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RESUMEN DE LA TESIS

Erica andevalensiCabezudo & Rivera es un brezo endémico que se
caracteriza por vivir en los suelos &cidos y rieasmetales pesados de la Faja
Piritica del suroeste de Espafia y Portugal. En &, como parte de la
metodologia empleada, se han realizado muestrecsampo para analizar la
distribucion de la especie, y se ha analizado efetido de metales en el suelo y
en los tejidos aéreos de la planta, en los quensen&aron concentraciones
elevadas de Fe, Zn y Mn. A partir de los analisigjlimicos realizados en las
hojas deE. andevalensisecolectada del campo, se ha visto que esta especie
caracteriza por poseer niveles inferiores de dasddrbico y compuestos fendlicos
que otras especies de su mismo géreraystralisy E. arboreg. Ante el aumento
de metales en el medio, la planta se defiendeaiiy enzimas con actividad
peroxidasas, principalmente ascorbato peroxidasa.nhetales, que en el interior
de los tejidos vegetales pueden producir espee@divas de oxigeno y provocar
estrés oxidativo, no parecen afectar seriameieamndevalensig;omo indican la
relacién entre la clorofila y la b y los niveles de peroxidacion lipidica. Las
fitoquelatinas no parecen estar implicadas en fanda frente a metales én
andevalensisya que a pesar de crecer en suelos con condengacaltas de
metales y tener metales acumulados en las hojasnt@entracién de fitoquelatinas
encontrada es muy baja. Se ha conseguido culivaspecie bajo condiciones
controladas de laboratorio, punto que tiene grapomancia dado que es una
especie catalogada “en peligro de extincion” pdeggslacion autonémica. Frente
a la exposicion a distintas concentraciones de cCsenregistraron cambios en los
niveles de glutation en las hojas, dato que apayand implicacién de las
fitquelatinas en la defensa #&e andevalensifrente a metales. La acumulacion de
Cd en el interior de la planta aumento al incremuelat concentracion a la que se
expusieron. A concentraciones elevadas, otros nsste antioxidantes no
vinculados con el ciclo del ascorbato/glutation smmtivados, aumentando la

capacidad antioxidante total.



Con el objetivo de cultiveE. andevalensibajo condiciones controladas de
laboratorio, se ha desarrollado un protocolo daapmpagacion de la misma, en
el que a partir de fragmentos de tallo se reger@eartas maduras.

Por otro lado, se han realizado estudios de gewidiin de semillas, que
han puesto de manifiesto que condiciones de pHoAddy concentraciones
elevadas de Fe estimulan la germinacion, asi cdneoeeimiento inicial de las
plantas. Sin embargo el crecimiento se ve afecéadoncentraciones elevadas de
todos los metales ensayados (Fe, Mn, Cu y Zn)e&8&é un estudio del efecto del
tratamiento de frio en la germinacién de las sesitleE. andevalensisiendo los
principales resultados que la tasa de germinac@rsamillas se incrementa al
aumentar el tiempo que éstas son mantenidas emdfxisido la primera vez que se
describe el cultivo d&. andevalensibajo condiciones controladas de laboratorio
en tierra partiendo de semillas. Hemos observado @pl una especie que se
desarrolla mejor en suelos acidos (de brezos) €frensubstratos normales en
condiciones controladas de laboratorio. El &cidoewgilico (GA) estimula la
germinacion dée. andevalensig afecta al desarrollo inicial de las plantas caand
se aplica en elevadas concentraciones. Una visiobalg de los resultados
obtenidos revelan que. andevalensiss una especie que esta adaptada al medio en
el que vive Yy estos resultados pueden ser apkcadda elaboracion de futuros

planes de conservacion de dicha especie.

ABSTRACT

Erica andevalensisCabezudo & Rivera is an endemic heather with the
characteristic of growing always in acidic and heawetals enriched soils in the
Iberian Pyritic Belt (SW Spain and Portugal). Insttithesis, as part of the
metodology used, trips to the country were madeaf@lysing the distribution of
the species and the heavy metal content has bedysad in soils and plant leaves.
High concentraitons of Fe, Zn and Mn were founde Blochemical analysis of the
leaves showed thdE. andevalensigpossess lower levels of ascorbic acid and

phenolic compounds than other species of the samerg E. australisand E.

