
celular endospérmica, mientras que en las
semillas de cereales el endosperma constituye
la mayor parte del cuerpo de la semilla. Otras
especies también presentan perisperma, que
deriva de las células nucelares del évulo. En
algunas especies, este perisperma persiste a lo
largo del desarrollo de la semilla y es utilizado
como 6rgano de reserva (Bewley y Black,

1994).

La cubierta seminal o testa es otra
parte  importante de la semilla. Estd
constituida por diferentes capas celulares de
origen materno (Bewley y Black, 1994;
Boesewinkel y Bouman, 1995) las cuales
proporcionan una importante interfaz entre
el embrién y el ambiente externo durante
procesos  tan  importantes como la
embriogénesis, la dormicién y la germinacién
(Bewley y Black, 1994; Debeaujon vy
Koornneef, 2000; Finch-Savage y Leubner-
Metzger, 2006; Miiller ez al., 2006; Bethke ez
al., 2007). Ademds, la testa también funciona
como érgano protector (Mohamend-Yasseen
et al., 1994; Weber et al., 1996) y participa
en la dispersién (Huang ez 4/, 2000, 2008).

1.2. — El Desarrollo de la Semilla

Los procesos de desarrollo de la
semilla estdn divididos en dos fases: la
morfogénesis y la maduracién. Atendiendo al
momento de la abscisién del fruto, la
maduracién se divide fisioldgicamente en dos
ctapas: la maduracién temprana, que engloba
todos aquellos procesos que se desarrollan
antes de la abscisién, y la maduracién tardia
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que abarca aquellos que tienen lugar después
de la misma.

Durante la maduracién temprana se
produce la sintesis de reservas en la semilla,
por lo que parece légico que sean los genes
relacionados con la sintesis de proteinas de
reserva los que se expresen en este estadio

(Fig. 1).

La adquisicién de tolerancia a la
desecacién es una cualidad que se adquiere
durante la embriogénesis tardia (Fig. 1). Es
en esta fase donde se expresan genes de
proteinas  LEA  (Late = Embryogenesis
Abundant). Las proteinas LEA son proteinas
hidrofilicas que estdn estructuralmente
divididas en al menos seis grupos (Wise y
Tunnacliffe, 2004). Se las ha relacionado con
la adquisicién de la tolerancia a la desecacién,
aunque en realidad su funcién todavia es un
enigma.

Tanto el 4cido abscisico (ABA) como
las giberelinas (GAs) son hormonas necesarias
para el crecimiento del embrién a lo largo del
desarrollo del mismo. Asi, la sobreexpresién

/

Disminucién del
contenido de agua

de GA20x2 de guisante (la GA2-oxidasa es un
enzima implicada en la desactivacién de las
GAs bioactivas) en Arabidopsis aumenta la
proporcién de abortos en la semilla (Singh ez
al., 2002). Mutantes deficientes en ABA,
como aba2, muestran un importante
incremento en la proporcién de abortos en
semillas comparados con el fenotipo silvestre

(Cheng ez al., 2002).

La germinacién precoz de los
mutantes lec (leafy cotyledon) y fus (fusca) de
Arabidopsis se suprime con una mutacién
deficiente en GAs, indicando que la
biosintesis de GAs activas estd negativamente
regulada durante el desarrollo de la semilla,
evitando asi el viviparismo (Raz ez 4l., 2001).

Por el contrario, la acumulacién de
ABA a lo largo del desarrollo de la semilla
juega un papel importante en la induccién de
los procesos de maduracién y en la
imposicién de la dormicién. Hay que
subrayar la existencia de una acumulacién
bifisica de ABA a lo largo del desarrollo de la
semilla (Karssen ez al., 1983). El primer pico
de ABA aparece tanto en el zigoto como en

Acumulacion
de materia

seca N\

Genes control
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Figura 1: Esquema general de los principales eventos que ocurren durante el desarrollo embrionario de la colza.

(Adaptado de Bradford y Bewley, 2003).
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los tejidos maternos, mientras que el segundo
pico sélo se produce en el embrién. El ABA
de origen zigético es esencial para inducir y
mantener la dormicién de la semilla. Sin
embargo, el ABA de origen materno parece
estar implicado en la inhibicién del
viviparismo y en los procesos de maduracién
de la semilla (Koornneef et /., 1989; Raz et
al., 2001).

1.3. — La Dormicién de la Semilla

Durante la maduracién de la semilla,
el ciclo celular cesa, la dependencia molecular
a la planta madre desaparece, el contenido en
agua disminuye, se sintetizan los productos
de almacenamiento, se acumula ABA y
finalmente la dormicién primaria se establece
(Hilhorst y Toorop, 1997; Raz ez al., 2001;
Finkelstein ez al, 2002; Kermode, 2005;
Weber et al., 2005; Finch-Savage y Leubner-
Metzger, 2006; Holdsworth ez al., 2008a).

La dormicién, que estd definida
como un impedimento para germinar de la
semilla.  madura, seca y viable bajo
condiciones favorables, es considerada como
un rasgo adaptativo dirigido a optimizar la
germinacién en el momento mds adecuado
para que la semilla complete su ciclo vital
(Finch-Savage y Leubner-Metzger, 20006;
Bentsink et al, 2007). Por lo tanto, la
dormicién debe desaparecer para que la
germinacion tenga lugar (Finkelstein ez al.,
2008). Otros autores consideran a la
dormicién como una caracteristica de la
semilla, ya que la intensidad de la dormicién
define las condiciones que deberfan de existir
para permitir la germinacién (Vleeshouwers

et al., 1995).

Uno de los sistemas de clasificacién
mds reciente estd basado en el hecho de que la
dormicién estd determinada tanto por las
propiedades morfolégicas como fisiolégicas
de la semilla (Nikolaeva, 1977). Basdndose en
este esquema Baskin y Baskin (2004)

propusieron un sistema de clasificacién, el
cual incluye cinco clases de dormicién:

% Fisiol4gica (DF)

% Morfolégica (DM)

% Morfofisiolégica (DMF)
%+  Fisica (DFs)

< Combinada (DF+DFs)

i. Dormicién Fisiolégica (DF)

La DF es el tipo de dormicién mds
abundante en el banco de semillas del suelo y
entre las semillas de Gimnoespermas y en la
gran mayoria de las Angiospermas. Se puede
dividir en tres niveles: profunda, intermedia y
no-profunda (Baskin y Baskin, 2004).

DF Profunda (DFP): Se dice que
una semilla estd en DFP cuando una vez
separado el embrién es incapaz de germinar;
ni siquiera en presencia de GAs se rompe esta
dormicién. Solamente largos periodos de frio
(subtipo a) o de calor (subtipo b) son capaces
de provocar la germinacién. La DF
intermedia (DFI) necesita periodos mds
cortos de frio o calor para romper la
dormicién.

DF no-Profunda (DFnP) o
dormicién primaria: La gran mayoria de las
especies tienen dormicién no profunda
(Baskin y Baskin, 2004). Los embriones
escindidos de estas semillas desarrollan
pldntulas normalmente. El tratamiento con
GAs puede romper la dormicién, asi como la
escarificacién, el after-ripening (AR), y la
estratificacién (tanto a bajas como a altas
temperaturas).

ii. Dormicién Morfolégica (DM)

Este tipo de dormicién estd presente
en todas aquellas semillas cuyos embriones
estdn fisiolégicamente subdesarrollados; pero
completamente diferenciados en cotiledones e
hipocétilo-radicula. Estos embriones no son
fisiolégicamente  durmientes, sino  que
necesitan mds tiempo para desarrollarse y
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Figura 2: Ciclo de dormicién y estatus fisioldgico en el transcurso de la germinacién de semillas de Arabidopsis thaliana
ecotipo Cvi. Inicialmente las semillas estin en estado de dormicién primaria y necesitan de un periodo de AR para
adquirir sensibilidad a los factores ambientales. Una vez imbibidas entran en un estado de dormicién dependiente de la
luz (DDL); sin ella entran en dormicién secundaria. (Adapatado de Holdsworth ez 4/., 2008b)

germinar. Dentro de este tipo de dormicién

se encuentran semillas de Apium graveolens

(apio).
iii. Dormicién Morfofisiolégica (DMF)

Las semillas con DMF también
contienen embriones subdesarrollados, pero
ademds existe un componente fisiolégico
afadido a su dormicién (Baskin y Baskin,
2004). Estas semillas, por lo tanto, necesitan
un tratamiento para romper su dormicién,
como la estratificacién o la aplicacién de

GAs.

iv. Dormicién Fisica (DFs)

Este tipo de dormicién estd causada
por las envueltas impermeables de células en
empalizada de las semillas o de los frutos que
controlan los movimientos del agua. Tanto la
escarificacién  mecdnica como  quimica
pueden romper este tipo de dormicién
(Finch-Savage y Leubner-Metzger, 20006).

v. Dormicién Combinada (DF+DFs)

Ocurre en aquellas semillas  que
tienen cubiertas impermeables (DFs) y DF en
el embrién (Baskin y Baskin, 2004).

1.4. — El Estudio de la Dormicién

A pesar de la existencia de la
clasificacién anteriormente citada, y en aras
de una mayor simplificacién, los autores
prefieren utilizar una clasificacién basada en
la temporalidad en la que ocurre el proceso de
dormicién. La dormicién primaria designa
al tipo de dormicién que ocurre antes de la
dispersién de la semilla y que forma parte del
proceso de desarrollo de la misma (Hilhorst y
Toorop, 1997). Una semilla madura entra en
dormicién secundaria después de haber sido
imbibida en condiciones desfavorables para
poder germinar (Amen, 1968).

Dado que el tnico modo de estudiar
el fenémeno de la dormicién es observar
cuales son los mecanismos necesarios para
romperla, los medios a través de los cuales se
puede abordar su estudio son limitados.
Ademds, debido a que una semilla se
considera no dormida cuando puede
germinar, y el proceso de germinacién nada
tiene que ver con el de dormicién, ambos
procesos suelen solaparse y llevar al
investigador ~a  errores  interpretativos.
Consecuentemente, existe gran dificultad a la
hora de abordar cuales son aquellas
condiciones necesarias para romper la
dormicién y cuales las implicadas en
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Figura 3: Posible regulacién de la dormicién a través de ABA y su interaccién con GAs (cross-talk) y factores
ambientales (principalmente frio y after-ripening). Las abreviaturas ABA, ET y GAs significan sus niveles relativos
debido a la accién de sus enzimas anabdlicos y catabélicos. Las flechas y barras senalan efectos promotores o represores,
respectivamente. Los simbolos de interrogacién muestran la ausencia de datos para confirmar dicho efecto. (Adaptado
de Filkenstein ez al., 2008; Holdsworth ez al., 2008a; Iglesias-Fernandez y Matilla, 2009; Matakiadis ez 4/., 2009).

promover la germinacién. Los estudios
genéticos combinados con los ensayos de
germinacién en condiciones éptimas, son una
buena estrategia tecnolégica para abordar el
estudio de la dormicién, uno de los procesos
menos entendidos de la biologia (Finch-
Savage y Leubner-Metzger, 20006).

Tal y como se ha citado en el pérrafo
anterior, la dormicién es un proceso muy
poco conocido. Sin embargo, existen algunas
especies donde se ha realizado un estudio més
pormenorizado. Es el caso de A. thaliana (L.)
ecotipo Cvi (Cabo Verde Island). Sus semillas
presentan DFnP (Baskin y Baskin, 1998),
existe un gran abanico de factores
ambientales que pueden liberar de este tipo
de dormicién (Cadman et 4/, 2006; Finch-
Savage et al, 2007) rtales como el
almacenamiento en seco (AR), la baja
temperatura, la luz y el nitrato. Sin embargo,
para que la rotura de la dormicién tenga
lugar, estas senales deben seguir un orden
determinado. La semilla madura en
dormicién primaria es insensible a los factores

ambientales y requiere AR para desarrollar
dicha sensibilidad. La sensibilidad a la luz se
adquiere después de un largo proceso de AR,
lo mismo ocurre con el frio y el nitrato; entra
en estado durmiente dependiente de luz
(DDL), factor indispensable para romper la
dormicién. Si esta semilla DDL es imbibida y
privada de luz entrardé en dormicién
secundaria. La dormicién secundaria se puede
subsanar con frio o calor; pero si las semillas
no se exponen a la luz volverdn de nuevo a
entrar en dormicién secundaria (este proceso
es conocido como ciclo de la dormicién).
La naturaleza reversible de la dormicién
fisiolégica permite la existencia de ciclos de
dormicién en los bancos de semillas del suelo,
provocados por cambios estacionales de
temperaturas (Hilhorst ez al., 1996). El ciclo
de la dormicién es crucial para el
establecimiento 'y la  supervivencia de
numerosas comunidades vegetales (Fig. 2).



DORMICION, AFTER-RIPENING Y GERMINACION

I.5. — Factores Implicados en la
Dormicién

Existen varios reguladores de la
dormicién que han sido identificados. La
acumulacién de estos reguladores estd
correlacionada con el estatus de dormicién y
con la preparacién para la germinacién
(visién general en la Fig. 3).

e Acido Abscisico (ABA)

El estudio de la dormicién utilizando
mutantes ha evidenciado la necesidad de ABA
en el establecimiento de la dormicién durante
la maduracién del embrién (Finkelstein ez a/.,
2002; Nambara y Marion-Poll, 2003;
Kermode, 2005; Finch-Savage y Leubner-
Metzger, 2006; Feurtado y Kermode, 2007).
El ABA puede inhibir la germinacién y su
acumulacién  estd relacionada con el
establecimiento de la dormicién. Aquellos
mutantes deficientes en ABA presentan
dormicién reducida (Nambara y Marion-
Poll, 2003; Lin er al., 2007). El ABA de
origen materno o el  administrado
exégenamente no es suficiente para inducir la
dormicién (Finkelstein et 4/, 2002; Finch-
Savage y Leubner-Metzger, 2006). Este hecho
parece suponer la existencia de una ruta de
biosintesis de ABA dependiente del embrién
o del endosperma en el establecimiento de la
dormicién (Finkelstein, et al., 2008).

Los niveles de ABA disminuyen en
semillas secas durmientes debido a su
catabolismo mediante la ABA 8’-hidroxilasa
codificada por un gen del la familia del
citocromo P450 CYP707A (Okamoto et al.,
2006). Mediante estudios genéticos y de
expresién génica se han hallado genes de la
familia ~ AtNCED
epoxicarotenoide), tales como NCEDG y

(dioxigenasa  9-cis-

NCEDY, que son esenciales para la sintesis de
ABA, tanto en el embrién como en el
endosperma, durante la induccién de la
dormicién (Lefebvre e 4l., 2006). Asi mismo,
se han correlacionado los niveles de expresién
de algunos genes como NCEDG, NCED9 y

ZEP  (zeoxantina epoxidasa) con el
mantenimiento de la dormicién y liberacién
de la misma, via catabolismo de ABA
(CYP707A2) (Cadman et al., 2006; Millar ez
al., 2006).

o Especies Reactivas de Oxigeno (ERO)

La pérdida de agua es un proceso
altamente estresante para la semilla. No
sorprende que otros mecanismos implicados
en el proceso de deshidratacién y adquisicién
de la tolerancia a la desecacién sean los
mecanismos de defensa antioxidantes. Existe
una notable correlacién entre la generacién
de especies reactivas de oxigeno (ERO) y
semillas intolerantes a la desecacién. Gran
cantidad de semillas durante la maduracién
aumentan su actividad catalasa (Bailly, 2004;
Berjak, 2006), acumulan glutation vy
peroxiredoxinas (Stacy, 1996; Haslekés er al.,
1998).

e Componentes de la cubierta seminal

La variacién genética de las
estructuras y/o pigmentos de la cubierta
seminal (testa) o de las estructuras
envolventes de la semilla, tales como el
pericarpo en los granos, avocan a muchas
semillas a distintos estados de dormicién
como también a la variacién en la longevidad
de las mismas (Groos ez al., 2002; Sweeney et
al., 2006; Debeaujon et al., 2007). Los
pigmentos son generalmente componentes
fendlicos (ej. flavonoides). Las semillas de
Arabidopsis

proantocianidinas y flavonoles glicésidos. Las

presentan principalmente
proantocianidinas (PA) son polimeros que
establecen enlaces con los componentes de la
pared celular durante la maduracién de la
semilla; lo que provoca un engrosamiento de
las capas celulares que proporciona una
mayor resistencia mecdnica y reduce la
permeabilidad al agua, a los gases y a las
Ademds, la
antioxidante de los flavonoides les permite
inhibir la degradacién oxidativa del ABA,
impidiendo de esta forma el AR y la

hormonas. naturaleza
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germinacién. Sin  embargo, aunque las
semillas con mayor pigmentacién presentan
elevados grados de dormicién, otros
pardmetros, tales como los  niveles
hormonales y la sensibilidad a los mismos,
pueden aumentar la dormicién de las semillas
con menos pigmentacién.

e Giberelinas (GAs)

Las GAs estimulan la germinacién
mediante la induccién de enzimas hidroliticas
que debilitan los tejidos que se oponen a la
emergencia radicular (ej. endosperma y la
cubierta seminal), movilizan las sustancias de
reserva de la semilla, y estimulan la expansién
del cotiledén (Bewley y Black, 1994). Las
GAs también  parecen estimular la
germinacién favoreciendo la via de transicién
del desarrollo embriogénico al vegetativo. La
estimulacién podria estar mediada, entre
otros, por el factor de remodelacién de la
cromatina PICKLE (PKL) (Henderson et al.,
2004). Ademds, las GAs intervienen en la
desaparicién de la proteina de identidad
embrionaria FUSCA3 (FUS3), la cual
estimula positivamente la sintesis de ABA y
regula negativamente la sintesis de GAs
(Gazzarini et al., 2004).

Geranilgeranil pirofosfato

ent-kaureno

Acido ent-kaurenoico

Giu — CAx
GAZ20x GA3ox GA20x
< en,

Figura 4: Representacién esquemdtica de la ruta

de biosintesis de las GAs, se muestran las
reacciones finales catalizadas por las GA
dioxigenasas (Adaptado de Fagoaga ez al., 2007).

El papel de las GAs en la liberacién
de la dormicién y en el proceso de

germinacién es controvertido, ya que los
tratamientos con GAs no estimulan la
germinacion en todas las especies o en las
semillas  completamente  durmientes de
Arabidopsis (Derkx et al., 1994; Bewley,
1997b; Ali-Rachedi ez a/, 2004). Antes de que
los niveles de GAs y se estimule su
sensibilidad puede que se requiera una
disminucién de los niveles de ABA (Jacobsen
et al., 2002; Ali-Rachedi er 2/, 2004). Los
niveles de GAs y la sesibilidad a la luz
aumentan con el AR en Arabidopsis (Derkx y
Karssen, 1993b). Asi mismo, los niveles de
GAs incrementan en Arabidopsis con la
estratificacién (Yamauchi e al, 2004). La
acumulacién del transcripto GA3ox2 (GA3-
oxidasa), uno de los principales genes
implicados en la produccién de GAs
bioactivas, aumenta 40v en semillas con AR;
mientras que la expresién GAZ2oxI, enzima
implicada en la desactivacién de GAs, es més
alta en semillas durmientes de Arabidopsis
ecotipo Cvi (Finch-Savage er al., 2007). La
estratificacién aumenta la expresién de genes
implicados en la sintesis de GAs, tales como
GA200x1 (GA20-oxidasa), GA200x2 y
GA3ox1 (GA3-oxidasa) y disminuye la
expresién de los genes implicados en el
catabolismo (GA20x2) (Yamauchi er al,
2004) (Fig. 4).

Las GAs son criticas para la
germinacién en Arabidopsis y en tomate ya
que los mutantes defectuosos en genes que
codifican enzimas implicadas en la sintesis de
GAs, son incapaces de germinar (Mitchum ez
al., 2006; Steber, 2007). El tratamiento con
GAs de estos mutantes es capaz de permitir la
germinacion.

e Brasinoesteroides (BRs)

Los BRs son hormonas vegetales
involucradas en la elongacién del tallo, el
desplegado de la hoja (Clouse, 2001) y la
promocién de la germinacién de las semillas.
Los mutantes en la biosintesis y sefalizacién
de estas hormonas germinan bien. Sin
embargo, son mids sensibles a los tratamientos
con ABA que las semillas del fenotipo
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silvestre, sugiriendo que estas hormonas
disminuyen el potencial germinativo (Clouse
y Sasse, 1998; Steber y McCourt, 2001). En
Arabidopsis, la aplicacién de epibrasindlido
(EBR) y de brasinélido (BL) a mutantes de
sintesis de GAs y al mutante sleepy 1 (slyI)
(mutante de sefializacién de GAs) (Steber y
McCourt, 2001) es capaz de restaurar su
germinacion.

Tanto los BRs como las GAs son

capaces de estimular la  germinacién
promoviendo la ruptura del endosperma en
semillas de tabaco durmientes; sin embargo,
los mecanismos que utilizan son distintos.
Solamente las GAs son capaces de estimular
la actividad BGLU1 (B-1,3-glucanasa I) que
es esencial para la rotura del endosperma en
semillas de tabaco (Leubner-Metzger, 2001).
Por lo tanto, los BRs pueden estimular la
germinacién, aunque los mecanismos que

emplean son independientes de GAs.

o Etileno (ET)

El ET podria promover la rotura de
la dormicién a través de la interaccién con la
senalizacién de ABA. Los mutantes ezrl
(ethylene recepror 1) 'y ein2/era3 (ethylene
aba  3)

presentan un incremento en su dormicién

insensitive2lenhanced  response  to
correlacionado con el aumento de Ia
sensibilidad y sintesis de ABA (Beaudoin ez
al., 2000; Ghassemian et a/., 2000; Chiwocha
et al., 2005). Sin embargo, el mutante ct7]
triple

tratamientos de semillas del fenotipo silvestre

(constitutive response 1) 'y los
con ACC (aminociclopropano carboxilico;
precursor inmediato del ET) provocan una
disminucién de la sensibilidad al ABA
(Ghassemian et /., 2000). El mutante etrI-2
también acumula GAs, sugiriendo que el
incremento de la dormicién provocado por la
ABA es
subsanado por este incremento en los niveles

acumulacién  de parcialmente
de GAs, y que el ET podria ser una molécula
mediadora entre ambas hormonas a lo largo
de la dormicién y germinacién de las semillas.
Este tema se abordard mds adelante.
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e Compuestos nitrogenados

El NO, el nitrito (NO,) y el nitrato

(NO;) pueden promover la germinacién,
afectando al metabolismo, al estado de

oxidacién, o a la sefalizacién de la semilla

(Bethke ez al., 2007). Tanto el NO; como las
condiciones que disminuyen la dormicién
inducen la expresién de genes implicados en
la sintesis de enzimas de la ruta de las
fosfato, la  cual

pentosas proporciona

nutrientes esenciales para la germinacién
(Finch-Savage et 4l., 2007). EI NO, NO, yel

NO; podrian estimular la  ruta de las

pentosas incrementando la oxidacién de

NADPH a NADP', aceptor de electrones que
EL NO inhibe la
provocando la

es factor limitante.
actividad catalasa,
acumulacién de H,0,, producido por la B-
oxidacién de los dcidos grasos almacenados en
la semilla. EI H,O, podria estimular la
germinacién actuando como sustrato para las
peroxidasas, permitiendo asi la oxidacién de
NADPH a NADP'". El H,0, también podria

estimular el catabolismo de ABA (Bailly,

2004). El NO,
hormonales mediante la induccién de la

modifica los niveles

expresion de enzimas que catalizan la
desactivacién del ABA (ej. CYP707A2) y de
enzimas implicadas en la sintesis de GAs
(GA30x1) (Finch-Savage et al, 2007). En
Arabidopsis, el NO puede estimular la
germinacién provocando la vacuolizacién y el
debilitamiento de las paredes celulares de la
capa de aleurona (Bethke ez 4/., 2007).

1.6. — Andlisis Post-Genémico de la

Dormicién
¢ Induccién y mantenimiento

Reguladores  transcripcionales vy

transcripcionales

post-

Existe una gran variedad de mutantes
que presentan defectos en la maduracién de
sus semillas. En el caso de los mutantes de en
Arabidopsis leafy cotyleon class (lecl, lec2, y
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fus3) y los mutantes ABA-insensitive 3 (abi3),
cuyas semillas son no durmientes (Finkelstein
2002; Finch-Savage y Leubner-
Metzger, 2006). Sin embargo, estos mutantes

et al.,

presentan efectos pleiotrépicos, ademds de no
producir semillas viables tolerantes a la
desecacién; por tanto, estas caracteristicas
dificultan su estudio. Uno de los mutantes
més interesantes es abi3, ya que produce
semillas secas viables que son no durmientes.
Este mutante proporciona un buen material
de estudio para poder abordar la dormicién.
Los factores de transcripcién ABI4 y ABI5
parecen estar implicados en el control de la
germinacion en respuesta al ABA o al estrés,
pero no parecen afectar a la dormicién
(Finkelstein ez al., 2008).

Opuestamente a los loci ABI, los loci
DAGI1 y DAG2 [DOF (DNA binding with
finger) AFFECTING

codifican factores de

one zinc

GERMINATION]
transcripcién  altamente similares que se
expresan en el tejido materno y que tienen un
efecto opuesto sobre el potencial germinativo
(Gualberti ez al., 2002; Papi et al., 2002).
DAGI parece tener dominancia epistdtica
sobre DAG2. Esto parece sugerir que DAG1
activa los genes maternos que estimulan la
dormicién y que DAG2 reprime esta accidn,
mediante la unién al mismo elemento en cis o
uniéndose directamente al factor DAGI.

Estudios recientes han
proporcionado evidencias genéticas sobre el
través de la

control  transcripcional a

remodelacién de la cromatina.  El locus
RDO4 (REDUCED DORMANCY) (Peeters
et al., 2002) codifica una zinc finger protein
con homologia a enzimas modificadoras de
histonas de otras especies (Liu Y ez al., 2007).
Las mutaciones en este gen provocan fallos en
la mono-ubiquitinacién de la histona H2B,
por lo que el locus fue renombrado a
HISTONE MONOUBIQUITINATION
(HUBI). Defectos en su homdlogo HUB2
provocan una disminucién en el estatus de la
dormicién. Ensayos con dobles mutantes
sugieren que estas proteinas forman parte de
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un heterotetrimero  necesario para la

ubiquitinacién.

Proteinas fosfatasas v quinasas

Existen mutantes abi de Arabidopsis
que son no durmientes y que incluyen dos
mutaciones dominantes en los loci ABII y
ABI2 (Koornneef et al., 1984), los cuales
codifican miembros relacionados con la
familia de protein fosfatasas 2C (PP2C) del
grupo-A.  Curiosamente, los mutantes
knockout en estos loci, que tienen su actividad
fosfatasa reducida, presentan
hipersensibilidad al ABA e hiperdormicién
(Merlot et al,  2001).

knockout knockdown en algunos genes de esta

Mutantes

familia muestran mayor dormicién que el
fenotipo silvestre, resultando ser genes con
elevada expresién durante la maduracién; es
el caso de ahgl y ahg3 (Yoshida ez al., 2006;
2007). Las PP2Cs
sobre  numerosos

Nishimura et al,

probablemente  acttien

sustratos; pero se han identificado pocos
(Christmann ez al., 2006).

La actividad de algunos factores de
transcripcién  tipo bZIP estd controlada por
sus estados de fosforilacién. La cascada de
sefalizacién de las MAP (Mitogen Activated
Protein) quinasas activa a ABI5 (Lu er al,
2002), probablemente de forma indirecta.
Los miembros de las familias de protein-
quinasas dependientes de calcio (CDPK) y las
con SNFI

(SnRK) interactiian iz witro con multiples

protein-quinasas  relacionadas

miembros de los factores de transcripcién
bZIP de la clase AREB/ABF/ABI5 (Choi et
al., 2005; Kobayashi ez a/., 2005; Furihata er
al., 2006; Chae er al, 2007; Fujii er al.,
2007). La fosforilacién de los
transcripcién bZIP estd relacionada con su

factores de

activacién. Consistentemente con esto, las
familias redundantes de las kinasas SnRK2.2
y SnRK2.3 son reguladores positivos de la
dormicién y de la sensibilidad a ABA durante
la germinacién (Fujii ez al., 2007). Una de las
interacciones mejor conocidas que afectan al
potencial germinativo es la fosforilacién del
factor bZIP en trigo, TaABF, por la SnRK
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PKABA1 (Jonhson ez al., 2002), provocando
la represién de los genes inducidos por GAs,
incluyendo los factores de transcripcién GA-
Myb, y la activacién de los genes inducidos
por ABA (Gémez-Cadenas et al, 1999;
2001).

Regulacién de la estabilidad y la localizacién
proteica

La regulacién de la estabilidad y la
localizacién proteica también controla la
funcién de ciertos reguladores ABI. Asi,
ABI3 parece ser diana de AIP2 (ABI3
ITERACTION PROTEIN), la
expresa a lo largo del desarrollo (Zhang ez al.,

cual se

2005). Sin embargo, la sobre-expresién de
esta proteina tiene efectos suaves en la
sensibilidad al ABA,

fenotipo similar al del alelo a6:3-1.

produciendo  un

Las modificaciones

producidas

lipidicas
por la farnesilacién pueden
promover la unién a la membrana plasmitica,
la estabilizacién proteica, y las interacciones
proteina-proteina en plantas (Galichet y
Gruissem, 2003). £RAI, el cual codifica para
la B-subunidad de la proteina farnesilasa,

estimula la respuesta a ABA durante la

germinacién  (Cutler er al, 1996). Los
mutantes er2] son altamente pleiotrépicos, y
muestran  hipersensibilidad a ABA en
multiples  respuestas,  incluyendo la
dormicién.

Receptores de ABA

Actualmente, se han descrito tres
posibles receptores de ABA: una proteina de
unién a ARN que regula la floracién,

FLOWERING TIME CONTROL (FCA)

(Razem et al., 2006); una quelatasa de Mg2+
implicada en la sintesis de clorofila y en la
comunicacién entre el nicleo y el plastidio,
ABAR/CHLH/GENOMICS

UNCOUPLED 5 (GUNS5) (Shen et al,
20006); y finalmente un receptor asociado a
proteina G (GCR2) (Liu X ez al., 2007). Sin
embargo, publicaciones recientes han negado
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la unién de FCA a ABA (Risk ez al., 2009) y
el control de la accién del ABA por GCR2
(Guo et al., 2008). Hasta ese momento sélo
los dos dltimos se habian relacionado con la
respuesta de la semilla al ABA. Las lineas
knockour de ABAR son plantas letales, que
carecen de proteinas de reserva y lipidos. Las
ABAR
germinacién resistente al ABA, expresién

lineas  knockdown muestran
reducida de los genes LEA y de los factores de
transcripciéon  ABI y MYB, que regulan
positivamente la respuesta al ABA. A este
respecto, el receptor ABAR/CHLH/GUN5

parece jugar un papel central en la
senalizacién que media la respuesta a ABA en

las semillas.
e Pérdida de la dormicién

La sintesis de GAs estd regulada a lo
largo del desarrollo en respuesta a sefiales
ambientales. Un factor de transcripcién zinc
finger GATA, BME3 (BLUE
MYCROPYLAR END), promueve la
expresion de genes relacionados con la sintesis
de GAs, GA3ox1 y GA200x3, en la regién
micropilar de la semilla. Estos enzimas
estimulan la produccién de GAs y la
relajacién de los tejidos circundantes al dpice
radicular antes de la emergencia. La
importancia de de la biosintesis de GAs se
hace patente en el retraso de la germinacién

en el mutante éme3 (Liu PP et al., 2005).

Los cambios en la expresién de
GA3ox1 'y GA200x3, provocados por la
imbibicién en frio y luz, estdn regulados por
dos factores de transcripcién del tipo helix-
loop-helix (bHLH): SPATULA (SPT) vy
PHYTOCHROME-INTERACTING
FACTOR 3-LIKE 5 (PIL5) (Oh et al., 2004;
2006, 2007; Pendfield er al, 2005). SPT
inhibe la expresién de GA3oxI y GA3ox2
durante la imbibicién de la semilla en frio.
Los mutantes spt presentan dormicién mds
pronunciada cuando son expuestos a la luz,
sugiriendo que SPT media el cross-talk entre
el frio y la luz en la regulacién de la
dormicién. PIL5 previene la germinacién de
la semilla en la oscuridad a bajas temperaturas
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mediante la represién de la expresién de
GA3ox1 y GA3ox2, y la induccién de la
expresiéon de GA2ox2 (Pendfield et al., 2005;
Oh ez al., 2006). La proteina PIL5 desaparece
con la luz, aparentemente provocada por la
degradacién estimulada por el fitocromo y
mediada por el proteosoma 26s (Oh et 4l.,
2006). Esto sugiere que la estratificaciéon
estimula la germinacién incrementando el
potencial de la semilla para acumular GAs
activas. PIL5 parece reprimir la acumulacién
de GAs de los
represores de la respuesta a GA, DELLA, tales
como RGA (REPRESSOR OF GAI-3), GAI
(GA-INSENSITIVE) (Oh et al., 2007). Estos

resultados sugieren la implicacién de las

estimulando la sintesis

proteinas DELLA en el control ambiental de
la dormicién.

I.7. — El After-Ripening (AR)

El estatus de la dormicién de la
semilla aumenta durante la maduracién de la
misma, alcanzando su miximo en las semillas
completamente maduras (Karssen er al,
1983; Ooms et al., 1993). A lo largo del
almacenamiento posterior en seco de la
semilla (AR), el estatus de la dormicién
disminuye progresivamente. La duracién del
AR, asi como del estatus de la dormicién,
(Donohue et al, 2005) en
funcién de la maduracién, tipo de semilla,

puede variar
almacenamiento y  condiciones  de
germinacién (Donohue ez al, 2005). Los
mecanismos moleculares que disminuyen el
estatus de la dormicién durante el AR no
estan bien definidos, pero algunos estudios
recientes proporcionan evidencias sobre su

desde la

transcripcion hasta las reacciones enzimdticas

actuacién a distintos niveles,

y no enzimdticas.

Las semillas maduras y

contienen un gran

secas
ndmero de diversas
especies de ARN. El almacenamiento de
ARNm en semillas fue por primera vez
observado en algodén (Dure y Waters, 1965)
y parece ser universal para todas las especies

de plantas con flor. (Ishibashi er al, 1990;
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Kuligowski ez al, 1991; Almoguera vy
Jordano, 1992). La funcién de este ARNm
“almacenado” permanece desconocida; sin
embargo, se cree que estos transcritos no son
solamente productos remanentes de la
embriogénesis o de la maduracién de la
semilla, sino que alguno de ellos
proporcionan especies de ARNm para la
sintesis de proteinas durante la fase temprana
de la germinacién (imbibicién). Estudios
post-genémicos han revelado que mds de la
mitad de los genes estdn representados por
sus ARNm, en semilla seca madura
(Nakabayashi e al., 2005). Transcriptos de
todas las categorfas ontolégicas fueron
observados. Sin embargo, el 2-3 % de los
transcriptos que presentan los valores mis
altos de expresién pertenecen a genes que
codifican  funciones asociadas con el
metabolismo, asi como con la degradacién y
sintesis proteica. El dominio ABRE (ABA
binding response element) estd presente en los
promotores de los genes con mayor expresién
en el transcriptoma de la semilla seca
(Nakabayashi e# al., 2005). Estos autores
también muestran que los ARNm presentes
en la semilla seca estdin agrupados en los

cromosomas y situados no aleatoriamente.

Recientemente, se ha propuesto que

la  semilla seca tiene  competencia
transcripcional. Sin embargo hay discusién
sobre el tema debido al bajo contenido de
humedad de la misma (Comai y Harada,
1990). Se han observado bajos niveles de
transcripcién y traduccién del gen de la B-
1,3-glucanasa durante el AR de la semilla de
tabaco, estos niveles provocan la pérdida de la
dormicién (Leubner-Metzger, 2005). Esta
idea ha sido apoyada por estudios posteriores
de transcriptdmica y protedmica que
comparan las semillas recién recolectadas
(durmientes) y las semillas con AR. El
andlisis de los cDNA-AFLP en Nicotiana
plumbaginifolia (Bove et al., 2005) y en
cebada (Leymarie er al, 2007) permitié
identificar  algunos  transcriptos  que
aumentaban su expresién durante el AR de la
semilla seca. Estos estudios también revelaron

que una gran cantidad de transcriptos
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disminufan su abundancia durante el AR en
comparacién con aquellos que aumentaban
(Bove et al., 2005; Leymarie ez al., 2007). El
andlisis transcriptémico global en Arabidopsis
permitié mostrar la existencia de 30 genes
que disminuyen durante el AR, incluyendo
DOGI (DELAY OF GERMIANTION)
(Finch-Savage ez al., 2007).

El andlisis protedmico global en
Arabidopsis
proteinas que se acumulan en la semilla seca
durante el AR (Chibani et a/., 2006). Muchas
de ellas

almacenamiento O a protefnas con funciones

permiti6  identificar algunas

corresponden a proteinas de
metabdlicas, las cuales podrian preparar a la
semilla para la germinacién, ya que no
presentan una funcién clara en la pérdida de
la dormicién. En contraste con los estudios
transcriptémicos, los andlisis proteémicos
mostraron pocas proteinas que disminuyen
sus niveles durante el AR, en comparacién
con aquellas que incrementan (Chibani ez al.,
2006).

Los cambios

proteémicos mostrados en estos estudios

transcriptémicos y

parecen revelar la existencia en la semilla seca
de un proceso especifico durante el AR, ya
que la mayoria de los transcriptos y proteinas
no muestran cambios en sus niveles de
expresién durante el AR. Los mecanismos
responsables de estos cambios en la expresion
génica son hasta la fecha desconocidos, pero
podrian jugar un papel bastante importante
en la pérdida de la dormicién. Estos
resultados sugieren que la transcripcién y la
traduccién son posibles bajo condiciones de
baja hidratacién en semillas. De acuerdo con
esto, se ha demostrado en Bromus tectorum
(Bair et al, 2006) y en Lolium rigidum
(Steadman ez al., 2003) que la pérdida de la
dormicién a través del AR disminuye o estd
ausente en condiciones de muy baja
hidratacién. Bajo condiciones normales de
hidratacién, la transcripcién y la traduccién
no tienen lugar en el conjunto de toda la
semilla, sino en dreas especificas con un
mayor contenido de humedad. Es probable

que haya zonas en la semilla seca donde el
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contenido de humedad es relativamente alto
(por encima de un umbral) para permitir
estas alteraciones (Manz et al., 2005). Por lo
tanto, el proceso de AR en semilla seca viable
podria alterar positiva o negativamente los
niveles de algunos transcriptos (Bove er al.,
2005; Finch-Savage et al., 2007; Leymarie ez
al., 2007) y proteinas (Chibani er /., 2006)
en estas regiones mds hidratadas.

Mediante
nuclear se obtuvieron micro-imdgenes en

resonancia  magnética
semillas secas que demuestran la existencia de
regiones con mayor contenido en agua
2005). Uno de los

principales propdsitos para investigaciones

(Leubner-Metzger,

futuras serd conocer si en dichas regiones
altamente hidratadas de la semilla seca ocurre
la transcripcién y la traduccién. De hecho, el
término semilla seca es problemdtico en
estudios de fisiologfa, ya que una semilla
puede presentar diversos estados de
hidratacién, y por lo tanto, “seca” deberia de
ser reemplazada por el término “baja-

hidratacién” (Holdsworth ez /., 2008a).

Recientemente, se han relacionado
redes génicas muy complejas con el AR
(Finch-Savage y Leubner-Metzger, 2006;
Holdsworth ez al., 2008b). Sin embargo,
aunque la necesidad de AR parece evidente en
algunas especies, el abordaje molecular de este
proceso con respecto a los cambios inducidos
durante el AR en la semilla seca y viable, y su
impacto del mismo durante la imbibicién, es
complejo (Kucera ez al., 2005; Finch-Savage
y Leubner-Metzger, 2006; Holdsworth ez 4l.,
2008Db).

Las
parecen jugar un papel bastante importante

reacciones no  enzimadticas
en la pérdida de la dormicién. Por ejemplo,
las ERO se producen durante el AR (Oracz et
al., 2007). La incubacién en presencia de
metilviolégeno (compuesto generador de
ERO) predispone a las semillas durmientes a
la pérdida de la dormicién.

Un concepto reciente de AR sugiere
que este proceso actiia incrementando la
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sensibilidad de la semilla a las condiciones
ambientales, promoviendo de esta forma la
germinacién; al  mismo  tiempo  que
disminuye la sensibilidad a las condiciones
que reprimen la germinacién (Finch-Savage y
Leubner-Metzger, 2006). El AR en la semilla
estd determinado por el grado de hidratacién,
el contenido de aceites, la cubierta seminal y
la  temperatura. Ademds, y como
anteriormente se ha citado, el AR requiere
que el contenido de humedad se encuentre
por encima de un valor umbral (Manz e 4l.,

2005).