Vi



arboreg. In the case of an increase in the metal contenbe soils, the plant
defensive system is based in the increase of mEe&s enzymes, mainly ascorbate
peroxidase. The metals, that can produce rectiigenxspecies in the vegetal cells
and cause oxidative stress, seem not to affeEt tmdevalensisas was indicated
by the ratio between the chlorophgllndb and the lipid peroxidation levels. The
phytochelatins did not seem to be implicated En andevalensisdefence
mechanisms against metals, despite the plant isviggoin soils with high
concentration of metals and the plant contain reetal the leaves, the
phytochelatins concentration is too low. The spedias been cultivated under
controlled conditions in the laboratory and exposedlifferent concentrations of
Cd. Any of the tested concentrations induce chairgdse glutathione levels in the
leaves. This data supported the no implication loftgpchelatins in heavy metals
defence irE. andevalensis.The Cd accumulation in plant leaves increaded when
higher concentrations were added to the soil. Highcentrations of Cd produce
the activation of different antioxidant systems related with the ascorbic
acid/glutathione cycle, due to the increase indoted antioxidant activity.

With the aim of cultivateE. andevalensisin the laboratory, under
controlled conditions, a micropropagation protokas been developed, in which
the whole plant is regenerated starting from agacstem.

The germination has been studied and acid pH giddoncentrations of
Fe resulted in stimulation of the germination, tbge with a better plant
develpoment. However the growth was affected byhighest concentration in the
case of all the tested metals (Fe, Mn, Cu and ¥im. effect of the cold treatment
on the seed germination was analysed. The mairttsesare the increase of the
germination rate when the cold treatment was lanigas the first time that the
culture of E. andevalensisn soils has been described, starting from se€lis.
plant shows a better development when acid soiuded under controlled
conditions. Together with cold treatments, the @feaf gibberellic acid (G4} on
the germination and plant development has beerridedc A global view of the
results got show thd. andevalensis a well adapted species and these data could

be taken into account in future conservation dgeknt programs.
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INTRODUCCION

1. Los metales en el medio ambiente

El término metal es definido por la Real Academspdfiola de la Lengua
como “elemento con brillo metalico, con capacidad pkrder electrones para
formar iones positivos y la habilidad de condudica&or y la electricidad”. Sin
embargo, aunque ésta es adecuada, es precisafimeid@emas estricta desde el

punto de vista de la quimica.

Segun la IUPAC (Union Internacional de Quimica &yr Aplicada),
autoridad mundial en nomenclatura, terminologia étatios estandarizados de
gquimica, los metales se definen como elementogaonductividad eléctrica, brillo
metélico, maleable y ductil, que forman cationepig tienen oxidos bésicos. Esta
definicion es, no obstante, demasiado amplia, pddige incluir en ella a casi toda
la tabla periddica. Debido a ello, se hace nece$mier una subclasificacion para
poder utilizar los metales en estudios biolégicosmgdioambientales. Esta
clasificacion incluye: metales, metaloides o senéhes, metales ligeros, metales
pesados, metales beneficiosos, metales téxicosalesetabundantes, metales

disponibles, metales traza y micronutrientes (BuffQ02).

En la actualidad, los términos metal o metal pesstén siendo utilizados
de forma generalizada como sinonimo de elementiso® y perjudiciales, en
noticias tales como el accidente de la rotura d&réaa de Aznalcdllar en 1998. Sin
embargo, el término metal pesado nunca ha sidmidefpor ninguna autoridad
guimica tal como la IUPAC. Desde que el términemspezo a utilizar en quimica
se le han dado un amplio rango de definiciones.sdldia encontrado ninguna

relacion entre la densidad de los metales, loseginos fisicoquimicos que se han
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utilizado para definirlos como “metales pesado#i joxicidad o ecotoxicidad que

se les atribuye. La biodisponibilidad es un puntave en la toxicidad de los

elementos metalicos y sus compuestos. La biodibpioiaid depende de

parametros bioldgicos y de propiedades fisicoquamite los elementos metalicos,
sus iones y sus compuestos. Esto depende a sueviezeastructura atomica del
elemento metélico, que se describe sisteméticamemtia tabla periddica. Por

tanto, cualquier clasificacion de los elementos éafieds para ser usada
cientificamente debe estar basada en la tabladieai® en alguna subdivision de
ésta (Duffus 2002).

En esta tesis, el término “metales pesados” ver aitiizado siguiendo la
definicion dada por Schitzendibel y Polle (2002n@caquellos metales con
densidad mayor que 5 g/@énEntre estos metales se encuentran algunos de los
elementos que, por su elevada toxicidad, son faegecontaminacion como el
cadmio, cromo, mercurio, plomo, etc. (Sanita di fiop cols. 1998; Clijsters y
cols. 1999). Su acumulacion en el suelo puedesserigen natural, en funcion de
los procesos de transformacion fisico-quimica ded¢a madre en que se sustenta
el suelo, o de origen antrépico, debido a actiwdadhdustriales y mineras
(Macnair 1997; Shaw y cols. 2004).

2. Defensa de las plantas frente a los metales

El término metal, como anteriormente se ha expuestes sinbnimo de
toxicidad, y las plantas requieren para su supendgia una variedad de metales
gue, de forma genérica, se denominan “esenciglegs son requeridos por todas
las plantas a concentraciones pequefias, como dlesnewricionales. Hay otros
elementos que se han comprobado que son esersd#dgsara algunas especies y
otros que se ha comprobado que estimulan el crewinde las plantas, pero de

los que no se conocen aun los procesos especéitdss que intervienen. Por
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tanto, un elemento se define coagencialcuando no puede ser sustituido por otro
por la especificidad en sus funciones bioquimicéiene una influencia directa en
el organismo, el cual no puede crecer ni complin ciclo metabdlico si este
elemento no esta presente (Kabata-Pendias y PeRdi®). Estos metales son
incorporados a través de las raices, como micrientgs u oligoelementos. Sin
embargo, los metales esenciales pueden ser tésticosconcentracion efectiva es
muy elevada. Con alguna excepcion, los metalesddpessomo esencialey, por
tanto, son toxicos en la naturaleza aln a coneeot@s muy bajas (Clijsters y
cols. 1999; Prasad 2004). Tanto la deficiencia cahaxceso de elementos
esenciales afectan al desarrollo éptimo de la @latmo se muestra en la Figura
1.
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Figura 1. Curva dosis-respuesta del crecimiento de plat@gafRespuesta frente a metales
pesados esenciales. (b) Respuesta frente a meésiados no esenciales (adaptada de Shaw
y cols. 2004).
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Algunos metales desempefian funciones de gran ianmiat en el

metabolismo de las plantas, como puede observarseTabla 1.

Tabla 1.
Principales funciones de elementos traza que sencisdes para las plantas (tomada de
Kabata-Pendias y Pendias 2000).

Elemento Forma parte de Implicado en

Al Controla propiedades coloidales en la célula, pesibl
activacion de algunas deshidrogenadas y oxidasas.

Metabolismo y transporte de carbohidratos, sintsis
B Fosfogluconatos flavonoides, sintesis de acidos nucleicos, utilfaac
del fosfato y produccion de polifenoles.

Fijacion del N en simbiosis, posiblemente también en
plantas sin ndédulos. Posible relacion de los casnio
valencia con la sintesis de clorofilas y proteinas,
aunque no esta confirmado.