Los principales efectos del AR en la
semilla:

» Mayor rango de temperatura de
germinacién (Oracz et al., 2007).

»  Disminucién en los niveles de ABA y
sensibilidad al mismo, y aumento de la
sensibilidad a GAs
requerimiento (Grappin er al., 2000; Ali-
Rachedi et al., 2004; Cadman et al., 2006)
(Fig. 5).

» Pérdida del requerimiento de la luz

o pérdida de su

para aquellas semillas que no germinan en
oscuridad (Derkx y Karssen, 1993a) y un
incremento en la sensibilidad a la luz en
semillas que no germinan incluso con luz
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(Derkx y Karssen, 1993a; Batlla y Benech-
Arnold, 2005).
» Pérdida de los requerimientos de

NO; (Derkx y Karssen, 1993a; Alboresi ez
al., 2005).
» Aumento de la velocidad de

germinacién  (Finch-Savage y  Leubner-
Metzger, 2006; Holdsworth ez al., 2008a).

1.8. — El Control Hormonal de la

Germinacién

Muchas hormonas vegetales han sido
relacionadas con la germinacién (Kucera er
al., 2005). Entre ellas, las mds ampliamente
conocidas son las GAs, relacionadas con la
estimulacién de la germinacién, y el ABA con
su inhibicién (Finkelstein et /., 2002, 2008;
Yamaguchi y Kamiya, 2002; Yamaguchi y
Nambara, 2006). Sin embargo, el papel del
ET parece menos obvio que el del ABA vy las
GAs, ya que su intervencién durante el
mantenimiento de la dormicién y durante la
estd

de
sefializaciones cuyos pasos estdn por descubrir
(Vandenbussche y van der Straeten, 2007)
(Fig. 5). Por lo

opiniones concernientes al momento del

transicién dormicic’)n—germinacién

relacionada con una red compleja

tanto, existen diversas

desarrollo durante el cual el ET regula la
dormicién. Algunos autores sugieren que el



DORMICION, AFTER-RIPENING Y GERMINACION

ET

establecimiento de la dormicién y que su

actba  minimamente durante el
principal accién es durante la imbibicién con
el fin de finalizar la dormicién y/o iniciar la
germinacién (Matilla y Matilla-Vézquez,
2008). En estudios donde fueron usados
mutantes de Arabidopsis que tenian afectada
la respuesta a ET, el ET enddgeno provoc la
germinacién mediante la disminucién de la
sensibilidad al ABA endégeno (Beaudoin ez
al., 2000). El ET parece por tanto ser un
regulador negativo del ABA durante la
germinacién (Ghassemian er 4/, 2000). En
definitiva, el ET puede que actiie como un
antagonista del ABA durante la terminacién
de la dormicién y, en colaboracién con las
GA:s,
germinacion. Aunque el ET y las GAs estdn

promueva la transicién hacia la
implicados en este proceso, la participacién
de la GAs en la emergencia radicular parece
ser tanto cuantitativa como cualitativamente
mds importante. Hasta la fecha, los datos
publicados indican que el ET no es la
dispara  la  transicién

hormona  que

dormicién-germinacién, pero si forma parte

red de

involucrada en la dormicién. No obstante, los

de una compleja senalizacién
detalles de dicha sefalizacién son actualmente
dificiles de descifrar.

producen poblaciones de semillas maduras

La mutacién etrl-2

que exhiben dormicién primaria mds
pronunciada (Chiwocha et al, 2005).
Ademds, los mutantes efrI-2  presentan

desequilibrio homeostético de las rutas de
ABA, auxina, citoquinina y GAs (Chiwocha
et al., 2005).

Aunque las senales de la germinacién
en las semillas comienzan a ser visibles con la
emergencia radicular, es incuestionable que
durante el periodo de maduracién
(Nakabayashi ez al., 2005; Holdsworth ez al.,
2008a), imbibicién (Yamauchi et al., 2004;
Finch-Savage y Leubner-Metzger, 2006) vy
almacenamiento en seco (Grappin er 4l.,
2000; Holdsworth er 4/, 2008a) ocurren una
serie de procesos preparatorios destinados a la
Sin

embargo, la identidad de estos procesos y su

rotura de las cubiertas seminales.

regulacién  hormonal estd lejos de ser
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conocida en detalle a nivel molecular (Kucera
et al., 2005). Mucha de la informacién
conocida hasta ahora sobre el AR ha sido
proporcionada por estudios hechos en tabaco
y Arabidopsis. Sin embargo, Arabidopsis
thaliana ecotipo Ler (Lansberg erecta) y Col
(Columbia) presentan un tipo de dormicién
débil que es eliminada por cortos periodos de
AR (van de Schaar et al., 1997), haciendo
estas especies menos adecuadas para los
estudios de dormicién. En contraste, el
ecotipo Cvi, el cual presenta dormicién
profunda, ya que requiere algunos meses de
AR, es
genéticos y moleculares de la dormicién y AR
(Alonso-Blanco er al, 2003; Ali-Rachedi et
al., 2004; Bentsink et al., 2006; Carrera et al.,
2008; Holdsworth et al., 2008b).

usado actualmente en estudios

1.9. — La Germinacién

La germinacién representa un rasgo
clave tanto ecoldgico como agronémico, ya
que determina cuando las especies vegetales
entran en los ecosistemas (Bewley y Black,
1994; Wilkinson et al., 2002). Por lo tanto,
es obvio que este proceso estd altamente
regulado tanto interna como externamente
por factores que determinan el estatus de la
dormicién y el potencial germinativo. La
definida

emergencia radicular a través de cubiertas

germinacién  estd como la
envolventes de la semilla (Bewley, 1997b;
Baskin y Baskin, 2004; Finch-Savage vy
2006). En  Arabidopsis

thaliana, la dormicién de su semilla estd

Leubner-Metzer,

clasificada como no profunda (DFnP), y se
pierde mediante la estratificacién o AR
(Baskin y Baskin, 2004). En Arabidopsis, el
embrién estd rodeado por una sola capa de
células endospérmicas (también llamada capa
de aleurona), la cual procede de la doble
fecundacién  (Finch-Savage y  Leubner-
Metzger, 2000), y la testa (Debeaujon ez al.,

2000).

Investigaciones a nivel genético,

fisiolégico 'y molecular en Arabidopsis
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revelaron la  existencia de  muchos
componentes relacionados con la induccién y
mantenimiento de la  dormicién, y la
germinacién  (léase luz, temperatura vy
hormonas). La principal conclusién es que el
ABA es un regulador positivo de la dormicién,
mientras que las GAs liberan a la semilla de la
dormicién y promueven la germinacidn,
contrarrestando los efectos del ABA (Bewley y
Black, 1994). Por esa razén, los primeros loci
de germinacién identificados en Arabidopsis
mediante mutaciones incluyen aquellos que
actdan en la biosintesis y percepcién de GAs y
ABA (Koornneef, 1978; Koornneef y van der
Veen, 1980; Koornneef e al., 1982; 1984).

Los primeros pasos de la germinacién
estdn relacionados con la toma de agua con el
fin de activar los procesos metabdlicos. La
entrada inicial de agua es un proceso fisico y
estd presente en todas las semillas, tanto vivas
como muertas. En muchos casos, las semillas
viables muestran un perfil de toma de agua
dividido en tres fases: entrada de agua rdpida
(fase I), fase de meseta (fase II) de duracién
variable, y nueva fase de toma rdpida (Fase III)
asociada con el crecimiento del embrién
(Bewley et al., 2000) (visién general en Fig.5).

La velocidad de imbibicién estd

inicialmente controlada por la permeabilidad
de la testa, la cual contiene células lignificadas.
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La entrada de agua suele producirse por
aquellos puntos menos impermeables, que en
el caso de muchas especies vegetales es la
regién micropilar (McDonald ez al., 1988,
1994). La toma de agua podria estar afectada
por la presencia de canales de agua
(acuaporinas) (Maurel ez al., 1997).

e La testa o cubierta seminal y su
implicacién en la germinacién

Los mutantes en alguna caracteristica
de la cubierta seminal exhiben dormicién
reducida o aumentada, demostrando que la
presencia y/o propiedades de los tejidos
externos al embrién pueden afectar al tiempo y
a la consecucién de la germinacién
(Debeaujon e al., 2000; Downey et al., 2004).
En algunas semillas (ej. Brassicaceae), la testa y
las cubiertas envolventes son delgadas vy
relativamente débiles; y por consiguiente, se
ropen relativamente ficil durante el proceso de
imbibicién. Son barreras poco resistentes al
paso del embrién (Schopfer ez 4/, 1979). En
otros casos, tales como el tabaco, la testa se
rompe durante la imbibicién, pero la
germinacién es controlada por el tejido
endospérmico que rodea al embrién (Manz ez
al., 2005). Son los «casos del tomate
(Licopersicum esculentum), pimiento (Capsicum
annuum), estramonio (Datura), o lechuga
(Latuca sativa) (Watkins y Cantliffe, 1983;
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Groot y Karssen, 1987; Sdnchez et al., 1990;
Sung er al., 1998); la testa podria contribuir
pero con una incidencia mucho menor
(Hilhosrt y Downie, 1996). Atn en ausencia
de resistencias provocadas por las envueltas
circundantes al  embrién, los  tejidos
embrionarios deben expandirse; por lo que los
procesos relacionados con el crecimiento
celular también regulan la germinacién (de
Miguel y Sinchez, 1992; Toorop et al., 1998).
En definitiva, el balance entre la resistencia
y el

potencial de crecimiento provocado por el

ejercida por los tejidos envolventes

embrién, determinard si la  emergencia

radicular ocurre o no.

e Proteinas DELLA y germinacién

Las proteinas DELLA son reguladores
negativos de las diversas respuestas a GAs (Sun
y Gubler, 2004). Las GAs estimulan la
germinacién mediante la desaparicién de estas
proteinas (Ariizumi y Steber, 2007; Tyler ez
al., 2004). Las proteinas de la familia DELLA
presentan un dominio DELLA en el extremo
N-terminal que es necesario para la unién a
GAs, y un dominio GRAS en el extremo C-
terminal, que es importante para su correcto
funcionamiento (Peng et al., 1999; Pysh ez al.,
1999). Dentro de esta familia de proteinas nos
encontramos GAI (GA-INSENSITIVE), RGA
(REPRESSOR OF GA1-3) y SCARECROW.
Mutaciones en el dominio DELLA provocan
una estimulacién de la sefalizacién de las GAs
produciendo fenotipos similares a mutantes
deficientes en GAs; mientras que la pérdida de
funcién en el dominio GRAS resulta en un
aumento o una respuesta constitutiva a GAs

(Thomas ez al., 2005).

RGL2 (RGA-LIKE) parece ser una de
las principales proteinas DELLA implicadas en
la germinacién, ya que la pérdida de la funcién
RGL2 parcialmente restaura la germinacién en
semillas deficientes en GAs (Lee et al., 2002;
Tyler et al., 2004). Sin embargo, mutaciones
Gnicas en cualquiera de los otros miembros no
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son suficientes, aunque combinaciones de
RGA, GAI y RGLI pueden incrementar la
restauracion de la germinacién (Cao et al.,
2005). Evidencias recientes sugieren que las
proteinas DELLA promueven la dormicién de
las semillas a través de la inhibicién de la
expansién del cotiledén (Pendfield ez al,
20006),
expresiéon  de

probablemente  reprimiendo la

enzimas  hidroliticas y

modificadoras de la pared celular.

Las GAs son capaces de provocar la
inhibicién de las proteinas DELLA en la
germinacién mediante la activacién  del
proteosoma 26S, cuya actividad se inicia
mediante poli-ubiquitinacién producida por la
E3 ubiquitina ligasa SCF™'®? (proteina
Skp1-Cdc53/CUL-1/F-box, en este caso
SLY1/GID2) (Ariizumi y Steber, 2007).
Ademis de los mecanismos de regulacién de la
concentracion de las proteinas DELLA a través
de la destruccién de las mismas, parecen existir
mecanismos de regulacién post-traduccional,
como la fosforilacién o las mutaciones
fosfomimicas que parecen estabilizar al RGL2
(Hussain er al., 2005; 2007). El mutante siyI
es capaz de soportar la dormicién mediante la
mutacién de RGL2, sin embargo, estos
mutantes presentan elevada acumulacién de
RGL2, sugiriendo mecanismos de regulacién
post-traduccionales (Ariizumi y Steber, 2007).
También las mutaciones en Arabidopsis del gen
SPY [O-linked B-N-acetilglucosamina (O-
GIcNAc) transferasa SPINDLY] estimulan la
GAs e

incrementan la estabilidad de las proteinas

germinacién  independiente  de
DELLA, sugiriendo que la modificacién O-
GIcNAc puede activarlas o estimular su
turnover (Jacobsen et al., 2002; Shimada et al.,
2006; Silverstone et al., 2007).

e Otros genes relacionados con la
germinacién
Algunos estudios genéticos han

resaltado la idea de la importancia de la

interrupcién del catabolismo de
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triacilgliceroles (TAG) en la liberacién de la
dormicién y/o germinacién. Los mutantes
defectuosos en las rutas catabdlicas lipidicas y
en la B-oxidacién [kar2 (ketacil-CoA thiolase-2)
y acxlacx2 (acylcoA oxidase) o el mutante
doble csy2esy3 (citrato synthase)] (Footitt et al.,
2006; Pindfield-Wells er al, 2005;
Pracharoenwattana et al, 2005) o en el
transporte de dcidos grasos de cadena larga al
peroxixoma (czs, COMATOSE) (Russell et al.,
2000; Footitt et al., 2002; Theodoulou ez al.,
2005) son profundamente durmientes.

Solamente se ha identificado y
clonado un QTL (Quantitative Trait Locus)
relacionado con la germinacién en Arabidopsis,
DOGI. Este gen se expresa solo en semillas, y
parece ser esencial y especifico de la
dormicién. Codifica para cuatro transcriptos
alternativamente escindidos que codifican para
proteinas de funcién desconocida.  Existe
correlacién entre el grado de dormicién y los
niveles de expresién de DOGI (Bentsink ez al.,

2000).

e Enzimas implicadas en el debilitamiento
de las cubiertas seminales y los tejidos

envolventes

Los mecanismos que provocan el
debilitamiento del endosperma tienen gran
interés desde los anos 60, cuando lkuma y
Thimann (1963) sugirieron, basindose en sus
estudios de germinacién en semillas de
lechuga, que el debilitamiento del endosperma
era producto de la degradacién provocada por
enzimas. Debido a que las paredes celulares
son las responsables de la forma y resistencia
de las células vegetales, el estudio de las
hidrolasas de las mismas se ha convertido en el
principal foco de estudio en relacién a la
emergencia radicular. La emergencia radicular
requiere, por una parte, la disminucién de la
resistencia  mecdnica de los  tejidos
circundantes al micrdpilo (loosening); y por
fuerza interna

otra, el incremento de la

producida por la expansién de los cotiledones
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y el eje embrionario (Fig. 6) (Nonogaki et al.,
2007).

Expansinas

Las expansinas son proteinas de la
pared celular que tienen la capacidad de
producir la extensién de paredes celulares
aisladas (Cosgrove er al., 2002). Existen tres
genes de expansinas que se expresan a lo largo
de la germinacién en semillas de tomate. Una
de ellas, LeEXPA4 (Kende et al., 2004), se
expresa especificamente en el endosperma

12 h de

con el

micropilar a las imbibicién,
comienzo  del
debilitamiento del endosperma (Chen vy
Bradford, 2000). Las GAs estimulan Ia
expresion de LeEXPA4 en las semillas de
tomate de mutantes deficientes en GAs (gib-
I). Sin embargo, la expresién de LeEXPA4 no

es inhibida por ABA, apoyando la idea de que

coincidente

el ABA no estd implicado en el debilitamiento
del endosperma micropilar.

Xiloglucan-endotransglicosilasa/hidrolasas

(XTHs)

Las XTHs modifican el xiloglucano, el
cual es uno de los componentes principales de
las  paredes celulares en Dicotiledéneas
(Carpita y Gibeaut, 1993). El gen LeXET4 se
expresa en semillas de tomate entre las 12-24 h
Adems,
exclusivamente en la regién del endosperma
LeEXPA4, la
expresién de LeXET4 también es dependiente
de GAs, pero independiente de ABA
(Nonogaki ez al., 2007) (Fig. 7).

de imbibicién. estd localizado

micropilar. Al igual que

Endo-B-mananasa, a-galactosidasa y -

manosidasa

Los
hemicelulésicos presentes en el endosperma.

mananos son  polisacdridos
La degradacién de los mismos involucra a las
endo-B-mananasas, 0-galactosidasas y B -

manosidasas, las cuales han sido identificadas a
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lo largo de la germinacién de numerosas
semillas.

Las endo-P-mananasas hidrolizan los
enlaces internos de los B-1,4-D-manopiranosil
presentes en las cadenas de mananos. En las
semillas de numerosas especies se produce un
importante incremento de la actividad endo-f3-
mananasa durante la germinacién. A lo largo
de la germinacién de las semillas de tomate se
hallaron dos genes de endo-B-mananasas,
LeMANI 'y LeMANZ2. La expresién de
LeMAN2 es detectable a las 12-18 h de
imbibicién, mientras que LeMANI no se
expresa hasta que la germinacién se ha
completado, a las 48 h (Bewley er al., 1997a;
Nonogaki et al., 2000). Ambos genes se
LeMAN2 se
expresa solamente en la regién del endosperma
LeMANI
localizada en el endosperma lateral (Fig. 7).

expresan en tejidos diferentes,

micropilar, mientras que estd
LeMANI1 probablemente es la responsable de
la  movilizacién de las reservas en el
endosperma lateral que proporciona nutrientes
para el crecimiento de la pldntula. LeMAN2
parece implicada en la degradacién del
galactomanano del endosperma micropilar. La
expresién de LeMAN?2 es inducida por GAs en
el mutante gib-1, pero no es inhibida por ABA
en las semillas del fenotipo silvestre (Nonogaki

et al., 2000).

En Datura ferox, la luz roja estimula la
expresién de una endo-B-mananasa (DfMan)
en el endosperma micropilar, asi como
estimula la actividad enzimdtica (Arana et 4l.,
2006).
lechuga es estimulada por GAs e inhibida por
ABA (Halmer et al, 1976; Dulson et al.,
1988). Ademis,
isoformas de endo-B-mananasa durante la

La actividad endo-B-mananasa de

se han encontrado tres
germinacién de (Nonogaki y Morohashi,
1999; Wang et al., 2004). Por otra parte, el
ET

actividad

incrementa

endo-f3-
mananasa en estas semillas (Nascimento et al.,
2000), lo

tratamiento con

significativamente  la

que hace aventurar que la
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promocién de la germinacién después del
ET e debido al
debilitamiento del endosperma micropilar

tratamiento  con
provocado por un aumento de la actividad
endo-B-mananasa (Nascimento ez al., 2004).
Sin embargo, el gen LsManl se expresa
especificamente en el endosperma de lechuga,
pero cuando la germinacién ha finalizado
(Nonogaki y Morohashi, 1999). Teniendo en
cuenta estos resultados, es probable que la
actividad endo-f-mananasa en lechuga esté
relacionada con la movilizacién de reservas y
no con el debilitamiento del endosperma
micropilar.

En semillas de café fueron clonadas
dos endo-P-mananasas, manA y manB
(Marraccini et al., 2001). Ambos genes sélo se
expresan en semillas germinadas, y no se han
observado en otros tejidos. Su expresién es
coincidente con la iniciacién de la emergencia
radicular y decrece una vez ésta ha finalizado
(Marraccini et al., 2001). La actividad endo-f3-
mananasa se encuentra en el endosperma
micropilar, pero a diferencia del tomate, es

inhibida por ABA (da Silva ez al., 2004).

Las a-galactosidasas hidrolizan los
residuos de galactosa unidos al esqueleto de
mananos de los galactomananos. La actividad
a-galactosidasa ha sido detectada en la regién
micropilar y lateral del endosperma de semillas
de tomate. LeaGal, estd presente en la regién
micropilar y lateral del tejido endospérmico,
aunque también en el embrién (Feurtado et

al., 2001) (Fig. 7).

Las hidrolizan los

residuos termianles no reductores de B-D-

B-manosidasas

manosas de los oligomananos liberados por la
accién de las endo-B-mananasas y las o-
galactosidasas. La actividad B-manosidasa ha
sido detectada en el endosperma micropilar de
las semillas de varias especies, incluyendo las
de tomate (Mo y Bewley, 2002), Datura (de
Miguel ez al., 2000) y café (da Silva ez al.,
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2005). Tanto en semillas de café como
tomate, la actividad B-manosidasa incrementa
con un perfil temporal similar al de la
actividad endo-f-mananasa (Mo y Bewley,
2002; da Silva ez al., 2005). El transcripto de
una PB-manosidasa en tomate, LeMsidel, fue
detectado en la regién del endosperma
micropilar y lateral asi como en el embrién de
esta semilla (Mo y Bewley, 2002) (Fig. 7).

Celulasa

La enzima clave para degradar la
celulosa es la endo-B-1,4-glucanasa o celulasa.
La actividad celulasa ha sido detectada a lo
largo de la germinacién de semillas de
numerosas especies vegetales. En semillas de
café hay un incremento significativo de la
actividad celulasa durante la fase inicial del
ablandamiento del endosperma micropilar (da
Silva et al., 2004). El transcripto del gen
LeCel55 incrementa su expresién en la radicula
y en el endosperma micropilar de las semillas
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de tomate antes de que la germinacién finalice
(Bradford et al., 2000) (Fig. 7).

Otros enzimas hidroliticos

También se encontr el gen (LeARAI)
de una a-L-arabinofurosidasa que se expresa
en el endosperma lateral durante la
germinacién de las semillas de tomate
(Bradford ez al., 2000) (Fig. 7). Este se expresa
antes de la emergencia radicular, su
localizacién sugiere que estd principalmente

implicado en procesos post-germinativos.

Un gen relacionado con la hidrélisis
de las

LeXPGI) se expresa durante la germinacién de

pectinas  (exopoligalacturonasa,

las  semillas de tomate, encontrindose
principalmente expresado en el endosperma
micropilar y en el 4pice radicular (Sitrit ez al.,
1999) (Fig. 7). El grado de esterificacién de las
pectinas también parece estar relacionado con
el debilitamiento del endosperma radicular, ya

que la actividad pectin-metilestearasa (PME)
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se ha encontrado en el endosperma micropilar
de las
germinacién, aunque la mayor actividad se
hallé en el embrién (Downie et 2., 1998).

semillas de tomate durante la

El papel de la f-1,3-glucanasa
(BGLU) se ha estudiado ampliamente a lo
largo de la germinacién de las semillas de
tabaco. El andlisis de la expresién del gen
PGLU asi como su actividad enzimdtica
incrementa justo antes de la ruptura del

endosperma (Leubner-Metzger et al., 1995).
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El andlisis de BGLU por inmunolocalizacién
en semillas transgénicas de tabaco revelé que
se encuentra localizada principalmente en el
endosperma micropilar y en el tegumento
interno de la testa (Leubner-Metgzer, 2002).
Ademids la expresién sentido de SGLU es
capaz de reemplazar parcialmente el
requerimiento de AR de las semillas de tabaco
(Leubner-Metzger y Meins, 2000) y la
expresién antisentido aumenta el periodo de
dormicién de las mismas (Leubner-Metzger y

Meins, 2001).
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ABSTRACT

Seed dormancy is a primary component of
the different life-history strategies of annual
plants. The evolution of the seed habit has
permitted higher plants to colonize a large
number of ecological niches due to the
excellence of orthodox seeds as dispersal
units  relatively impervious to harsh
environmental conditions. Seed dormancy,
defined as the inability of a viable seed to
germinate under conditions that allow
germination, is assumed to be an important
adaptive trait in nature. The overall fitness of
maternal plants can favour production of
cohorts of seeds having dramatically different
germination criteria so that germination is
distributed over time. This review provides an
overview of current knowledge of three
hormonal factors (i.e. gibberellins, abscisic
acid and ethylene) and genes controlling
seed dormancy. :

KEYWORDS: abscisic acid, after-ripening,
B-1,3-glucanase, cell-wall loosening, endo--
mannanase, endospermic and  non-
endospermic seeds, ethylene, gibberellins,
mucilage, radicle, seed, seed-coat, testa

INTRODUCTION
The appearance of the seed, the organ by

which angiosperms disperse and propagate,

died during the
. Depending on the species, the endosperm is
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carries far-reaching evolutionary implications,
assuring the survival and perpetuation of the
mother plant [1]. Seeds are heterotrophic
organs, totally dependent on nutrients
imported (nutrient loading) from the parent
plant for their growth and development [2, 3].
A typical angiosperm seed contains an embryo
(diploid) surrounded by an endosperm (triploid;
with two-thirds of its genome of maternal
origin) and a seed coat (diploid) [4, 5]. The
endosperm is formed by alive cells with high
metabolic activity, while the seed coat is

- composed of a tissue of maternal origin (i.e.

ovular tissue) in which the cells would have
late seed maturation.

visible in the dry seed (i.e. endospermic
seeds) or else disappear completely or partially
during zygotic embryogenesis (i.e. non-
endospermic seeds), the cotyledons providing
the embryo with nutrients [6, 7]. Under an
appropriate temperature, the germination of a
mature, viable, and non-dormant seed begins
with gradual water uptake, which triggers
a burst of respiration. Water uptake, the
fundamental requirement for the initiation and
completion of dry seed germination, is
triphasic: rapid initial uptake (phase |, i.e
imbibition) followed by a plateau in water
uptake (phase:ll), and a further increase after
germination is completed, as the embryo
axes elongate (phase lll, i.e. post-germination
phase of water uptake) [8, 9]. The abscisic
acid (ABA), synthesised with plastidial aid
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(Fig. 1), inhibits phase Il water uptake and
the transition from germination to post-
germination growth [10]. The dormant seeds
does not complete germination as it lacks
phase Ill. The germination process ends
when the radicle tip has protruded through
the covering structures (i.e. endosperm and
seed coat in endospermic seeds) [11, 12].
Seed coat and endosperm always rupture at
the micropylar level. Completion of radicle
emergence during seed germination depends
essentially on embryo extension, which is a
turgor-driven growth process. Thus, cell
elongation is necessary and probably sufficient
for radicle protrusion to start; however, cell
division is not required [13]. Radicle protrusion
depends on embryo expansion, which is a
process driven by water imbibition and cell-
wall loosening [14]. In most endospermic
seeds (e.g. coffee, lettuce, tobacco or
tomato) the tissue that makes up the
endosperm is a germination-limiting barrier,
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and so that germination is completed, the
growth potential of the radicle should be high
enough to overcome the resistance of the
endospermic tissue [8, 11, 14, 15]. The role
of the seed coat as a germination constraint
has been studied by using testa mutants of
Arabidopsis [14, 16]. The seed coat and
endosperm rupture are temporally separated
in model plants as tobacco and Arabidopsis
[15, 17, 18].

Dormancy as a survival mechanism

The seed constitutes a key life-cycle stage in
terms the mother plant survival as a species.
It is the dispersal unit and is able to survive
the period between seed maturation and the
establishment of the next generation as a
seedling after germination [19]. To survive in
a particular location, plants have developed
mechanisms that regulate seed germination
to coincide with the most appropriate season
of the year. One such mechanism for proper

9-cis-VIOLOXANTHIN

A7

Fig. 1. ABA biosynthesis pathway. AAO3: abscisic aldehide oxidase; DPA: dihydrophaseic acid;
MVA: mevalonic acid; NCED: nine-cis-epoxicarotenoid-dioxigenase; PA: phaseic acid;
SDR1: short-chain dehydrogenase/reductase; ZEP: zeaxanthin epoxidase.
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Hormonal control of seed dormancy

timing of seed germination is seed dormancy,
which can be defined as the temporary failure
of an intact viable seed to complete
germination under favourable conditions [20].
However, still very little is known about the
process by which the embryo emerges from
the seed to complete germination and how
embryo emergence is blocked in dormant
seeds [8, 11]. During seed maturation, water
content decreases, ABA accumulate, and
dormancy is established [21, 22]. Dormancy
of many species can be altered by after-
ripening (i.e. storage of mature seeds for
several weeks under dry, warm conditions
[22, 23]. This pause in the plant life cycle
called dormancy also allows growth of the
seedling to occur under conditions favourable
and in a season that provides sufficient time
for completion of the next generation.
Therefore, seed dormancy is an adaptive
mechanism to ensure plant survival. Dormancy
can be overcome in many seeds by exposure
to chilling, light, plant hormones, temperature,
or osmotic shock [8, 24, 25]. Although several
hypotheses have been proposed to explain
the action of these factors, dormancy is still
one of the least understood phenomena in
the field of seed biology. Genetic evidence
strongly indicates that ABA is central to the
establishment and maintenance of seed
dormancy [12, 14, 21, 25] and that gibberellins
(GAs) are important for germination and for
counteracting ABA effects in seed dormancy
[12, 26, 27]. In general, ABA delays or
prevents seed germination and determines
the depth of dormancy during development,
whereas GAs break dormancy and promote
germination upon imbibition by some mature
seeds [28]. However, the ABA signalling in
the life cycle of seeds is still little known. The
seeds of most angiosperms are dormant at
maturity, and dormancy must be lost before
germination can occur [8, 11]. Dormancy is a
property of an intact seed, but several parts
within the seed can contribute to seed
dormancy [11, 12, 29]. Dormancy is genetically
determined, and seeds with some genotypes
are dormant after months or years of dry
storage, whereas seeds with other genotypes
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lose dormancy within weeks [30]. This process
of dormancy loss can be hastened or slowed
by environmental conditions [19]. In seeds,
ABA is also involved in the acquisition of
nutritional reserves, development, and
maturation and desiccation tolerance [14].
Besides GAs, seed dormancy can be
unblocked by ethylene (ET), which promotes
seed germination in some seeds and also
counteracts ABA effects in dormant seeds
[12, 31].

Germinating seeds of many endospermic
species exhibit “coat-enhanced” dormancy in
which radicle emergence is physically
restrained by the endosperm and in some
cases by additional covering layers [8, 11,
23]. In Arabidopsis and in non-endospermic
seeds, which contain only one endospermic
cell layer, the testa properties are responsible
mainly for the imposed coat-dormancy [16,
26]. Nevertheless, the Arabidopsis seed [32,
33], is like many seeds in that both the
embryo and seed coats have been related to
the control of dormancy and germination [18,
19, 26, 29]. This seed-coat-imposed dormancy
is widespread and more common than true
embryo dormancy, where the embryo fails to
initiate growth even when removed from the
constraints imposed by the seed coverings
[19, 27]. However, this imposition is reportedly
absent in dicotyledons, such as Brassica
napus [34] and Phaseolus vulgaris seeds
[35]. By contrast, in endospermic seeds, both
the testa and endosperm layers can be
involved in coat-enhanced dormancy [12, 22].

Seed dormancy is a sufficiently complex
process to be controlled by a single endogenous
or exogenous factor. Since dormancy is
regulated at different developmental phases,
in interaction with environmental factors, it is
difficult to detect when the genetic and
physiological differences are established.
This difficulty arises because all assays are
based on seed germination, which results
from the balance between the degree of
dormancy and the capacity of the embryo to
overcome dormancy. Thus, mutants that
germinate better or faster can represent
genes that promote dormancy or those that
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repress germination. The interaction between
hormonal factors and the strong effect of the
environment, both during seed development
and during imbibition, make seed dormancy
very complex. The challenge in dormancy
research is to identity the nature of the crucial
regulator(s) responsible from preventing the
onset of germination (dormancy) and for
triggering the germination process and their
mutual interaction. According to current
knowledge, at least three hormones (i.e.
ABA, GAs and ET) (Fig. 2) are involved in the
signalling that maintains and/or eliminates
seed dormancy [36].

The mutants, key tools to advance
knowledge of seed dormancy

ABA-mutants

It is well known that de novo synthesis of
ABA during the imbibition of dormant mature
seeds contributes to dormancy maintenance
[37]. Several mutants that produce seeds with
reduced dormancy have been raised from
Arabidopsis. An important group of mutants is
constituted by those specifically involved in
seed dormancy (i.e. mutants with altered
ABA biosynthesis or signalling). Seeds which
lack ABA do not undergo ABA-induced
dormancy and germinate without GAs [38].
Genetic studies show that ABA produced by
the embryo itself, and not maternal ABA, is
necessary to impose dormancy [39].
Reciprocal crosses between wild type (WT)
and the ABA-deficient aba? mutants also

showed that dormancy is regulated by the
ABA genotype of the embryo and not by that
of the mother plant. Likewise, inhibitors of
ABA biosynthesis promote germination and
indicate that the maintenance of dormancy in
imbibed seeds is an active process involving
de novo ABA synthesis as was also found for
N. plumbaginifolia [40]. On the other hand,
ABA-insensitive (abi) mutants abif1, abi2,
abi3, abi4, and abi5 are able to germinate in
the presence of ABA levels that are inhibitory
to the WT. The Arabidopsis aba, aba2, and
aba3 mutants are defective in zeaxanthin
epoxidase [41], short-chain dehydrogenase/
reductase [42] and a molybdenum co-factor
sulfurase genes [43], respectively. More
recently, aba4 was identified in a screen
for paclobutrazol-resistant germination (i.e.
paclobutrazol, inhibitor of GAs biosynthesis),
and the ABA4 gene appears to be involved in
violaxanthin transformation [44]. All of the
aba4 mutants showed similar paclobutrazol-
resistance phenotypes compared with WT
and reduced endogenous ABA levels in
seeds, and the germination showed lower
dormancy than did the WT [44]. No dormancy
was observed in abi5 mutant [45], except
reduction of some seed-maturation-specific
mRNAs [46]. However, germination of the
eral, era2, and era3 (ERA, enhanced
response to ABA) mutant seed is prevented
by low concentrations of exogenous ABA
that normally permit germination of the WT
[47]. Moreover, mutations at any of ABI3
(ABA INSENSITIVE3), FUS3 (FUSCA3) or

light light | [ABA| | ET
Decrease in ABA @
content and
sensitivity. Increase Y
in GA sensitivity or GA
loss of GA &
requirement
DORMANT L NON-DORMANT| — ¥, | SEED WITH » |GERMINATED
SEED SEED RUPTURED SEED
after- testa TESTA endosperm
ripening ruptured rupture

Fig. 2. Possible hormonal interactions during tobacco seed after-ripening, dormancy release and germination
and their effects on testa and endosperm rupture. Adapted from Leubner-Metzger, G. (2003b).
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LEC1 and LEC2 (LEAFY COTYLEDON)
loci affect acquisition of dormancy and
desiccation tolerance, and seed maturation
[48]. It is possible that the non-dormant
phenotype of lec1, fus3, and abi3 mutants is
due to defective seed maturation and that
mutant seeds germinate because this is the
default state [49]. Most of the Arabidopsis
ABA-deficient mutants identified to date have
been demonstrated to present germination
that is resistant to paclobutrazol or equivalent
GA-biosynthesis inhibitors [50, 51, 52]. In an
ABA-deficient mutant the GA requirement for
germination is thus less than in WT seed
[53, 54], which is related to the antagonistic
effect of ABA and GA on germination.

GAs-mutants

GAs are habitually required to overcome the
ABA-induced dormant state. Many mutants
that increase seed dormancy or reduce the
germination capacity have mutations in the
biosynthesis of signalling pathways of plant
hormones that stimulate seed germination
such as GAs and ET. GAs can promote
germination by their ability to overcome
germination constraints that exist in seeds

Phytochrome
(red photons)

AtGA3ox1

AtGA3ox1

requiring after-ripening, light, and cold. Light
may induce GAs biosynthesis during the
early phases of germination (Fig. 3). One of
two 3-f hydroxylase enzymes, encoded by
the GA4H gene, is induced in germinating
seeds of Arabidopsis by phytochrome [55].
Cold treatments do not stimulate GAs
biosynthesis in some seeds, but rather increase
their sensitivity to GAs [26]. Two different
mechanisms of action have been proposed to
explain the role of endogenous GAs in the
control of germination: (i) induction of genes
encoding enzymes that reduce the mechanical
resistance to radicle protrusion; and (ii) direct
effect on the growth potential of the embryo.
A single dominant mutant (gai7) with decreased
GA-signal transduction has been described
[14, 30]. Gai1 has reduced sensitivity to GAs
but does not exhibit strongly reduced
germination. However, loss-of-function (LOF)
alleles of this locus require slightly less GAs
for growth than WT [56]. Mutations in the
COMATOSE (CTS) gene also results in a
marked reduction in germination potential.
Thus, mature cts seeds do not respond to
GAs, and prolonged chilling of imbibed seeds
only partially restores the germination capacity.

Stratification

- GA4

(active)

(CU®)

AtGA20x2
——) GA34

SEED
GERMINATION

Fig. 3. Light and temperature regulation of GAs synthesis in Arabidopsis seeds. A{GA3ox
and AtGAZ2ox encode GA3-oxidases which transcripts are localized during imbibition period
in the cortical and endodermal cells of embryonic axis. Adapted from Yamaguchi and Nambara
(2006). In: P. Hedden and S.G. Thomas (Eds.) Plant Hormone Signaling. Blackwell Publishing

Ltd, Oxford OX4 2DQ, UK. pp. 311-338.

41



A.J. Matilla et al.

It is suggested that CTS represses embryo
dormancy and might be involved in GAs
signalling specific for seeds [57].

Ethylene-mutants

Opinions vary about the developmental stage
during which ET regulates dormancy, and
some suggest that the role of ET during
dormancy inception is minimal and that its
major action is during imbibition to terminate
dormancy and/or initiate germination [58].
Seeds that respond to ET are often light
sensitive for germination [31, 59]. Stratification
in water at 4°C or moist pre-chilling at
restricted water content is able to break
dormancy in seed-bearing woody plants [60,
61], and ET accelerates the breaking of
dormancy from the first week of treatment
[62, 63]. Although ET can fully rescue the
germination defect of some mutants (e.g. ga-1,
[64]) and some mutants in ET signalling are
affected in their germination response [65],
little is known about the molecular mechanism
of ET action during the breaking of dormancy.
However, has been suggested that some
component(s) of ET signalling may be involved
in this process. In beechnut seeds, FsERF1-
MmRNA is absent in dormant seeds and
increases during pre-chilling, which induces a
progressive release from seed dormancy
[60]. The ET treatment provokes a drastic
increase in transcript levels of FSERF1 (a
functional ET-responsive DNA-binding protein)
[66]. The mutation etr7-1 insensitizes
Arabidopsis seeds to ET and intensifies
sensitivity to ABA; while seeds produced by
ctr1 are less sensitive to ABA than are those
of the WT [67]. There are antagonistic effects
of ET and ABA on dormancy and germination.
Thus, ET may promote germination by
interfering  with  the inception and/or
maintenance of seed dormancy by ABA [58].
For example, the greater proportion of dormant
seeds in a population of mature seeds of ET-
insensitive mutants (e.g. etr?), as compared
with those of the WT, may be a consequence
of their increased sensitivity to ABA [67].
Likewise, increased ABA biosynthesis in the
ein2 mutant indicates that ET sensitivity and
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ABA biosynthesis are coupled in Arabidopsis
[58]. By other hand, efr71-2 mutation confers
dominant ET insensitivity and results in a
larger proportion of mature seeds that exhibit
primary dormancy. Likewise, a role for ET
perception in determining the length of time
Arabidopsis seeds remain in the lag phase
prior to radicle protrusion was concluded by
using ET-insensitive gain-of-function (GOF)
receptor mutants in tomato and Arabidopsis,
as well as single and double LOF receptor
mutants in Arabidopsis [68]. It appears that
EIN2, a membrane associated and positive
regulator of ET responses [65], is a negative
regulator of seed sensitivity with respect to
ABA. Thus, the mutation ein2 in Arabidopsis
produces seeds with great sensitivity to ABA
and very little to ET. Consequently, ABA and
ET signalling pathways appear to be closely
related [67]. These facts indicate that seed
dormancy in Arabidopsis is negatively regulated
by endogenous ET, a fact that has been
suspected [69] but not demonstrated until
now [58, 67]. In short, ET alone is incapable
of positively regulating seed germination, but
an interaction between the signalling of ABA
and ET (Fig. 1) appears to be necessary at
some point of the germinative process [70,
71]. Probably, ET counteracts the effect of
ABA by diminishing sensitivity of the seed to
endogenous ABA. More recently, it was
reported that the hormone profiles during
germination of seeds obtained from an etr7-2
mutant (dominant ET insensitivity and higher
level of seed dormancy) also suggest a
requirement of GA levels higher than in the
WT in order to promote germination in
absence of a functional ET signalling
pathway [72]. These results also suggest that
ET signalling modulates the metabolism of all
the other plant-hormone pathways in seeds.
The ET mimics GAs action as applied ET
allows germination of seeds of the GAs-
deficient mutants [73]. ET insensitive mutants
such as efr and ein2 germinate less well or
after a longer period of after-ripening than
WT [67]. In short, ET negatively regulates
seed dormancy by inhibiting ABA action [67].
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Seed envelop mutants

Mutants of Arabidopsis with an altered seed
coat or testa also show reduced seed
dormancy [16]. The development of
Arabidopsis seed coat, which is formed from
two integuments of epidermal origin that
surround the mature ovule, has been
described [74]. The morphological differentiation
of the outer integument, which excretes
mucilage upon imbibition of some seeds [75],
has been also studied [32, 76]. Within the
Cruciferae, several aspects of seed coat
development and maturation have been
described, including cytology of mucilage
production [77]. In Arabidopsis, mucilage, a
soluble hydrophilic polysaccharide, is produced
by the developing seed and deposited in the
outer cell layer of the seed coat, a property
known as myxospermy. Upon imbibition or
initial water uptake, the dehydrated mucilage
is rapidly released from the seed coat
providing a gelatin-like coating surrounding
the mature seed. Although the role of
mucilage is unknown, it is thought to aid in
the dispersal and/or protection of the emerging
seedling during imbibition and germination.
Such seed-coat mucilage cells are necessary
for neither viability nor germination under normal
laboratory conditions. Seed-coat mutants
consist of two major groups: (i) affected in
flavonoid pigmentation that is represented by
the transparent testa (tt) [16] and transparent
testa glabra (ttg); the ttg7-mutants lacks
mucilage and trichomes and is affected in the
morphology of the outer layer of the seed
coat as well as in pigment production; and (ii)
affected in testa structure (e.g. ats, aberrant
testa shape) [78].