Co Coenzima

Oxidacion, fotosintesis, metabolismo de las pratein
los carbohidratos, metabolismo de la pared cejular
posiblemente participa en la fijacion del durante

simbiosis

Varias oxidasas,
Cu plastocianinas y
cenilsplasminas

Hemoproteinas y non-hemo
proteinas ferricas,

Fe . Fotosintesis, fijacion del iy cambios de valencia.
deshidrogenasas y
ferredoxinas
Mn Sintesis de varias enzimas I_:otgproducmon de £en el cI(_)[opIast(_) €
indirectamente en la reduccion del NO
Mo Nitrato reductasa, nitrogenasas Fijacién del N, la reduccién del N@y cambios de
y oxidasas valencia
Si Componentes estructuraleg -
7n Anhidrasas, deshidrogenasas, = Metabolismo de lipidos, carbohidratos y acidos
proteinasas y peptidasas nucléicos.

Los metales, cuando se encuentran en exceso ecelidgas vegetales
pueden producir cambios de permeabilidad en lashramas celulares (Ag, Au,
Br, Cd, Cu, Fe, Hg, I, Pb), reaccionar con los gaupioles (Ag, Hg, Pb), competir
por sitios especificos con metales esenciales &s,Se, Te, W, Fe) o sustituir
iones esenciales (Cs, Li, Rb, Se, Sr) entre ofiexdas (Kabata-Pendias y Pendias

2000, a partir de una recopilacion de distintosras).

Desde un punto de vista ambiental, no todos losale®tproducen la

misma respuesta en las plantas, ni todas las plaegpaonden de la misma manera
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frente al mismo metal. Existen metales que en gés@n mas dafinos para las
plantas que otros, como es el caso del Cu, Ni gueggson mas toxicos que el Pb,
Mn o Al (Macnair 1997). Un factor importante a teea cuenta, ademas del tipo y
concentracion del metal, es la especie o formaigaien la que éste se encuentra,
ya que la toxicidad depende de ésta. Algunos efnpge la relacion entre
toxicidad y especiacion de metales son: el arsdii@s mucho mas téxico que el
arsénico V (Kochian 1995); el cromo VI, que se swcontrar formando cromato

(CrOs%), es mas toxico que el cromo Il (Shanker y cPBO5).

El hecho de que un metal esté presente en el soekignifica que las
plantas puedan asimilarlo. Se definébiadisponibilidad como la cantidad de un
metal presente en suelo que puede ser incorporadoump ser vivo en las
condiciones particulares que se establecen entlmateza. Este concepto indica
que solo una fraccion del metal medido en suela@er incorporado por una
planta, lo cual depende de una serie de factotes les que se incluyen no sélo la
concentracién del metal, sino una variedad de petrés fisico-quimicos que
determinan su especiacion como el pH, el poteme@bx, la hidrofobicidad, las
interacciones con otros metales y no metaleslUgi@jemplo es el Al, que a pesar
de ser uno de los elementos mas abundantes dertezacderrestre, soélo es
biodisponible en suelos &cidos y que, por tantio, débe ser descrito como tdxico
para las plantas en dicho tipo de suelos. En cigalgaso, existen mecanismos
estrictamente bioldégicos que dependen, bien deldatg en cuestion, bien de
organismos que generan un microambiente partienlal entorno de las raices de
la planta y que facilitan o dificultan el transgoytla incorporacion del metal en las
estructuras bioldgicas de la planta consideradag&r2004). Por consiguiente, el
concepto de biodisponibilidad no es preciso erestido de que su valor depende
tanto de factores ambientales diversos como déolagia particular de la planta

de interés.

Una vez en el interior de la raiz, y por tanto leejedo vegetal, los metales

causan dafios a las plantas a través de distintwanismos (Ochiai 1987):
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- bloqueando los grupos funcionales de moléculas irdportancia
biolégica, como enzimas, polinucledtidos o sistedastransporte de
iones.

- desplazando o sustituyendo iones de metalesiakende biomoléculas y
unidades celulares funcionales.

- desnaturalizando e inactivando enzimas.

- rompiendo la integridad de membrana de célulag&nulos celulares.

- promoviendo la generaciébn de especies reactives @ausan estrés

oxidativo.

La tolerancia o resistencia de las plantas frehtexeeso de metales en
suelos es un concepto complejo que depende de anedad de factores. En
general, las plantas han desarrollado mecanismoériges de defensa ante la
presencia de metales en el suelo, lo que en furdgdeu eficacia determina su
tolerancia o sensibilidad frente a la contaminagionmetales. Los mecanismos de
defensa pueden tener oaracter primario o especifico siendo determinados por
una serie de genes que confieren resistencia aiespe variedades concretas
frente a determinados metales. La expresion géjueadetermina la tolerancia
puede tenecardcter constitutivo, es decir, es independiente de la presencia de
metales en el suelo, o tenearacter inducido, dependiendo la sintesis de las
proteinas de la presencia y concentracion de rsespecificos en el suelo. La
diferencia entre mecanismos primarios y secundaess normalmente, una
cuestion de matiz ya que los procesos de defemsa@isitativamente similares
aunque evidentemente difieren en su eficacia dadud (Macnair 1997; Hall
2002).

Los mecanismos genéricos de defensa de las pldntase a la
contaminacion por metales pueden tener carést&gacelular o intracelular
(Tabla 2). Estos mecanismos suelen operar de faon@nta y coordinada, e
incluso estar apoyados por la presencia de orgasislistintos a la propia planta

que, como las micorrizas, le confieren resisteramiaforma de barrera fisica
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impidiendo el acceso de los metales a las célaldicales de la planta afectada
(Bradley y cols. 1981; 1982; Macnair 1997; Leyvalgls. 1997; Hall 2002;
Cairney y Meharg 2003; Midgley y cols. 2004).

Tabla 2
Mecanismos generales de las plantas a nivel eltace intracelular (tabla adaptada de
Macnair 1997).

Secrecion de quelantes que disminuyen la solubilighdnetal o
reducen la eficacia del transporte al interior de éhslas

Mecanismos de | Secrecion de compuestos que cambian el pH de Efeizoy
exclusién o barrera | afectan a la especiacion del metal.

Produccidn de residuos anidnicos en la pared cetidade
guedan atrapados los iones metalicos.

Modificacion de las propiedades de la membrana celular,
estructuras proteicas asociadas, reduciendo el traesjs metal
hacia el citosol.

Modulacién de las vias de cotransporte (simportetiparte),
disminuyendo la entrada neta del metal contamiremta célula.

Mecanismos 5 o _ ) ) _
defensivos Alteracion (constitutiva o inducible) de enzimas Selesi para
intracelulares de prevenir la inhibicion por el metal.
control e

Produccion de sustancias quelantes (fitoquelatinas y
metalotioneinas) que se unen al metal en el intdeda célula,
restandole toxicidad al impedir su interaccion diversas
biomoléculas.

inertizacion

Transporte del metal hacia la vacuola, donde secainaay puede
ser objeto de otros mecanismos de detoxificaciérocgununion a
agentes quelantes

Por consiguiente, y en general, la estrategiasipléntas para prevenir los
efectos toxicos de los metales (Fig. 2) es impeakr éstos estén libres en el citosol
y en los organulos celulares (Hall 2002). Por dilay plantas cuya tolerancia se
basa en l&xclusionde metales, de tal manera que la concentraciGacaiular de
éstos es siempre inferior a la existente en el onefih sentido contrario, hay

grupos de plantas puedeacumular y aun hiperacumular metales en
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compartimentos celulares aislados y/o ligados aéouths quelantes que
convierten al metal en inocuo (Baker 1981). Aderséspuede incluir en esta
clasificaciéon a un grupo de plantas denominddd&adoras que incorporan y

acumulan los metales en funcién de la concentragi@nse encuentra disponible
en el sustrato (Ross and Kaye 1994). La relaciénme égmconcentracion de metal en

el suelo y en la planta se muestra en el Fig. 2.

H\PERACUMULADORA

Concentracion de metal en planta

EXCLUYENTE

Concentracion de metal en suelo

Figura 2. Respuesta de las plantas frente a la concentrdeidmetales en el suelo,
adaptada de Greger (2004).