Hormonal control of enzymatic proteins
related to dormancy signalling

Cell-wall-dismantling enzymes and seed
dormancy

It has been suggested that the weakening of
the endosperm cell walls is required to allow
for protrusion of the radicle from the seed [8].
However, in some seeds, such as lettuce,
there is neither transcription nor an increased
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activity of the cell-wall-degrading enzyme
(e.g. endo-B-mannanase; EC 3.2.1.78) prior
to radicle emergence or any obvious
degradation of the micropylar endosperm cell
walls [79, 80]. The means by which
emergence occurs in lettuce is at present
unknown. In tomato seeds, the walls of the
endosperm adjacent to the cotyledons are
thicker than those adjacent to the radicle, and
in both regions the cells exhibit thickened
walls [81]. Changes in the cell walls occur
prior to germination, coinciding with an
increase in endo-B-mannanase activity; the
degradation of the micropylar endosperm cell
walls to permit germination is likely to require
the activities of several hydrolases [8, 11, 82].
In some hard seeds, the cells of the
micropylar endosperm adjacent to and
overlying the radicle tip have relatively thin
walls [83, 84]. This localized modification of
endosperm cellular structure (i.e. micropylar
endosperm) suggests that it offers little
resistance to radicle emergence. In contrast
to the above, in date seeds (e.g. lettuce,
tomato, and tobacco) the majority of the cells
in the micropylar endosperm that surround
the radicle are thick-walled. There has been
controversy about whether the increase in
endo-3-mannanase in the micropylar endosperm
during germination is sufficient to permit the
radicle to emerge and the consensus
appears to be that, whilst this enzyme is
required for endosperm weakening, it is not,
by itself, sufficient to allow germination to be
completed [8, 11, 85]. Two cDNA clones for
tomato endo-B-mannanase (i.e. LeMan1 and
LeMan2) have been reported [86], LeMan1
being expressed following germination in the
lateral endosperm region and LeManZ2 in the
micropylar endosperm prior to the completion
of germination [86]. Besides endo-3-mannanase
other enzymes associated with the hydrolysis
of galactomannans have been studied in
endospermic seeds. Recently, B-mannosidase
has been purified from tomato, and a cDNA
(LeMside1) clone obtained [87]. B-mannosidase
and endo-B-mannanase increase in activity
prior to the completion of germination,
particularly in the micropylar endosperm, and
both increase in the lateral endosperm following
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germination [87]. This change in activity
parallels a greater expression of transcripts
for both enzymes in the micropilar endosperm,
and the increase in both B-mannosidase activity
and transcripts in the lateral endosperm
precedes those of endo--mannanase by about
12 h [87].

In the case of endosperm-limited germination, it
is believed that hydrolytic enzymes facilitate
weakening of the endosperm surrounding the
radicle tip by hydrolysing cell-wall materials
[8, 11, 88]. The first morphological event
following imbibition of tobacco seeds is the
rupture of the seed coat (testa). This is
followed by rupture of the endosperm, which
is the limiting step of tobacco-seed germination
[12, 15, 29]. Also, B-1,3-glucanase (BGLU)
activity is induced after testa rupture and just
prior to the onset of endosperm rupture. This
activity, localized in the micropylar endosperm
at the site where the radicle will emerge,
results from transcriptional induction of
class | B-1,3-glucanase (BGLU ) [10]. The
Leubner-Metzger's group provided direct
evidence that BGLU | has a role in rupture of
endosperm, which is the limiting step in
tobacco-seed germination [89]. Moreover,
other results from this group support the
hypothesis that a threshold BGLU content is
required for endosperm rupture, and suggests
that accumulation of BGLU is necessary but
not sufficient for endosperm weakening. The
induction of BGLU | and endosperm rupture
are tightly linked in response to physiological
factors known to affect the incidence and
timing of germination (e.g. ABA treatment
specifically delays endosperm rupture and
inhibits the induction of BGLU 1) [90, 91, 92].
Taken together, these findings support the
view that germination control by coat-covering
layers is achieved by the collaborative or
successive action of several cell-wall-modifying
enzymatic proteins and various molecular
mechanisms. On the other hand, little is known
about the molecular basis for the modulation
of dormancy during after-ripening [8, 23].
Over-expression of BGLU | during germination
replaced the after-ripening effect on endosperm
rupture, but did not influence photodormancy.

Physiological studies and recent results
obtained with sense transformants strongly
suggest that BGLU | has a causal role in
endosperm rupture [89].

Hormonal control of dismantling enzymes

The ruptures of micropylar-endosperm and
testa in Arabidopsis seeds are temporally
separated, the former being ABA inhibited but
not the latter rupture [17]. Data are scarce
regarding the molecular mechanisms of
both endosperm and testa weakening. The
participation of a single enzyme in the
process appears to be ruled out at present.
Conversely, evidence exists for the contribution
of several cell-wall-dismantling enzymes (e.g.
endo-f-1,4-mannanases and endo-3-1,3-
glucanases) [8, 11, 12, 14, 80, 85]. Expression
of endo-B-1,3-glucanase in the micropylar
endosperm, its inhibition by ABA and the
inhibition of endosperm rupture by ABA is
widespread among the Solanaceae [12, 15,
92]. The ABA inhibition of endosperm
weakening is partially reversed in transgenic
tobacco seeds that overexpress endo-3-1,3-
glucanase in the seed-covering layers under
the control of an ABA-inducible transgene
promoter [93]. In the Discussion of this last
work, it is stated that endo-3-1,3-glucanase is
involved in cell-wall weakening; but it is not
the only enzyme. During after-ripening of
tobacco seeds, falling ABA levels and possibly
decreasing sensitivity to ABA eventually
permits BGLU | expression needed for
endosperm rupture during seed imbibition
[89], but could also permit BGLU | expression
in the dry state, which results in the release
of dormancy. Decline in ABA content, lower
sensitivity to ABA and higher sensitivity to
GAs correlates with after-ripening of many
species [8, 22, 23]. In general, modulation of
dormancy during after-ripening results in a
broadening of the germination responses to
environmental conditions [8, 11, 23]. The fact
that BGLU | expression is regulated by
hormones and environmental factors [28, 91]
suggests that BGLU | could be a key factor in
modulating dormancy and germination in
response to the environment. Leubner-
Mezger and Meins proposed that BGLU |
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expression in tobacco dry seeds contributes
to the after-ripening-mediated release of seed
dormancy [94]. The after-ripening-mediated
promotion of tobacco-seed germination is
due mainly to: (i) BGLU | contribution to the
after-ripening-mediated release of dormancy
in the dry seed state, which is manifested in
the promotion and ABA-insensitive testa
rupture during imbibition; and (i) ABA-
sensitive expression of BGLU | in the
micropylar endosperm, which contributes to
endosperm rupture [91]. Likewise, the after-
ripening-mediated release of tobacco
dormancy is also correlated to a decrease in
GAs requirement for testa rupture during dark
imbibition. Thus, as in Arabidopsis and
tomato, testa-imposed dormancy of tobacco
appears to be regulated by an indirect ABA-
GAs interaction. The importance of testa
characteristics appears to be a common
feature during the after-ripening-mediated
release of coat-enhanced dormancy in
endospermic and non-endospermic seeds. It
is possible, but not proven, that tomato
endosperm weakening is a biphasic process
and only the second phase is inhibited by

ABA [90]. BGLU I, which contributes to
endosperm rupture of tobacco seeds, is
induced by GAs just prior to tomato

endosperm rupture and is inhibited by ABA
[90]. ABA inhibits the induction of BGLU I
genes, specifically delays endosperm
rupture. The results of Leubner-Mezger and
Meins support the view that a threshold
BGLU I content is required, but not sufficient,
for endosperm rupture [89, 94]. Tobacco
germination is accompanied by ET evolution,
and endogenous ET is required for the
promotion of endosperm rupture and high-
level BGLU | expression of light-imbibed
seeds and non-photodormant dark-imbibed
seeds [95]. ET does not affect the spatial and
temporal pattern of BGLU | expression and
does not break photodormancy or affect the
kinetics of testa rupture. All the above taken
together, ET promotes endosperm rupture by
enhancing BGLU | expression while the
GAs/light pathway and ET regulate BGLU |
induction in the micropylar endosperm and
seem to control endosperm weakening [12].
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Recently, the B-mannosidase (EC 3.2.1.25)
was purified and molecular studies were
carried out from intact tomato seeds [98]. The
authors concluded that p-mannosidase and
B-mannanase work in collaboration in the
mobilization of the galactomannan-containing
cell walls of tomato seeds. Whether they
control processes or elements in common
remains to be determined. Germination of
intact tomato seeds was completely inhibited
by ABA. The production of endo-f-mannanase
in the micropylar endosperm is not initially
sensitive to ABA during germination, leading
to the view that the presence of this enzyme
alone is not in itself sufficient to allow
germination occur [96]. The decline in endo-
B-mannanase activity after longer times of
imbibition has also been noted previously and
has been related to the failure of a second
phase of endosperm weakening necessary
for germination to be completed [81]. All
this considered, the initial presence of
both mannan-degrading enzymes, endo-f3-
mannanase and B-mannosidase, is insufficient
to permit germination to occur. An increase in
activity of B-mannosidase occurredin the lateral
endosperm in seeds imbibed in water whereas
ABA weakly reduced this activity. Conversely,
the effect of ABA on B-mannosidase activity
in the micropylar endosperm was relatively
weak but there was more sensitivity to ABA
[98]. On the other hand, isolated endosperms
of the gib-1 mutant of tomato seeds, a line
that does not synthesise GAs, respond to
applied GAs (i.e. GA;) by synthesising endo-
B-mannanase [97]. In the absence of GAs
there was a small amount of B-mannosidase,
although no seeds imbibed on water completed
germination, and there was negligible endo-§3-
mannanase activity. In the presence of GAs,
activities of both enzymes were induced in all
regions, particularly in the micropylarand lateral
endosperm regions following the completion
of germination. Thus, in the intact gib-1 seed,
the activities of both enzymes responded
similarly, being low in the absence of a
germination stimulus, but both increasing in a
similar temporal manner in the presence of
GAs. The behaviour of the enzymes in the
GA-induced gib-1 mutant seeds is also similar
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to that of the WT seeds [98]. In conclusion,
the most up-to-date information indicates that
the increase or decrease in both endo-f-
mannanase and (-mannosidase activity in
tomato seeds are regulated by ABA and GAs
in a similar way, particularly in the micropylar
endosperm.

Future prospects

For the data published to date, there are
several types of dormancy, which can be
broken in the laboratory by altering different
processes and behavioural traits of the seed
[20, 29]. Genetic and biochemical analyses of
plant hormone-response mutants in Arabidopsis
are providing invaluable information on the
different components involved in seed-
dormancy signalling [14, 30, 39, 44, 52, 57,
65]. However, although there are a number of
genes suspected of reducing dormancy, none
has yet been isolated and characterized as
being directly involved in the complete
breaking of dormancy. That is, no mutation is
known to inhibit the action of the phytochrome
or of the low temperatures, light, or
stratification needed by seeds to break
dormancy. Nor is any mutation known that
impedes germination in viable seeds that
require storage in a dry environment in order
to germinate (after-ripening). In other words,
no researcher has yet been able to unblock
the impediment to germination in viable,
mature seeds. A more than probable
explanation may be that dormancy is the
result of the intervention of a good number of
endogenous and genetically regulated
environmental factors. These factors are
clearly not under the control of a single gene.
However, it also appears clear that dormancy,
to occur effectively, needs the integrated and
strongly regulated action of a good number of
genes, some of which may have been
isolated already from wood plants seeds
in different laboratories [61, 62, 63, 66]. The
lack of test specifics to evaluate dormancy
without having to resort to germination as an
indicator of the presence or absence of this
state clearly complicates the understanding
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of this critical phase in the perpetuation and
survival of plants.
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II. — Objetivos

Las plantas superiores han elegido a
la semilla como érgano reproductivo y
altamente evolucionado para facilitarles la
adaptacién adecuada a las condiciones
medioambientales y a la vez para que la
planta madre se perpetGe a la generacién
siguiente. Sin embargo, la evolucién ha
determinado que la planta madre tendria més
posibilidades para mantenerse y afianzarse al
nicho ecolégico si produjese semillas con
diferentes caracteristicas fisicas y fisiolégicas.
Aparecieron las plantas productoras de
semillas heterogéneas, dentro de las que las
Brasicaceae engloban un buen nimero de
especies. Por otra parte, y siempre en aras a la
adaptacién 6ptima al ambiente adecuado, las
semillas han adquirido una serie de estrategias
para inhibir la germinacién cuando todavia

permanecen integradas en la planta madre

dentro del fruto o bien cuando las
condiciones ambientales no son las
adecuadas.  Este  estatus, denominado

dormicién, es altamente complejo y estd
regulado por el programa de desarrollo y una
compleja red de sefializaciones en la que las
fitohormonas y los factores ambientales, entre
otros, tienen especial relevancia (revisado por
R. Iglesias-Ferndndez en el 2007, y anadida
como un anexo de la Introduccién General).

El  Proyecto de Investigacién
(CGL2004-01996/BOS) que sufraga esta
Memoria incluye una serie de protocolos
tendentes al estudio del porqué el fruto de
Cruciferas es tan diferente en lo tocante a los
habitdculos seminales que poseen. Es decir,
partiendo de la base de la existencia de frutos
compartimentalizados en valvas y rostros
(ambos con semillas), y frutos que solamente
poseen valvas o rostros (con semillas cada
uno), el objetivo de nuestro Grupo de
Investigacion es el estudio de las semillas de
cada uno de eso frutos para conocer si eran
heterogéneas en una serie de pardmetros
morfolégicos y fisiolégicos (caracteres fisicos,
sintesis de ET y GAs, y presencia o no de
dormicién, entre otros).
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Dada la complejidad del estudio y la
dificultad de obtener abundante material de
algunas especies, nos hemos centrado para
esta Memoria de Doctorado en las semillas
pertenecientes a la especie  Sisymbrium
officinale L. Fueron varias las razones que nos
llevaron hacia esta decisién. Quizds las mds
sobresalientes hayan sido: (i) el nicho
ecoldgico de esta especie es rico en nitrégeno
(planta nitréfila) y, por tanto, era factible que
la dependencia de NO;™ para germinar fuese
mds que probable; el NO;™ es muy interesante
porque posee senalizacién; (ii) existencia de
datos en la bibliograffa sobre algunos
caracteres de esta semilla que han sido de
gran apoyo para el inicio de nuestro estudio;
(iii) rapidez en la germinacién, lo cual
siempre es un factor muy aprovechable en el
laboratorio; (iv) el fruto de esta especie
solamente posee valvas con multicud de
semillas, las cuales son heterogéneas en color,
tamafio y masa; y (v) es una semilla

endospérmica parecida a Arabidopsis.

Nos hemos centrado en los siguientes

aspectos de la fisiologia de las semillas de S.
officinale L.

1.- Estudio pormenorizado de las
condiciones de germinacién de los lotes
oscuro y claro en que hemos dividido las
semillas. Estos resultados han sido publicados
como en: “Ripe fruits of Sisymbrium officinale
L. contain heterogeneous endospermic seeds with
different germination rates” (2007) Seed Sci.
Biotech. 1: 18-24, y figuran como anexo del
cap. 1.

2.- Andlisis histolégico de la cubierta
seminal (incluyendo el estudio de la
produccién de mucilago), capa endospérmica
(monoestratificada) y embrién y cotiledones.
Este estudio se llevd a cabo con semillas secas
de ambos lotes, y durante la imbibicién y

germinacién.

3.- Aislamiento de material vegetal
de diferentes etapas de la embriogénesis, y de
semillas imbibidas y germinadas con el fin de
estudiar: (i) la expresién de S0ACS, SoACO,
SoGA30x, SoGA200x y SoGA20x durante el
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desarrollo de la semilla, en semilla seca y
durante el proceso germinativo; (ii) los
niveles de ACC y MACC; vy (iii) las
alteraciones en la actividad endo-3-mananasa
(MAN) durante la germinacién. Estos
resultados han sido enviados a publicar en
marzo del 2009 a la revista Annals of Botany
(Londres).

4.- A lo largo de este estudio con
semillas de S. officinale L. hemos demostrado
que el after-ripening (AR) provoca un fuerte
incremento en la velocidad de germinacién
con respecto a las semillas oscuras no tratadas.
Dado que se desconoce el mecanismo de
accién del AR, se estudié en profundidad el
efecto que provoca el AR sobre los genes
estudiados en el cap.3, asi como sobre la
actividad MAN. Los resultados de este
estudio aparecen publicados como: “After-
ripening alters the gene expression pattern of
oxidases involved in the ethylene and gibberellin
pathways  during  early  imbibition  of
Sisymbrium officinale L. seeds” (2009) | Exp
Bot 60: 1645-61, y se adjuntan como anexo
en el cap. 3.



III. CAPITULO 1

La heterogeneidad en semillas de S. officinale L.






CAPITULO 1: INTRODUCCION

III.1. — Introduccién
I11.1.1. La Evolucién en las Semillas

Las semillas representan el propdgulo
elegido por las plantas Espermatéfitas para su
dispersiéon 'y  propagacién  (Lohe y
Chaudhury, 2002; Yamaguchi y Nambara,
2006). La independencia del agua durante la
fecundacién y el control de la germinacién
mediante el proceso de dormicién son
importantes estrategias adaptativas que han
hecho de las Espermatéfitas los seres mds
evolucionados del Reino Vegetal (Probert,
2000; Baskin y Baskin, 2004; Sacandé ez al.
2004). Desde
econémica las

una  perspectiva  socio-

semillas son una fuente
sustancial de recursos alimentarios como la
produccién de cereales, pastas, harinas y
1997b).

también

aceites, entre otros (Bewley,

Actualmente, las semillas son
utilizadas en otros sectores como el industrial.
Es el caso del arroz, que se emplea como
sustrato en la produccién de biocombustibles,
encareciendo asi su precio en el mercado
internacional. Todas estas y otras razones
hacen necesario el estudio fisioldgico,
bioquimico y molecular de la semilla con el
fin de optimizar y garantizar la sostenibilidad
de su explotacién. Uno de los aspectos de
interés es el estudio de la transicién entre la
dormicién y germinacién, lo cual representa
una fase critica en el ciclo de vida de plantas
superiores y a su vez constituye un aspecto
ecolégico 'y  comercial de  enorme
trascendencia. Si se consigue un balance
entre la

apropiado dormicién 'y la

germinacién habremos logrado que las
semillas tengan una germinacién homogénea
y reducir la germinacién temprana (pre-
harvest sprouting) que provoca una fuerte
reduccidén de la calidad del grano y viabilidad
de la
constituye una de las mayores pérdidas para
la industria (Gubler ez /., 2005).

semilla. El  pre-harvest  sprouting

La semilla estd constituida por tejidos
de origen materno y embriogénico. EIl
primero procede de las paredes del primordio
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seminal u évulo y da origen a la cubierta
seminal o testa (Haugh y Chaudhury, 2005),
la cual suele presentar un orificio
denominado micrdpilo por el cual se produce
habitualmente la emergencia radicular (para
actualizar ver la Web: “The seced biology
place”, http://www.seedbiology.de). El tejido
embriogénico es el resultado de una doble
fecundacién. Como consecuencia de ello se
origina el endopserma (3n), tejido de reserva
que nutrird al esporéfito (embrién) durante la
maduracién y germinacién de
Monocotiledéneas hasta que la semilla se
convierta en un organismo fotosintéticamente
competente (Miintz et al., 2001; Drews y
Yadegari, 2002; Dolfini ez al., 2007). En
algunas familias, es el perisperma el que
cumple la funcién de tejido nutricio
(Karssen, 1976; Hermann ez al., 2007). Otra
consecuencia de la doble fecundacién afecta a
la formacién del embrién propiamente dicho

1898; 1899;
20006). estd
constituido por el/los cotiledén(es), hojas

(Nawaschin,

Guignard,

Dresselhaus, Este érgano
primordiales que funcionan como tejido de
reserva, la radicula y la yema caulinar
(plimula) (Borisjuk ez al., 2004; Weber et al.,
2005; Miiller 20006).

comprendida entre la radicula y la plimula se

et al., La parte

denomina hipocdtilo (Jirgens et al., 1995;
Lohe y Chaudhury, 2002) (Fig. 1).

I11.1.2. del Primordio

Seminal y Gametofito Femenino

Organizacién

Los seminales estin

constituidos en las Espermatéfitas por el saco

primordios

embrionario (8n) y los tejidos de origen
materno (2n) (Paniagua ez al., 1997; Drews y
Yadegari, 2002; Yadegari y Drews, 2004). Un
rudimento seminal dtropo (léase, posicién
erecta) presenta uno (Gimnospermas) o dos
(Frohlich y
Chase, 2007) que envuelven un tejido

(Angiospermas) tegumentos

nutricio  (nuceln) que engloba al saco

embrionario. La zona de contacto entre los
tegumentos y la nucela se denomina chalaza,
habitualmente

dispuesta en la regién

diametralmente opuesta a la zona micropilar.
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Figura 1: Estructura de la semilla madura de Lepidium sativum (Brassicaceae). Seccién longitudinal de semilla imbibida

2-3 h y tefiida con azul de toluidina, analizada en microscopio de campo claro. Se observa un embrién completamente

desarrollado, el endosperma y la testa o cubierta seminal. (Adaptado de Miiller ez a/., 2006).

La estructura que mantiene al primordio
seminal unido a la planta madre se llama
funiculo (Strasburger ez al., 1994). Cuando el
rudimento seminal estd curvado, es decir, el
micrépilo y la chalaza se disponen al mismo
nivel, se denomina  campilétropo  (ej.
Arabidopsis thaliana; Christensen et al., 1997)
(Fig. 2). El gametéfito femenino es de tipo
“Poligonum” en el 70% de las Angiospermas.
Es el caso de las familias Brassicaceae (ej.
Arabidopsis, Capsella, Brassica), Gramineae (ej.
maiz, arroz y trigo), Malvaceae (ej. algodén),
Leguminoseae (ej. judia y soja) y Solanaceae
tabaco, patata 'y
petunia) (Maheshwari, 1950; Willemse y van
Went, 1984; Haig, 1990; Huang B-Q y
Russell, 1992). La

“Poligonum” hace referencia a la primera

(¢j. pimiento, tomate,

denominacién

descripcién hecha en Poligonum divaricatum
(Strasburger, 1879; Maheshawari, 1950;
Yadegari y Drews, 2004). El gametéfito
femenino o saco embrionario de las
Angiospermas estd constituido por ocho
ndcleos. La distribucién inicial de este saco
octonucleado es la siguiente (Christensen ez

al., 1997; Paniagua ez al., 1997):
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e  Cuatro nucleos dispuestos en la zona
micropilar (cogangio).
e  Cuatro ndcleos situados en la zona
chalazal (aparato antipodal).
Posteriormente, se  produce la
migracién de uno de los nicleos de cada
aparato al centro del saco embrionario, dando
lugar a los miicleos polares, seguida de la
formacién de membranas celulares divisorias
y paredes celulares primarias que determinan
la configuracién del saco embrionario en siete
células (y no en ocho, ya que los nucleos
polares no estdin rodeados de membrana)
(Paniagua er al., 1997; Drews et al., 1998;
Drews y Yadegari, 2002) (Fig. 2) Por lo
del

embrionario se dispone del siguiente modo:

tanto, la configuracién final saco

o  Dos células sinérgidas, situadas en el
extremo micropilar del saco embrionario.

e  La oosfera, que se sittia adosada a las
sinérgidas e inmediatamente por debajo de
ellas, y que constituye la ovocélula.
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(B)

(C)

Figura 2: Descripcién de las estructuras reproductoras de Arabidopsis thaliana. (A) flor, (B) 6évulo y (C) gametdfito
femenino. La vista en (C) es perpendicular a (B). En (B) y (C), las dreas grises representan el citoplasma, las blancas las
vacuolas y las negras los nticleos. A: antera; CA: células antipodas; CC: célula central; CS: células sinérgidas; Ch: chalaza;
Estg: estigma; Est: estilo; GM: gametéfito femenino; Mp: micrépilo; NP: nicleos polares; O: évulo; Oc: ovocélula; Ov:
ovario; Pe: pétalo; Se: sépalo. (Adaptado de Drews y Yadegari, 2002).

o Tres células antipodas, situadas en la
zona chalazal.
o Los micleos polares (superior e
inferior) que se sitGian en el centro del saco
embrionario. Como no estin rodeados de
membrana plasmdtica se puede considerar al

saco embrionario como su citoplasma.

I11.1.3. El Grano de Polen y el Tubo
Polinico

La germinacién del grano de polen,
si las condiciones son adecuadas, tiene lugar
en el estigma y se caracteriza por la emisién
de una  proyeccién citoplasmadtica
denominada tubo polinico (Hiscock y Allen,
2008), que por su crecimiento, recuerda a un
pelo radical (Samaj ez al., 2006). Poco antes
de la germinacién se produce un aumento en
el nimero de polisomas y de la sintesis de
ARN vy proteinas. Esta y otras actividades se
mantienen durante el crecimiento del tubo
polinico (Boavida ez al., 2005; Marton et al.,
2005; Han er al, 2006; Higashiyama y

Hamamura 2008; Pradoa et a/. 2008).

El citoplasma del tubo polinico,
como el de los pelos radicales, se acumula en
el extremo en crecimiento (Samaj ez al,
20006). Es en este extremo donde se encuentra
el niicleo vegetativo seguido de dos niicleos
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generativos, asi como orgénulos
citoplasmdticos, principalmente dictiosomas
y reticulo endoplasmdtico liso. Los unicos
orgdnulos que se observan en el extremo
apical son vesiculas procedentes de los
dictiosomas. En el interior de estas vesiculas
se acumulan polisacdridos, pectinas y
proteinas. Las vesiculas se desplazan hacia la
membrana plasmidtica fusiondndose con ella.
El contenido de las vesiculas es liberado al
exterior originando la formacién de la pared
celular de esta regién apical en crecimiento
(Paniagua et al., 1997; Higashiyama et al.,
2003; Bosch er al. 2005; Higashiyama y
Hamamura, 2008). Parecen existir sefales
moleculares producidas por el gametdfito
femenino para guiar al tubo polinico
(Higashiyama, 2002; Johnson MA y Preuss,
2002; Higashiyama er 4/, 2003). El NO
puede representar una molécula clave en la
direccionalidad del tubo polinico (Pradoa ez
al., 2008). En el caso de Arabidopsis existen
dos rutas de movimiento del tubo polinico:
funicular y micropilar. La via funicular podria
ser un mecanismo de control para evitar que
un mismo ovario sea fecundado por dos
tubos polinicos diferentes (Higashiyama et
al., 2003, Higashiyama y Hamamura, 2008)

(Fig. 3).
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A)

I11.1.4. La Formacién de la Semilla: Doble
Fecundacién

La formacién del tubo polinico
ocurre una vez que el grano de polen alcanzé
el estilo. El tubo polinico va descendiendo
por el tejido de transmisién hasta contactar
con el saco embrionario. La via de entrada al
gametdfito femenino suele ser el micrépilo
(fecundacion porogdmica); aunque también
puede ocurrir en algunas especies a través de
la  chalaza  (fecundacion  calazogdmica)

(Paniagua ez al., 1997).

Los tres ntcleos (uno vegetativo y dos
generativos) se encuentran en el extremo
apical del tubo polinico (Bosch ez al., 2005).
El vegetativo tiene funciones tréficas (Honys y
Twell, 2003; Sano y Tanaka, 2007) y los
generativos realizan la  doble  fecundacion
(Russell, 1992; Raghavan, 2003; Dresselhaus,
2006; Berger ez al., 2008). Uno de los niicleos
generativos se une a la oosfera dando lugar al
zigoto (2n) y el otro lo hace a los niicleos
(3n).

auténticamente

polares La primera unién es la

sexual. En la otra se
constituye una célula triploide, la cual, por
sucesivas divisiones dard origen al érgano
nutricio en Monocotiledéneas, denominado
albimen o endosperma (Dresselhaus, 2006;
Dumas y Rogowsky, 2008). Las células
Arabidopsis
implicadas en la formacién del aparato

sinérgidas de odrian estar
g

filiforme, sistema membranoso que guiarfa al
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Figura 3: Guia del tubo
Arabidopsis.
(A)Representacion

polinico en
esque-
midtica: las lineas azules
representan el crecimiento
del tubo polinico hacia el
gamet6fito femenino.
Algunos tubos polinicos se
pierden (regiones rodeadas
por circulos) cuando el
gametdfito  femenino s
defectuoso.  (B)

fluorescente  de

Imagen

4vulos
tefiidos con azul de anilina.
(Adaptado de Higashiyama
et al., 2003).

tubo polinico desde la entrada del micrépilo
hasta el gametéfito femenino (Kasahara ez al.,
2005; Berger er al, 2008). El
vegetativo, las sinérgidas y las antipodas estin

nticleo

destinados a desaparecer (Berger et al., 2008).
Sin embargo, en algunas especies las antipodas
logran dividirse y formar agrupaciones
celulares de hasta 60 células (Yadegary y
Drews, 2004). La nucela es habitualmente
digerida durante el desarrollo embrionario;
sin embargo, en algunas especies como Beza
vulgaris se utiliza de tejido de reserva
(perisperma) (Hermann et al., 2007).
Finalmente, mediante complejas
redes de sefalizacidn, las paredes del ovario
originan el fruto, y el rudimento seminal
(6vulo) origina la semilla (Raven ez al., 1999;
Patrick y Offler, 2001;

Chaudhury, 2005).

Haughn y

II1.1.5.a. La Embriogénesis Zigdtica

La embriogénesis zigbtica es un

proceso  que engloba los  cambios
morfolégicos, estructurales y de expresién
génica que tienen lugar desde que se forma el
zigoto hasta que se produce un embrién
maduro dispuesto a germinar (revisado en
Matilla, 2008). Las primeras divisiones del
zigoto ocurren con una orientacién periclinal
(paralela al eje principal), la cual es asimétrica

y de ella resulta una pequena célula apical y
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Figura 4: Embriogénesis zigotica en Arabidopsis thaliana. Estadio de corazén (1-2); estadio de torpedo (3); estadio de

bastén (4); estadios maduros del embrién (5-7). Imdgenes obtenidas con microscopia diferencial de contraste de

interferencia (DIC). (Tomado de Hewitt, 2007).

basal

embridn). La

(polaridad  del

apical forma el

una célula mayor
célula
proembrion y la célula basal el suspensor (zona
chalazal), que mantiene la unién al tejido
materno. Al suspensor se le atribuye la funcién
de facilitar la absorcién de nutrientes desde el
1993;

Schwartz et al., 1994). Posteriormente, se van

endosperma (Yeung y Meinke,
sucediendo divisiones mitéticas periclinales y
anticlinales que dardn origen a los distintos
del
finalmente al embrién maduro (Harada,

1999; Berleth y Chatfield, 2002) (Fig. 4).

estadios de desarrollo embrién y

El ovario, una vez producida su
fecundacién, se transforma en fruto; este
proceso estd regulado por el programa de
desarrollo y se caracteriza por una estricta
regulacién hormonal, provocando numerosas
modificaciones estructurales, bioquimicas y
moleculares (Lelievre er al., 1997; Agusti,
2000; White, 2002; Giovannoni, 2004). El
fruto es el érgano de dispersién de la(s)
semilla(s) en Angiospermas (Srivastava, 2002;
2003).

Espermatéfitas se reproducfan mediante la

Bewley, Primitivamente,  las
produccién de semillas que carecian de
estructuras protectoras (Gimnospermas). Sin
embargo, a lo largo de la evolucién ha habido
una tendencia a la fusién y comunicacién de
los 6rganos florales y la semilla con el fin de
protegerla, alimentarla y facilitar su
dispersién (Patrick y Offler, 2001). De esta
forma, la formacién de las semillas a partir de
los primordios seminales (megaesporangios) va
acompanada de un recubrimiento por tejidos
de origen carpelar. Por lo tanto, el desarrollo
de la semilla y del fruto es paralelo (Agusti,
2000; Ferriandiz, 2002). Asi, se ha observado
en muchos frutos que el crecimiento y
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desarrollo normal del pericarpo requiere la
presencia de semillas en desarrollo, las cuales
podrian ser las responsables del correcto
crecimiento  del  fruto  mediante el
mantenimiento de los niveles hormonales en
los tejido adyacentes (Ozga er al., 2002; Ozga
y Reinecke, 2003).

Los de frutos

pueden distinguirse en base a como se

principales tipos
desarrollé la pared del ovario. De esta forma

podemos distinguir, frutos secos,

subdivididos en dehiscentes e indehiscentes y
El fruto de Ila

Brassicaceae, donde estd incluida Sisymbrium

frutos carnosos. familia
officinale, es un fruto seco de tipo capsular y
dehiscente tipo silicua. Es decir, formado por
dos carpelos que constituyen las valvas donde
se almacenan las semillas. La valva estin
separadas por un pseudoseptum en la regién
2007). La
arquitectura de la silicua de cruciferas, sus

central (revisado en Matilla,
modificaciones evolutivas e importancia en la
dispersién de la semilla ha sido descrita en
detalle (Morgan et al., 1998; Matilla, 2007).

I11.1.5.b. Desarrollo de la Cubierta

Seminal

-Generalidades

La fertilizacién en Angiospermas
involucra la activacién y coordinacién de
distintas rutas del desarrollo cuyo fin es la
formacién del embrién, del endosperma y de
la cubierta seminal o testa (Western et al.,
2001; Lohe y Chaudhury, 2002; Haughn y
Chaudhury, 2005). La cubierta seminal estd
constituida por diferentes capas celulares de

origen materno que proporcionan una
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barrera importante entre el embrién y el

ambiente externo a lo largo de la
embriogénesis, dormicién e imbibicién de la
1994;
Debeaujon y Koornneef, 2000; Finch-Savage
y Leubner-Metzger, 2006; Miiller ez al.,
2006; Bethke er al, 2007). Sin olvidar el
papel de las cubiertas como dérgano protector
(Mohamend-Yasseen et al., 1994; Weber et
al., 1996) y participante en la dispersién

(Huang ez 4l., 2000, 2008).

semilla (Bewley y Black er al,

La diferenciacién de la cubierta

seminal, a partir de los tegumentos internos

del

profundos que pueden observarse durante el

6vulo, incluye cambios celulares
desarrollo de la semilla y que culminan con la
muerte de las células que constituyen la
cubierta. Estos tipos especializados de células,
aunque muertas, confieren proteccién y estin
implicadas en la dormicién y germinacién

(Haughn y Chaudhury, 2005). La cubierta

Figura 5: (A) Diferenciacién de los tegumentos del 6vulo

AANY

'
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en la cubierta seminal de Arabidopsis thaliana. Se muestran
en detalle los distintos estadios de desarrollo de la semilla
(izda.) y de los tegumentos (dcha.). (A.1) Dos capas
celulares en el tegumento externo (1 y 2) y tres capas
celulares en el tegumento interno (3-5), que corresponden a
un periodo de crecimiento durante los 5 primeros dias
después de la fertilizacion (DDF). (A.2-3) Comienza la
diferenciacién celular, endotelio (5), capa en empalizada (2)
y epidermis (1); este proceso de diferenciacién se completa
aproximadamente a los 10 DDF. (A. 4-5) Se inicia el
proceso de maduracién de la semilla (15 DDF), las células

de todas las capas cclulares sc mueren y son aplastadas
conjuntamente, excepto la epidermis (1); la cual mantiene la
estructura y la forma de la semilla mediante las paredes

celulares
amiloplastos (flecha, A.2 ),

la columella. Se observan

mucilago (flecha, A.3),

secundarias de

formacién de pared celular secundaria en la epidermis
(flecha, A.4) y formacién de pared secundaria en la capa en
empalizada (dobles flechas, A.3-4). Escala de la barra 80
pm (izda.) y 40 pm (dcha.). Adaptado de Haughn y
Chaudhury (2005). (B) Estructura de la cubierta seminal de
Lepidium sativum tefiida con azul de toluidina. Escala de la
barra 50 pm. Adaptado de Miiller ef al., (2006). Al, capa de
aleurona; CE; capa cn empalizada; Em, embrién; En,
endosperma; Mu, mucilago; SE, saco embrionario; TE,
tegumento externo; T1, tegumento interno.
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seminal de Arabidopsis, que se diferencia en
2-3 semanas (Debeaujon er al, 2001), se
origina a partir de 5 capas celulares (dos
procedentes del tegumento externo del évulo
y tres del tegumento interno) (Windsor et 4.,
2000; Haugh y Chaudhury, 2005; Lepiniec
et al., 20006) (Fig. 5A).

La capa celular mds interna, el
del
sintetiza un tipo de pigmentos
(PAs),

componentes flavonoides, también conocidos

endotelio  (forma  parte tegumento
interno),
denominados  protoantocianidinas
como taninos condensados (Dixon et 4l.,
2005; Lepiniec et al, 2006). Las PAs se
acumulan en la vacuola central durante la
primera semana después de la fertilizacién,
para oxidarse mds tarde y conferir el color
marrén caracteristico de la cubierta seminal
de Arabidopsis (Debeaujon ez al, 2000;
Abrahams ez al., 2002; Lepiniec ez al., 20006).

Por el contrario, las otras dos capas celulares
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del tegumento interno no sufren ningin tipo

de diferenciacién 'y  son  aplastadas

progresivamente  conforme  avanza el
desarrollo seminal (Debeaujon ez al., 2000;
Haughn y Chaudhury, 2005). Este proceso

también se describié en Brassica napus (Wan
et al., 2002) (Fig. 5A).

Previo a la especializacién de las
células que constituyen las dos capas del
tegumento externo de Arabidopsis tiene lugar
durante las fases de crecimiento la
acumulacién de almidén en los amiloplastos.
La capa sub-epidérmica (capa 2) produce una
pared celular muy gruesa en las paredes
tangenciales dando lugar a la denominada
capa en empalizada (Haughn y Chaudhury,
2005). Las células de la capa epidérmica
sintetizan y secretan al apoplasto una gran
cantidad de mucilago (polimero polisacaridico
rico en pectinas); esta secrecién se produce
especificamente en los puntos de unién entre
las paredes radiales y tangenciales. A medida
que ocurre la deposicién del mucilago, la
vacuola se contrae y se origina una columna
citoplasmdtica en el centro de la célula
rodeada por espacio apopldstico repleto de
mucilago. Una vez finalizada la sintesis y
acumulacién de mucilago se produce la
deposicién de la pared celular secundaria,
dando lugar a la columella (Western et al.,
2000; Pendfield et al., 2001; Western et al.,
2001;  Dean er al, 2007) (Fig. 5A).
Recientemente, se ha demostrado que la
salida del mucilago al exterior de la semilla
requiere la participacién de wuna serin-
proteasa (subtilasa) (Rautengarten et 4l.,
2008).

Durante los estadios tardios de la
embriogénesis zigdtica las células de todas las
capas de la cubierta seminal se mueren. La
estructura de las células epidérmicas es
preservada por el mucilago y la columella; y el
resto de capas son aplastadas en el proceso
final de Las PAs
aparentemente por las células

la maduracién.
liberadas

endoteliales, impregnando las tres capas

son

celulares del tegumento interno (Debeaujon
et al., 2000; Haughn y Chaudhury, 2005;
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Nakaune ez al., 2005; Lepiniec ez al., 20006)
(Fig. 5A).

Los mecanismos por los que se
controla el desarrollo del embrién y
endosperma son muy complejos (Garcia ez
al., 2003, 2005). Mutaciones en el gen
HAIKU provocan un crecimiento limitado
del endosperma sincitial (Garcfa ez al., 2003).
Esta reduccién en el crecimiento tiene efectos
sobre el desarrollo de la testa (p. ej.
restricciones en el crecimiento por expansion
y no por divisién). Estos resultados sugieren
que el crecimiento del endosperma regula la
extension de los tegumentos, procesos
relacionados con el desarrollo de la cubierta
seminal. Por el contrario, las mutaciones con
pérdida de funcién (LOF) en el gen
TRANSPARENT TESTA GLABRA2 (TTG2)
al., 2002)

elongacién celular de la cubierta seminal, lo

(Johnson et restringen  la
cual limita el crecimiento del endosperma.
Este “cross-talk” entre el endosperma en
desarrollo y la cubierta seminal parece
coordinar el crecimiento entre ambos érganos
(Haughn y Chaudhury, 2005).

Las semillas maduras de la mayor
parte de las Angiospermas son endospérmicas;
aunque a lo largo de la evolucién se ha
tendido a la pérdida del endosperma y a la
utilizacién de los cotiledones como 4rganos
de reserva. Esta tendencia se hace evidente en
la familia Brassicaceae, ya que a lo largo de la
evolucién se ha limitado la presencia del
endosperma a una sola capa celular (capa de
aleurona) (Ruiz y Escale, 1995; Nguyen ez al.,
2000; Miiller ez al., 2006) (Fig. 5B), o a
ninguna, en cuyo caso la capa de aleurona se
origina a partir de tegumento interno de la
cubierta seminal. Esto ultimo ocurre en
ciertos géneros como Sinapis, Raphanus y
Brassica (Schopfer y Plachy, 1984; Bergfeld y
Schopfer, 1986; Schopfer, 2001).

-La Cubierta Seminal de Arabidospis

A pesar de la existencia de diferencias
estructurales en las cubiertas seminales de
semillas maduras de la familia Brassicaceae,
éstas presentan un patrén general que bien
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puede estar representado en las semillas
maduras de la planta modelo Arabidopsis
thaliana. La estructura de su cubierta seminal
estd dispuesta del siguiente modo (Fig 5A):

¢ Tegumento externo

% Epidermis, constituida por células

mucilaginosas (mixosperma) ricas en mucilago
y columellas (Boesewinkel y Bouman, 1995;
Western et al., 2000; Pendfield ez 4/, 2001;
Western et al, 2001, 2004; Dean et al.,
2007).

% Capa en empalizada, constituida
por células con paredes tangenciales
engrosadas. Se ha relacionado con el
intercambio de gases y fluidos. Finalmente,
en el proceso final de la maduracién esta capa
sufre un proceso de aplastamiento, junto con
las capas del tegumento interno (Windsor ez
al., 2000; Haughn y Chaudhury, 2005).

¢ Tegumento interno

% Tres capas comprimidas, producto
del aplastamiento de las capas del tegumento
interno (Debeaujon ez al., 2000; Haughn y
Chaudhury, 2005; Nakaune er al, 2005;
Lepiniec et al., 2006).

* Restos del Endosperma

% Capa de aleurona monoestratificada

derivada del endosperma (O’Brien vy
McCully, 1969; Vaughan ez al, 1971;
Corner, 1976; Ruiz y Escale, 1995; Nguyen
et al., 2000).

-Funciones de la Cubierta Seminal

Los papeles atribuidos a la cubierta
seminal  son:  promover/mantener la
dormicién fisica y su relacién con el proceso
germinativo, y la proteccién y dispersién de
las  semillas (Bewley y Black, 1994;
Mohamend-Yasseen et al, 1994; Weber et
al., 1996; Debeaujon y Koornneef, 2000;

Huang et 4l., 2000; Finch-Savage y Leubner-

Metzger, 2006; Miiller ez al., 2006; Bethke ez
al., 2007; Huang et al., 2008).

% Funcién de la Epidermis

Tejido  constituido  por  células
mucilaginosas (mixosperma). Aunque la
funcién del mucilago no estd clara, existen
algunas teorfas: (i) implicacién en procesos
fisiolégicos tan importantes como la
imbibicién y la germinacién, controlando la
entrada de agua y la disponibilidad de
oxigeno; (ii) relacién con la dispersidn,
permitiendo la adhesién de la semilla a
vehiculos de dispersién (ej. extremidades de
los animales); (iii) funcién protectora frente a
agentes quimicos tdxicos; y (iv) vinculacién a
los procesos de reparacion del ADN
genémico del embrién (Huang y Gutterman,
1998; Huang et al., 2000; Western et al.,
2000, 2004; Huang er al, 2008). Los
mutantes con poca cantidad de mucilago
presentan reducida la capacidad germinativa
respecto al fenotipo silvestre bajo condiciones
limitantes de agua (Pendfield ez al, 2001).
Este hecho sugiriere que el mucilago
proporciona un ambiente hidratado que
colabora a la germinacién.

% Funcién de la Capa en Empalizada
y las Tres Capas Comprimidas

La existencia de paredes celulares
secundarias engrosadas proporciona apoyo,
proteccién e impermeabilidad al agua y al
oxigeno. La presencia de PAs ha sido
relacionada con la resistencia a patdgenos
(Debeaujon er al, 2000; Debeaujon y
Koornneef, 2000).

Muchos mutantes relacionados con
la cubierta seminal, incluyendo aquellos
especificamente defectuosos en la sintesis de
PAs (ej. ban) y paredes secundarias de las
capas mds externas (ej. 4p2), pero no aquellos
mutantes especificamente defectuosos en la
sintesis del mucilago (ej. g/2), tienen cubiertas
seminales que fueron significativamente mis
permeables que las del fenotipo salvaje
(Abrahams er al, 2002). Algunos mutantes



CAPITULO 1: INTRODUCCION

(¢j. 124, 1£12 y 11gl) germinan mds ficilmente
en respuesta a tratamientos con GA;4
(Debeaujon et al, 2000; Debeaujon vy
Koornneef, 2000; Clerkx et al., 2004).

Sintesis de hidrolasas
de la pared celular

GAs \ \*
—_— R
Fuerza de la extension Disminucion.del
mecanismo de
resistencia
Radicula

Endosperma
micropilar

Figura 6: Regién micropilar de una semilla madura
de tomate. Las GAs, transportadas desde el embridn
al endosperma micropilar inducen la sintesis de
enzimas hidroliticas de la pared celular. La accién de
éstas disminuye la resistencia en esta parte del
endosperma facilitando la emergencia radicular.
(Adaptado de Bewley, 1997a).

Estos datos apoyan la hipétesis de
que los PAs, las paredes celulares secundarias
engrosadas y el mucilago estdn relacionados
con el intercambio de gases y fluidos entre el
ambiente y la semilla, prolongando la vida del
previniendo asi la

embrién durmiente

germinacién hasta que las condiciones

ambientales sean las adecuadas (Haughn y

Chaudhury, 2005).
% Funcién de la Capa de Aleurona

Es el tnico tejido vivo de la cubierta
seminal (Debeaujon et al, 2000). Suele
almacenar proteinas de reserva y lipidos
durante la  maduracién de la semilla
(Declercq ez al., 1990; Penfield ez al., 2004).
En semillas de Arabidopsis se le ha atribuido
la funcién de aportar azicares a la plintula en
(Pendfield er al, 2004).
Mutantes que presentan alteraciones en el

crecimiento

metabolismo de lipidos en la capa de
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aleurona reflejan defectos en la germinacién y
crecimiento  temprano de la  pldntula
(Eastmond ez a/., 2000; Footitt et al., 2002).
La movilizacién de los lipidos almacenados
en la capa de aleurona requiere GAs y no estd
bloqueada por ABA (Pendfield e al., 2004).
Por
emergencia radicular con el debilitamiento

otra parte, se ha relacionado la
del endosperma micropilar (Fig. 1). Es el caso
de semillas de tomate, tabaco, pimiento,
lechuga, Datura 'y Annona  crassiflora
(Leubner-Mezger, 2003; Miiller ez al., 2006;
da Silva et al., 2007; Finkelstein ez al., 2008).
En estas especies la rotura de la testa se
produce antes de que tenga lugar la del
endosperma micropilar; sin ambas roturas. La
emergencia radicular no se completa. Se han
propuesto  algunas enzimas  hidroliticas
relacionadas con la degradacién de las paredes
celulares (loosening) de las células del
endosperma micropilar y del adyacente a éste
(¢j. endo-B-mananasa, P-manosidasa, O-
galactosidasa, xiloglucan-endo-
transglicosidasa, -1,3-glucanasa, quitinasa,
peroxidasa y expansinas; Bewley , 1997a;
Welbaum ez al., 1998; Chen y Bradford,
2000; Leubner-Mezger y Meins, 2000; Ren y
Kermode, 2000; Mo y Bewley, 2002; Ren ez
al., 2008). A pesar de las diversas enzimas que
se han relacionado con este proceso, no
parece que exista una imprescindible. Por lo
tanto, se cree que el control del
debilitamiento del endosperma micropilar y
de la cubierta seminal podria llevarse a cabo
por la accién conjunta de varias enzimas
hidroliticas (da Silva et al., 2007). Las GAs
parecen regular positivamente la produccién
de estas enzimas hidroliticas en el
endosperma  micropilar  (revisado  en
Holdsworth et al,, 2008) (Fig. 6). En esta
regulacién no podemos descartar al etileno y
ABA (revisado por Matilla ez al., 2007).
Finalmente, también se ha barajado como
una posible funcién del endosperma
micropilar la secrecién de enzimas hidroliticas
de las paredes celulares de la testa (Dubreucq

et al., 2000; Leubner-Metzger, 2002).
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II1.1.6. La Heterogeneidad en las Semillas

Las plantas  superiores tienen
diferentes estrategias para auto-perpetuarse
bajo condiciones medioambientales
adecuadas (Imbert, 2002). La produccién de
semillas  heterogéneas es una de esas
estrategias. Es decir, para asegurar la

supervivencia de la siguiente generacién, un

individuo producir  semillas

puede

heterogéneas con respecto al grado de
dormicién, dispersién y persistencia en el
banco de semillas del suelo. La
heterogeneidad puede afectar no solamente a
ciertas propiedades fisiolégicas y moleculares
relacionadas con el proceso germinativo sino
también a caracteristicas como el color (Khan

1996), el
(Thompson ez al.,

tamafo o la forma

1993). En
heterogéneas estas propiedades determinan,

et al.,
semillas

entre otras propiedades, el comportamiento
germinativo (revisado en Matilla ez al., 2005).

Aunque la heterogeneidad parece
estar relacionada con la supervivencia, se
conoce muy poco en la actualidad sobre su
control hormonal. En algunas Brassicaceae, la
heterogeneidad se adquiere porque la
maduracién no estd sincronizada en la planta
madre e incluso dentro del propio fruto
Asi,

produce enormes pérdidas en especies de alto

(silicua). el shattering (rozamiento)
valor socio-econémico o la caida de semillas

en especies consideradas como “malas
hierbas” que afectan a determinados cultivos
(revisado en Matilla, 2007). Recientemente,
se ha demostrado en semillas de Brassica rapa
que uno de los factores que desencadenan las
diferencias en la germinacién de semillas
heterogéneas puede ser la senalizacién del
etileno y ABA (Puga-Hermida er 4l., 2003;
Rodriguez-Gacio et al., 2004; revisado en
Matilla ez al., 2005; revisado en de la Torre ez
al., 20006).

de la crucifera S.

Las semillas

officinale, el material biolégico de esta
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Memoria, estdn incluidas en una silicua que
posee numerosas semillas heterogéneas en
masa y color. Para el trabajo presentado en
este capitulo hemos elegido lotes de semillas
de color oscuro y claro. En la fase inicial del
(CGL2004-01996/BOS)

sufraga esta Investigacién, se estudié en

Proyecto que
detalle en ambos lotes de semillas: (i) la
estructura microscépica de la semilla seca
viable y las alteraciones mds notables que
acontecen en la misma durante el proceso de
imbibicién temprano; y (ii) la capacidad de
excretar mucilago (mixospermia), velocidad
de imbibicién y germinacién en semillas

claras y oscuras en presencia de NO;, ET,
GA4+7 y
produccién de ambas fitohormonas. Los

compuestos que alteran la
resultados del apartado (ii) fueron publicados,
y asi se presentan en esta Memoria, en la
Revista Seed Science and Biotechnology (Global
Science Books ISSN: 1752-3966) bajo el
nombre “Ripe fruits of Sisymbrium officinale
L. contain heterogeneous endospermic seeds with
different germination rates” (2007) 1: 18-24.
Una parte de los resultados obtenidos en esta
publicacién nos ha dado informacién para,
mediante  aproximaciones de  Biologia
Molecular, llevar a cabo estudios exhaustivos
sobre el control hormonal de la germinacién

officinale

pertenecientes al lote oscuro, que se presentan

e imbibicién de semillas de .

en los Cap. 2 y 3, respectivamente.
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II1.2. — Materiales y Métodos
I11.2.1. Material Biol4gico

Las plantas secas de la especie
Sisymbrium  officinale (L.) Scopoli fueron
recogidas en 2006-2007 en ambientes
nitréfilos de la provincia de Ourense y del
Campus Sur de la Universidad de Santiago de
Compostela, respectivamente. Las semillas
(Fig. 7) se obtuvieron a partir de los frutos
una vez eliminados de los mismos los
pedicelos, el replum y las valvas (para
visualizar estas partes en frutos de Cruciferas
ver Matilla, 2007). Todas las semillas S.
officinale estin en el compartimento valvar ya
que el rostro es rudimentario en esta especie.
Para este estudio se dividieron las semillas
maduras en dos lotes atendiendo al color de
las cubiertas seminales (oscuras y claras). La

RA

relacién cuantitativa entre ambas semillas fue

de 2 + 0.1. Se almacenaron en una atmdsfera
con baja HRa 21 + 0.2°C.

I11.2.2. Microscopia de Campo Claro de
las Semillas

Las semillas objeto de estudio fueron
fijadas en tampén fosfato sédico (50 mM,
pH 6.8), que contenia p-formaldehido al 2%
(p/v) y glutaraldehido al 2% (v/v), 6 d a 4°C.
La fijacién fue seguida por un lavado en
tamp6én  fosfato (50 mM, pH 6.8),
diluido e
infiltracién e inclusién con resina LR-White
(Cuadro I).

Se realizaron secciones longitudinales

deshidratacién con  etanol

semifinas (2 pm) en un ultra-microtomo de
rotacién “Reichert-Jung Ultracut 7017017
(Leyca,  Alemania).

Posteriormente  se

Figura 7: Silicuas secas (izda.) y semillas maduras y secas oscuras (dcha.) de S. officinale

Cuadro I: Condiciones preparatorias para la microscopia

TRATAMIENTO

REACTIVO

TIEMPO

FIJACION

p-formaldehido 2% (p/v)
Glutaraldehido 2% (v/v)

6d

LAVADOS

Tampén fosfato sédico 50 mM pH 6.8
(p/v)

3x8h

DESHIDRATACION

Alcohol 50°

Alcohol 70°

Alcohol 96°
Alcohol absoluto

6d
6d
6d

INFILTRACION

LR-White Resin: Alcohol absoluto (1:3)
LR-White Resin: Alcohol absoluto (3:1)

LR-White Resin

7d

7d

7d

INCLUSION

LR-White Resin
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procedié a la tincién de las muestras. El
método usado fue PAS-Naphthol Blue Black,
adaptado a resinas acrilicas (LR- White). Es
una tincién especifica para carbohidratos
(color rosa) y proteinas (color azul). Los
tiempos de tincién se muestran en el cuadro

II.

Las secciones fueron analizadas en un
microscopio  Optiphot-2  (Nikon, Japén).

Finalmente, se tomaron fotografias con una

cdmara Coolpix 8400 (Nikon, Japén).

Cuadro II: Condiciones de tincién

REACTIVO

TIEMPO

Ac. Periédico 0.5 % (p/v)

Agua destilada

Reactivo de Schiff
(oscuridad)

Agua destilada

Segundos

Metabisulfito sédico 0.5 %

(p/v)

6

Agua destilada

5

Naphthol Blue Black 1%
(p/v)

45’

Ac. Acético glacial 0.5 %
(vlv)

5

Agua

Segundos

Cuadro descriptivo del origen de los

reactivos utilizados

REACTIVO

FABRICANTE

Ac. Acético glacial

Panreac (Espafia)

Ac. Periédico

Merck (Alemania)

Alcohol absoluto

Panreac (Espana)

Bifosfato 4cido de sodio

Sigma-Aldrich
(Espafia)

Bifosfato sédico

Panreac (Espana)

Glutaraldehido 25%

Merck (Alemania)

LR-White Resin

Sigma-Aldrich
(Espafia)

Metabisulfito sédico

Merck (Alemania)

Naphthol Blue Black

Sigma-Aldrich
(Espana)

Nitrato potdsico (KNO,)

Duchefa Biochemia
(Holanda)

p-formaldehido

Panreac (Espafia)

Reactivo de Schiff

Merck (Alemania)

Rojo de Rutenio

Fluka (Alemania)
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I11.2.3. Deteccién de Mucilago (Rojo
Rutenio)

La presencia de mucilago fue
determinada como estd descrito en Western e
al. (2000), con ligeras modificaciones. Las
semillas fueron imbibidas en NO;K (20 mM)
durante 30" a 24°C y posteriormente tefiidas
durante 10 min con rojo de rutenio 0.2 %
(p/v).

fotografiaron en un estereomicroscopio B061

Finalmente, se  analizaron vy

(Olympus, Japén).
I11.2.4. Ensayos de Germinaci6én

Se colocaron tres réplicas de 50
semillas de S. officinale en placas de Petri (90
mm de didmetro) que contenfan dos circulos
de papel de filtro (Whatman No. 1). Se
afadieron 3 ml de NO;K (20 mM) que
contenfan los compuestos adecuados para
cada experimento: etileno (10 pM etrel,
Sigma-Aldrich, Espana).

P IS experimentos de
germinacién las semillas no se esterilizaron a
fin de no influir en el estatus de dormicién.
No se
hongos. La germinacién se llevé a cabo e una
cdmara a 24°C y un fotoperiodo de 16h/8h.
Las semillas se consideraron germinadas

detectaron contaminaciones por

cuando fue visible la emergencia radicular.
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II1.3. — Resultados y Discusién

I11.3.1. Histologia General de la Semilla

Las semillas de S. officinale miden
aprox. 1 mm de largo y presentan una forma
irregular no esférica. Las semillas maduras
contienen un embrién completamente
diferenciado rodeado por el endosperma 6
capa de aleurona (monoestratificada) y por la
(Fig. 8). La
orientacién del embrién estd condicionada
por

campildtropo. La zona micropilar y la chalazal

cubierta seminal (testa)

la anatomfa de su évulo, que es
se encuentran al mismo nivel, lo que estd
reflejado en la organizacién de la semilla
madura. El embrién consta de dos cotiledones
(Dicotileddnea), el hipocétilo (radicula) y la

plamula (meristema apical del tallo).

La capa de aleurona rodea toda la
periferia de la semilla excepto en la zona
chalazal. En este punto se observa la presencia
de restos nucelares, y en determinadas
secciones haces vasculares (Fig. 10B). Estos
conexiones

a las

ultimos, pertenecientes

vasculares existentes entre el embrién y la
planta madre, via funicular, estdn implicados
en el aporte de nutrientes a la semilla.
existencia  de

Precisamente, la restos

nucelares, dispuestos entre la capa de
aleurona y la cubierta seminal, es la que nos
induce a pensar en el origen embriogénico de
esta capa y no en un origen materno. Es
decir, que en S. officinale el origen de esta
capa sea el endosperma, y por lo tanto
consideramos a  esta semilla  como
endospérmica. Este modelo embriogénico
también ha sido propuesto para Arabidopsis

thaliana (Haughn y Chaudhury, 2005).

La principal fuente de reservas de
estas semillas parecen ser las proteinas, tal y
como revela la tincién PAS-naphthol blue-
black (Fig. 8). Las células cotiledonares, las de
la radicula y las células de la capa de aleurona

estan repletas de cuerpos proteicos.

No

anatémicass entre las semillas oscuras y claras

parecen  existir  diferencias

de S. officinale (resultados no mostrados).

Figura 8: Corte longitudinal de una semilla seca y viable de S. officinale.
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II1.3.2. Histologia de la Cubierta Seminal
de S. officinale

La cubierta seminal de S. officinale presenta
cierta homologia con la de A thaliana
(Debeaujon ez al, 2007). Las semillas de
ambas presentan un tegumento externo y otro
interno. Este dltimo sufre un proceso de
aplastamiento a lo largo del desarrollo
embriogénico y durante la maduracién de la
semilla. Al igual que en Arabidopsis, las
semillas de S. officinale son mixospérmicas; es
hialina,

compuesta por células secretoras de mucilago

decir, exhiben una epidermis
(Fig. 9B). El papel del mucilago en las
semillas dista mucho de conocerse. Algunos
autores apuntaron que era necesario para la
hidratacién y viabilidad de la semilla (Huang
et al., 2008). Sin embargo, esta necesidad no

parece haberse demostrado fehacientemente

en Arabidopsis (Western et al., 2000, 2001,
2004), en cuyas semillas se han caracterizado
varios factores de transcripcién implicados en
la sintesis del mucilago y desarrollo de la
cubierta seminal (ej. SBT1, TTGI1, TTG2;
APETALA2, GLABRA2, EGL3, TT8;
Rautengarten e al, 2008 vy referencias
citadas). Sin embargo, el lote de semillas
claras de S. officinale, cuya germinacién es
menos intensa que las del lote oscuro, apenas
tienen capacidad de excretar mucilago y
poseen una velocidad de imbibicién mucho
mayor; lo que puede ocasionar el retraso en la
emergencia radicular (Iglesias-Ferndndez ez
2007).  Resultados
obtuvieron al comparar el mutante asbtl.7,

al., parecidos  se
incapaz de excretar mucilago, con el W1
(Rautengarten ez al., 2008). Mutantes con
reducida de

capacidad

Columelia Tegumento
CapaEmpalizada | Extermno
Tegumento Intemo

Capade Aleurona

Cotiledon

Figura 9: Caracteristicas notables de la cubierta seminal de semillas secas y maduras de S. officinale: (A) visién de la testa a

nivel del eje embrionario; (B) visién del mucilago envolvente; y (C) partes constitutivas de la testa a nivel del cotiledén.

Las flechas muestran los cuerpos proteicos
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Figura 10: (A) Corte longitudinal de la semilla de S. officinale a las 4 h de imbibicién. (B) Detalle de la cubierta seminal a
nivel del endosperma chalazal. (C) Detalle a nivel de endosperma micropilar. La flecha indica la pared celular secundaria
de la capa en empalizada. Al, capa de aleurona; C, cotiledén; CE, capa en empalizada; Mu, mucilago; N, nucela; R,
radicula; TT, tegumento interno; V, haces vasculares.
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(A)

Figura 11: (A) Corte longitudinal de la semilla de S. officinale a las 22 h de imbibicién. (B y C) Detalle de la cubierta
seminal a nivel del endosperma micropilar. Las flechas muestran los cuerpos proteicos vacios de la capa de aleurona y de
las células del 4pice radicular.
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sintetizar mucilago tienen disminuido el
porcentaje de germinacién en condiciones de
potenciales hidricos muy negativos (Penfield
et al., 2001). Nuestros resultados confirman
que ambos lotes de semillas de S. officinale
fenotipicamente  heterogéneos

son con

respecto a la capacidad de excretar mucilago,
velocidad  de
germinativa (Iglesias-Ferndndez ez al., 2007;
Rautengarten ez al., 2008).

imbibicién y  capacidad

Estructuralmente, la cubierta seminal
de S. officinale posee las siguientes partes:

e Tegumento externo

% Epidermis: constituida por células
secretoras de mucilago; se puede observar la
columella (Fig. 9A, C).

% Capa en empalizada (Fig. 9A, C):
esta capa en S. officinale parece corresponder
al tipo-A de los ocho tipos descritos por
Vaughan ez al. (1971). Es decir, ausencia de
engrosamiento en las paredes celulares. Al
igual que en A. thaliana podria sufrir un
proceso de aplastamiento a lo largo de la
maduracién de la semilla.

e Tegumento interno

% Conjunto de capas celulares
comprimidas (Fig. 9A, C): dificilmente se
puede dar un nimero exacto de estas capas
sin un previo estudio del desarrollo y la
maduracién de la cubierta seminal de esta
especie. El ntimero de estas varfa segin la

Arabidopsis

aplastamiento de tres capas celulares.

procede  del

especie, en

Actualmente existen un  buen
nimero de mutaciones en genes que estdn
relacionados con el control de diferentes
aspectos de la cubierta seminal. Como se
apunt6 previamente en esta Memoria, todos
los genes que afectan a la estructura y
fisiologfa de la cubierta seminal presentan
herencia materna. Asi, las

mutante A. thaliana transparent testa 1 (tt1)

semillas del
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son amarillas debido a la falta de pigmentos

tipo taninos en la cubierta (Sagasser ez al.,
2002).

e Restos de endosperma

% Capa de aleurona, presenta paredes
celulares muy engrosadas, y el interior celular
estd repleto de cuerpos proteicos (Fig. 9C).

I11.3.3. Histologia de la Cubierta Seminal
a lo largo de la Imbibicién de S. officinale

La cubierta seminal a las 4 h v 22 h de
imbibicién

A las 4 h de imbibicién se observa
en la cubierta seminal un importante cambio
en los niveles de hidratacién de la capa de
aleurona. El citoplasma de las células de esta
capa se muestra hidratado y distendido. Esta
hidratacién del citoplasma celular se puede
observar a lo largo de todo el perimetro de la

semilla (Fig. 10A, B, C).

A las 22 h de imbibicién se observa
en la regién micropilar (apical y lateral) que
los cuerpos proteicos presentes en las células
de la capa de aleurona estdn vacios. Sin
embargo, este vaciado proteico sélo se
observa en esta regién y no en el resto de esta
capa endospérmica. Ademds, también se
puede observar que en la regién apical del eje
embrionario los cuerpos proteicos de algunas
de las células también estdn vacios (Fig. 11A,
B, C). Cabe destacar que la germinacién en
S. officinale ocurre en dos pasos, al igual que
en tabaco (Leubner.Metzger er al., 1995;
Kucera ez al., 2005), es decir, primero ocurre

la rotura de la testa y finalmente la rotura del
endosperma (Fig. 11A, B, C).

Estos resultados indican que los

procesos  preparatorios  necesarios  para
desencadenar la germinacién de estas semillas
podrian iniciarse en las primeras horas de
imbibicién, ya que la capa de aleurona sufre
cambios morfoldgicos relacionados con la
hidratacién a las 4 h de imbibicién. La gran

importancia de la capa de aleurona, durante
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la germinacién de diversas especies, ha sido
sugerida por numerosos autores (Groot y
Karseen, 1989; Bewley 1997a, b; Wang et al.,
2004; Kucera et al, 2005;). Ademis, el
vaciado de los cuerpos proteico de las células
de la capa de aleurona, presente a las 22 h de
rotura  del

final de Ia

germinacién apuntan hacia una funcién

imbibicién, asi como la

endosperma como  paso

importante de la misma durante la
germinacién de S. officinale. Dicha funcién
podria estar relacionada con la liberacién de
enzimas hidroliticas implicadas en la
degradacién de las paredes celulares de las
células de la cubierta seminal, asf como de su
propio debilitamiento (Dubreucq ez 4l
2000; Marraccini ez al., 2001; Leubner-
Metzger, 2002; Kende ez al., 2004; Ogawa er
al., 2003; Wang et al., 2004; Nonogaki et al,

2007).

Una explicacién similar podria tener
el vaciado de los cuerpos proteicos de las
células de la regién apical del eje embrionario.
Estos podrian liberar enzimas hidroliticas
implicadas en la degradacién de los
componentes de las paredes celulares de
dichas células, asi como también enzimas
implicadas en la movilizacién de las reservas,
permitiendo de esta forma el crecimiento en
expansién  celular,

y por lo tanto

proporcionando al embrién la  fuerza
necesaria para permitir la protrusién radicular

(Bewley ez al., 1997b; Nonogaki et al., 2007).

El balance entre el debilitamiento de

las cubiertas envolventes que rodean al
embrién y la fuerza ejercida por el mismo
parece ser la piedra angular sobre el que se
sustenta la germinacién de numerosas
semillas (Bewley er al., 1997b; Nonogaki er
al., 2007).

No se observaron diferencias
morfoldgicas entre las semillas oscuras y claras
a lo largo del proceso de imbibicién. El
tratamiento con ET de las semillas tampoco
destacable

proporcioné ningin resultado

(resultados no mostrados).
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Posteriores estudios podrdn arrojar
luz sobre la importancia de la capa de
aleurona a lo largo de la germinacién de S.
officinale, asi como de la naturaleza de las
proteinas incluidas en los cuerpos proteicos,
tanto de las células de la capa de aleurona
como de las del eje embrionario.
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ABSTRACT

The seeds of Sisymbrium officinale are largely heterogeneous in mass and colour within the ripe fruit. In order to initiate the charac-
terization of the germinative process from these heterogeneous seeds, we have used two different seed lots (i.e. brown and light-brown),
and studied several physical and physiological properties and their possible influence on the germination rate. The most notable features
from this work were: (i) the mass of the brown seeds was higher than the light-brown ones, which imbibed more quickly; (ii) light seeds
contain much less mucilage (myxospermy) than do the brown; (iii) under optimal germination conditions for the brown seeds, the light-
brown ones germinated 6-fold less; and (iv) very similar profiles of germination stimulation was found in the presence of gibberellins (i.e.
GA 4+7) and ET in brown seeds, but both hormones were not capable of stimulating the germination in light-brown ones. As a general
conclusion, we have demonstrated the coexistence in ripe fruits of S. officinale of two seed lots with remarkable physiological and phy-
sical heterogeneity that could be used as a tool to increase our knowledge about the germination process.

Keywords: ethylene, gibberellins, heterogeneous seeds, imbibition rate, myxospermy, seed density

INTRODUCTION

The appearance of the seed, the propagule chosen by sper-
matophytic plants for their dispersion and propagation, has
great evolutionary implications, since this organ represents
the survival and perpetuation of the mother plant (Boese-
winkel and Bouman 1995). A typical seed of an angiosperm
contains an embryo (diploid) surrounded by an endosperm
(triploid; with two-thirds of its genome of maternal origin)
and a seed coat (diploid) (Raghavan 1986; Torres-Ruiz
1998). The endosperm is formed by live cells with high
metabolic activity, while the seed coat is comprised of a
tissue of maternal origin (i.e. ovular tissue), the cells of
which die during late seed maturation. Depending on the
species, the endosperm is visible in dry seed (i.e. endo-
sperm seeds) or else completely or partially disappears
during zygotic embryogenesis (i.e. non-endospermic seeds),
the cotyledons exercising the nutritional role of the embryo
(Friedman 1998; Forbis et al. 2002).

The seeds of most angiosperms are dormant at maturity,
and dormancy must be lost before germination can occur
(Bewley 1997a, 1997b; Finch-Savage and Leubner-Metzger
2006). The seed transformation from dormant (i.e. failure of
an intact, viable seed to complete germination under favour-
able conditions) to non-dormant stage is associated with
changes in gene expression and protein patterns (Cadman et
al. 2006; Chibani et al. 2006; Lee et al. 2006). The germi-
nation of a mature, viable, and non-dormant seed begins
with the gradual uptake of water, which has three phases:
rapid initial uptake (phase I, i.e. imbibition) followed by a
plateau in water uptake (phase II) and a further increase
after germination is completed, as the embryo axes elongate
(phase III) (Bewley 1997a; Manz et al. 2005). Dormant
seeds do not complete germination and therefore lack phase
III. The germination process ends when the radicle tip has
protruded through its covering structures (i.e. endosperm
and seed coat in endospermic seeds) (Bewley 1997b; Ku-
cera et al. 2005). Seed coat and endosperm rupture occur at
the micropylar level. Cell elongation of the radicle is neces-

sary and possibly sufficient for the completion of protrusion.
However, cell division is not essential (Barroco et al. 2005).
That is, the radicle protrusion depends on embryo expan-
sion, which is a process driven by water uptake and cell-
wall loosening (Koornneef et al. 2002). In most endosper-
mic seeds (e.g. coffee, lettuce, tobacco, or tomato) the tis-
sue that constitutes the endosperm is a germination-limiting
barrier, and so that germination is completed the growth
potential of the radicle must be high enough to overcome
the resistance of the endospermic tissue (Bewley 1997a;
Koornneef et al. 2002; Leubner-Metzger et al. 2006). The
role of the seed coat as a germination constraint has been
studied by using testa mutants of Arabidopsis (Debeaujon
and Koornneef 2000; Koornneef et al. 2002). The seed coat
and endosperm rupture are temporally separated in model
plants as tobacco and Arabidopsis (Liu et al. 2005; Leub-
ner-Metzger et al. 2006; Miiller et al. 2006).

Environmental factors (i.e. light and temperature) and
phytohormones (i.e. gibberellins, GAs; abscisic acid, ABA;
and ethylene, ET) have been associated with the promotion
of germination of endospermic and non-endospermic seeds
(Hilhorst and Toorop 1997; Matilla 2000; Toorop et al.
2000; Koornneef et al. 2002; Kucera et al. 2005; Miiller et
al. 2006). Thus, two functions for embryonic GAs have
been proposed to be needed during endospermic-seed ger-
mination: (i) to increase the embryo growth potential; and
(ii) to overcome the mechanical restraint conferred by the
seed-covering layers by weakening of the tissues surroun-
ding the radicle (Hilhorst and Downie 1995; Koornneef et
al. 2002; Leubner-Metzger 2003; Bassel et al. 2004; Yama-
uchi et al. 2004; da Silva et al. 2005). Nevertheless, GAs
can conduct the germination positively by means a yet well
known cross-talk with ABA and environmental factors (i.e.
light or temperature). Thus, light (i.e. red light) and low
temperature (i.e. 4°C) can modulate the spatial expression
pattern of GA biosynthetic genes. Recently, Yamauchi et al.
(2004) demonstrated that a gene involved in GA biosynthe-
sis in seeds of A. thaliana was activated by cold stratifica-
tion at 4°C. The increase in tissue sensitivity to GAs during
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cold stratification is another factor that may be involved in
controlling seed germination (Derkx and Karssen 1993;
Koornneef et al. 2002). In some seeds (e.g. Nicotiana at-
tenuata), GAs can replace red-light to trigger dark-germi-
nation (Schwachtje and Baldwin 2004). From recent evi-
dences in Arabidopsis it can be concluded that the GA re-
quirement for seed germination is determined by seed-coat
characteristics, embryonic growth potential and by embry-
onic ABA (Debeaujon and Koornneef 2000; Debeaujon et
al. 2000). The above and other recent data indicate that
GAs release coat and embryo dormancy, promote germina-
tion and counteract inhibitory ABA effects, directly or indi-
rectly.

Also, it has been demonstrated that ABA inhibits: (i)
phase-III water uptake but does not inhibit phase I or initial
embryo-extension growth (Homrichhausen ez al. 2003; Frey
et al. 2004; Manz et al. 2005; Miiller et al. 2006); (ii) the
embryo growth potential and endosperm cap weakening
during coffee-seed germination (da Silva et al. 2004); (iii)
the endosperm rupture but not seed coat rupture in tobacco
and petunia seeds (Toorop et al. 2000; Petruzzeli et al.
2003; Kucera et al. 2005). In seeds in which the seed-coat
and endosperm rupture is not easy to detect visually (e.g.
tomato), germination is also inhibited by ABA (Wu et al.
2000; Leubner-Metzger 2003); but deficiency in ABA in
sit" mutant is associated with a thinner seed coat (Hilhorst
and Downie 1995; Toorop et al. 2000). On the other hand,
during development and germination of some seeds, ABA
and ET action appear to be antagonistic. Thus, it was pro-
posed that ABA increases tissue sensitivity to ET, affecting
seed germination, whereas ET may suppress seed dormancy
by inhibiting ABA action (Beaudoin et al. 2000; Gross-
mann and Hansen 2001; Koornneef et al. 2002).

ET promotes germination and counteracts ABA effects
in many seeds (Kepczynski and Kepczynska 1997; Beau-
doin et al. 2000; Ghassemian et al. 2000; Matilla 2000;
Koornneef et al. 2002) and its production is higher in non-
dormant compared to dormant seeds (Matilla 2000). How-
ever, even though great progress has been made in eluci-
dating ET signalling, the mechanism(s) of ET action re-
mains to be explained in dormant and germinating seeds
(Kucera et al. 2005; de la Torre et al. 2006). ET biosyn-
thesis and sensitivity are both important for the germination
(Beaudoin et al. 2000; Siriwitayawan et al. 2003; Matilla et
al. 2005) and transcripts as B-1,3-glucanase or ACC-oxi-
dase, into others, are ET-altered during germination of
some seeds (Leubner-Metzger et al. 1998; Pretruzzeli et al.
2003a, 2003b; Puga-Hermida et al. 2003; Rodriguez-Gacio
et al. 2004). Summarily, although all findings until now
published support the view that ET can promote seed ger-
mination and counteract ABA inhibitory effects by interfer-

Fig. 1 Adult plant of S.
officinale.
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ing with ABA signalling, cross-talk between ET and GAs
cannot be discarded (Kucera ef al. 2005).

In the present study, wild mature dry seeds of Sisym-
brium officinale, collected in north-western Spain, were
used. In this species, seed-coat and endosperm rupture are
temporally separated at the beginning of germination and the
hormonal control of both process can be studied. This plant
is common in fields and path borders and can be identified
by its yellow flowers, basal leaves divided with a large and
round terminal lobe, and erect fruits held close to the stem.
S. officinale produces endospermic seeds housed into a fruit
which contains numerous heterogeneous in mass and colour
seeds (Fig. 1). Although the heterogeneity appears to be
related in some cases to survival, little is known about how
the seeds are affected physiologically (Puga-Hermida et al.
2003; Matilla et al. 2005). To evaluate the impact of hetero-
geneity on the germination process of S. officinale seeds, in
this work we used two lots (brown and light-brown) of the
above seeds to investigate some of theirs morphologic cha-
racteristics and response to ET and GAs.

MATERIALS AND METHODS

Chemicals

Aminoethoxyvinylglycine (AVG), 1-aminocyclopropane-1-carbo-
xylic acid (ACC), paclobutrazol, silver nitrate, ruthenium red,
GA447, and Co,Cl were purchased from Sigma-Aldrich (Spain),
whereas potassium nitrate was from Merck (Germany).

Plant material

Ripe wild seeds of Sisymbrium officinale were collected in Galicia
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Fig. 2 External aspect (A) and density (B) of brown and light-brown
lots of S. officinale dry seeds. Data are the means + standard error (S.E.)
of 3-4 independent experiments. Differences in density between lots were
highly significant (P<0.001) as determined by the LSD test.
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(north-western Spain) during July-August, 2006. Seed samples
were separated from ripe fruit residues (i.e. pedicel, replum and
valve) by means of a suitable sieve, divided into two populations
(i.e. brown and light-brown; see Fig. 2A) according to the colour
of seed coat, weighed in lots of 100 seeds (21.8 + 0.3 and 13.3 +
0.6 mg for dark and light, respectively) and stored at 21 + 0.2°C
before use in the germination tests. The brown:light-brown seed
ratio inside mature fruits was around 1.8 +0.1.

Germination experiments

Fifty seeds were put into plastic Petri dishes on two Whatman No.
1 filter paper discs moistened with 3 ml of 20 mM KNOj; (control)
supplemented with solutions of gibberellin (GA4.7) and etephon
(ET), inhibitors of GAs (PC, paclobutrazol) and ET (AVG, Co,Cl)
synthesis and the inhibitor of ET signalling (NO;Ag). The germi-
nation percentage was determined in a climate room (24°C, 16 h-
light/8 h-dark photoperiod). Seeds were not sterilized in order to
avoid influencing their dormancy status; however, by using light
microscope fungal infection was not detected. Radicle emergence
was taken as evidence of germination. For each experimental con-
dition, three replicates at least were used.

Water uptake

To study the water uptake rate, we took known weights of dark as
well as light-brown dry seeds and surface-washed them for 15 s in
distilled water. The seeds were then immediately placed onto filter
paper dampened with distilled water and kept under conditions
identical to those for seed germination. The seeds were rapidly
surface dried and weighed hourly, and then immediately replaced
to continue the imbibition phase. This process was repeated for 5 h.
The water uptake for each lot was considered as fresh weight
(FW) minus dry weight (DW) per mg of seeds.

Tetrazolium test

Intact seeds were incubated in a 1% (w/v) aqueous solution of
2,3,5-triphenyltetrazolium chloride (Merck, Germany) at 30°C in
darkness for 2 d. Tetrazolium salts are metabolically reduced to
highly coloured end products called formazans by NADH-depen-
dent reductases of the endoplasmic reticulum (Berridge et al.
1996).

Ruthenium red staining to seed mucilage

Mucilage was detected in the seed basically as described by Wes-
tern et al. (2000). Whole seeds were allowed to imbibe on moist
filter paper for between 5 min and 1 h, before the application of
0.2% (w/v) aqueous ruthenium red solution. Seeds were photo-
graphed with an Olympus B061 stereomicroscope.