Los mecanismos de defensa de las plantas freraecantaminacion por
metales son altamente eficaces para aquellas addedque se han adaptado a
suelos especificos, siempre que la concentracionmeéales se mantenga
relativamente estable (Hall 2002). No obstante, g@acausas naturales o por
actividades humanas, si la concentracién de metal®enta excesivamente o si se
incorporan al suelo metales no esenciales, laefaarrdefensivas de la planta
pueden ser superadas. En estos casos, la plavgeasafectada por los metales, en
mayor o menor grado, en funcibn de la especiaci@h mhetal y su
biodisponibilidad, pudiendo llegar a morir si lantaminacion es excesiva. Pero

cuando los niveles de metales toxicos no superbmmegletales y la exposicion
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tiene un caréacter cronico, la planta desarrolla sineomatologia ligada al estrés
oxidativo derivado de la generacion de especiedivea de oxigeno (EROs). Un
estrés oxidativo persistente provocard una dismonuale las capacidades
fisiolégicas de la planta con sintomas como clstasblor amarillento, marchitez,

atrofia, necrosis, etc. (Macnair 1997; Prasad 2004)

3. Estrés oxidativo

El oxigeno molecular (§ es uno de los elementos mas abundantes en la
atmosfera terrestre, y es imprescindible parada erobia, tanto terrestre como
acuatica. Los organismos fotosintéticos son lgsaesables de la existencia del O
en la atmosfera, ya que lo liberan cuando rompemolécula de agua para obtener
electrones durante la fotosintesis. El @rmite a las células obtener energia
mediante la combustion de compuestos organicos) permismo tiempo se

producen moléculas que pueden dafiar a las céittasv(y cols. 2004).

En su estado energético basal €hO es reactivo, ya que, a pesar de tener
dos electrones desapareados, lo que le convieta eadical libre, éstos presentan
un spin paralelo, teniendo la molécula la configifna denominada tripletd0,,
que es la més estable posible (Fig. 3) (HalliweButteridge 1989; Ullah y Wilson
1995).

ARANAREN

12 2 2p? 2p 2p

Figura 3. Configuracion electrénica de la molécula de oxig€).
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Sin embargo, esta molécula de oxigef®@,)( puede volverse reactiva a

través de dos vias diferentes. Puede adquirir estréh y convertirse en,@ uno
de los electrones desapareados puede cambiar ey sinvertirse en oxigeno
singlete {0,) (Ullah y Wilson 1995). La activacion fisica delxigeno,
esquematizada en la figura 4, con la consiguieetgercion de las especies
reactivas, se produce normalmente por la transferegte energia de excitacion
desde un pigmento activado por irradiacion soldsiem como resultado de la
combustién de compuestos organicos durante laraegfm celular (Perl-Treves y
Aviahi 2002; Prasad 2004). Esta activacion mediamtduccion parcial esta
favorecida termodinamicamente, ya que la variad®energia libre de Gibbs tiene
valor negativo para cada paso de incorporaciéred#renes, con la excepcion de
la incorporacién de un primer electrén a la moléae dioxigeno. Es asi como se
producen sucesivamente las diversas EROs: el rtadigaeroxido (@), el
perdxido de hidrégeno @8,), y el radical hidroxilo (HOe) (Halliwell y Guttetge
1990; Ernst y cols. 1990; Prasad 2004).

El radical superoxido no es reactivo frente a layonia de las moléculas
organicas y no es un oxidante a pH neutro. Es ralupke en agua y por tanto no
es transportado al interior de membranas ni peereattas zonas hidrofobicas de las
células peroxidando lipidos. Sin embargo, un donadie electrones
moderadamente eficiente lo puede reducir, comol eas® de los metales de
transicion, formandose peroxido de hidrogeno o agugenada (KD,). El HO,
es tanto una EROs como una molécula de sefalizaeitiar. Es una molécula
pequefia y estable, que no tiene carga, lo querfeitpeatravesar membranas y
viajar libremente por el interior de las célulakaazando distintos organulos y
moléculas diana (Ullah y Wilson 1995). A su vez, KO, puede seguir
reduciéndose, dando lugar a la formacion del radicaoxilo (HOe). Este radical
tiene un elevado poder oxidante que actla quitdidageno, hidroxilando o
transfiriendo electrones, de cualquier molécula geeencuentre en su camino
(Halliwell y Gutteridge 1990), dando lugar a otaalical, menaos reactivo y con una