Statistical treatment

The data obtained here are the mean of at least three replicates.
The statistical treatment was based on a variance analysis and the
averages/means were compared using the least-significant- dif-
ference (LSD) test at P<0.05 (Steel and Torrie 1982).

RESULTS AND DISCUSSION

Seed development is not temporally uniform in any given
population, even when mother plants are grown in identical
environments. In short, a type of seed heterogeneity deve-
lops (Matilla et al. 2005). As a result of such heterogeneity,
populations of seeds with morphological differences (e.g.
colour, size, weight, or shape) appear, and some of these
differences can affect physiological properties (e.g. storage
capacity or level of dormancy) (Debeaujon et al. 2000).
Thus, some crucifer seeds do not mature synchronously in-
side the silique, but sequentially, and some pods shatter
before harvesting, resulting in a substantial loss of seeds
(Matilla 2007). Given that the heterogeneous character of
some seeds can affect germination (Khan er al. 1996;
Kantar et al. 1996; Puga-Hermida et al. 2003; Matilla et al.
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2005; Luzuriaga et al. 2006), these heterogeneous lots of
seeds constitute a valuable tool in seed physiology to study
the endogenous factors that regulate germination. However,
the physiological and molecular basis of seed heterogeneity
is at present unknown.

Morphological and structural heterogeneity in S.
officinale seeds

The fruits of S. officinale, as with other crucifers described
previously (Imbert 2002), contain heterogeneous seeds that
we have divided into two lots to study (brown and light-
brown) attending to the colour of the outermost part of the
seed coat. The colouration of the seed coat in other crucifer
seeds studied is due preferentially to the accumulation of
flavonoid-type seed compounds (e.g. condensed tannins as
proanthocyanidins), which notably influence the seed-coat-
imposed dormancy in some species (Debeaujon and Koorn-
neef 2000; Debeaujon et al. 2000). The brown seeds of S.
officinale have a density of approximately 4.7-fold that of
the light-brown ones (Fig. 2B). Although the volume of the
light-coloured seeds is higher than that of the dark ones, the
great difference observed in the density is due primarily to
different weights between the two lots (i.e. 21.8 £ 0.3 and
13.3 £ 0.6 mg/100 seeds for brown and light-brown, respec-
tively). Once embryogenesis ends, the seed is a completely
autonomous organism. Nevertheless, in plant species that
produce a large quantity of seeds, this autonomy is not
equal in each seed. That is, as seeds are heterogeneous, cer-
tain differences affect physiological properties (e.g. storage
capacity and dormancy level) that can alter the speed and
timing of dispersion (Kigel 1995). The tetrazolium test
made in the brown lot of S. officinale showed that 100% of
the seeds were alive, while in the light-brown lot, only 40 £
7% were alive. This fact appears to indicate that the light
seeds had difficulties in their embryogenic process. Several
studies have demonstrated that such difficulty may be deter-
mined by, among other factors, a different intensity of nut-
rient unloading from the mother plant to the embryo (i.e.
seed filling) due to a positional effect of the seed in the fruit,
thereby affecting seed-size and viability (Fenner 1991; Gut-
terman 1992; Fenner 1993; Luzuriaga et al. 2006). That is,
seed-size variability is considered a phenotypical maternal
effect (Moles and Westoby 2006).

The brown and light-brown seeds of S. officinale are
also heterogeneous with respect to each other, given that the
former contain much more mucilage in the seed coat than
do the light ones. This characteristic (i.e. myxospermy) is
manifested in seed imbibition of both lots for a short
amount of time in the presence of ruthenium red, a colorant
which specifically dyes the mucilage (Fig. 3). The muci-
lage-producing cells are located in epidermal tissue of the
seed coat of some species, including those of the family

Fig. 3 Structure of light-brown and brown seeds of S. officinale. Whole
seeds were stained with ruthenium red as described in the Material and
Methods. Note red staining capsule of mucilage surrounding dark brown
seeds (B). No mucilage is visible around light-brown seeds (A).
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Fig. 4 Hourly water uptake during the first 5 h of imbibition of brown
(m) and light-brown () lots of S. officinale seeds. Data are means +
standard error (S.E.) of 3 independent experiments. Differences between
lots were significant (P<0.05) as determined by the LSD test.

Brassicaceae (Boesewinkel and Bouman 1995; Western et
al. 2000, 2004). When a dry myxospermous seed is placed
in an aqueous environment, the mucilage, extremely hydro-
philic and pectin-rich (Western et al. 2000), is released and
completely envelops the seed coat (Fig. 3). It was suggested
that mucilage extrusion results from the rapid expansion of
dried mucilage upon hydration, leading to a local breakage
of the cell wall. The nature of mucilage prior to release
upon imbibition and its functions when extruded around
seed are, at present, unknown aspects. However, mucilage
may be related to imbibition, seed dispersal, germination or
repair embryo DNA, among other ways (Huang and Gutter-
man 1998; Huang et al. 2000; Western et al. 2000, 2004,
Huang et al. 2007).

The germination capacity of some seeds is altered by
seed-coat characteristics (Debeaujon and Koornneef 2000;
Debeaujon ef al. 2000). A controlled imbibitional water-
uptake allowed by seed coat components is necessary to
initiate the normal germination process. The study of the
water-uptake rate in brown and light-brown seeds indicates
that the light lot imbibed water more quickly than did the
dark lot (Fig. 4). The imbibition profile in the brown seeds

was linear and increased gradually over the study period (i.e.

5 h); however, the profile of the light seeds was sigmoidal,

reaching, at 60 and 180 min, values 1.3- and 1.6-fold grea-
ter, respectively, than those obtained for brown seeds (Fig.
4). Water uptake profiles from both lot seeds were asintotic
after five hours. One of the causes that could favour such a
sudden uptake of water in the light seeds could be related to
the absence of mucilage. Seed mucilage is a natural exam-
ple of a hydrogel and is an efficient absorber of water. It
was hypothesized that mucilage takes up water to increase
and stabilize water potential surrounding the seed, thereby
promoting efficient germination and seedling establishment
(Penfield et al. 2001). If the imbibition behaviour of the
brown seeds is as in A. thaliana (Penfield et al. 2001; Wes-
tern et al. 2000, 2004), the initial hydration of S. officinale
seeds leads to the immediate release of mucilage, an event
correlated with breakage of the outer tangential cell wall of
the epidermal cell due to the rapid expansion of dried muci-
lage upon hydration. This very located cell-wall burst, toge-
ther with the mucilaginous external envelope, could facili-
tate a slow and controlled water entry. For demonstrating
this, a detailed microscopy study in the seed-coat would be
necessary. Besides the presence of mucilage, it is worth
mentioning that, although the volume of the light-brown
and brown seeds was very similar, the density of the two
lots was very different due to the notable mass of the brown
seeds (Fig. 2B). This flaccidity in light seeds could provoke
a quick imbibition in comparison to S. officinale brown
seeds, and thus the sigmoidal profile of water uptake (Fig.
4) should be justified. Very rapid imbibition alters cell per-
meability and prompts losses of solutes to the external me-
dium, triggering damage that can diminish seed vigour and
viability (Legesse and Powell 1992; Puga-Hermida et al.
2003).

The heterogeneity in S. officinale seeds affects
germination and hormonal sensitivity

The experiments to optimise the germination test are shown
in Table 1. This table reflects the strong dependence on
light and the presence of nitrate for rapid radicle emergence.
Light cannot be replaced by a stratification period (4°C),
even if nitrate (20 mM) is present (Table 1). Nitrate (0.8
mM), in association with light, promotes germination in
many species as Lolium rigidum Gaud. (Ellery et al. 2003).
Radicle emergence in S. officinale can occur in the absence
of nitrate if light and ET are present; however, less time is
needed for emergence (Table 1). In this work, it has been
demonstrated that the ability to germinate under optimal
conditions (20 mM KNOs3, 24°C and 16h light/8h dark pho-
toperiod) differs within two lots of S. officinale seeds stu-

Table 1 Effect of several treatments on germination percentage of S. officinale seeds. Data are mean
values of three replicates + S.E. Significant differences between values as assessed by LSD test

(P<0.05) are shown as different letters.

Treatment Germination (%)
24 h 48 h 72 h
- light
- nitrate (20 mM) 15+3a
- nitrate (20 mM) + ET (10 pM) 17+2a
+ nitrate (20 mM) 50+40b 100 ¢
+ nitrate (20 mM) + ET (10 uM) 100 ¢
+ nitrate (20 mM) + ET (50 uM) 100 ¢
+ nitrate (20 mM) + ST n.f.
+ light
- nitrate (20 mM) 100 ¢
- nitrate (20 mM) + ET (10 pM) 100 ¢
+ nitrate (20 mM) 70+8d
13+ 6a (LB)
+ nitrate (20 mM) + ET (10 pM) 95+4c¢
8+3a(LB)
+ nitrate (20 mM) + ACC (10 uM) 98+2¢
+ nitrate (20 mM) + GA 47 (100 pM) 100 ¢ 15+3a(LB)
+ nitrate (20 mM) + GA 47 (100 pM) + ET (10 pM) 15+3a(LB)

LB: light-brown lot; ST: stratification (ed, 4°C); n.f.: not found.
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died. Thus, at 24 h 6-fold more of the brown seeds germi-
nated than the light-brown ones, and the ET and/or the ACC
had a positive effect on the brown lot and negative over the
light. However, GA4; strongly stimulated germination in
the brown seeds while hardly altering that of the light ones
despite that ET was present (Table 1). The low percentage
of germination in the light lot did not increase by stratifi-
cation, both in the absence as well as in the presence of
GA447, nor by a short scarification. Stratification in some
seeds affects the expression of genes involved in the syn-
thesis of physiologically active GAs (Yamauchi ez al. 2004),
and also intensifies sensitivity to GAs (Derkx and Karssen
1993; Koornneef et al. 2002). The absence of stimulation of
the germination of stratified light-brown seeds could imply
that GAs did not play a major part in the process or else that
these seeds have difficulty synthesising active GAs. By
molecular approaches currently under way in our laboratory,
we will soon be able to confirm or exclude this possibility.
With the aim of making a thorough study of the effect
of GA and ET on the germination rate of brown S. officinale
seeds, we quantified the radicle emergence in short time
periods. The protrusion began to be detectable between 17
and 18 h, reaching 100% at 25-26 h. This demonstrates the
speed of the emergence process in this lot. The presence of
GA4;7 strongly stimulated the germination between 21 and
23 h; in fact, at 23 h the germination was 3.5-fold greater
than in control. However, at 26 h, germination reached
100% both in control as well as in the presence of GA4g
(Fig. 5A). Conversely brown seeds, light ones have a great
positive response to GA44; reaching in its presence germi-
nation percentages of 2.5-8.5—fold higher than the control
(Fig. 5B). The results of Figs. 5 and 6 indicate that both lots
of seeds present different sensitivity to GA and probably
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Fig. 5 Germination percentage of brown (A) and light-brown seed lot
(B) of S. officinale seeds in presence (striped bars) or absence (black
bars) of GA4;. Data are means + standard error (S.E.) of 3 independent
experiments. Differences between GA treated and non-treated seeds in the
brown lot were significant (P<0.05) until 25 h; for the light-brown lot,
differences were significant except at 21 h (P<0.05) as determined by LSD
test.
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Fig. 6 Germination percentage of brown (A) and light-brown seed lot
(B) of S. officinale seeds in presence (striped bars) or absence (black
bars) of ET. Data are means + standard error (S.E.) of 3 independent
experiments. Differences between ET treated and non-treated seeds in the
brown lot were significant (P<0.05) between 19-24 h; for the light-brown
lot, differences were significant (P<0.05) as determined by LSD test.

also different hormonal regulation of germination. A very
similar profile of germination stimulation found for brown
seeds in the presence of GA4; was also found in the
presence of ET (Fig. 6A). The fact that the kinetics in the
presence of ACC (the immediate precursor of ET) and ET
are similar shows that the brown seeds of S. officinale have
the capacity of oxidizing ACC (i.e. ACC-oxidase). This also
occurs in other crucifers (Matilla 2000; Rodriguez-Gacio et
al. 2004; Matilla et al. 2005). On the contrary, ET was not
capable of stimulating the germination in light-brown seeds,
which had a far lower germination capacity than did the
brown seeds (Fig. 6B); that is, the results appear to indicate
that the ET was strongly inhibitory. Although we cannot
discard that the light seeds have difficulties to oxidize their
endogenous ACC, the fact that the exogenous ET did not
accelerate its germination supports the assumption that this
hormone is not required for germination. In heterogeneous
turnip-tops seeds, the final step of the ET pathway was
altered concomitantly with the changes in germinating
capacity affecting the levels and expression of ACC-oxidase
(Puga-Hermida et al. 2003; Rodriguez-Gacio et al. 2004).
GA4;and ET together were not capable, either, of boosting
the germination percentage of the light-brown seeds lot.

The addition to the germination medium of inhibitors of
ET and GA synthesis gives us an idea of the participation of
the two hormonal signals in the germination process of the
brown seeds of S. officinale. Thus, the AVG (inhibitor of
ACC-synthetase activity), Co,Cl (inhibitor of ACC-oxidase
activity), and NO;Ag (inhibitor of the bonding of ET to its
receptor) diminished the percentage of germination, particu-
larly when these compounds were added jointly (Table 2).
The presence of GAy.; partially reversed the inhibition,
again demonstrating the preferential action of GAs in the
germination process. This last observation is supported by
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Table 2 Effect of several treatments on germination percentage (23 h)
of S. officinale brown-seeds. Data are mean values of three replicates +
S.E. Significant differences between values as assessed by LSD test
(P<0.05) are shown as different letters.

Treatment Germination (%)
control 40+3a
ET 75+8Db
GA47 91+9c¢
NOs;Ag 27+2d
AVG 25+4d
Co,Cl 35+3e¢
AVG + Co,Cl 8+2f
AVG + Co,Cl + NO;Ag 10+3f
AVG + Co,Cl + NO;Ag + GAy:7 52+5¢g
NOs;Ag + GA4r 58+6g
AVG + Co,Cl + GA447 42+5a
PC 2+1h
PC+ET 3+1h

the total inhibition of germination in the presence of paclo-
butrazol, an inhibitor of GA synthesis (Table 2). However,
the fact that the reversal caused by GA,.is not total, leads
us to conclude that, apart from the presence of GA, other
hormonal signals are needed for right radicle emergence.

CONCLUDING REMARKS

In this work, we have demonstrated several physical and
physiological differences between heterogeneous lots of
seeds from Sisymbrium officinale. The examination of the
causes of this different behaviour, concerning the hormonal
balance and physical requirements, complemented with a
molecular approach, could shed light on the processes
involved in germination for these species. Whether or not
this heterogeneity reflects an adaptative strategy to control
the timing and requirements for germination remains to be
investigated; as discussed earlier, it could be also a matter
of incomplete embryogenesis/maternal effect. In any case,
both these heterogeneous lots are dispersed from wild popu-
lations of this weed, and probably this seed heterogeneity
has a deep impact on the ecophysiology of this species.
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* Background and Aim, At present, published data indicate that gibberellins (GAs) and ethylene
(ET) can individually promote germination in many seeds by interfering with ABA signalling.
However, cross-talk between ET and GAs to achieve germination cannot be discarded. The aim
of this study was determine if this cross-talk exist in Sisymbrium officinale L. seeds, which are
endospermic. To this end, we have determined: (i) the expression of genes involved in the ET
synthesis (SoACS7 and SoACO2) and GAs synthesis (SoGA200x2, SoGA30x2) and breakdown
(SoGA20x6); and (i1) biochemical activity of endo-f-mannanase (MAN). These experiments
were done during seed germination in the presence of ET, GA4+7 and inhibitors of synthesis and
signalling of these hormones.

* Methods The structure of the different parts of Sisymbrium officinale L. seed was determined
by using fixation, sectioning, staining and light microscopy, ACC and MACC levels were done
by means of its extraction and oxidation to ethylene, ACC- and GA-oxidases transcript levels
were determined by using real-time semiquantitative PCR and activity of endo-f-mannanase
(MAN) was spectrophotometrically measured by means of dye release from AZCL-
galactomannan.

* Key Results The protrusion in S. officinale seeds consists of the two sequential phases of seed
coat rupture and endosperm rupture. The afterripening (AR) induces a high sensitivity to ET and
GA4.7; but, though the germination patterns are similar in the presence of both hormones, the
GAs need is higher than of ET during early stage of germination. Both GA4+7 and ET increases
markedly the ACC and MACC content along germination. At difference of SoGA2o0x6
expression, which is very high around protrusion and hardly inhibited by all studied treatments,
SoGA30x2 and SoGA20ox2 expression is mainly noticeable at 6 h of imbibition. Moreover,
SoGA3o0x2 and SoGA200x2 expression is strongly inhibited by paclobutrazol (PB) and inhibitors

of ET synthesis and signalling (IESS). AR induces a remarkable MAN activity in dry seeds and

96



the peak of MAN is not concomitant to 100% of germination. Both GA4.7and ET stimulates this
activity during germination process.

* Conclussions The alterations in germination percentage, SoACS7, SoACO2, SoGA3ox2,
SoGA200x2 and SoGA20x6 expression, and MAN activity induced by GA4+7, ET and inhibitors
of synthesis and signalling strongly suggests the existence of an interaction (cross-talk) between
ET and GAs to trigger the germination in S. officinale seeds. All the results obtained in this work

are carefully discussed.

Key words: ACC and MACC, ACC- and GA-oxidases, endo-f-mannanase, endospermic seed,

ethylene, germination, gibberellins (GA4.7), mucilage, real-time PCR, Sisymbrium officinale.
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INTRODUCTION
The seed is the dispersal unit emerged in the course of plant evolution. A mature and viable seed
that has overcome the process of dormancy, is prepared to germinate (Bewley, 1997). Seed
germination, triggered by gradual water uptake, is achieved once integrated environmental and
internal signals coordinate a high transcriptomic and proteomic activity, all this resulting in an
optimal growth response (Koornneef ef al., 2002; Finch-Savage and Leubner-Metzger, 2006).
Plant hormones tightly regulate germination (Finkelstein, 2004; Kucera et al., 2005).
Germination ends with the initial cellular elongation of the embryonic axis, not being essential
the cellular division; and it is visible when the radicle has protruded through two covering layers
(i.e. seed coat and endosperm single layer in endospermic seeds) at the level of micropylar
region (Bewley, 1997; Barroco et al., 2005; Kucera et al., 2005). Two important forces, growth
potential of the radicle and mechanical resistance of the covering layers, play antagonistic roles
in the completion of germination. In order for a seed to complete germination, the growth
potential of the radicle must overcome the tissue resistance of the micropylar covering layers,
this fact also being regulated by hormonal signaling (Kucera et al., 2005). Weakening of the
micropylar endosperm surrounding the radicle tip appears to be required for radicle protrusion,
and is likely to involve cell-wall hydrolytic enzymes (Nonogaki et al., 2000; Mo and Bewley,
2003; Nonogaki et al., 2007). By contrast, in some hard-seeds the micropylar endosperm
presents a lower physical constraint to the completion of germination than the lateral endosperm,
and hence its structure is predisposed to permit radicle protrusion (Gong ef al., 2005). For many
endospermic species, seed coat rupture and endosperm rupture are two sequential steps during
germination (Petruzzelli et al., 2003; Liu et al., 2005). Abscisic acid (ABA) inhibits endosperm
rupture, but not seed coat rupture (da Silva et al., 2004; Leubner-Metzger et al., 2006). The
increase in the radicle growth potential, and the decrease in the covering layers mechanical

resistence, can occur simultaneously (Nonogaki, 2006). Probably, a combination of both
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possibilities could fully explain the mechanisms of seed germination in Arabidopsis and many
other endospermic seeds.

Precise and confirmed information is lacking in relation to the possible role of ethylene (ET) in
the transition of dormancy to germination and in the germination sensu stricto (Kucera et al.,
2005; Matilla and Matilla-Vazquez, 2008). Although maximum ET production is usually
detected after radicle emergence has finished, small amounts of gas are also produced in periods
prior to protrusion. Moreover, there are seeds that cannot break dormancy by the administration
of ET alone (Kucera et al., 2005; Finch-Savage and Leubner-Metzger, 2006; Matilla and
Matilla-Véazquez, 2008 ), while in other cases this gas is sufficient (Matilla, 2000; Mendes-
Ribeiro and Santos Barros, 2006). ET synthesis and cellular sensitivity to it are two major factors
for the germination in Arabidopsis (Beaudoin et al., 2000; Ghassemian et al., 2000;
Siriwitayawan et al., 2003). Proteomic analysis in Arabidopsis revealed an essential role of
endogenous ET only after radicle protrusion (Gallardo ef al., 2002). ET mutants have been
generated, and genetic, physiological, and molecular characterization of these mutants is starting
to shed light on the complex process of regulation of the germination by ET. Thus, seeds of etr/
and ein2 display enhanced primary dormancy, while ctr seeds have slightly reduced dormancy
compared to wild type (Beaudoin et al., 2000). The etr/-2 mutation in Arabidopsis confers
dominant ET-insensitivity and results in a larger proportion of mature seeds that exhibit hard
primary dormancy (Chiwocha et al., 2005).

The complexity of hormonal responses and their functional overlap support the presence of an
intensive cross-talk between hormone signalling pathways (Brady and McCourt, 2003;
Gazzarrini and McCourt, 2003; Razem et al., 2006; Weiss and Ori, 2007). The existence of a
cross-talk among ET and gibberellins (GAs) seems to exist in Arabidopsis (de Grauwe et al.,
2007, 2008); but their participation during seed germination process need to be confirmed.

However, several lines of evidence seem to support its existence: (i) newly synthesized GAs are
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required for radicle protrusion in endospermic seeds (Ogawa et al., 2003) and ET treatment
induces the germination of GAs-deficient mutant seeds (Karssen et al., 1989); (ii) exogenous
GAs induces ACC-oxidase expression in imbibed gal-3 seeds (Ogawa et al., 2003); (iii) the low
germination of efr/ mutant seeds is reversed by GAs to wild type levels (Bleeker et al., 1988);
(iv) the absence of ET signaling in efr/-2 mutation causes an increase in bioactive GAs, which
demonstrates that ET negatively regulates the GAs pathway in wild type seeds (Chiwocha et al.,
2005); (v) GAs stimulate germination via DELLA protein disappearance (Tyler e al., 2004) and
ET participates in the regulation of DELLA proteins accumulation, which suppress the GA
response (de Grauwe et al., 2008).

In order to gain insight on the knowledge of hormonal regulation of the germination, in the
present work we report some effects of the ET and GA4; on the percentage of germination,
endo-B-mannanase (MAN) activity, and expression of two genes involved in ET synthesis
(S0ACS7 and SoACO?2), two genes involved in bioactive-GA synthesis (SoGA200x2, SoGA30x2)
and one involved in GAs breakdown (SoGAZ20x6). All this work was carried out with seeds of
Sisymbrium officinale L., which are endospermic, possess a high speed of germination and

present a strong dependence of NO3™ and GAs to germinate (Hilhorst and Karssen, 1988).

MATERIALS AND METHODS

Plant Material

Fruits of wild hedge mustard (Sisymbrium officinale L.) were harvested in Galicia (North-west
Spain) during July-August of 2007. Dark ripe seeds were separeted from fruits (i.e. pedicel,
replum and valve), cleaned and stored dry during 6 months at 21 £+ 0.2°C to break dormancy by
after-ripening (AR). Parallely, fruits of S. officinale were collected at two developmental stages,

the first being whole fruit with early development (named here early fruit; EF) and the second

100



one fruits containing seeds at a very advanced development stage (i.e. late fruit, LF and late

seeds, LS).

Light Microscopy

Seeds were fixed in 0.05 M pH 6.8 sodium phosphate buffer containing 2% (w/v) p-
formaldehyde (Panreac, Spain), 2% (v/v) glutaraldehyde (Merck, Germany) for 2 days at 4°C.
Fixation was followed by an ethanol dilution series. Seeds were embedded in LR White Resin
(Sigma-Aldrich, Spain) and cut in 2 pm sections. Staining was carried out in 0.5% (w/v) periodic
acid (Merck, Germany), Schiff’s Reagent (Merck, Germany) and 1% (w/v) Naphtol Blue Black
(Sigma-Aldrich, Spain). A Phase Contrast Attachment “Ph” for Optiphot-2 microscope (Nikon,
Japan) was used for bright field microscopy. Images were taken with Coolpix 8400 camera

(Nikon, Japan).

Germination assays

Three replicates of 50 seeds were sown in 90 mm Petri dishes on two layers of filter paper
(Whatman No. 1) moistened with 3 ml of 20 mM KNO; supplemented with solutions of
gibberellin (100 uM GA4:7, Sigma-Aldrich, Spain), ET (10 uM ethrel, Sigma-Aldrich, Spain),
inhibitor of GAs synthesis (25 pM paclobutrazol (PB), Sigma-Aldrich, Spain) and a mixture of
inhibitors of synthesis (100 pM aminoethoxyvinylglycine (AVG) and 1 mM cobalt chloride
(Cox(Cl), Sigma-Aldrich, Spain) and signalling (10 uM silver thiosulphate (STS), Sigma-Aldrich,
Spain) of ET called here IESS.

Germination experiments were carried out in a growth chamber at 24°C in a 16 h photoperiod.
Seeds were not surface-sterilized in order to avoid influencing their dormancy status,

nevertheless fungal infections were not detected by light microscope. Seeds were considered
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germinated when radicle protrusion was visible. Germination tests were performed at least twice

using three replicates.

Tetrazolium test and ruthenium red staining

Intact seeds were incubated in a 1% (w/v) aqueous solution of 2,3,5-triphenyltetrazolium
chloride (Merck, Germany) at 30°C in darkness for 2 d. Tetrazolium salts were metabolically
reduced to highly coloured end products called formazans by NADH-dependent reductases of
the endoplasmic reticulum (Berridge ef al. 1996). Mucilage was detected in the seed basically as
described by Western et al. (2000). Whole seeds were allowed to imbibe on moist filter for
between 5 min and 1 h, before the application of 0.2% (w/v) aqueous ruthenium red solution.

Seeds were photographed with an Olimpus B061 stereomicroscope.

Quantification of ACC and MACC

Frozen at -80°C tissue (50 mg) was homogenized at 4°C using mortar and pestle with sterile
distilled water in a 1:5 ratio (FW/v). The homogenate was centrifuged at 8000 rpm (Beckman
Avanti J-25 minifuge, rotor JA-18.1 for Eppendorf tubes) for 15 min at laboratory temperature
and supernatant assayed for ACC analysis using Lizada’s method (Lizada and Yang, 1979). The
MACC in supernatant was determined after being hydrolyzed to ACC in 6M HCI at 100°C for 3
h and quantified as Gallardo et al. (1994). The measure of ET from ACC was as described

Rodriguez-Gacio and Matilla (2001).

Total RNA isolation from seeds and cDNA synthesis
For RNA extraction, seeds at 0, 6, 12, 18, 20, 22 and 26 h along the germination were collected,
immediately frozen in liquid nitrogen and stored at -80°C until use. Three replicates were taken

for each point. Seeds were finely grounded in liquid N, using a Mikro-Dismembrator-S
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(Sartorius AG, Goettingen, Germany) at 1500 rpm for 2 min. Total RNA was isolated using the
phenol extraction/LiCl precipitation method (Verwoerd et al. 1989). The integrity and purity of
the RNA was checked both electrophoretically and by the 260/280 nm absorbance ratio. Total
RNA samples were digested with DNase (DNase I recombinant, RNase-Free, Roche, Germany)
following manufacturer’s directions. RNA concentration was estimated by 4,5 measurement,
and the samples were stored at -80°C. Reactives used in this protocol were supplied by Sigma-
Aldrich (Spain).The cDNA was synthesised from 1 pg of total RNA using the First-Strand
Synthesis kit for RT-PCR (Roche, Germany) using oligo-p (dT) as a primer, following

manufacturer’s directions. Samples were stored at -20°C.

Isolation of SoGA30x2, SoGA200x2, SoGA20x6, SoACO?2, SoACS7 partial-length cDNA

The cDNA from seeds was used as template for PCR, using pairs of degenerated primers based
on regions found to be highly conserved in other species (Supplementary Tab. S1). PCR
conditions were as follows: 95°C for 2 min, 40 cycles of 95°C for 45 s, 47-55°C for 45 s, 72°C
for 45 s and a final elongation step of 7 min at 72°C. PCR reactions were carried out in a 25 pL
reaction volume containing 12,5 pL 2X Super Premix, Sapphire (Mbiotech, Seoul, Korea), 1 pL
of forward primer (100 pM, final concentration 4 pM), 1 pL of reverse primer (100 uM, final
concentration 4 puM) and 9.5 pL of sterelized water and finally 1 pL of cDNA. PCR products
were analyzed by electrophoresis and extracted from the agarose gel using MiniElute™ Gel
Extraction Kit (Qiagen, Germany), and then sequenced. Sequences were compared to existing
sequences in target databases using BLAST (Altschul ez al., 1997). They contained the partial-
length cDNA of genes with very high similarity to GA3ox, GA200x, GA2o0xi, ACO, ACS genes of
other plant species. Basing on their phylogenetic relationship to the known genes (data not

shown), they were called SoGA30x2, SoGA200x2, SoGA20x6, SoACO2 and SoACS7 and
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registered in the GenBank under the accesion numbers EU689111, EU689113, EU689112,
EU689115 and EU689114, respectively.

Real-time PCR assay

PCR analysis was performed with the cDNA obtained from different times along the germination
as stated above as a template. Specific primer design was performed using the sequences
obtained for SoGA30x2, SoGA200x2, SoGA20x6, SoACO2 and SoACS7 (Supplementary Tab.
S2). 18S-RNA was used as a control for the genes studied since it was found to be expressed at
constant levels throughout studied period (data not shown). The PCR was performed in a iCycler
iQ™ Real-time Detection System (Bio-Rad Laboratories, Hercules, CA, USA). For each 25 pl
reaction, 1 pl of sample cDNA was mixed with 12.5 pul of IQ™ SYBR" Green Supermix (Bio-
Rad Laboratories), 0.5 ul of forward primer (12 uM, final concentration 240 nM), 0.5 ul of
reverse primer (12 puM, final concentration 240 nM) and 10.5 pl of sterilized water. Samples
were subjected to thermal cycling conditions of DNA polymerase activation 95°C for 4 min, 40
cycles of 45 s at 95°C, 45 s at 52°C (to SoGA200x2, SoGA20x6) or 55°C (to SoGA30x2, SoACO2
and SoACS7), 45 s at 72°C and 45 s at 80°C; a final elongation step of 7 min at 72°C was
permormed. The melting curve was designed to increase 0.5°C every 10 s from 62°C (to
SoGA200x2, SoGA20x6) or 65°C (to SoGA30x2, SoACO2 and SoACS7). Real-time PCR analysis
was performed with two different cDNAs from the same time-point (from two different RNAs),
and each of them was carried out in triplicate. The amplicon was analyzed by electrophoresis and
sequenced once for identity confirmation. Quantification was based on analysis of threshold

cycle (Ct) value as described by Pfaffl (2001).

Endo-f-mannanase (EC 3.2.1.78) activity

Triplicate lots of seeds were ground in 1M sodium acetate buffer, pH 4.7 (Sigma Aldrich, Spain).

After centrifugation at 20 000 g at 4 °C for 45 min, the supernatants were assayed in duplicate for
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MAN activity. For enzymatic determination, 100 pl of 0.25% (w/v) AZCL-galactomannan
(Megazyme International Ireland Ltd., Wicklow, Ireland) in 100 mM sodium acetate buffer, pH
4.7) were mixed with 25 pl of supernatant and incubated at 28°C for 3 h, with constant agitation
in an orbital shaker. Dye release from AZCL-galactomannan was determined spectro-
photometrically by measuring the absorbance at 590 nm in supernatant samples of the reaction
mixture. One unit of MAN activity was defined as the amount of enzyme that releases one
nanomole of reducing sugar equivalent to D-mannose per minute under the above conditions. A
curve relating dye release from AZCL-galactomannan to reducing sugar release from locust bean
gum (Sigma Aldrich) as determined by the PAH-BAH method (Lever, 1972) was constructed

and used for interconversion of MAN activities.

Statistical analysis
The statistical treatment was based on a variance analysis and averages/means were compared by

using the least significant diference (LSD) test at P<0.05 (Steel and Torrie 1982).

RESULTS

Cyto-histological alterations in the micropylar region during imbibition and protrussion of S.
officinale seedls

The seeds of S. officinale, as with other crucifers described, are endospermic and heterogeneous
in colour (i.e. brown and light-brown). We have selected for this work only the brown seeds. The
tetrazolium test made in these seeds showed that 100% of the seeds were alive. By contrast, only
40 + 7% were alive in the light-brown lot. The seed is surrounded by the seed coat wich contains
the outer and inner integuments (Fig.1A; general view of S. officinale dry seed). The outer

integument include: (i) mucilaginous cell layer enriched in columnelles and producer of
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abundant mucilage wich surrounds the seed within a few minutes of the beginning of imbibition
process (this myxospermic character was demonstrated with ruthenium red; Western et al.,
2000); and (i) palisade epidermic cell layer with thickened (i.e. pectin enriched) internal
tangential cell walls. On the other hand, the inner integument is composed by a thin endodermic
layer without scarce differences in the cell walls thickness (Fig. 1B). Under inner integument is
the endosperm composed by only one cell layer. In dry seed, the endospermic cells have
abundant proteic bodies and few cell turgor (Fig. 1B). After 4 h of imbibition (Fig. 1C): (i) the
density of columnelles decreases; (ii) the degradation of endospermic proteic bodies and the
increase of cell turgor pressure in the endospermic micropylar region begins; and (iii) the water
uptake triggers the radicle cell elongation and the beginning of the pressure of radicle apex on
the surrounding envelops. At final of imbibition (18-19 h) the view is (Fig. 1D; general view): (i)
the palisade cell layer corresponding to micropylar zone is dismanteled; (ii) the proteic bodies of
both micropylar endosperm and micropylar endospermic adjacent cells are empties and the
micropylar endosperm layer is thinner than at 4 h imbibition, into others, by an strong cell wall
thinness; (iii) the proteic bodies of radicle lateral cells begins its degradation; and (iv) the seed
coat rupture is visible in the lateral region near to micropylar zone (Figs. 1D,E). After the above
described events, the cell layer of micropylar endosperm is broken and the protrussion executed

(Fig. 1F).

Germination profiles of S. officinale seeds

Before initiating the studies presented here, the freshly harvested S. officinale brown seeds (non
AR seeds) were stored dry at 21 + 0.2 °C and darkness for 6 months (AR seeds). This time was
sufficient to complete the AR (data not shown). The radicle emergence of S. officinale seeds was
strongly dependent of light and the presence of NOj™ in the germination medium (Hilhorst and

Karssen, 1988). In control (20 mM KNO3), the protrusion began at 19-20 h (2-4 £ 1%) and
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increased rapidly until 25-26 h (100% germination). In presence of 100 pM GA47 or 10 pM
ethrel, the protrusion became detectable at 15-16 h (4-5 £ 1%) and 100% germination was at 23
h. Quantitatively significative differences were no observed between both hormonal treatments
(Tab. 1). The germination percentages in presence of ACC were similar to those obtained with
ethrel (data not shown). Together, GA4:7 and ethrel were incapable of boosting the germination
percentage with respect to individual hormones (data not shown). Maximum germination
percentage was not altered by the ACC-synthase inhibitor AVG (10 or 100 uM), while the ACC-
oxidase inhibitor Co™ (100 uM) slightly decreased it. All these inhibitions were strongly
overcome by GA4.7 and ethrel, and the inhibitor of bio-active gibberellin sinthesis paclobutrazol

(PB) strongly prevented it (data not shown).

Effect of ethrel and GA4+7 pulses on the germination rate of S. officinale

This experiment was conducted to determine whether the time-course of S. officinale seed
germination was altered by ethrel or GA47 added to the medium at different times of imbibition
phase. The results of the time-course may reflect the need for ET or GAs during imbibition and
its effects on germination pattern. To this end, ethrel and GA4.+7 were applied at 0, 4, 8, 12y 16
h, and then the kinetics of induced germination quantified. The germination time-course was
different depending on the time of application. Thus, ethrel and GA4+7 only stimulate the radicle
emergence if applied very early (i.e. 0 or 4 h, respectively) (Figs. 2A, B, F, G). Contrary, the
hormonal effect was slower or even null when ethrel or GA4+7; were added at the middle or late

stage of imbibition, respectively (i.e. 8, 12 y 16 h; Figs. 2C-E, H-J).

Alterations in ACC and MACC produced by ethrel and GA4+7 during germination

An ACC peak coincident with the onset of radicle emergence was detected in control (Table 1).

The protrusion acceleration caused by GA47 and ethrel also accelerated the appareance of the
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ACC peak. However, the presence of GA4.7 provocked a sharp decline in ACC after reaching the
maximum germination percentage. This last fact was not observed in the presence of ethrel,
probably due to the existente of an ACC autocatalytic production. In fact, during all studied
period the ACC levels were always greater in presence of ethrel than GA4.7 (Table 1). The ACC
content significantly decreased with IESS after completing the imbibition phase. However, the
PB caused the opposite effect that IESS. With regard to the MACC levels, very abundant in dry
seed (two times higher than the ACC): (i) decreased significantly in the control until it starts
protrusion (20 h), increasing thereafter; (ii) exogenous ethrel caused an increase in MACC
following the same pattern as in control but with minimal value at 18 h; (iii) GA47 induced
higher MACC levels than control decreasing from 12 h; (iv) PB induced MACC values lower
than in the control and in the presence of GA4:7;, while IESS induced greater amounts of

conjugated than the control and in the presence of PB (Table 1).

Effect of ethrel and GA4+7 on SOACS7 and SoACO?2 transcript levels during germination

Prior to the study of gene expression during germination, we have demonstrated that SoACS7
and SoACO2 genes were expressed during seed development. Thus, the level of SoACS7
transcript was very abundant during all studied development stages, decreasing slightly with the
desiccation process. By contrast, SoACO2 expression was much lower than SoACS7 in EF,
increased concomitantly with the development and also during desiccation. Interestingly, AR
caused in dry seeds a decrease in the level of both SoACS7 and SoACO?2 transcripts (Fig. 3A).
The SoACS7 expression was not detected during imbibition of control AR seeds and those
treated with ethrel, GA4+7, PB and IESS. However, notable levels of SoACS7-mRNA were found
in control when germination reached 50-100 %. The control expression pattern was slightly
increased by ethrel and IESS (Figs. 4A, C, D), but was totally eliminated with PB (data not

shown). The presence of GA4:7 accelerated the SoACS7 expresion concomitantly with the

108



stimulation of induced radicle emergence (Tab. 1; Fig. 4B). The So4ACO?2 transcript was barely
detected in control during the first 6 h of imbibition, rose sharply in the final hours of imbibition
and during the progress of the radicle emergency (Fig. SA). The SoACO2 expression pattern was
similar to the control in the presence of GA447 (Fig. 5B), strongly inhibited by PB (Fig. 5C) and
much less inhibited by IESS (Fig. 5E). Finally, ethrel caused a similar SoACO2 expression

pattern than the one found in the control, but with slightly higher values (Fig. 5D).

Effect of ethrel and GA4+7 on SoGA30x2, SoGA200x2 and SoGA20x6 transcript levels during
seed germination

The level of SoGA30ox2-mRNA increased during seed development, was a sharp drop during
desiccation and AR process stimulated its expression in dry viable seeds (Fig. 3B). The
SoGA200x6 expression was very high in the EF phase, while in LF, LS and NAS was
approximately 5 times lower. AR slightly rose the SoGA4200x6 transcript in dry viable seeds (Fig.
3B). However, the SoGA20x6 expression was scarce in EF, increased linearly up to the NAS
stage and AR process caused a slight decrease in the SoGA420x6-mRNA level (Fig. 3B). During
the first 6 h of imbibition occurred a strong stimulation of SoGA30x2 expression, while the
SoGA3ox2-mRNA levels from 12 to 26 h were similar and about half that at 6 h. (Fig. 6A).
However, although the SoGA30x2 expression profiles were very similar in the presence of ethrel
and GA4.7, the ethrel profile was slightly greater than that of GA4.7 (Fig. 6B, C). The SoGA30x2
expression pattern in control seeds was strongly inhibited by PB and IESS (Figs. 6A, C, E).
Ethrel and GA44+7 decreased between 3-4 times the SoGA3ox2 transcript level determined in
control at 6 h, increasing gradually over the period studied. The stimulation of SoGA20ox2
expression observed in control at 6 h of imbibition was identical to the one that was shown for
SoGA3o0x2; but the level of transcripts was 5-6 times lower between 12-26 h (Figs. 6A, 7A).

However, as also happened with the SoGA30x2 transcript level, exogenous GA4.7; and ethrel
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inhibited the level of SoGA200x2-mRNA at 6 h and slightly increased it from 6 h onwards (Figs.
7A, B, D). On the other hand, the SoGA200x2 expression in the presence of GA4:7 and ethrel
were diminished by PB and IESS (Figs. 7B-E). Interestingly, the SoGA30x2 expression pattern
in the control was not altered by exogenous PB and IESS between 12-26 h (Figs. 7A, C, E).
Contrary to SoGA3o0x2 and SoGA200x2, the SoGA20x6 expression was hardly detectable at 6 h
and was very high between 12-20 h (Fig. 8A). This expression pattern was markedly inhibited

with all treatments used, especially with IESS (Figs. 8B-E).

Alterations in endo-f-mannanase activity in the presence of ethrel and GA 4.7

A notable MAN activity was determined in dry AR seeds of S. officinale (Fig. 9A) and 3 h
imbibed seeds (data not shown). This high MAN decreased dramatically until 12 h and increased
sharply again before and during the radicle emergence. The maximum of enzymatic activity did
not correspond with the 100% of germination (i.e. 26 h; Tab. 1) (Fig. 9A). The low MAN
observed between 6-12 h was strongly stimulated with GA4:7 and ethrel, the second being more
effective (Figs. 9B, D). Both hormonal treatments increased the MAN between 18-26 h
coinciding with the high stimulation of radicle emergence (Tab. 1). The presence of PB, which
strongly inhibited the protrusion in S. officinale seeds, caused the greatest MAN stimulation
observed in this study. However, IESS induced a MAN pattern similar to that observed with

GAus7 (Figs. 7C, E).

DISCUSSION

The S. officinale seed is composed of the embryo, surrounded by two covering layers (i.e. seed

coat and one single layer of endospermic cells), and cotyledons (Fig. 1A-D). The micropylar

endosperm surrounding the radicle tip is only composed of one cell layer. In A. thaliana also
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exists one micropylar endospermic cell layer (Liu ef al., 2005), but one or two exist in Lepidium
sativum (Miller et al., 2006) and a few in Lepidium virginicum (Nguyen et al., 2000). As occurs
in Arabidopsis (Mansfield and Briarty, 1996; Miiller et al., 2006), the germination of S.
officinale seed consists of the two sequential phases of seed coat rupture and endosperm rupture
(Fig. 1E,F). This temporal sequence was no visible in Solanaceae seeds (Petruzzelli et al., 2003).
The role of the seed coat as a germination constraint has been studied by using mutants of
Arabidopsis (Debeaujon and Koornneef, 2000; Koornneef et al., 2002). On the other hand,
although the intervention of micropylar endosperm in the rupture of the seed coat is not yet
clarified, the secretion of hydrolytic enzymes, whose substrates are structural components of the
cell wall (i.e. loosening), or the increase in the cellular expansion to cause the physical rupture of
the seed coat, are two possibilities to consider. Thus, the micropylar endosperm is considered as
a barrier for radicle protrussion (Leubner-Metzger et al., 2006) and play a determinant role in
Arabidopsis dormancy (Bethke ez al., 2007). The endosperm cell wall weakening (Bewley,
1997) seems to be required for lettuce (Toorop et al., 1999) and Lepidium sativum (Miiller et al.,
2006) endosperm rupture. Moreover, ABA specifically inhibits both weakening and rupture of
endosperm (Miiller ef al., 2006) and endosperm rupture is under the control of an ABA-
gibberellin antagonism (Kucera et al., 2005; Miiller et al., 2006). Endosperm weakening seems
to be biphasic in some seeds: the first phase is ABA insensitive and the second one is inhibited
by ABA (Toorop et al., 2000; da Silva et al., 2004). Here, we have demonstrated that the tissues
surrounding to radicle apex are structurally altered during the first hours of imbibition: (i)
palisade layer is dismanteled; (ii) in endosperm layer, the volume of cytoplasm increases and the
abundant proteic bodies are degradated; and (iii) in radicle, the proteic bodies corresponding to
sub-apical space are also degradated. On the other hand, the secretion of mucilage, an extremely
hydrophylic polimer and pectin-rich, is very abundant in imbibed S. officinale seeds and

completely envelops the seed coat (Fig.1A-D). The mucilage-producing cells in mixospermous
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seeds like S. officinale are located in epidermal tissue of the seed coat of several species,
including those of the family Brassicaceae (Western et al., 2004). Because the imbibition
process must be tightly regulated in order to start the normal germination process, the mucilage
can be involved in a slow and controlled water uptake (Penfield et al., 2001). The fruit of S.
officinale contains two kind of seeds with respect to the colour of their seed coat (i.e. brown
seeds used in this work, and light-brown ones). Brown seeds have a greater capacity to secrete
mucilage, a slower water uptake rate and a far faster radicle emergency (Iglesias-Fernandez et
al., 2007). That is, the mucilage might work in S. officinale to enhance and control the initial
imbibition.

The AR S. officinale seeds acquire a high sensitivity to ET and GA4+7. So much so that
strongly stimulating protrussion, and both germination profiles are very similar in the presence
of both phytohormones (Tab. 1). PB and IESS sharply inhibited the effect induced by GA4.7 and
ET, and this inhibition is overcome by the addition of GA4+7 and ET, respectively (data not
shown). The intervention of the GAs in the germinative process of endospermic seeds appears to
be beyond any doubt. However, the ET seems to act in concert with GAs, and the participation
of these appears to be quantitatively and qualitatively more important (for review see Matilla and
Matilla-Vazquez, 2008). There are seeds in which the highest production of ET and active GAs
temporally coincides (Kucera et al., 2005). However, will be very interesting to demonstrate
whether ET stimulates germination by altering GAs biosynthesis or sensitivity, or whether it acts
through its own production or signalling. Although the germination time-courses in the presence
of ET and GA47 were very similar, a detailed analysis of the germination kinetics shown in
figure 2 suggests a greater need for exogenous GAs with respect to ET in the early stages of
germination. The obtained time-courses in the presence of PB, an inhibitor of bio-active GAs
synthesis, were consistent with this. Thus, its addition at the beginning of imbibition led to a

sharp radicular emergence slowdown, and the germination percentages were increasing as the
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time of application of PB was later. On the other hand, the time-courses in the presence of ISSE
were very close between them and very separated regarding to the control minus IEES,
suggesting that ET synthesis and signalling during imbibition phase is involved in the
germination process.

The functional overlap between different hormonal responses support the presence of an
interaction (cross-talk) between theirs signalling pathways (Brady and McCourt, 2003;
Chiwocha et al., 2005; De Grauwe et al., 2007, 2008; Holdsworth et al., 2008). We suggest the
existence of a relationship between ET and GAs signalling pathways during the germination
process since both hormones cause similar pattern of embryonic axis protrusion and this pattern
is not altered by the addition of both hormones together. ET and GAs have similar stimulatory
effects on Arabidopsis hypocotyl elongation (Smalle ez al., 1997). Molecular characterization of
such and others cross-talk should provide an advance on the picture of seed germination. The
approximation to understanding the ET-GAs interaction at the molecular level during
germination of S. officinale seeds was the main objective of this work. Due to this, we have
studied the expression of two genes involved in ET synthesis (SoACS7 and SoACO2) and three
genes involved in GAs synthesis (SoGA200x2, SoGA30x2) and breakdown (SoGAZ20x6). The
alteration in the expression of these five genes during zygotic embryogenesis and acquisition of
AR shows that: (i) the expression of SoACS7, the highest of all transcripts studied, and
SoGA3ox2 decreases sharply with seed desiccation; (ii) the expression of both SoACO2 and
SoGAZ20x6 increases as seed development and desiccation progresses, while the SoGA20ox2-
mRNA decreases sharply in the transition EF to LF and remains constant until the complete
drying, suggesting that, unlike So4ACO2 and SoGAZ20x6, the expression of SoGA20ox2 has a very
relevant role in the middle and late stages of seed development; (iii) the acquisition of AR causes
a significant decrease in the level of SoACS7, SoACO2 and SoGA20x6 transcripts or the failure to

transcribe them, and on the other hand, a sharp increase in the expression of SoGA30x2. This last
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result strongly suggests that the mechanism of action of AR to overcome the S. officinale seed
dormancy directly affects the GAs synthesis via SoGA30x2. However, it seems that the ET
pathway is not involved in this post-harvest process. Although the molecular mechanisms
involved in the acquisition of AR are not clearly understood, there are convincing indications
that processes related to dormancy release occur in dry seeds. Thus, recent results from cDNA-
AFLP (Bove et al., 2005; Leymarie et al., 2007), microarrays (Finch-Savage et al., 2007; Carrera
et al., 2008) and gen- and protein-omic (Johnson and Dyer, 2000; Chibani et al., 2006) analyses
show that gene expression is altered in AR dry seeds. To try to explain that a seed with a very
low hydration could carry out a measurable gene activity, Manz et al. (2005) demonstrated the
existence of areas with high moisture in tobacco viable dry seeds.

Bioactive-GAs are required for seed germination as demonstrated by the non-germinating
phenotype of the gail-3 Arabidopsis mutant (Koornneef and van der Veen, 1980; Ogawa et al.,
2003). GA biosynthesis takes place during early seed imbibition because germination can be
inhibited at that time by GA-biosynthesis inhibitors (Pen et al., 2002; Ogawa et al., 2003; Fig. 2
of this work). The fact that SoGA30x2-mRNA increases during the acquisition of AR in S.
officinale suggests the involvement of GAs synthesis in the preparation for germination.
However, the levels of bioactive-GAs produced during AR does not appear to be sufficient to
start the germination process, since at 6 h of imbibition: (i) the SoGA30x2 and SoGA200x2
expression is markedly increased; and (ii) the SoGA20x6 expression, involved in GA
deactivation, is very scarce regarding to the rest of the germination period. Nevertheless, it is
probable that SoGA3ox2 is more involved than SoGA20ox2 in the synthesis of bioactive-GAs
during S. officinale seed germination since the levels of SoGA20ox2 transcripts are less
abundant. On the other hand, given the wide expression of SoGA20x6 that takes place during the

progression of radicle emergence, we can conclude that the level of bioactive-GAs during
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germination of S. officinale seeds is tightly controlled by modulating both their synthesis and
catabolism.

Cross-talk between ET/GAs has been demonstrated to control several pathways of plant
growth and development in Arabidopsis (Ogawa et al. 2003; Chiwocha et al., 2005; Weis and
Ori, 2007; De Grauwe et al., 2008; Dugardeyn et al., 2008). Recently, hypocotyl elongation
induced by ET was found to be dependent but not mediated by GAs (Vandendussche et al.,
2007). Yet, there are few studies at molecular level on the ET/GAs cross-talk during the
germination of seeds different to Arabidopsis. The Chiwocha’s results interestingly suggest that
the ET signalling modulates the metabolism of several plant-hormone pathways in seeds (v.e.
those of GAs and ABA) (Chiwocha et al., 2005). In S. officinale seeds, the results obtained using
pulses of hormones and inhibitors (v.e. PB and IESS; Fig. 2) suggest that ET seems less
important than the GAs to trigger the protrusion. Moreover, SoACS7 is expressed very late in the
germination process, perhaps because the endogenous ACC levels are sufficient to supply the
SoACO2, whose expression is very noticeable around the protrusion. It is very possible that
S0oACS?7 is not the only member of SoACS family related to germination; but we failed to isolate
others. On the other hand, the presence of ethrel or GA4s7, which accelerate the radicle
emergence in S. officinale, alter the ACC levels before protrusion and the So4CO2 expression
pattern. By contrast, in the presence of PB and IESS, the germination percentage, ACC content
and SoACO?2 expression are markedly inhibited. The addition of ET triggers a positive feedback
that raises the PsACOI expression in pea seeds (Petruzzelli et al., 2000). Likewise, the
application of GAjz also produced an increase in ACC content, ACC-oxidase, FsACOI
expression and ET synthesis in Fagus sylvatica seeds, suggesting some ET/GAs cross-talk
(Calvo et al., 2004a). During GA4 treatment of gal-3 seeds, which stimulates germination,

expression of 414CO was also increased (Ogawa et al., 2003).
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By comparing the levels of SoGA30x2 and SoGA200x2-mRNA in the control we can
conclude that the expression and regulation SoGA3ox2 must be of great importance during
germination since their expression is higher than that of SoGA200x2. Several results presented in
this work referred to SoGA30x2, SoGA200x2 and SoGA20x6 expression point out an ET/GAs
cross-talk regulation during S. officinale seed germination. Thus, (i) SoGA3o0x2 expression is
strongly inhibited by PB and IESS, and by GA4.; and ethrel during germination and imbibition,
respectively; (ii) ethrel and GA4:7 diminish two times the levels of SoGA200ox2-mRNA during
the first 6 h of imbibition and increase the SoGA20ox2 expression along germination, while PB
markedly inhibits the level of SoGA200ox2-mRNA at 6 h and the levels of SoGA200x2 transcrips
in presence of IESS and PB are lightly higher than control between 18-26 h; (iii)) SoGA20x6
expression is severely inhibited by inhibitors PB and IESS during the germinative process, and
by GA4+7 and ethrel between 18-26 h; but these hormone stimulate the SoGA20x6-mRNA at
onset of imbibition. Taking all this into account, the results summarized in this paragraph
suggest the hypothesis that the regulation of the synthesis of bioactive-GAs involved in the
germination of S. officinale seeds is subject to strong control by ET and GAs (i.e. ET/GAs cross-
talk regulation), and if the threshold level of GAs necessary to prompt germination is surpassed,
a destruction mechanism exists (v.e. SoGA20x6) to respond at this unnecessary synthesis. As an
alternative explanation, and based on the study of the impact of the e#r/-2 mutation during
germination of A. thaliana (Chiwocha et al., 2005), it is possible that the lack of GAs synthesis
(i.e. PB) or ET synthesis and signalling (i.e. IESS) in S. officinale seeds causes compensatory
responses in other hormonal pathways or that GAs and ET normally regulate these hormonal
pathways in a positive or negative way, either directly or indirectly. Recently, a cross-talk of
FsGA20ox1 by GAs and ET in germinating beechnuts seeds was evidenced (Calvo et al.,

2004b); and more recently an up- and down-regulation of different GA metabolism genes by ET

116



have been demonstrated, this finding being also related to ET/GA cross-talk (Dugardeyn et al.,
2008).

To conclude this study on some interactions between ET and GAs in S. officinale, we
have determined the effect of both hormones on MAN activity. In tomato seeds, MAN activities
are expressed sequentially in different parts of endosperm, initially in the micropylar area
(germinative expression) and subsequently in the surrounding lateral area (postgerminative
expression) (Nonogaki et al., 2000; Gong and Bewley, 2007 and references therein). At present,
the consensus appears to be that, while MAN activity is required for endosperm weakening, it is
not, by itself, sufficient to allow germination to be completed (Gong et al., 2005). In S.
officinale, a noticeable in vitro MAN activity is present in dry seeds, and its activity strongly
decrease until 12 h of imbibition. Presumably this enzyme protein was synthesized during
zygotic embryogenesis or alternativelly their gene(s) translated in the own dry seed during AR
process since MAN activity is scarcely detected in not AR seeds. By means of western blot
analysis, a MAN protein was recently found in an inactive form in dry rice seeds (Ren et al.,
2008). After 12 h imbibition, MAN activity increases in S. officinale seeds and reaches a
maximum between 20-22 h (9-51% of germination). Previous studies in rice have shown that
there is an increase in MAN activity mostly after the completion of germination, this increase
being positively affected by GAs (Wang et al., 2005). Interestingly, (i) GA4+7, ethrel and IESS
augments in S. officinale seeds the MAN activity between 6-12 of imbibition. However, GA4.7
do not affect this activity along protrussion, while ethrel does; and (ii) the MAN activity is
strongly risen in the presence of PB along germination process, apparently indicating that a fall
in the content of bioactive-GAs triggers a rapid desynchronization in the seed, whereupon a non-
specific enzymatic stimulation takes place without provoking protrussion due to the absence of
GAs. All data presented here on MAN activity during germination process of S. officinale seeds

point to an ET/GAs cross-talk regulation, as discussed for the expression of the genes studied. To
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shed light on this approach, we are carrying out an in situ hybridization to know the spatial and
temporal localization of SoMAN in hedge mustard seeds.

SUPPLEMENTARY DATA

Supplementary information is available online at www.aob.oxfordjournal.org and includes

the following. Table S1: List of degenerated primers used for PCR assay in the isolation of

partial-length cDNAs. Table S2: List of primers used for the Real-time PCR assay.
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LEGENDS
Fig. 1. Structure of Sisymbrium officinale L. mature seed. Bright field microscopy of
longitudinal sections of seeds stained with PAS-Naphthol Blue Black. (A) Entire dry seed,
showing the mature and fully differentiated embryo, the endosperm (aleurone layer) and the testa
(seed coat). (B) Structure of micropylar zone enclosing the radicle tip in dry seed. (C) Structure
of micropylar zone enclosing the radicle tip at 4 h of imbibition. (D) General view of a seed at
18- 19 h of imbibition. (E) Detail of testa rupture in germinating seed (18- 19 h). (F) Radicle
protrusion in germinating seed (22 h). AL, aleurone layer; C, cotyledon; ChE, chalazal
endosperm; Col, columella; II, inner integument; ME, micropylar endosperm; PL, palisade
layer; R, radicle; SAM, stem apical meristem; SC, seed coat. Arrows show empty proteic bodies.
The letter refers to the position of the close-up section. Size bars are given for each panel.
Fig. 2. Germination time-course of Sisymbrium officinale seeds under indicated pulses of 10 uM
ethrel (m); 100 uM AVG, 1 mM CL,Co, 1 mM Ts-Ag (@)(pannels A-E). 100 uM GA47 (B); 25
uM PB (@) (pannels F-J). Control (20 mM KNOs3) (). Data are means + standard error (S.E) of
3 independent experiments.
Fig. 3. Transcript analysis by real-time PCR of ethylene and gibberellin biosynthesis genes
during the development of the fruit and seed of S. officinale. (A) Expression profile of SoACO2
and SoACS7. (B) Expression profile of SoGA30x2, SoGA200x2, SoGA20x6. EF: early fruit; LF:
late fruit; LS: late seed; NAS: not after-ripened dry seed; AS: after-ripened dry seed. Error bars
represent the standard error of three independent experiments.
Fig. 4. Expression profile of SoACS7 during germination time course of S. officinale seeds
analyzed by real-time PCR. (A) Control (20 mM KNOs3); (B) 100 uM GA4+7; (C) 10 uM ethrel;
(D) 100 uM AVG, 1 mM Cl,Co, 1 mM STS. Error bars represent the standard error of three

independent experiments.
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Fig. 5. Expression profile of SoACO2, during germination time course of S. officinale seeds
analyzed by real-time PCR. (A) Control (20 mM KNOs3); (B) 100 uM GA47; (C) 25 uM PB; (D)
10 uM ehtrel; (E) 100 pM AVG, 1 mM Cl,Co, 1 mM STS. Error bars represent the standard
error of three independent experiments.

Fig. 6. Expression profile of SoGA200x2 during germination time course of S. officinale seeds
analyzed by real-time PCR. (A) Control (20 mM KNO3); (B) 100 uM GA4+7; (C) 25 uM PB; (D)
10 uM ethtrel; (E) 100 upM AVG, 1 mM Cl,Co, 1 mM STS. Error bars represent the standard
error of three independent experiments.

Fig. 7. Expression profile of SoGA30x2 during germination time course of S. officinale seeds
analyzed by real-time PCR. (A) Control (20 mM KNO3); (B) 100 uM GA4+7; (C) 25 uM PB; (D)
10 uM ethrel; (E) 100 uM AVG, 1 mM Cl,Co, 1 mM STS. Error bars represent the standard
error of three independent experiments.

Fig. 8. Expression profile of SoGA20x6 during germination time course of S. officinale seeds
analyzed by real-time PCR. (A) Control (20 mM KNOs3); (B) 100 uM GA47; (C) 25 uM PB; (D)
10 uM ethrel; (E) 100 uM AVG, 1 mM CI,Co, 1 mM STS. Error bars represent the standard
error of three independent experiments.

Fig. 9. Profile of endo-B-mannanase activity during germination time course of S. officinale
seeds. (A) Control (20 mM KNO3); (B) 100 uM GA47; (C) 25 uM PB; (D) 10 uM ethrel; (E)
100 uM AVG, 1 mM Cl,Co, 1 mM STS. Error bars represent the standard error of three

independent experiments.
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Table 1. Effect of GA .7 and ethrel on ACC and MACC levels during the S. officinale seed germination

Treatment
6h 12h 15h 18h 20h 22h 26h
control not AR - - - - - 2+1a 7+2a
AR - - - - 9+2b 51+5f 100+4i"
68+3c 70%2c 73+1d 80+7d 90t6g 80+2d 7925d"
301+16f  305:21f  240%28e  206%12d  175+11b  254+18e  303:18f
GA447 not AR - - - - - 7+2a 14+5b
AR - - 4423 10£3b 25+4d 92+7h 1002i
70%7c 76+5d 79+3d 84+6e 75£3d 47+3b 3046¢
276124 392#31j  364+14h  341+27h  332+18g  231tl6e  255+24e
PB - - - 2tla 25+4d 92+7h 1002i
64+4c 65+3c 67+5¢ 70+2c 87t4e 9615g 102+8g
254121e  123#9a  169+11b  198+17c  328+23g  142+12a  273#3le
Ethrel not AR - - - - - 5+1a 12+3b
AR - - - 8+2b 24+3d 89+6h 10043
80+6e 89+6f 97+6g 118+7g 105+6g 1004g 95+2g
329+21g  382+27]  325+19g 27148e 332¢14g  359+12h  343%11h
IESS - - - - - 7+2b 61tlg
76t4d 79+5d 76+3d 75+3d 71#3c 69+5c¢ 35+2a
254120e  281#26e  312+11f  338+17g  388+14g  359:12h  343:llh

"Percentage of germination; ~"ACC (nmol g FW); ™ (nmol g FW). Data are mean values of three replicates +
SE. The ACC and MACC values in dry seed were 320+15 and 619431, respectively. Significant differences
between values as assessed by LSD test (P>0.05) are shown as different letters.
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Table S1. List of degenerated primers used for PCR assay in the isolation of
partial-length cDNAs.

Gene

SoGA3ox

SoGA200x

SoGA20x

SoACO

SoACS

Primer name

FwConGA3ox
RvConGA3ox

FwConGAZ200x
RvConGA200x

FwConGA2ox
RvConSoGA2o0x

FwConACO
RvConACo

FwConACS
RvConACS

Primer sequence (5°-3")

ATGTGGTCNGAAGGNTTCAC
ATGTGNAANAAGTCACC

AADCTNCCNTGGAARGAGAC
TGBAARCARCTCTTGTA

GGNTTYGGAGARCAYWCWGACCC
CACTNNTAAAYCTYCCATTNGTCA

ATGGAGAGAACATCAAGYTTYCTVTT
TTAGAATGTCTCCTCVGTNGCCA

CCAGGGTTTGATAGAGATTTGAG
GCAGNSGACGCAAATYCATCC
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Table S2. List of primers used for the Real-time PCR assay

Gene
SoGA3ox2

SoGA2002x

SoGA20x6

S0ACO2

SoACS7

18SRNA

Primer name

FwSoGA3ox
RvSoGA3ox

FwSoGA200x
Rv SoGA200x

Fw SoGA2o0x
Rv SoGA20x

FwSoACO
RvSoACo

FwSoACS
RvS0oACS

Fwi8S-RNA
RvI18S-RNA

Primer sequence (5°-3") Amplicon size (bp)
CTGTGGTTGGCATTAGGTTC 168
GAGAGTTGAGTCGGTATGGG
GGTCTTGGTGAAGGATGG 180
AAGATCATGGAGCTTCTGG

GTAGATGGACTTGAGATTTGC
CAGTCACCGACCAATACG

GGTGATAACCAACGGCAAGT
TGTAGAACGAGGCAATGGAC

CGATCCCTGCCTTCTTA
TAAGAAGGCAGGGATCG

GGCTCGAAGACGATCAGATA
TCATAAGGTGCCGGCGGAGT
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Abstract

After-ripening (AR) in Sisymbrium officinale seeds altered SOACS7, SOAC0O2, SoGA200x2, SoGA30x2, and SoGA20x6
gene expression. Except for SoOGA200x2 expression, which sharply diminished, the expression of the other genes
rose during development, particularly that of SOACS7. In contrast, only the SOACO2 and SoGA20x6 transcripts
increased with seed desiccation; the others decreased. AR increased the SoGA30x2 transcript in dry seed, but
dramatically decreased the SoACS7 transcript. At the onset of imbibition, AR inhibited SOACS7 and SoACO2
expression and stimulated that of S0oGA200x2, SoGA30x2, and SoGA20x6, demonstrating that the participation of
ethylene (ET) and gibberellins (GAs) differs in after-ripened and non-after-ripened seeds. The inhibition of SOACO2
expression in the presence of GA,,7, paclobutrazol (PB), inhibitors of ET synthesis and signalling (IESS), and notably
ET+GA,.7 indicated ET-GA cross-talk in non-after-ripened seeds. A positive effect of AR in reversing this inhibition
was found. The idea of ET-GA cross-talk is also supported by the effect of ET on SoGA30x2 expression, notably
induced by the AR process. In contrast, S0GA200x2 expression did not appear to be susceptible to AR. SoGA20x6
expression, poorly known in seeds, suggests that AR prompted an up-regulation under all treatments studied,
whereas in non-after-ripened seeds expression was down-regulated. On the other hand, the B-mannanase (MAN)
activity dramatically increased in dry after-ripened seed, being significantly boosted by ET. The absence of MAN
inhibition by IESS suggests that although ET seems to be one of the factors controlling MAN, its presence did not
appear to be essential. GA,,; only increased MAN in seeds wich were after-ripened. Here, it is proposed that ET and
GAs participate actively in establishing the AR process.

Key words: After-ripening, ethylene, endospermic seed, germination, gibberellin, inhibitors of ethylene synthesis and signalling
(IESS), B-mannanase, paclobutrazol, SOACS7, SOACO2, SoGA30ox2, SoGA200x2, SoGA20x6.

Introduction

The seed, which is the dispersal unit in angiosperms and
ensures the survival and perpetuation of the mother plant, is
formed by zygotic embryogenesis. This complex process,
regulated by hormones and a developmental programme
(Yamaguchi and Nambara, 2006, and references therein), is
divided into two extensive phases called morphogenesis and
maturation. During seed maturation, the cell cycle ceases,
molecular dependence on the mother plant disappears,
water content diminishes, storage products are synthesized,
abscisic acid (ABA) accumulates, and primary dormancy is

established (reviewed in Hilhorst and Toorop, 1997; Raz
et al., 2001; Finkelstein et al., 2002; Kermode, 2005; Weber
et al, 2005; Finch-Savage and Leubner-Metzger, 2006;
Holdsworth et al., 2008). Dormancy, defined as the failure
of an intact viable seed to germinate under favourable
conditions, is an adaptive trait optimizing germination to
the most suitable time for the seed to complete its life cycle
(Finch-Savage and Leubner-Metzger, 2006; Bentsink et al.,
2007). Thus, in order for germination to begin, seed
dormancy must be lost (Filkelstein et al., 2008).
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After-ripening (AR) is one way to overcome seed
dormancy. A recent concept of seed AR suggested that this
process triggers a widening or increasing sensitivity of seeds
to environmental conditions, promoting germination, at the
same time as it narrows or decreases sensitivity to condi-
tions that repress germination (Finch-Savage and Leubner-
Metzger, 2006). Seed AR is determined by moisture and oil
contents, seed covering structures, and temperature, and
requires seed moisture contents above a threshold value
(Manz et al., 2005, and references therein). The main seed
AR effects can be grouped as: (i) a widening of the
temperature range for germination (Oracz et al., 2007); (ii)
a lowering of the ABA level and sensitivity plus a rise in
sensitivity to gibberellins (GAs) or loss of requirement for
GAs (Grappin et al, 2000; Ali-Rachedi et al, 2004;
Cadman et al, 2006); (iii) a loss of light requirement for
germination of seeds that do not germinate in darkness
(Derks and Karssen, 1993) and an increase in seed
sensitivity to light in seeds that do not germinate even with
light (Derks and Karssen, 1993; Batlla and Benech-Arnold,
2005, and references therein); (iv) a loss of the nitrate
requirement (Derks and Karssen, 1993; Alboresi et al.,
2005, and references therein); and (v) an accelerated
germination velocity (reviewed by Finch-Savage and Leub-
ner-Metzger, 2006; Holdsworth et al, 2008). However,
although the need for AR is well known in several species,
it has been hardly studied at the molecular level with respect
to changes induced by AR signals in the dry viable seed and
their impact during imbibition (Kucera et al., 2005; Finch-
Savage and Leubner-Metzger, 2006; Holdsworth et al,
2008). Recent results indicate that non-imbibed seeds (i.e.
dry seeds), characterized by a low moisture level, are
competent for both transcription and translation. Thus, the
AR process in viable dry seeds can positively or negatively
alter the level of several transcripts (Bove et al., 2005;
Finch-Savage et al, 2007; Leymarie et al, 2007) and
proteins (Chibani et al., 2006). It is probable that there are
zones in the dry seed where the moisture level is relatively
high (i.e. above the threshold) to allow these alterations
(Manz et al, 2005). This partial and localized imbibition
environment was called ‘low hydration’ by Holdsworth
et al. (2008). The conditions that generate optimal ‘low
hydration’ values for seed AR have been determined
(Leubner-Metzger, 2005). Likewise, complex and specific
gene networks related to seed AR were recently updated
(Finch-Savage and Leubner-Metzger, 2006; Holdsworth
et al., 2008, and references therein).

Many plant hormones have been shown to be involved in
germination (Kucera et al., 2005). Among these, GAs have
long been known as stimulators and ABA as an inhibitor
(Finkelstein et al., 2002, 2008; Yamaguchi and Kamiya,
2002; Yamaguchi and Nambara, 2006). However, the role
of ethylene (ET) seem less obvious than that of ABA and
GA:s, since the intervention of ET during the maintenance
of seed dormancy and during the transition from dormancy
to germination involves a complex network with many steps
still to be clarified (Vandenbussche and Van der Straeten,
2007). Thus, opinions vary concerning the developmental

stage during which ET regulates dormancy. Some suggest
that ET acts minimally during dormancy inception and that
its major action is during imbibition to terminate dormancy
and/or initiate germination (Matilla and Matilla-Vazquez,
2008, and references therein). In studies using ET response
mutants of Arabidopsis, endogenous ET promoted seed
germination by decreasing sensitivity to endogenous ABA
(Beaudoin et al, 2000). ET appears to be a negative
regulator of ABA during germination (Ghassemian et al.,
2000). In short, ET seems to act antagonistically against
ABA during dormancy termination but acts in concert with
GAs to promote these transitional changes. Although ET
and GAs work together in the process of radicle emergence,
the participation of GAs appears to be quantitatively and
qualitatively more important. To date, published data
indicate that ET is not the hormone that triggers the
decisive steps during the appearance and elimination of
dormancy in seeds, but rather is part of a complex network
of interacting signals involved in dormancy, the details of
which are currently difficult to assess with precision. The
etrl-2 mutation confers dominant ET insensitivity and as
a consequence results in mature seed populations that
exhibit more pronounced primary dormancy (Chiwocha
et al, 2005). Moreover, etrl-2 mutation disrupts ABA
homeostasis, and auxin, cytokinin, and GA pathways are
all affected in mutant seeds (Chiwocha et al., 2005).
Although the signs of seed germination become visible
with radicle emergence, it is unquestionable that during the
maturation period (Nakabayashi et al, 2005; Holdsworth
et al, 2008), imbibition (Yamaguchi et al, 2004; Finch-
Savage and Leubner-Metzger, 2006), and dry storage (Grappin
et al., 2000; Holdsworth et al., 2008) of the seed a series of
preparatory processes occur to break seed coats. However,
the identity of these processes and their hormonal regula-
tion is far from being known in detail at the molecular level
(Kucera et al., 2005). Similarly, there are major gaps in our
knowledge of the control of the molecular mechanisms that
participate in the reduction and elimination of dormancy, as
in the case of AR, a temporally and environmentally
regulated process in the dry seed, which determines the
germination potential and the loss of dormancy (Carrera
et al., 2008). At present, most of the information on AR has
been provided by studies on tobacco and Arabidopsis.
However, the Arabidopsis thaliana accessions Ler and Col
have a weak dormancy that is eliminated by short periods
of AR (van der Schaar et al., 1997), making these species
less suitable for dormancy studies. In contrast, the Cvi
accession, which is considered profoundly dormant because
it requires several months of AR, is currently used for
genetic and molecular studies of dormancy and AR (Alonso
et al., 2003; Ali-Rachedi et al., 2004; Bentsink et al., 2006;
Carrera et al., 2008; Holdsworth et al., 2008). In this work,
using endospermic seeds of the nitrophilous species hedge
mustard, Sisymbrium officinale L., in which dormancy is
overcome by a long AR, it is demonstrated that the
expression pattern of genes involved in ET synthesis
(SoACS7 and S0oACO2) and in GA synthesis (SoGA200x2
and SoGA30x2) and breakdown (SoGA20x6) is notably
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altered during the imbibition period of after-ripened seeds;
these alterations are strongly affected by the presence of ET
and/or GA4+7. It is proposed that ET-GA cross-talk exists
to overcome seed dormancy by AR.

Materials and methods
Plant material and seed after-ripening treatment

Ripe fruits of hedge mustard, S. officinale (L.), were
collected in the field in Galicia (north-western Spain) at the
time of their natural dispersal (July—August 2006). After
harvest, the fruits were dried at room temperature for
1 month to allow separation of seeds from the rest of the
fruit (i.e. valves, replum, and pedicel) by hand. After
collection, seeds were air-dried for 7 d and mature dark
seeds were separated from light ones, which were discarded.
Freshly harvested dark seeds (non-after-ripened seeds) were
stored dry at 21x£0.2 °C for 6 months (after-ripened seeds)
until the experiment began. The loss of seed dormancy by
AR was demonstrated by means of a germination test. In
parallel, fruits of S. officinale were collected at two de-
velopmental stages: the first involved whole fruits with early
development (early fruits; EF) while the second one in-
cluded both whole fruits and seeds with very advanced
development [late fruits (LF) and late seeds (LS)] .

Germination assays

Three replicates of 50 seeds were sown in 90 mm Petri dishes
on two layers of filter paper (Whatman No. 1) moistened
with 3 ml of sterile 20 mM KNO;, pH 7.0 (control)
supplemented with solutions of gibberellin (100 pM GA447,
Sigma-Aldrich, Spain), ET (10 uM etephon, Sigma-Aldrich,
Spain), an inhibitor of GA synthesis [25 uM paclobutrazol
(PB), Sigma-Aldrich, Spain], and a mixture of inhibitors of
synthesis [100 uM aminoethoxyvinylglycine (AVG) and
1 mM cobalt chloride (Co,Cl), Sigma-Aldrich, Spain] and
signalling of ET [1 mM silver thiosulphate (STS), Sigma-
Aldrich, Spain] called IESS (inhibitors of ET synthesis and
signalling).

Germination experiments were conducted in a growth
chamber at 24 °C with a 16 h photoperiod (photosynthetic
photon flux density of 55 pmol m~2 s™'). Seeds were not
surface-sterilized in order to avoid influencing their dor-
mancy status; in any case, fungal infections were not
detected by light microscopy. Seeds were considered germi-
nated when radicle protrusion was visible. Germination
tests were performed at least twice using three replicates.
The imbibition period in this study ended immediately
before the onset of radicle protrusion. The specificity of the
ethephon effects in this study was checked as described in
Calvo et al. (2004a).

Total RNA isolation from seeds and cDNA synthesis

After-ripened and non-after-ripened seeds were imbibed for
0, 3, 6, 12, and 15 h; three replicates of 50 seeds were

After-ripening in Sisymbrium officinale L. seeds | 1647

collected in 2 ml tubes from the Petri dishes, immediately
frozen in liquid N,, and stored at —80 °C until RNA
extraction. A grinding ball (stainless steel, 0.7 mm) was
added to the tubes, and seeds were finely ground in liquid
N, using a Mikro-Dismembrator-S (Sartorius AG, Goettin-
gen, Germany) for 2 min at 1500 rpm. For each point, three
replicates were taken. Total RNA was isolated using the
phenol extraction/LiCl precipitation method (Verwoerd
et al, 1989). The integrity and purity of the RNA were
checked both electrophoretically and by the 260/280 nm absor-
bance ratio. Total RNA samples were digested with DNase
(DNase I recombinant, RNase-Free, Roche, Switzerland)
following the manufacturer’s directions. The RNA con-
centration was estimated by A,q measurement, and the
samples were stored at —80 °C. Reagents used in this
protocol were supplied by Sigma-Aldrich (Spain). The
cDNA was synthesized from 1 pg of total RNA using the
First-Strand Synthesis kit for RT-PCR (Roche, Switzer-
land), using oligo-p (dT) as a primer and following the
manufacturer’s directions. Samples were stored at —20 °C
until used.

Isolation of SOACS7, SOACQO2, SoGA30x2,
SoGA200x2, and SoGA20x6 partial-length cDNA

The cDNA sequences were obtained from seed RNA using
degenerate primer pairs based on highly conserved regions
of corresponding genes from other species (Table 1). That
is, primers were designed in such a way that they would
pick up any SoACS, SoACO, SoGA200x, SoGA3ox, or
SoGA2o0x, respectively. PCR conditions were as follows:
95 °C for 2 min, 40 cycles of 95 °C for 45 s, 47-55 °C for
45 s, 72 °C for 45 s, and a final elongation step of 7 min at
72 °C. PCRs were performed in a 25 pl reaction volume
containing 12.5 pl of 2x Super Premix, Sapphire (Mbio-
tech, Seoul, Korea), 1 pul of forward primer (100 uM, final
concentration 4 uM), 1 pl of reverse primer (100 pM, final
concentration 4 pM), and 9.5 pl of sterilized water, and
finally 1 pl of cDNA. PCR products were analysed electro-
phoretically and the bands of the expected size were excised
and extracted from the agarose gel using a MiniElute™ Gel
Extraction Kit (Qiagen, Hilden, Germany), and then

Table 1. List of degenerate primers used for PCR assay in the
isolation of partial length cDNAs

Gene Primer name Primer sequence (5'-3')

SoGA30x2 FwConGA3ox ATGTGGTCNGAAGGNTTCAC
RvConGA3ox ATGTGNAANAAGTCACC

SoGA200x2 FwConGA200x AADCTNCCNTGGAARGAGAC
RvConGA200x TGBAARCARCTCTTGTA

SoGA20x6 FwConGA20x GGNTTYGGAGARCAYWCWGACCC
RvSoGA20x CACTNNTAAAYCTYCCATTNGTCA

SoACO2 FwConACO ATGGAGAGAACATCAAGYTTYCTVTT
RvConACo TTAGAATGTCTCCTCVGTNGCCA

SoACS7 FwConACS CCAGGGTTTGATAGAGATTTGAG
RvConACS GCAGNSGACGCAAATYCATCC
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sequenced. Sequences were compared with existing sequen-
ces in target databases using BLAST (Altschul et al., 1997).
They contained cDNA sequences of genes with vey high
similarity to GA3ox, GA20ox, GA20x, ACO, and ACS
genes of other plant species (GenBank databases). They
were named SoACS7, SoACO2, SoGA3ox2, SoGA200x2,
and SoGA20x6, and registered in GenBank under the
accession numbers EU689114, EU689115, EU689111,
EU689113, and EU689112, respectively.

Real-time semi-quantitative PCR assay

Semi-quantitative PCR analysis was performed with the
cDNA obtained as described above as a template. Specific
primer design was performed using the sequences found for
SoGA3ox2, SoGA200x2, SoGA20x6, SoACO2, and
SoACS7 (Table 2). Meanwhile, /8S RNA was used as
a control for the genes studied, since it was found to be
expressed at constant levels throughout the study period
(Supplementary Figs S1, S2 available at JXB online). The
PCR was performed in an iCycler iQ™ Real-time Detection
System (Bio-Rad Laboratories, Hercules, CA, USA). For
each 25 pl reaction, a 1 pl cDNA sample was mixed with
12.5 ul of IQ™ SYBR® Green Supermix (Bio-Rad Labora-
tories), 0.5 pl of forward primer (12 uM, final concentration
240 nM), 0.5 pl of reverse primer (12 uM, final concentra-
tion 240 nM), and 10.5 pl of sterilized water. Samples were
subjected to thermal cycling conditions of DNA polymerase
activation at 95 °C for 4 min, 40 cycles of 45 s at 95 °C,
45 s at 52 °C (for SoGA200x2 and SoGA20x6) or 55 °C (for
SoGA30x2, SoACO2, and SoACS7), 45 s at 72 °C, and 45 s
at 80 °C; a final elongation step of 7 min at 72 °C was
performed. The melting curve was designed to increase
0.5°C every 10s from 62°C (for SoGA200x2 and
SoGA20x6) or 65°C (for SoGA3ox2, SoACO2, and
S0ACS?7). Real-time PCR analysis was performed with two
different cDNAs from the same time point (from two
different RNAs), and each was made in triplicate. The
amplicon was analysed by electrophoresis and sequenced
once for identity confirmation. Real-time PCR efficiency

Table 2. List of primers used for the real-time PCR assay

Gene Primer name Primer sequence Amplicon
(5'-3) size
(bp)
SoGA30x2  FwSoGA30x2 CTGTGGTTGGCATTAGGTTC 168
RvSoGA30x2 GAGAGTTGAGTCGGTATGGG
So0GA200x2 FwSoGA200x2  GGTCTTGGTGAAGGATGG 157
Rv SoGA200x2 ~ AAGATCATGGAGCTTCTGG
S0GA20x6  Fw SoGA20x6 ~ GTAGATGGACTTGAGATTTGC 89
Rv SoGA20x6 ~ CAGTCACCGACCAATACG
SoACO2 FwSoACO2 GGTGATAACCAACGGCAAGT 89
RvSo0ACO2 TGTAGAACGAGGCAATGGAC
SoACS7 FwS0ACS7 GGCTTCTATGTTGTCGGA 113
RVSOACS7 CGATCCCTGCCTTCTTA
18S RNA Fw18S-RNA GGCTCGAAGACGATCAGATA 87
Rv18S-RNA TCATAAGGTGCCGGCGGAGT

was estimated via a calibration dilution curve and slope
calculation. Expression levels were determined as the
number of cycles needed for the amplification to reach
a threshold fixed in the exponential phase of the PCR (Cr).
The AACt method was used to analyse data (Pfaffl, 2001).
In order to observe the alterations in the transcript levels,
the expression in dry seeds was used to relativize data
(Finch-Savage et al., 2007).

Endo-B-mannanase (EC 3.2.1.78) activity

Triplicate lots of after-ripened and non-after-ripened seeds
were ground in 1 M sodium acetate buffer, pH 4.7 (Sigma
Aldrich, Spain). After centrifugation at 20 000 g at 4 °C for
45 min, the supernatants were assayed in duplicate for
endo-B-mannanase (MAN) activity. For enzymatic determi-
nation, 100 pul of 0.25% (w/v) AZC L-galactomannan
(Megazyme International Ireland Ltd, Wicklow, Ireland) in
100 mM sodium acetate buffer, pH 4.7) were mixed with
25 ul of supernatant and incubated at 28 °C for 3 h, with
constant agitation in an orbital shaker. Dye release from
AZC L-galactomannan was determined spectrophotometri-
cally by measuring the absorbance at 590 nm in supernatant
samples of the reaction mixture. One unit of MAN activity
was defined as the amount of enzyme that releases 1 nmol
of reducing sugar equivalent to D-mannose per minute
under the above conditions. A curve relating dye release
from AZC L-galactomannan to reducing sugar release from
locust bean gum (Sigma Aldrich) as determined by the
PAH-BAH method (Lever, 1972) was constructed and used
for interconversion of mannanase activities.

Results
Germination characteristics in after-ripened seeds

Freshly harvested and mature dark S. officinale seeds hardly
germinated. However, the germination rate (i.e. percentage
of seeds that are likely to germinate) increased with the time
of dry storage at 21+0.2 °C (Table 3), implying that AR
was strongly involved in breaking dormancy of these
endospermic seeds. On the other hand, the absence of
nitrate strongly delayed the germination, and complete
germination was reached after 73 h in after-ripened seeds,
as opposed to only 5+1% without AR (Fig. 1). Likewise,
AR in S. officinale seeds broadened the range of optimal
germination temperatures. Hence, the highest germination
percentage was reached between 20 °C and 30 °C in after-
ripened seeds, and emergence of the radicle occurred far
earlier than in the seed lot without AR, in which germina-
tion peaked at 30 °C (Fig. 2). The water uptake rate during
imbibition, which was sigmoidal in S. officinale seeds, was
also affected by AR. Non-after-ripened seeds imbibed
hardly any more than did seeds after AR was fully
established (Fig. 3). This varying imbibition pattern does
not appear to be related to mucilage production by
epidermal tissue of the seed coat, since both after-ripened
and non after-ripened seeds showed the same secretion
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Table 3. Effect of GA4,7 and ethephon on germination percentage of S. officinale seeds with (6 months) and without (freshly harvested

seeds) after-ripening

IESS, inhibitors of ET synthesis and signalling; PB: paclobutrazol; O, not found

Treatment Germination (%)*
15h 18 h 19 h 20 h 21h 22h 26 h
Control Not after-ripened 0 0 0 0 0 2+1a 8+1b
Af'ter—ripenedT 0 0 0 3*1a 16+2 ¢ 27+5d 53+4f
After-ripened 0 0 2*1a 9+2 b 40*+3 e 51x5f 100*4 i
GA4.7 Not after-ripened 0 0 0 0 5+2a 7+ 2a 14+3Db
After-ripened 4*2a 10+3b 156+2¢c 254 d 64+3¢g 92*7h 100£2 i
PB Not after-ripened 0 0 0 0 0 1*x1a 2*1a
After-ripened 0 2+1a 3*1a 4+1a 4+1a 8+2b 19+4 ¢
PB+GA4,7 Not after-ripened 0 0 0 0 2+1a 6*+1a 12+1bDb
After-ripened 1+1a 8*+1b 16*x2c 23+3d 60x5g 91*4 h 100*2i
ET Not after-ripened 0 0 0 0 2+1a 5+1a 12+3Db
After-ripened 0 8+2Db 11+83b 24+3d 62*4 g 89+6 h 100*3i
IESS Not after-ripened 0 0 0 0 0 4+2a 4+2a
After-ripened 0 0 0 0 2*x1a 7*x2b 61x1g
IESS+ET Not after-ripened 0 0 0 0 0 4*1a 10+2b
After-ripened 0 5+x1a 0*+2b 21x1c 59+2g 85+3h 1001

" Data are mean values of three replicates +SE. Significant differences between values as assessed by LSD test (P < 0.05) are shown as

different letters (Steel and Torre, 1982).
T Dry seeds stored at 21+0.2 °C for 3 months.

100 -

80

60

40 -

Germination (%)

20

0 T : N
18 23 28 33 38 43 48 53 58 63 68 73
Germination (h)

Fig. 1. Germination percentage at 24 °C of Sisymbrium officinale
seeds in the absence of 20 mM KNOs. After-ripened seeds (filled
squares); non-after-ripened seeds (open squares). Data are means
+SE of three independent experiments.

capacity (data not shown). Moreover, the water uptake rate
was altered by the imbibition temperature, increasing with
temperature (i.e. 20, 24, or 30 °C) in non-after-ripened
seeds, but peaking at 24 °C in after-ripened seeds (Fig 3).
Prior to the investigation of the molecular effects of GAs
and ET during imbibition of after-ripened seeds, a thorough
study of the effect of both hormones on germination was
performed by quantifying the radicle emergence over short
time periods (Table 3). In control seeds (20 mM KNOs),
radicle protrusion began to be detectable at 19 h, and
reached 100% after 26 h. At this time point, only 8% of the

Germination (%)

19 22 25 28 31 34 37 40 43
Germination (h)

Fig. 2. Germination percentage of Sisymbrium officinale seeds at
different germination temperatures in the presence of 20 mM
KNO:s. Filled symbols, after-ripened seeds; open symbols, non-
after-ripened seeds. Circles, 20 °C, squares, 24 °C; triangles,

30 °C. Data are means *SE of three independent experiments.

non-after-ripened seeds germinated. The presence of GA4+7
advanced and strongly stimulated germination in the after-
ripened seeds between 18 h and 22 h, whiles carcely affecting
non-after-ripened seeds (Table 3). A similar profile was
found in the presence of exogenous ethephon (Table 3) or
the ET immediate precursor ACC (data not shown).
Together, GA4+7 and ethephon were incapable of boosting
the germination percentage with respect to individual hor-
mones (data not shown). The addition of PB, a widely used
inhibitor of GA synthesis, or a mixture of IESS (i.e.
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Fig. 3. Water uptake of Sisymbrium officinale seeds during the
first 9 h of imbibition at different temperatures in the presence of
20 mM KNQOs. (A) Non-after-ripened seeds. (B) After-ripened
seeds. Black bars, 20 °C; grey bars, 24 °C; striped bars, 30 °C.
Data are means *SE of three independent experiments.

AVG+CoCl,+STS) strongly depressed radicle emergence in
both after-ripened and non-after-ripened seeds (Table 3). In
contrast, the inhibition provoked by PB and IESS was
overcome by the addition of GA4+; and ethephon, respec-
tively (Table 3).

Alterations in SOACS7, SOACO2, SoGA200x2,
SoGA30x2, and SoGA20x6 expression in late
embryogenesis and dry seed with and without AR

Prior to the study of the alterations of the transcripts
provoked by AR during the imbibition of S. officinale seeds,
the expression of SoACS7, SoACO2, SoGA200x2,
SoGA30x2, and SoGA20x6 was evaluated during embryo-
genesis. The objective of this experiment was to determine
whether these genes were active during seed formation and
whether the level of their transcripts was altered by AR in
ripe seed. For this, whole seeds showing early development
(early fruits, EF) and full development (late fruits, LF) were
collected, as well as seeds in the desiccation phase (LS),
seeds submitted to AR (after-ripened seeds, AS), and those
which were not (non-after-ripened seeds, NAS).

With the gene expression in AS as control, the following
results were found. (i) The level of SoACO2 mRNA
increased concomitantly with development and during seed
desiccation; however, AR lowered the level of this transcript
(Fig. 4A). (ii) The expression of So4CS7 was very abundant
during embryogenesis, diminishing with the desiccation
process and very strongly with AR (Fig. 4B). (iii) The
SoGA30x2 transcript level increased with development and
strongly decreased with desiccation; AR induced a notable
expression of this gene related to the synthesis of bioactive
GAs (Fig. 4C). (iv) SoGA200x2 expression was quantita-
tively very strong only in the early developmental phases,
and AR hardly affected the level of this transcript (Fig. 4D).
(v) The transcription of SoGA20x6 increased with develop-
ment and desiccation, negatively affecting AR at the level of
SoGA20x6 mRNA (Fig. 4E).

After-ripening alters SOACS7, SOACO2, SoGA200x2,
SoGA30x2, and SoGA20x6 expression patterns during
early imbibition

In order to study the effect of AR on the expression of
genes that are involved in ET synthesis and in GA synthesis
and breakdown, homologues of ACS, ACO, GA20ox,
GA3ox, and GA2ox were isolated. They were cloned by
means of the primer strategy mentioned in Materials and
methods. In total, five partial cDNAs (SoACS7, SoACO2,
S0GA200x2, SoGA30x2, and SoGA20x6) were isolated, and
their phylogenetic relationships to the known genes are
shown in Supplementary Figs S3-S7 at JXB online. The
molecular mechanism operating during the imbibition phase
of after-ripened seeds is at present largely unknown. The
notable differences observed in the germination rate of
after-ripened and non-after-ripened seeds in the presence of
ethephon, GA4+7, or inhibitors (Table 3) led to the analysis
of the effect of AR on alterations in the accumulation of
five transcripts involved in the synthesis of ET (SoACS7
and S0ACO2) and GAs (SoGA200x2, SoGA3ox2, and
SoGA20x6) during the early imbibition period (0-15 h). In
the control (20 mM KNOs;), the following results were
recorded. (i) The SoACS7 transcript was expressed only at
the beginning of imbibition (3 h) in seeds that were not
after-ripened, and the AR process eliminated this expression
(Fig. 5A). (i1) The level of SoACO?2 transcript was very high
in non-after-ripened seeds at 3 h and strongly diminished up
to 12 h, increasing afterwards; AR reduced transcript
accumulation during the first 6 h of imbibition (Fig. 5C).
(iii) SoGA200x2 mRNA levels were almost similar at 3, 12,
and 15h, hardly being affected by the AR process;
however, AR strongly increased the lowest transcript level
found at 6 h (Fig. 6A). (iv) The transcript accumulation
pattern found for the SoGA30x2 gene (Fig. 6G) was similar
to that of SoGA200x2. (v) The expression of SoGA20x6 was
the lowest of all GA-oxidases studied in this work, notably
at 6 h in non-after-ripened seeds; and the expression levels
at 12 h and 15 h imbibition were slightly increased by AR
(Fig. 6M).
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Fig. 4. Transcript analysis by real-time PCR of SOACO2, SoACS7,
SoGA30x2, SoGA200x2, and SoGA20x6 (A-E) during the de-
velopment of the fruit and seed of S. officinale. EF, early fruit; LF,
late fruit; LS, late seed; NAS, non-after-ripened dry seed; AS,
after-ripened dry seed. Error bars indicate the standard deviations
of three independent experiments.
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The GA44+; treatments, compared with the control,
strongly reduced the expression of SoACO2 in non-after-
ripened seeds, this expression being stimulated by AR (Fig.
SE). PB induced a SoACO?2 expression pattern resembling
that produced by GA4.7, but quantitatively higher (Fig. 5G),
the stimulation of expression surpassing that of the control in
after-ripened seeds (Fig. 5C, G). No SoACS7 transcription
was detected in the presence of GA44+7; or PB in either seed
lot. GA4+7 provoked a notable accumulation of SoGA200x2
transcript in non-after-ripened seeds at 6 h and 15h
imbibition, and AR diminished this accumulation compared
with the control and GAs treatments (Fig. 6A, B). The
expression of SoGA200x2 increased during imbibition in the
presence of PB and, even though hardly any differences were
found in after-ripened seeds, the AR process induced more
SoGA200x2 transcripts than in the control at 12 h and 15 h
(Fig. 6A, C). At the beginning of imbibition, AR caused the
absence of SoGA3ox2 expression in the presence of GAyiy
and PB (Fig. 6H, I). However, in the presence of GA4+7 and
PB, the accumulation of SoGA20x6 transcripts was strongly
stimulated by AR (Fig. 6N, O).

In the presence of ethephon-derived ET, the following
results were obtained. (i) SoACS7 transcript accumulation
was strongly inhibited, and, as in the control, no transcripts
were detected in after-ripened seeds (Fig. 5B); on the other
hand, no transcription was found in the presence of either
IESS or ethephon+GA4+7. (i) In non-after-ripened seeds,
a significant decline with respect to control was found in the
level of S0oACO2 transcripts during the first 6 h of
imbibition, then rising until the end of the imbibition,
unlike those of the control. AR consistently induced lower
transcript accumulation (Fig. 5D). The SoACO2 expression
pattern in the presence of IESS was very similar to that in
the presence of GA4+7 (Fig. SH, E), whereas ethephon and
GA4+7 added together registered the lowest SoACO2
transcript accumulation of all treatments studied (Fig. 5F).
(iii) The SoGA200x2 expression pattern was qualitatively
similar to that of the control, but ethephon notably lowered
the transcript level during the first 12 h of imbibition in
after-ripened seeds (Fig. 6D). (iv) The presence of IESS
strongly decreased the SoGA4200x2 transcript accumulation
at the beginning of imbibition of non-after-ripened seeds,
this treatment being the only one in which AR stimulated
transcripts during imbibition (Fig. 6E). When ethephon and
GA4+7 were added together, the SoGA200x2 transcript
levels were quantitatively lower than when both hormones
were added separately (Fig. 6F). (v) Treatments with
ethephon, IESS, and ethephon+GA4; strongly inhibited
the SoGA3ox expression in after-ripened and non-after-
ripened seeds (Fig. 6J-L). (vi) The SoGA30x2 mRNA
accumulation in the presence of ethephon was similar to
that of seeds treated with PB (Fig. 61, J), whereas this
SoGA30x2 transcript accumulation was similar in the
presence of IESS and ethephon+GA,.;, showing strong
inhibition, between 6 h and 15h, compared with the
ethephon treatment in after-ripened seeds (Fig. 6J-L). (vii)
In the presence of ethephon, the accumulation of SoGA420x6
transcripts was strongly stimulated by AR (Fig. 6P), this
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Fig. 5. Transcript analysis by real-time PCR of SOACS7 and SoACO2 during the time course of imbibition at 24 °C of S. officinale seeds.
SoACS7: (A) control and (B) ethephon. Transcription in after-ripened seeds was not detected. SOACO2: (C) control; (D) ethephon; (E)
GA4.7; (F) ethephon+GA,,7; (G) PB; (H) IESS. Non-after-ripened seed (black bars); after-ripened seed (grey bars). Error bars indicate the

standard deviations of three independent experiments.

accumulation being strongly inhibited by IESS (Fig. 6Q),
and the presence of ethephon+GA,4.; was not capable of
overcoming this inhibition (Fig. 6R).

Alterations in B-mannanase activity induced by AR in
the presence of ET and GA,4, »

AR strongly altered MAN activity both in dry seeds and
during imbibition. In control seeds, the main difference took
place in dry seeds, where AR provoked the enzymatic
activity ~12-fold more than in non-after-ripened seeds, in

which the MAN activity increased slightly as imbibition
progressed (Fig. 7A). In addition, the AR notably boosted
enzymatic activity during the first 3 h of imbibition, but
clearly depressed it between 6 h and 12 h compared with the
non-after-ripened seeds (Fig. 7A). In both seed lots, MAN
activity was considerable prior to radicle emergence (Fig.
7A). The ethephon treatment substantially affected the MAN
activity, so that, in non-after-ripened seeds, ethephon caused
strong stimulation in the initial (0-3 h) and final imbibition
phases (12-15 h). However, in after-ripened seeds, ethephon
stimulated the enzymatic activity throughout the entire study
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Fig. 6. Transcript analysis by real-time PCR of SoGA200x2, SoGA30x2, and SoGA20x6 during the time course of imbibition at 24 °C of
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Fig. 7. Analysis of endo-B-mannanase activity during the time
course of imbibition at 24 °C of S. officinale seeds. (A) Control; (B)
GA4.7; (C) PB; (D) ethephon; (E) IESS. Non-after-ripened seed
(black bars); after-ripened seed (grey bars). Error bars indicate the
standard deviations of three independent experiments.

period compared with the control (Fig. 7A) and the non-
after-ripened seeds, as well as those treated with ethephon
(Fig. 7D). The presence of IESS in after-ripened and non-
after-ripened seeds sharply boosted MAN activity through-
out the study period (Fig. 7E). The presence of GA4+7 in the
non-after-ripened seeds resulted in a profile of MAN which
was qualitatively and quantitatively similar to that of the
control (Fig. 7A, B) but quantitatively far lower than in the
presence of ethephon (Fig. 7B, D). However, the enzymatic
stimulation by GA4+7 in after-ripened seeds was quantita-
tively lower than that found with ethephon (Fig. 7B, D).
Finally, after the first 3 h of imbibition of after-ripened seeds,
PB induced the greatest stimulation in the enzymatic activity
of all the treatments studied, but hardly altered the activity in
non-after-ripened seeds (Fig. 7C).

Discussion
AR affects germination and some related parameters

In this study, it is shown that the AR process affects the
germination of S. officinale seeds in four ways. First, AR was
incapable of replacing or preventing the presence of NO3 in
the germination medium. The role of NOj in the alleviation
of dormancy by low temperatures (i.e. stratification) is
strongly supported by previous results in Arabidopsis, suggest-
ing a notable role for NOj3 transported by the mother plant to
the seed to promote germination through a complex signal-
ling network in which the ABA and GA pathways may be
involved (Ali-Rachedi et al, 2004; Alboresi et al, 2005).
Recently, it was demonstrated in the Cvi accession that the
seeds first become sensitive to NOj, then to cold, and finally
to light (Finch-Savage et al, 2007). It was tentatively
concluded that increased NO3 accumulation and reduction
convey a signal to break dormancy rather than to function as
a nitrogen source for nutrition (Finch-Savage et al, 2007).
However, little is known about the role of NOj3 in dry AR at
moderate temperatures. The presence of a signalling pathway
for the NOj3 in S. officinale seeds was initially suggested due
to the possible presence of receptors and because the effect of
the NOj3 in promoting germination was independent of its
reduction in the plant (Hilhorst and Karssen, 1989; Hilhorst,
1990). The results found in this study point to the idea that
the NOj signalling networks and AR engage in cross-talk,
given the strongly positive effect of AR on the stimulation of
radicle emergence in medium without NO3 compared with
medium with NOj3 (i.e. protrusion 50 h ahead, comparing
Fig. 1 and Fig. 2). That is, it cannot be ruled out that NO3
affects a very early stage of the imbibition of after-ripened
seeds, provoking greater effectiveness in the breaking of
dormancy. In support of this hypothesis, it was previously
demonstrated that NOj positively altered other signalling
pathways and levels of hormones involved in the germination
of other species. Thus, in seeds of the Arabidopsis accession
Ler, NO3 provoked a reduction in the light requirement
(Batak et al., 2002), and altered the ABA levels in seeds of
Cvi during early imbibition (Ali-Rachedi et al., 2004). Other
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nitrogenous molecules (e.g. nitric oxide and nitrite) stimulate
germination in Arabidopsis (Bethke et al., 2004). However, it
is not known whether they do so per se or whether this
happens because they are metabolic derivatives of NOs.
Secondly, in the presence of NOj;, AR in S. officinale
broadened the optimal temperature range for germination
(i.e. 24-30 C), accelerating the protrusion compared with non-
ripened seeds. This widening of the temperature range com-
patible with good germination was also described in Avena
sativa and Bromus tectorum after-ripened seeds [Corbineau
et al., 1986; Bair et al, 2006; and updated by Leubner-
Metzger (http://www.seedbiology.de)]. Dry AR may repre-
sent a natural mechanism for controlling dormancy release
in dry climates (Probert, 2000) and it is widely accepted that
the temperature is the greatest regulator of dormancy cycles
in the soil (Probert, 2000; Baskin and Baskin, 2004).

Thirdly, the AR in S. officinale induced a notable
sensitivity to ET and GAy4.7, both hormones strongly
stimulating germination. The germination profiles in the
presence of ET and GA4+; are very similar. PB and IESS
strongly inhibited the effect induced by ET and GA4.r.
Although the intervention of the GAs in the avoidance of
dormancy in endospermic seeds appears to be beyond any
doubt, the role of ET is far from being known in detail.
Briefly, ET seems to act in concert with GAs to promote
germination; however, the participation of GAs appears to
be quantitatively and qualitatively more important
(reviewed in Matilla and Matilla-Vazquez, 2008, and
references therein). Fourthly, AR quantitatively altered the
initial seed water uptake rate, with 24 °C (used in this work)
being the temperature at which the seed is most rapidly
imbibed. However, although the entry of water is more
rapid in after-ripened seeds, this imbibition must be tightly
controlled in order to initiate the normal germination
process. Currently, there are no scientific data to explain
this difference in water uptake rate between after-ripened
and non-after-ripened seeds. The secretion of mucilage by
the seed coat during hydration could act as a mechanism to
control the entry of water, affecting the seed viability and
germination (Western et al., 2000; Penfield et al, 2001;
Rautengarten et al., 2008). The fruit of S. officinale contains
mixospermous seeds that are heterogeneous with respect to
the colour of their seed coat, and the dark seeds (used in
this work) have: (i) a greater capacity to secrete mucilage;
(ii) a slower and controlled water uptake rate; and (iii) a far
faster protrusion of the radicle than in the other population
(Iglesias-Fernandez et al., 2007). However, the AR process
does not alter mucilage production (data not shown),
apparently ruling out that this hygroscopic compound may
function to enhance and control the water uptake during S.
officinale seed imbibition.

AR alters the expression patterns of SOACS7, SOACO2,
SoGA200x2, SOGA30x2, and SoGA20x6 genes during
the imbibition period

To gain knowledge at the molecular level concerning
hormonal regulation of AR in S. officinale seeds, the

After-ripening in Sisymbrium officinale L. seeds | 1655

expression patterns of genes involved in ET synthesis (i.e.
S0ACS and SoACO) and GA metabolism (i.e. SoGA3ox,
SoGA200x, and SoGA20x) were studied. Previously, it was
shown that the level of S0oACO2, SoGA3ox2, and
SoGA20x6 transcripts rose during development. Notably,
the content in the transcripts corresponding to SoACO2
and SoGA20x6 increased with the seed desiccation process,
decreasing SoACS7, SoGA200x2, and SoGA3o0x2. However,
except for the expression of SoGA30x2 which was markedly
increased, and SoGA200x2, AR triggered a major fall in the
level of the rest of the transcripts studied, above all
S0oACS7, a gene strongly expressed during embryogenesis.
Taking into account that the expression in after-ripened dry
seeds was used to normalize data, the existence of transcrip-
tion in dry S. officinale seeds is evident. Transcriptional
activity in environments which are hardly hydrated, such as
that in dry seeds, is under debate. However, the discovery of
zones with high hydration in after-ripened tobacco seeds
has led to strong expectations that this enigma can be
deciphered (Leubner-Metzger, 2005; Manz et al., 2005). The
cDNA-AFLP analysis of Nicotiana plumbaginifolia (Bove
et al., 2005) and barley (Leymarie et al., 2007) demonstrates
that the great majority of the transcripts studied declined in
abundance during AR. Global transcript analysis in Arabi-
dopsis using microarrays also showed that the expression
level of 30 genes, including DOGI, decreased during AR
(Finch-Savage er al., 2007). Although the dry seeds may
contain stored mRNAs from the final phases of embryo-
genesis with a function far from being known, the present
results also suggest that after-ripened and non-after-ripened
dry seeds have the capacity for transcription. The confirma-
tion of this capacity will be important in order to delve into
the mechanism of AR in S. officinale.

Although the alteration in the expression of various gene
groups has been studied in Arabidopsis during the breaking
of dormancy by stratification and AR (Yamaguchi et al,
2004; Finch-Savage et al., 2007; Holdsworth et al, 2008,
and references therein), there are no detailed studies at the
molecular level on the hormonal regulation of the mecha-
nisms induced by the AR process at the onset of germina-
tion. It has been demonstrated here that in the very early
phase of imbibition (i.e. the first 6 h), AR strongly inhibits
the expression of S0oACS7 and SoACO2, whereas it
stimulates the expression of SoGA200x2, SoGA3ox2, and
SoGA20x6. This indicates that the preparation for radicle
protrusion during the imbibition phase under the AR
process requires strong stimulation of GA synthesis and
has less need for the stimulation of ET synthesis. That is,
the need for and participation of GAs and ET appear to
differ in after-ripened and non-after-ripened seeds in early
imbibition. As occurs in Arabidopsis (De Grauwe et al.,
2007; Weiss and Ori, 2007), cross-talk clearly takes place
between ET and GAs in S. officinale. Major germination-
associated changes in the transcriptome of A. thaliana
were evident within 6 h of the initiation of imbibition
(Nakabayashi et al., 2005; Holdsworth et al., 2008). The
expression of SoACO2 and SoACS7 is inhibited very
rapidly by ethephon (i.e. the first 3 h). However, while
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SoACO2 expression increased during the progression of
imbibition and was inhibited by the AR process, the
expression of SoACS7 sharply diminished and was not
detectable in after-ripened seeds. Petruzzelli et al (2000)
have reported that in pea seeds ET provokes a positive
feedback that raises the Ps-ACOI mRNA level; and
Hermann et al. (2007) have shown that the ACO transcript
is accumulated in Beta vulgaris seeds upon imbibition. On
comparing after-ripened and non-after-ripened seeds when
S0oACO2 expression was stimulated by ethephon, it was
again concluded that the intensity of SoACO2 expression
was lower in after-ripened seeds. The strong SoACO2
expression observed during the first 6 h in seeds not treated
with ethephon was probably related to the production of
ET involved in the protrusion. This assumption is sup-
ported by the fact that, in the presence of ethephon,
S0ACO2 expression was inhibited compared with seeds not
treated with ethephon. The role of ET during the imbibition
phase is not known and its role in the removal of dormancy
is debated (Matilla and Matilla-Vazquez, 2008), but it has
been demonstrated that both ET biosynthesis and sensitiv-
ity are important for seed germination of Arabidopsis
(Beaudoin et al, 2000; Ghassemian et al, 2000; Kucera
et al. 2005). Thus, there are seeds in which ET is not
required for dormancy maintenance or release, nor is it
needed for germination to start (Matilla, 2000; Kucera et al.
2005; Gianinetti et al., 2007). The inhibition of SoACO2
expression in non-after-ripened seeds in the presence of
GA4+7, PB, or ISSE, and notably with ET+GA447, as well
as the clear effect of AR in reversing this inhibition,
strongly indicated the presence of cross-talk between the
two hormone signalling pathways. The existence of some
cross-talk between ET and GAs to regulate Fs4ACOI gene
expression during the breaking of dormancy in stratified
Fagus silvatica seeds has previously been shown (Calvo
et al., 2004a).

Previous works have demonstrated that the synthesis and
perception of GAs are essential for seed germination in
Arabidopsis (Ogawa et al., 2003). Central players are the
GA3ox and GA2ox gene families involved in GA bio-
synthesis and breakdown, respectively (Yamaguchi et al.,
2004; Mitchum et al., 2006). Thus, the GA3oxI gene, but
not the GA30x2 gene, is induced by stratification during
seed imbibition (Yamaguchi et al, 2004; Mitchum et al.,
2006). In this study, it was demonstrated that the AR
process provokes a strong expression of SoGA3ox2 and
SoGA200x2 genes at the onset of imbibition, SoGA30x2
expression being fully inhibited by GA4+;, PB, ethe-
phon+GA4+7, and ISSE. However, exogenous ethephon,
which considerably lowers the level of SoGA3ox2 tran-
scripts in non-after-ripened seeds, can slightly raise
SoGA30x2 expression in after-ripened seeds. This fact again
leads to the assumption of the existence of cross-talk
between ET and GAs during the transition from seed
dormancy to germination induced by AR. On the other
hand, the fact that exogenous GAy4; strongly inhibits
SoGA30x2 expression during imbibition agrees with pre-
vious evidence indicating that bioactive GAs may control

their own synthesis through a negative feedback regulation
of the expression genes of GA biosynthesis (Olszewski ef al.,
2002). However, this feedback regulation does not appear
to be identical in after-ripened and non-after-ripened seeds,
since the inhibition by exogenous GA4+; of SoGA3ox2
expression compared with the control is not quantitatively
similar in the two seed lots. In support of this hypothesis
are the results of SoGA30x2 expression in after-ripened and
non-after-ripened seeds in the presence of the PB, which
strongly alters its expression pattern.

Taking into account the results of SoGA3ox2 and
SoGA200x2 expression and those of percentage germina-
tion, it is concluded that the requirement for ET and GAs
for radicle emergence preparation involves, apart from the
two hormone signalling pathways, the strict control of the
level of ET and GAs in the appropriate tissue, and the
regulation of SoGA20ox2 whose expression profiles are
qualitatively and quantitatively different from those ob-
served for SoGA30x2. Thus, it is proposed that SoGA200x2
expression and regulation must be of great importance
during the imbibition of S. officinale seeds, since their
expression is considerably higher than that of SoGA30x2 in
all the treatments studied, and does not appear to be as
susceptible to AR, as has been demonstrated here for
SoGA30x2. Tt has been postulated that cross-talk between
ET and GA signalling regulates FsGA20ox gene expression
during the breaking of dormancy in stratified F. silvatica
seeds (Calvo et al, 2004b). The results of SoGA200x2
expression in the presence of ethephon, GA4.;, and
ethephon+GA4.7 also appear to support ET-GA cross-
talk. Taking together the results of SoGA3ox and
SoGA200x2 expression during imbibition, it is concluded
that: (i) GA biosynthesis is indispensable to overcome hedge
mustard seed dormancy; (ii) both genes are regulated by
both ET and GAs to carry out the transition from
dormancy to germination induced by AR; and (iii) AR
strongly inhibits SoGA30x2 expression in the presence of
GA4+7, PB, and ethephon+GA,+7, indicating that this gene
is subjected to a tight feedback regulation, possibly to
prevent accumulation of GAs after the signal for AR has
been decided.

On the other hand, it is demonstrated here that, at the
onset of imbibition of S. officinale seeds, SoGA20x6 is
expressed at basal levels, confirming the need for the
synthesis of bioactive GAs in both the presence and absence
of AR (i.e. high expression of SoGA30x2 and SoGA200x2).
Moreover, it was also demonstrated that the AR process
up-regulated SoGA20x6 expression under all the treatments
studied, as opposed to the down-regulation observed in
non-after-ripened seeds. Due to the scant information on
SoGA20x6 physiology in seeds, the alterations found in
SoGA20x6 expression in S. officinale are very complex to
explain and relate to the breaking of dormancy induced by
the AR process. Nevertheless, it is worth emphasizing that
although the AR does not appear to affect SoGA20x6
expression in controls, the expression in after-ripened seeds
tended to be greater than in non-after-ripened seeds, in the
treatments studied. Previous results demonstrate that
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AtGA20x6 is down-regulated by stratification in dark,
imbibed Arabidopsis seeds (Yamaguchi et al, 2004). Also,
up- and down-regulation of different GA metabolism genes
by ET in Arabidopsis seedlings have recently been demon-
strated, this finding being related to ET-GA cross-talk
(Vandenbussche et al, 2007; Dugardeyn et al., 2008). The
present results, considered overall, suggest the hypothesis
that the regulation of the synthesis of bioactive GAs
involved in the AR process is subject to strong control.
Consequently, if the threshold level of GAs necessary to
prompt germination is surpassed because of any endoge-
nous or exogenous agent, the seed responds with the
destruction of the unnecessary bioactive GAs, and
SoGA20x6 would be involved in this destruction.

ET and GAs alter B-mannanase activity during imbibition
of after-ripened seeds

In the seeds of a number of plant species, MAN activity
shows a sharp surge during germination. However, the
timing of the highest enzymatic activity depends on the
species. The MAN activity increases in the micropylar
endosperm prior to the completion of seed germination
(Toorop et al., 1996; Nonogaki et al., 2000), or it increases
afterwards (Bewley er al, 1997, and references therein;
Marraccini et al., 2001; Gong et al., 2005). Controversy
persists as to whether the rise in MAN activity in the
endosperm during germination is sufficient to permit radicle
emergence, and the consensus appears to be that, while this
enzyme is required for endosperm weakening, it is not, by
itself, sufficient to allow germination to be completed (Gong
et al., 2005). In contrast to the extensive investigation of
MAN before and after the protrusion process, there is no
information on the evolution of this cell wall-loosening
enzyme in AR seeds. Here, it is shown for the first time that
the specific activity of MAN is much higher in dry after-
ripened seeds that in dry non-after-ripened seeds, and MAN
activity remains high in after-ripened seeds over the first 3 h
of imbibition, abruptly declining afterwards. The cause of
this high enzymatic activity early on is unknown. However,
while this manuscript was in preparation, Ren et al. (2008),
using anti-MAN antibodies of tomato in rice seeds,
reported that a MAN protein is present in an inactive form
in dry rice grains. If these results are applicable to S.
officinale, possibilities to explain the presence of MAN
activity in dry seed can be proposed. (i) This protein forms
part of a pool of proteins stored from zygotic embryogen-
esis. (ii)) AR promotes MAN gene expression in dry seeds.
Leubner-Metzger (2005) demonstrated a transient low level
transcription and translation of the B-1,3-glucanase gene
during tobacco seed AR, leading to the release of dor-
mancy, whereas in Arabidopsis the expression profiling
revealed that transcripts of a number of genes exhib-
ited a transient accumulation within 6 h after imbibition
(Nakabayashi et al., 2005). Ren et al. (2008) do not present
data on the expression of OsMANI, OsMAN2, OsMANG,
and OsMANP in the very early phases of rice seed imbibition.
(iii) The enzymatic activity is high in dry seed and after 3 h
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of imbibition as a consequence of the fact that the enzyme is
studied in vitro under optimal conditions that do not exist in
vivo. (iv) If the present results reflect in vivo events, the AR
may soften the tissue very early with unknown implications in
the germination process; and (v) as an alternative to (iv),
MAN may be involved in the production of sugars from the
degradation process of the cell wall, these sugars serving to
nourish the embryo. The MAN activity in lettuce endo-
sperm is assumed to be associated with reserve mobilization
closely following radicle emergence rather than with prior
endosperm weakening (Wang et al., 2004). It bears mention-
ing in relation to proposal (iv) that the MAN activity
increased notably in after-ripemed S. officinale seeds immedi-
ately before radicle emergence (data not shown). On the other
hand, MAN activity was significantly increased by ethephon
treatment both at the onset of imbibition and in the period
near radicle emergence. Nevertheless, IESS did not inhibit
MAN activity in either after-ripened or non-after-ripened
seeds, suggesting that ET is one of the factors contributing to,
but not indispensable for, the regulation of MAN activity
during imbibition. ET increases MAN activity in germinating
thermotolerant lettuce seeds (Nascimento et al, 2000), and
the authors hypothesize that the endosperm weakening is
a result of elevated enzymatic activity. However, this
hypothesis does not agree with the findings of Wang et al
(2004) who point out that some members of the MAN family
may be ET responsive and may be associated with sugar
reserve mobilization from the cell wall rather than with
endosperm weakening prior to protrusion. It is noteworthy
that exogenous GA4.7 increases MAN activity during
imbibition of S. officinale after-ripened seeds, but not in non-
after-ripened seeds. In contrast, the MAN activity is dramat-
ically increased in the presence of the GA synthesis inhibitor
PB, apparently indicating that a fall in the level of bioactive
GAs triggers a rapid desynchronization in the seed, where-
upon a non-specific enzymatic stimulation takes place
without provoking radicle emergence due to the absence of
GAs. A search at http://www.bioinformatics2.wsu.edu/cgi-
bin/Athena/cgi/home.pl revealed ABA, GAs, and dehydration
motifs/transcription factors in the promoters of the MAN of
Arabidopsis. However, no motif for ET was found. Neverthe-
less, the expression of the LeMAN2 gene is up-regulated in
Sl-ERF2-overexpressing seeds, suggesting that SI-ERF2 (an
ET response-factor gene) stimulates seed germination through
the induction of LeMAN2 (Pirello et al, 2006). Taken
together, the data presented on MAN activity during early
imbibition of S. officinale after-ripened seeds point to ET-GA
cross-talk, as discussed for the expression of the genes
studied.

Is ET-GA cross-talk required for AR?

The complexity of hormonal responses and their functional
overlap support the presence of an intensive cross-talk
between hormone signalling pathways (Brady and
McCourt, 2003). Although the influence of ET on expres-
sion of GA response and synthesis genes provided evidence
for the existence of an interaction between both hormones
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(De Grauwe et al., 2008, and references therein), it was not
clear at which level this cross-talk appeared. DELLA
proteins, which act as nuclear repressors of GA signalling,
appear to be key integrators in the ET-GA cross-talk (Jiang
and Fu, 2007; Steber, 2007, and references therein). The
current tendency is to suggest that the ET-GA cross-talk is
multiple, depending on the process and the state of de-
velopment. Recent reviews have dealt extensively with these
interactions (Kucera et al., 2005; De Grauwe et al., 2007,
2008; Dugardeyn et al., 2008; Holdsworth et al., 2008). On
the other hand, ET promotes dormancy breaking through
interactions with ABA signalling. Seeds of efrl and ein2/
era3 mutants display increased dormancy correlated with
increased sensitivity to ABA in seed germination. In
contrast, the ctrl mutation and treatment of A. thaliana
wild-type seeds with ACC result in decreased sensitivity to
ABA. Thus, ET stimulation of seed germination may occur
via antagonism of ABA signalling (Filkenstein et al., 2008,
and references therein). Having said all this, and taking into
account the results presented here, it is proposed that the
intervention of ET-GA cross-talk seems probable in the S.
officinale AR process. However, whether this intervention is
direct or indirect is at present unclear. Obviously, any
hormonal interaction results in an alteration of hormone
levels (Chiwocha et al., 2005). It is probable that the effect
of ET on GA, and vice versa, might be indirect, possibly via
ABA. The ET-ABA cross-talk is under study at present by
our group.

Supplementary data

Supplementary data are available at JBX online.

Figure S1. Transcription levels of a housekeeping gene
(I8S RNA), presented as Ct mean values, during the
development of the fruit and seed of S. officinale. EF, early
fruit; LF, late fruit; LS, late seed; NAS, not after-ripened
dry seed; AS,after-ripened dry seed. Error bars indicate the
SDs of 10 independent experiments.

Figure S2. Transcription levels of a housekeeping gene
(I18S RNA), presented as Ct mean values, during the time
course of imbibition at 24 °C of S. officinale seeds. (A)
Control; (B) GA4+7; (C) PB; (D) etephon; (E) IESS; (F)
etephon+GA4+7. Non-after-ripened seed (open circles);
after-ripened seed (filled circles). Error bars indicate the
SDs of 10 independent experiments.

Figure S3. Phylogenetic tree (cladogram) including
S0ACS7 and other plant ACS genes. Accession numbers
are given in parentheses. The aLRT statistical test of branch
support was used (numerical values in branch).

Figure S4. Phylogenetic tree (cladogram) including
S0oACO?2 and other plant ACO genes. Accession numbers
are given in parentheses. The aLRT statistical test of
branchsupport was used (numerical values in branch).

Figure S5. Phylogenetic tree (cladogram) including
SoGA200x2 and other plant GA20ox genes. Accession
numbers are given in parentheses. The aLRT statistical test
of branch support was used (numerical values in branch).

Figure S6. Phylogenetic tree (cladogram) including
SoGA30x2 and other plant GA3ox genes. Accession num-
bers are given in parentheses. The aLRT statistical test of
branch support was used (numerical values in branch).

Figure S7. Phylogenetic tree (cladogram) including
SoGA20x6 and other plant GA2ox genes. Accession num-
bers are given in parentheses. The aLRT statistical test of
branch support was used (numerical values in branch).
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Figure S1. Transcription levels of housekeeping gene (18S-RNA), presented as Ct
mean values, during the development of the fruit and seed of S. officinale. EF: early
fruit; LF: late fruit; LS: late seed; NAS: not after-ripened dry seed; AS: after-ripened dry

seed . Error bars indicate standard deviations of ten independent experiments.
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Figure S2. Transcription levels of housekeeping gene (18S-RNA), presented as Cr
mean values, during imbibition time course at 24°C of S. officinale seeds. (A) Control;
(B) GA4.7; (C) PB; (D) etephon; (E) IESS; (F) etephon + GA4.7. Not after-ripened seed
(o); after-ripened seed (e). Error bars indicate standard deviations of ten independent

experiments.
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Figure S3.

V. radiata ACS5 (212134)
L. sativa ACS2 (AF380837)
A. thaliana ACS7 (NM_118753)
B. oleracea ACS2 (AF338651)
| 5. officinale ACS7 (EU689114)|
C. papaya ACS1b (AJ277161)
S. tuberosum ACS2 (227235)
P. persica ACS (AF239663)
P. salicina ACS3 (EU034650)
P. domestica insititia ACS1 (AJ890088)
P. armeniaca ACS3 (AF184078)
M. domestica ACS3a (AB243060)
P. pirifolia ACS2 (AB007639)
P. communis ACS3 (AY388988)
P. communis ACS2b (AY388989)
P. communis ACS2a (AF386519)
A. thaliana ACS5 (NM 125977)
. thaliana ACS9 (ETO3) (NM_114830)
. thaliana ACS8 (NM_119939)
. thaliana ACS4 (NM_127846)
. thaliana ACS11 (NM_116873)
. thaliana ACS6 (NM_117199)
. thaliana ACS1 (NM_116016)
. thaliana ACS2 (NM_100030)
. thaliana ACS12 (NM_124548)
. thaliana ACS10 (NM_104974)

>>>>»>>»>D>D>

Phylogenetic tree (cladogram) including SoACS7 and other plant

ACSgenes. Accession numbers are given between brackets. aLRT statistical test of

branch support was used (humerical values in branch).
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B. juncea EFE (211750)
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_1: C. papaya ACO2 (AJ853461)
0.08 P. hortorum ACO (U07953)

D. kaki ACO2 (AB073009)

0.41

0.82

P. hortorum ACO3 (U67861)

M. domestica ACO (AB086888)

A. thaliana ACO1 (NM_127517)

Figure S4. Phylogenetic tree (cladogram) including SoACO2 and other plant ACO

genes. Accession numbers are given between brackets.

aLRT statistical test of

branchsupport was used (numerical values in branch).
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A. thaliana GA200x5 (NM_103535)

Figure S5. Phylogenetic tree (cladogram) including SoGA200x2 and other plant

GAZ20ox genes. Accession numbers are given between brackets. aLRT statistical test

of branch support was used (numerical values in branch).
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A. thaliana GA30x3 (NM_118289)

N. tabacum GA3ox (EF471116)
_: D. ferox GA3ox (AJ309321)

P. subhirtella GA3ox (AB188145)
F. ananassa GA3ox (DQ195505)
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P. tremula x tremuloides GA3ox1 (AY433958)
|s. officinale GA30x2 (EU689111)|

A. thaliana GA30x2 (GA4H) (NM_106683)

A. thaliana GA3ox1 (GA4) (NM_101424)

A. thaliana GA3ox4 (NM_106682)

L. sativa GA3ox (AB012205)

C. morifolium GA3ox2 (AB371603)

C. maxima GA3ox (U63650)

Figure S6. Phylogenetic tree (cladogram) including SoGA30x2 and other plant GA3ox

genes. Accession numbers are given between brackets. aLRT statistical test of branch

support was used (numerical values in branch).
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A. thaliana GA2ox7 (NM_103976)
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P. sativum GA2ox (AF100954)
V. angularis GA2oxB3 (AB181376)

Figure S7. Phylogenetic tree (cladogram) including SoGA20x6 and other plant GA20x

genes. Accession numbers are given between brackets. aLRT statistical test of branch

support was used (numerical values in branch).
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VI. — Discusién General

La biodiversidad tan amplia que
existen en la familia Cruciferae, con mids de
3000 especies, se ve reflejada en la gran
variedad de frutos que poseen (revisado en
Bailey ez al., 2006). Tanto es asi que este
rasgo se utiliza como una de las caracteristicas
fundamentales para la identificacién vy
clasificacién interespecifica en Cruciferas.
Dentro de esta gran variabilidad, es de interés
la agrupacién de sus frutos segin el tipo de
compartimentos en que se alojan las semillas.
Es decir, existen frutos tipo silicua con un
Gnico compartimento llamado valva, cuyas
semillas estdn unidas a un tabique central
un  pedinculo  denominado
(ej. Arabidopsis

officinale). La silicua es un fruto dehiscente

mediante
pedicelo y  Sisymbrium
cuyo mecanismo de apertura estd finamente
controlado por multitud de factores (revisado
en Dinneny y Yanofsky, 2005; Matilla y
Matilla-Vézquez, 2008 y algunas referencias
citadas). Por otra parte, hay frutos en silicua
que poseen varias semillas (2-3) en un
compartimento anexo a las valvas y
embriolégicamente diferente llamado rostro,
el cual es indehiscente (¢j. Brassica y Synapis).
Finalmente, otras cruciferas producen frutos
sin valvas, y sus semillas escasas estin
encerradas en un solo rostro que s
indehiscente (ej. Raphanusy Cakile). A nivel
evolutivo, se desconoce el porqué de esta
enorme variabilidad en el tipo de frutos de
cruciferas, asi como si las semillas que
encierran  los  compartimentos  son
homogéneas a nivel morfolégico y fisiolégico,
o si por el contrario presentan algiin tipo de
heterogeneidad y cual(es) son las razones para
que lo sean (revisado en Imbert, 2002;
Matilla ez al., 2005 y referencias citadas). Es
muy posible que varias causas implicadas en
asegurar la dispersién temporal justifique la
existencia del cardcter heterogéneo descrito en
las semillas de mds de 200 especies de
Angiospermas (Imbert, 2002). Al margen de
razones eminentemente evolutivas y a veces

morfoldgicas, apenas existen estudios serios
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sobre el impacto de la heterogeneidad de las
semillas a nivel fisiolégico y -6mico.

Nuestro Grupo de Investigacion
inicié con semillas de Brassica rapa en el afio
2003 (Proyectos BFI2000-0305;
PGIDTO00AGR203010PR; CGL2004-
01996/BOS) un estudio a nivel fisioldgico y
molecular sobre la heterogeneidad en
Cruciferas. Primeramente, se demostré que
estas semillas poseen diferente capacidad

germinativa dependiendo del color de la

cubierta seminal (Puga-Hermida ez al,
2003b; Rodriguez-Gacio e al.  2003).
Algunos  autores  opinan  que la

heterogeneidad germinativa es debida a
diferentes grados de dormicién y puede estar
relacionada con aspectos ecoldgicos de la
reproduccién y supervivencia de la especie en
cuestién (revisado en Baskin y Baskin, 2004).
Asimismo, existen datos que atribuyen a las
caracteristicas externas de la cubierta seminal
(¢j. dureza y color) el grado de dormicién de
la semilla. Es lo que hemos definido como
dormicién fisica (DF) y como se explicité en
la Introduccién General, la intensidad en la
toma de agua (imbibicién) e intercambio de
gases estan implicados en la misma (Baskin y
Baskin, 2004). Experimentos de imbibicién
llevados a cabo con semillas mutantes que
poseen diferentes tonalidades en la testa
indican que la toma de agua es mds lenta y
poseen menor grado de dormicién que el WT
(Debeaujon y Koornneef, 2000). Las semillas
oscuras de Brassica rapa se imbiben mds
lentamente que las claras y su germinacién es
més rdpida (Puga-Hermida ez al., 2003a).
Este hecho
también se demostrd en esta Memoria con las

diferencial en la imbibicién
semillas de S. officinale (Iglesias-Ferndndez er
al., 2007). Por otra parte, la sensibilidad al
ET en semillas heterogéneas de B. rapa no
parece ser la misma (Rodriguez-Gacio et al.,
2003), y la activad ACC-oxidasa (ACO) y la
expresién del gen BrACOI son mds intensas
en el lote oscuro que en el claro durante todo
el proceso germinativo (Puga-Hermida ez 4/,
2003a). Ademds, los niveles de ABA-libre y
conjugado son muy diferentes en ambos lotes
(Puga-Hermida er al, 2003a, b). Todos
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nuestros resultados tomados en conjunto nos
sugieren la hipétesis de que uno de los
factores que desencadenan diferencias en la
germinacién de las semillas heterogéneas de
B. rapa puede ser una alteracién en el
mecanismo de accién del ET y ABA. Las
interacciones entre ambas sefalizaciones y
acciones fisiolégicas fueron demostradas en
Arabidopsis  (Beaudoin et al,  2000;
Ghassemian ez al., 2000; Chiwocha er al.,
2005) y posteriormente revisadas (Matilla ez
al., 2005; Matilla y Matilla-Vdzquez, 2008 y
algunas referencias citadas).

En esta Memoria se demuestra que
las semillas endospérmicas de S. officinale son
heterogéneas, aunque la planta madre se haya
condiciones

desarrollado en  idénticas

ecolégicas. Esta heterogeneidad, que se
demuestra por la presencia de semillas con
diferente color en la capa externa de la testa,
afecta, al igual que en B. rapa, a la fisiologia
de la semilla y también constituye una
herramienta fisiolégica muy valiosa ya que la
planta madre produjo semillas con diferentes
grados de capacidad germinativa; no sabemos
si también de dormicién. Semillas que
pueden ser estudiadas en aras a determinar
que factores estdn alterados con respecto a las
tienen el mdximo poder
La

diferentes en el interior de la silicua o bien la

semillas  que

germinativo. aparicién de semillas

existencia de maduracién no sincrénica

dentro de una poblacién no es un hecho

Asi  por
las

novedoso. ejemplo, son bien

conocidas pérdidas  millonarias
ocasionadas por el shattering (rozamiento de
frutos maduros) en cultivos de cruciferas. El
shattering estd siendo estudiado en detalle y

variedad de

senalizaciones

contempla una amplia

interacciones de  diversas
hormonales en la que estdn implicados
multitud de genes con una expresién espacial
y temporal en la silicua altamente compleja
(Dinneny y Yanofsky, 2005; Lewis ez al.,
2006; Li ez al., 2006; Lin et al., 2007; Matilla
y Matilla-Vézquez, 2008).
aparicién de la heterogeneidad en el interior

Finalmente, la

de una misma silicua puede deberse también
al posicionamiento de las semillas, lo cual
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provocarfa quizds una diferente capacidad
desde

sumideros de la planta madre. Pero esta

para importar fotoasimilados los
posibilidad no estd muy estudiada en la
actualidad (revisado en Fenner, 1993;
Luzuriaga et al., 2006). El hecho de que el
100% de

pertenecientes al lote oscuro estén vivas (test

las semillas de S. officinale
del tetrazolium) y solamente el 40 + 7% lo
estén en el lote claro puede apoyar esta
hipétesis (Iglesias-Ferndndez ez al., 2007). Sin
embargo, no hemos estudiado la posicién de
ambos tipos de semillas en el tabique central

de la silicua.

El embrién de la semilla de S.
officinale estd rodeado por una cubierta
seminal y una capa monoestratificada de
cardcter endospérmico. Esto mismo ocurre en
A. thaliana (Liu et al., 2005); pero no en
Lepidium
(Miiller ez al., 20006) y L. virginicum (Nguyen

otras semillas como sativum
et al., 2000) las cuales, si bien tienen una
Ginica capa endospérmica rodeando la mayor
parte del embridn, la zona correspondiente al
micropilo posee dos o mds capas de
endospermo, respectivamente. La existencia
de mds de una capa endospérmica sobre el
area micropilar implica que se genera una
mayor resistencia para que se produzca la
emergencia radicular. Es decir, el proceso de
ablandamiento (foosening) en esta zona serd
mds intenso que en Arabidopsis'y S. officinale.
Sin embargo, todavia no estd aclarado el
mecanismo que opera a nivel del micropilo
para que el dpice radicular emerja y el eje
radicular transforme su metabolismo en
aerobio. Se barajan dos posibilidades: (i) las
paredes celulares del endospermo micropilar
se degradan parcialmente; y (ii) la estructura
de estas paredes se modifica y se hace menos

resistente. Sin embargo, y al margen del

conocimiento del mecanismo de
ablandamiento, existen semillas que poseen
las  paredes celulares del endospermo

micropilar de menor grosor que en las células
del endospermo lateral; lo que sugiere una
menor resistencia ante el empuje del 4pice
Este hecho, que
recientemente (Williams ez /., 2001; da Silva

radicular. se describié
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et al., 2005; Gong er al., 2005), no hemos
podido constatarlo en S. officinale.

El proceso de germinacién se inicia
con la toma de agua y finaliza cuando la
radicula atraviesa las envueltas que la rodean
(revisado en Kucera et 4/., 2005). En muchas
especies, incluyendo Arabidopsis, 1a rotura de
la testa y el endospermo son dos pasos
secuenciales (Petruzzelli er al., 2003; Liu et
al., 2005; Leubner-Metzger er al., 20006) y
regulados de forma diferente por el ABA
(Miiller ez al., 2006; revisado por Nambara y
Marion-Poll, 2003; Leubner-Metzger ez al.,
2000).
observaron en Solanaceae (Petruzzelli et al.,
2003). El ABA inhibe especificamente la
rotura del endospermo y las GAs producidas

Estos pasos secuenciales no se

por el embrién contrarrestan el efecto. Es
decir, el proceso de emergencia radicular en
Brassicaceae esté regulado por la relacién
GAs/ABA y muy probablemente también por
el ablandamiento de la capa endospérmica
que rodea el micropilo (Yamaguchi y Kamiya,
2002; Yamauchi er al., 2004; Miiller et al.,
2006). La rotura de la cubierta seminal no
parece estar afectada por ambas hormonas
antagdnicas (Kucera ez /., 2005). Es mds, en
experimentos antiguos llevados a cabo con
semillas de Brassicaceae carentes de la capa
ABA inhibe la
emergencia radicular (Schopfer y Plachy,

endospérmica, el no
1984). Estudios efectuados en varias semillas
endospérmicas y que han sido revisados

por

parecen sugerir que la evolucién mantuvo en

cuidadosamente Leubner-Metzger,

Brassicaceae el  mecanismo  molecular
relacionado con la inhibicién promovida por
ABA sobre el ablandamiento del endospermo;
y elimind la fase del ablandamiento insensible
al ABA (da Silva et al., 2004; Kucera et al.,
2005; Leubner-Metzger ez al., 2006; Miiller
20006). ha

demostrado celular

et al., Recientemente  se

que la  capa
correspondiente al endospermo micropilar

juega un papel determinante en la dormicién

de Arabidopsis (Bethke et al., 2007).

En esta Memoria hemos demostrado
que para completarse la emergencia radicular
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en S. officinale es preciso que la barrera
correspondiente a la testa se rompa antes que
la endospérmica (cap II, Fig. 1). Previamente,
la capa de empalizada se desmantela y los
cuerpos proteicos de la zona sub-apical de la
radicula y del endospermo micropilar se
vacfan. No conocemos, si es que sucede, el
grado de alteracién de las paredes celulares en
la zona micropilar y anejas. Sin embargo, y al
igual que proponen algunos autores (Gong er
al., 2005; Gong y Bewley, 2007; Ren ez al.,
2008), también especulamos que la activad B-
mananasa (MAN) esté implicada. Mediante
el uso de mutantes de Arabidopsis thaliana
con alteraciones en genes MAN y el anilisis
por hibridacién in situ, pretendemos conocer
si alguno de los transcritos MAN se ubica
especificamente en el area micropilar y cémo
afecta esta mutacién a la germinacién en
semillas heterogéneas de S. officinale. Este
protocolo lo estd llevando a cabo actualmente
nuestro Grupo.

Muchas semillas de Brassicaceae
producen y excretan mucilago (mixospermia)
durante los primeros instantes de la
imbibicién (Western ez al., 2000), para lo que
se requiere la expresién del gen MIBGI
(Penfield et al, 2001). La funcién de este
polisacdrido  péctico en el  proceso
germinativo no se conoce con exactitud,
aunque se especula que interviene en la toma
controlada de agua (Penfield ez /., 2001). El
estudio de mutantes con dificultades en la
biosintesis del mucilago son una excelente
herramienta para el progreso en el
conocimiento de su papel fisiolégico (Wester
et al., 2001; 2004). Muy recientemente se
obtuvieron, con la ayuda de mutantes,
interesantes resultados que parecen confirmar
el papel de este polimero hidrofilico en la
imbibicién eficaz de la semilla de A. thaliana
(Arsovski et al., 2009). Las semillas de S.
officinale

implicaciones del mucilago en la germinacién

Son . mxospermicas=: .y . las
vienen avaladas por el hecho de que las del
lote oscuro, muy productoras de mucilago, se
imbiben mds lentamente y germinan con
mayor velocidad que las del lote claro, las

cuales apenas producen y excretan este
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polisacdrido (Iglesias-Ferndndez er al., 2007).
Estd descrito que una toma de agua muy
ripida altera la permeabilidad celular y
desencadena la pérdida de solutos al medio
externo provocando un dafo en la semilla
que puede disminuir su vigor y viabilidad
(Legesse y Powel, 1992; Puga-Hermida et al.,
2003b)

descartar otro papel alternativo del mucilago

Sin embargo, no debemos de

previo a su excreccién. Asi, cuando este
polimero hidrofilico se hidrata, antes de ser
excretado al apoplasto celular y a la superficie
externa de la cubierta seminal, aumenta de
tamafno y produce roturas en las paredes
celulares primarias de las células de la cubierta
seminal que lo producen. La expansién del
mucilago en Arabidopsis depende de una B-
galactosidasa (Dean er al, 2007). Estas
roturas en la pared podrian favorecer el
ablandamiento de la testa y contribuir de esta
manera a la emergencia radicular. Hipétesis
que estd pendiente de confirmacién.

Independientemente del mecanismo
que opere para desencadenar la emergencia
radicular, las semillas de S. officinale son
dependientes de un fotoperiodo y NO;™ para
ejecutarlo. Un caso similar tiene lugar en
semillas de Lolium rigidum (raigrds) (Ellery er
al., 2003). El NO;™ promueve la germinacién
mediante una complicada red de schalizacién
en la que parecen implicados el ABA y GAs
(Ali-Rachedi et al, 2004; Alboresi et al.,
2005). En presencia de luz y NO; las
semillas del lote oscuro tienen un elevado
poder germinativo y la emergencia radicular
es fuertemente estimulada por ET. Con las
semillas del lote claro sucede todo lo
contrario. Estos resultados demuestran que
las semillas de S. officinale son heterogéneas
con respecto a la sensibilidad al ET (Iglesias-
Fernindez et al., 2007). Curiosamente, todas
las semillas de S. officinale responden de igual
forma al ET que a su inmediato precursor
ACC (datos no mostrados); lo cual demuestra
que tienen la capacidad de oxidar el ACC
(ACC-oxidasa), pero no poseen la misma
sensibilidad hacia el ET. Sin embargo, no
descartamos las  semillas claras

que no

requieran ET para llevar a cabo su escasa
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germinacién. Por el contrario, GAy,, estimula
la germinacién en ambos lotes, siendo las
semillas claras mucho miés sensibles (Iglesias-
Ferndndez er al., 2007). La presencia de
GA,,; y ET juntos no provoca efecto
sumatorio en el porcentaje de germinacién; ni
tan siquiera una estimulacién mayor que cada
una de las hormonas por separado (datos no
mostrados). Los resultados de germinacién en
presencia de inhibidores de la sintesis y
sefalizacién de GAs y ET demuestran una
fuerte inhibicién que fue revertida con la
adicién de las hormonas correspondientes.
Estos resultados, como veremos mds adelante,
sugieren fuertemente la existencia de un
cross-talk entre las sefalizaciones de GAs/ET.
Sea como fuere, el papel del ET durante la
imbibicién y emergencia radicular no se
conoce con exactitud, y su funcién en la
eliminacién de la dormicién estd siendo
debatida en la actualidad (revisado en Matilla
y Matilla-Vazquez, 2008). No obstante, se ha
demostrado que, tanto la sintesis de ET como
la sensibilidad al mismo, son dos factores
importantes en la germinacién de semillas de
Arabidopsis al.,  2000;
Ghassemian et 4/, 2000; revisado en Kucera

(Beaudoin et

et al., 2005). Pero también se demostré que
existen semillas en las que no se requiere ET
para mantener el estatus de dormicidn,
eliminarlo y desencadenar el proceso
germinativo (Matilla, 2000; Kucera ez al.,

2005; Gianinetti et al., 2007).

Dada la respuesta tan compleja de
ambos lotes de semillas de S. officinale al ET y
GAs, decidido

profundidad solamente las oscuras. Este

hemos estudiar  en
estudio abarca las alteraciones en la expresién
de dos genes pertenecientes a las familias ACS
(S0ACS7) v ACO (S0ACO2), y tres de las
familias GA20o0x (S0GA200x2), GA3ox
(S0GA30x2) y GA20x (S0GA20x6) y engloba
la embriogénesis zigética, la germinacién y el
(AR). Los

expresién obtenidos durante el desarrollo y

alfer-ripening resultados  de
desecacién de las semillas se pueden resumir
del siguiente modo: (i) la expresién de
S0ACS7,
transcritos estudiados, y la de SoGA3ox2

la mis elevada de todos los
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aumentan con el desarrollo y descienden
durante la desecacién; (ii) la expresién de
S0ACO2 y SoGA20x6 incrementan durante
todo el periodo estudiado, mientras que la de
S0GA200x2 es muy elevada al inicio del
desarrollo y desciende fuertemente en la fase
final del mismo y durante la desecacion.
Tomados en conjunto, estos resultados
apuntan a que las etapas finales del desarrollo
de S. officinale no requiere GAs bioactivas,
mientras que, y contrariamente a lo que
sucede en B. rapa (Rodriguez-Gacio er al.,

2003), la sintesis de ET parece evidente.

En este trabajo hemos demostrado
que las semillas oscuras de S. officinale son
altamente susceptibles al AR y durante la

del

SoGA30x2 es el tnico estudiado que aumenta

adquisicién mismo el  transcrito
claramente su nivel. La expresién del resto de
los genes desciende de forma sustancial con el
AR. Es decir, hemos demostrado que las
semillas secas son capaces de realizar una
actividad transcripcional medible durante el
AR, la
ambientes tan deshidratados es un hecho

debate. Sin

descubrimiento en semillas de

actividad  transcripcional  en

sometido a embargo, el
tabaco
sometidas a AR de zonas con altos potenciales
hidricos podria explicar esta actividad
(Leubner-Metzger, 2005; Manz ez al., 2005).
Por parte, en semillas de N
plumbaginifolia y  Hordewm vulgare se
demostré mediante cDNA-AFLP que el AR

disminuye

otra

fuertemente  los  transcritos
estudiados (Bove ez 4l., 2005; Leymarie ez al.,
2007); mientras que mediante microarrays se
demostré en Arabidopsis que la trancripcién
de al menos 30 genes disminuyen debido al

AR (Finch-Savage ez al., 2007).

El hecho de que el transcrito
SoGA30x2 AR,

fuertemente sugiere que las GAs bioactivas

incremente  durante el
tienen especial relevancia en el proceso
officinale  (Iglesias-
2009). Las GAs

bioactivas se requieren para la germinacién de

germinativo de S
Fernindez y Matilla,

Arabidopsis, se sintetizan al inicio de la
imbibicién (Pen er al., 2002; Ogawa et al.,

173

2003; Holdsworth ez /., 2008) y las familias
génicas GA3ox y GA20x desempenan papeles
decisivos en su sintesis e inactivacién
(Yamauchi et al, 2004; Mitchum er al,
20006).

imbibicién de semillas de S. officinale tiene

Durante las primeras horas de
lugar un notable aumento en el nivel de los
transcritos S0GA30x2 y SoGA200x2; mientras
que los S0ACS7 y SoACO2 estan fuertemente
inhibidos. Este hecho claramente demuestra
la notable necesidad de GAs y escasa de ET
para la preparacién de la radicula para
ejecutar su emergencia bajo el estatus de AR
Hecho que no ocurre en semillas no
sometidas a AR. Es decir, la participacién de
ET y GAs parece diferir en semillas con y sin
AR (Iglesias-Ferndndez y Matilla, 2009). Los
resultados obtenidos en S. officinale usando
pulsos de GA,,,, ET e inhibidores de la
sintesis y sefializacién de GAs y ET sugieren
que el ET parece menos importante que las
GAs para desencadenar la emergencia. Como
se demostré en semillas de Arabidopsis (Weiss
y Ori, 2007; De Grauwe et al., 2008) y de
Fagus silvatica (Calvo er al., 2004) un claro
cross-talk tiene lugar entre el ET y GAs en S.
officinale.
resultados de la expresién de SoGA30x2 y
S0GA200x2 durante la fase de imbibicién
podemos concluir que: (i) la biosintesis de

Tomando en conjunto los

GAs es indispensable para eliminar la
dormicién en semillas oscuras; (ii) ambos
genes son regulados por ET y GAs para
realizar la transicién dormicién-germinacién
inducida por AR; y (iii) el AR inhibe
fuertemente la expresién SoGA30x2 en
presencia de GAy,;, paclobutrazol (PB) y
ET+GA,,; indicando que este gen estd
sometido a una fuerte regulacién feed-back,
posiblemente para prevenir la acumulacién de
GAs después de que la sefial AR ha sido
decidida.

La familia GA20x, implicada en la
GAs
escasamente estudiada en semillas. Resultados
por  nosotros
Matilla,  2009)
demostraron que AtGA20x6 es down-regulada

inactivacién  de bioactivas, estd

los  publicados

previos a
(Iglesias-Ferndndez ~ y

por la estratificacién en ausencia de luz
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(Yamauchi er al, 2004). Por otra parte,
Vandenbussche ez a/. (2007) y Dugardeyn ez
al. (2008) demostraron la existencia de up-y
down-regulacién por ET de diferentes genes
pertenecientes al metabolismo de GAs en
pldntulas jévenes de Arabidopsis; concluyen

que estos hechos estdn fuertemente
relacionados con el cross-talk ET/GAs.
Asimismo, los interesantes resultados de

Chiwocha con el doble mutante esrl-2
sugieren que la senalizacién del ET modula el
metabolismo de varias rutas hormonales de
semillas (¢j. ABA y GAs) (Chiwocha ez 4l
2005). En esta Memoria demostramos que
S0GA20x6 se expresa a niveles basales durante
los primeros instantes de la imbibicidn;
confirmando la necesidad de la sintesis de
GAs bioactivas tanto en presencia como en
ausencia de AR. Sin embargo, el AR regulé
aguas arriba SoGA20x6, mientras que en
semillas sin AR la expresién de este gen estd
regulada aguas abajo (Iglesias-Ferndndez y
Matilla, 2009).

Tomados en su conjunto todos los
resultados obtenidos con la expresién de los
genes SoGA3o0x2, SoGA200x2 'y SoGA20x6 en
semillas de S. officinale podemos hipotetizar
que la regulacién de la sintesis de GAs
bioactivas implicadas en el AR estd sometida
a un fuerte control. Es decir, si se sobrepasa
un nivel umbral de GAs necesario para
ejecutar la germinacidn, la semilla responde
con la destruccién de las GAs bioactivas
innecesarias; en esta destruccién podria

participar SoGA20x6.

La parte final de esta Memoria de
Doctorado estd dedicada al estudio de la
actividlad MAN durante la adquisicién del
AR, la germinacién de semillas y el efecto del
cross-talk  ET/GAs

enzimdtica en S. officinale. En la actualidad,

sobre esta actividad

parece existir un consenso por el que la
actividad MAN se

ablandamiento (loosening) del endospermo

requiere para el
micropilar; pero no es suficiente para que se
complete la germinacién (Gong ez al., 2005;
Gong y Bewley, 2007 y algunas referencias
citadas). Se demuestra aqui por primera vez
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que: (i) el AR induce en semilla seca una
actividlad MAN mucho mds elevada que en

semillas sin AR; (i) esta actividad se
mantiene al menos durante 3 h de
imbibicién; 'y (iii) la actividlad MAN

desciende paulatinamente hasta la 12 h
(Iglesias-Ferndndez y Matilla, 2009). La(s)
causa(s) de esta gran actividlad MAN en

desconocemos. Pero

(@

proteina forma parte de un poo/ de proteinas

semilla  seca la

aventuramos tres posibilidades: esta
inactivas sintetizadas durante el desarrollo
como sugiere Ren ez al. (2008); (b) la MAN
desencadena un ablandamiento temprano de
los tejidos de la semilla implicados en la
emergencia radicular; y (c) la actividlad MAN
produce aztcares para la nutricién del
embrién como propone Wang e al. (2004).
Las GA,,, incrementa la actividlad MAN
durante la imbibicién y germinacién de
semillas de S. officinale con AR; pero no
ocurre este efecto en semillas sin AR. Por otra
parte, la actividlad MAN es fuertemente
estimulada en presencia de PB, lo que apunta
a que un descenso en el nivel de GAs
bioactivas desencadena una desincronizacién
ripida en la semilla que induce una
estimulacién no especifica de MAN que no
afecta a la emergencia radicular. Es
conveniente recordar que el PB ejerce una
fuerte inhibicién de la rotura de la cubierta
seminal en S. officinale. El ET aumenta la
actividad especifica MAN y los inhibidores de
la sintesis y sefalizacién del mismo no le
afectan. Lo que apunta a que el ET es uno de
los factores que contribuyen a regular MAN;
pero no parece indispensable (Iglesias-
Ferndndez y Matilla, 2009).

Una vez discutidos los resultados de
Biol Mol y teniendo en cuenta los datos
presentados y publicados de esta Memoria de
Doctorado, se propone que la intervencién
del cross-talk ET/GAs parece probable en
semillas de S. officinale. Tanto en las que han
adquirido el AR como en las que no lo
tienen. Sin embargo, si este cross-talk
interviene directa o indirectamente sobre el
proceso estd claro

germinativo no

actualmente. Es muy probable que el efecto
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del ET sobre GAs, y viceversa, pueda que sea
indirecto, probablemente viz ABA. De ahi

que esté previsto en nuestro Grupo el estudio
del cross-talk ET/ABA.
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VII. — Conclusiones

Se estudia en la crucifera de cardcter
officinale

caracteristicas morfoldgicas,

nitréfilo  Sisymbrium algunas
fisiolégicas 'y
con el

transcriptémicas  relacionadas

desarrollo,  dormicién,  imbibicién vy
emergencia radicular de sus semillas, las

cuales son endospérmicas.
Conclusién 1

La silicua madura de S. officinale
posee semillas heterogéneas con respecto a los
siguientes caracteres estudiados: color de la
testa (oscuras y claras), densidad, capacidad
de  producir mucilago  (mixospermia),
velocidad de imbibicién y diferente grado de
germinacién y sensibilidad a las giberelinas
(GA4,;) y ectileno. La heterogeneidad no
modifica la necesidad del nitrato para
germinar; lo que demuestra la notable
dependencia de su senalizacién. En cualquier
caso, el hecho de que todas las semillas de esta
especie se dispersen al mismo tiempo, abre
nuevas expectativas sobre el papel de la

heterogeneidad en esta y otras que la posean.
Conclusién 2

La dormicién de las semillas oscuras
de S. officinale se elimina mediante el after-
ripening (AR), el cual provoca en semilla seca
un fuerte incremento en la transcripcién del
gen SoGA3o0x2; a diferencia de los otros
transcritos  estudiados  cuyos  niveles
disminuyen notablemente. Estos resultados
nos llevan a concluir que: (i) la rotura de la
dormicién por AR es dependiente de la
sintesis de GAs bioactivas, no evidencidndose
la participacién del etileno; y (ii) la semilla
seca de S. officinale es capaz de transcribir,
hecho este observado por primera vez en

semillas sometidas a AR.
Conclusién 3

El proceso de AR posee cuatro
caracteristicas que afectan a la germinacién de
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semillas oscuras de S. officinale: (i) el hecho
de que el AR acelere la estimulacién de la
emergencia radicular en ausencia de nitrato,
al cual el AR es incapaz de reemplazar, sugiere
la existencia de un cross-tall AR/NOy; (ii) el
AR amplia el rango de temperturas éptimas
para germinar en presencia de nitrato, lo que
puede representar un mecanismo para
controlar la dormicién en ambiente secos;
(iii) el AR induce un aumento en la
sensibilidad al etileno y GA,,,, hormonas que
estimulan la germinacién en S. officinale; (iv)

el AR, a la

germinacién (24 °C), altera positivamente la

temperatura  Optima  de

toma de agua durante la imbibicién
temprana; esta rapida imbibicién, en la que el
mucilago no parece implicado, debe de estar
muy controlada por la senalizaciéon del AR
para que el proceso de imbibicién se inicie

normalmente.
Conclusién 4

Los resultados de expresién de los
genes SoGA3ox2, SoGA3ox2, SoGA20x6,
S0ACS7 y SoACO2 durante el periodo de
imbibicién y emergencia radicular de S.
officinale demuestran que: (i) la participacién
del etileno y giberelinas difiere en semillas
con y sin AR; (ii) la expresién de S0ACO2 en
semillas sin AR es inhibida en presencia de
GA,,;, (GA,,+ ET) e inhibidores de Ila
sintesis y sefializacién de ambas hormonas;
esta disminucién es revertida por AR; (iii) la
expresion de SoGA3ox2 y SoGA20x6 son
mucho mids susceptibles al AR y ET que la de
SoGA200x2; (iv) proponemos que, aunque el
cross-talk  ET/GAs parece intervenir en el
proceso del AR, no hemos demostrado si esta
intervencién es directa o si el ABA colabora
en la misma.

Demostramos por vez primera que el
AR induce una importante actividad PB-
mananasa (MAN) in-vitro en semillas secas
de S. officinale. El estudio de MAN durante el
proceso germinativo demuestra que el patrén
de actividad y el porcentaje de germinacién
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no se corresponden; lo que nos hace concluir
que este enzima puede contribuir al
ablandamiento de la zona micropilar y a la
emergencia radicular.  GA,,, solamente
estimulan la actividlad MAN en semillas con
AR, mientras que el papel del ET es, en este
momento, dudoso. Experimentos con
mutantes T-DNA en genes MAN de
Arabidospis realizados por nuestro Grupo nos
demostraron que, con una expresiéon MAN
muy inhibida, el fenotipo de germinacién,
floracién y crecimiento de raices secundarias
estd fuertemente alterado.

186



VIII. ABREVIATURAS






ABREVIATURAS

ABA: Acido Abscisico

aba: ABA deficient

ABRE: ABA Binding Response Element
ACC: Acido 1-aminiciclopropano-1-
carboxilico

ACO: ACC oxidasa

ACS: ACC sintetasa

AR: After-Ripening

ARN: Acido Ribonucleico

ARNm: Acido Ribonucleico mensajero
BL: Brasindlido

BRs: Brasinoesteroides

cDNA-AFLP: Complementary
Deoxyribonucleic Acid-Amplified Fragment
Length Polymorphism

Col: Columbia

Cvi: Cabo Verde Island

DDL: Durmiente Dependiente de Luz
DF: Dormicién Fisiol4gica

DF+DFs: DF+ Dormicién Fisica

DFs: Dormicién Fisica

DFI: Dormicién Fisiolégica Intermedia
DFP: Dormicién Fisiolégica Profunda
DFnP: Dormicién Fisiolégica no Profunda

DM: Dormicién Morfolégica
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DME: Dormicién Morfofisioldgica
DOG: Delay of Germination

EBR: Epibrasinélido

ERO: Especies Reactivas de Oxigeno
ET: Etileno

etr: Ethylene insensitive

GA20x: GA2-oxidasa

GA3ox: GA3-oxidasa

GA200x: GA20-oxidasa

GAs: Giberelinas

LEA: Late Embryogenesis Abundant
Ler: Landsberg Erecta

LOF: Lost of Function

MAN: Actividad endo-B-mananasa
PAS: Periodic Acid-Schiff

PAs: Proantocianidinas

PME: Pectin-metilestearasa

PP2C: Protein fosfatasas 2C

QTL: Quantitative Trait Locus

TA: Temperatura Ambiente

TAG: Triacilgliceroles

XTHs: Xiloglucan-endotransglicosilasa
/hidrolasas

WT: Wild Type






RESUMEN TESIS DOCTORAL

Titulo: “El cross-talk etileno/giberelinas y la rotura de la dormicién de semillas de Sisymbrium
officinale L. provocada por el after-ripening”

Restimen: Se estudia en la crucifera de cardcter nitréfilo Sisymbrium officinale algunas caracteristicas
morfolégicas, fisiolégicas y transcriptomicas relacionadas con el desarrollo, dormicién, imbibicién y
emergencia radicular de sus semillas, las cuales son endospérmicas. La silicua madura de S. officinale
posee semillas heterogéneas con respecto a los siguientes caracteres estudiados: color de la testa
(oscuras y claras), densidad, capacidad de producir mucilago (mixospermia), velocidad de
imbibicién y diferente grado de germinacién y sensibilidad a las giberelinas (GAy,,) y etileno (ET).
La heterogeneidad no modifica la necesidad del nitrato (NO;') para germinar; lo que demuestra la
notable dependencia de su sefalizacién. En cualquier caso, el hecho de que todas las semillas de esta
especie se dispersen al mismo tiempo, abre nuevas expectativas sobre el papel de la heterogeneidad
en esta y otras que la posean.

La dormicién de las semillas oscuras de S. officinale se elimina mediante el after-ripening (AR),
el cual provoca en semilla seca un fuerte incremento en la transcripcién del gen SoGA30x2; a
diferencia de los otros transcritos estudiados cuyos niveles disminuyen notablemente. Estos
resultados nos llevan a concluir que: (i) la rotura de la dormicién por AR es dependiente de la
sintesis de GAs bioactivas, no evidencidndose la participacién del ET; y (ii) la semilla seca de S.
officinale es capaz de transcribir, hecho este observado por primera vez en semillas sometidas a AR.
Asimismo, el proceso de AR posee cuatro caracteristicas que afectan a la germinacién de semillas
oscuras de S. officinale: (i) el hecho de que el AR acelere la estimulacién de la emergencia radicular
en ausencia de NOj), al cual el AR es incapaz de reemplazar, sugiere la existencia de un cross-talk
AR/NOys; (ii) el AR amplia el rango de T2 6ptimas para germinar en presencia de NOj, lo que
puede representar un mecanismo para controlar la dormicién en ambiente secos; (iii) el AR induce
un aumento en la sensibilidad al ET y GA,,,, hormonas que estimulan la germinacién en S.
officinale; (iv) el AR, a la T2 éptima de germinacién (24°C), altera positivamente la toma de agua
durante la imbibicién temprana; esta répida imbibicién, en la que el mucilago no parece implicado,
debe de estar muy controlada por la senalizacién del AR para que el proceso de imbibicién se inicie
normalmente. Por otra parte, los resultados de expresién de los genes SoGA30x2, SoGA30x2,
SoGA20x6, SoACS7 y SoACO2 durante el periodo de imbibicién y emergencia radicular de S.
officinale demuestran que: (i) la participacién del etileno y giberelinas difiere en semillas con y sin
AR; (ii) la expresién de SoACO2 en semillas sin AR es inhibida en presencia de GA,,,, (GA,,,+ ET)
e inhibidores de la sintesis y senalizacién de ambas hormonas; esta disminucién es revertida por AR;
(iii) la expresién de SoGA30x2 y SoGA20x6 son mucho mds susceptibles al AR y ET que la de
SoGA200x2; (iv) proponemos que, aunque el cross-talk ET/GAs parece intervenir en el proceso del
AR, no hemos demostrado si esta intervencién es directa o si el ABA colabora en la misma. Por
tltimo, demostramos por primera vez que el AR induce una importante actividad B-mananasa
(MAN) in-vitro en semillas secas de S. officinale. La valoracién de MAN durante el proceso
germinativo demuestra que el patrén de actividad y el del porcentaje de germinacién no se
corresponden; lo que nos hace concluir que este enzima puede contribuir al ablandamiento de la
zona micropilar y a la emergencia radicular; pero no parece ser la tnica responsable. GA,,,
solamente estimula la actividad MAN en semillas con AR, mientras que el papel del ET es, en este
momento, dudoso.
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