vida media mayor. El HOes reacciona de forma noctele con cualquier molécula
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gue se encuentre cerca y por tanto no se desplazsay ninguna molécula que lo
neutralice y los mecanismos de defensa se basammariener bajas las

concentraciones de sus precursoreg (9 H,O,) asi como de los metales que
catalizan las reacciones de formacion (Mano 2002).

FORMACION DE ESPECIES REACTIVAS DE OXIGENO |

Oxigeno singlete 10, % —

Peroxido de hidrégeno H,0, % %
e_+ H+ *\\1
A
H,O <«

Vv
Radical Hidroxilo HQOe L —
Agua H,_,_O 1&- —_—

Figura 4. Esquema de los diferentes estados de oxidaciéoxéiggno. Se muestra en la
columna de la derecha con una flecha, el spin ceseptan los electrones de la Ultima capa
de cada uno de los radicales.
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La reduccién parcial del {puede acelerarse mediante agentes cataliticos
inorganicos (sobre todo metales) y organicos, yesido una variedad de
compuestos enddgenos (enzimaticos y no enzimatieos}anto, la contaminacion
por metales, asi como otras muchas causas de esime la sequia, la
congelacion, la salinidad, el calor, la radiacidtravioleta, los contaminantes
atmosféricos, el estrés mecanico, el déficit/excesonutrientes, el ataque de
patégenos, pueden hacer que esta activacion se mdéablemente conduciendo a

lo que se conoce con el nombreedtrés oxidativo(EO) (Mittler 2002).

Las EROs no son moléculas téxicas por definicién,que se generan
siempre durante la fotosintesis y las células hesamlollado mecanismos para
metabolizarlas y mantenerlas a niveles no perjaidisi (Neill y cols. 2002),
teniendo algunas de estas moléculas papel fisammdgicomo segundos mensajeros
(Inzé y Montagu 1995; Bohnert y Sheveleva 1998J.d&femplo el HO, y el 'O,
estan implicados en la formacioén de lignina de pasedes celulares (Inzé y
Montagu 1995), y ademas e}®} participa en la sefializacién celular en la defensa
frente al ataque de patdégenos (Ullah y Wilson 19983 EROs son toxicas cuando
su formacion supera su tasa de eliminacion pardasas (Neill y cols. 2002). Este

desequilibrio es el responsable del EO.

4. Metales y estrés oxidativo

Una vez definido el estrés oxidativo, y visto qo® metales son uno de los
agentes externos que pueden contribuir a aumentancentracion de las EROs,
se van a definir los principales mecanismos pogleslos metales pueden inducir

la formacion de EROs como consecuencia de su dathdatalitica (Briat 2002).
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Los metales de transicién (poseen electrones desajms) pueden actuar
como catalizadores de la reduccion del oxigendgndd electrones y generando
el radical superdxido, como se muestra en la réada):

M"+ 0, - M™ + 0y )

En disolucion acuosa a pH neutro, el radical suy@odpuede generar
peréxido de hidrégeno, el cual posteriormente secatapone produciendo el
radical hidroxilo a través de la reaccion de Habfkiss, la cual implica la
presencia de un metal (M) como Cu o Fe, como sestnauen las reacciones (2 y
3):

M™ 4+ Op > M+ O, 2
M" + H,O, > M™ + OH + OHe (3)

La suma de estas dos reacciones se suele resamf#)e reaccion
denominada de Haber-Weiss y en el caso de quetal mlicado sea el Fe, la
reaccion pasa a denominarse reaccion de Fentaat gR02):

Oy + HO, -~ HO* + HO + O, (4)

En resumen, si las condiciones celulares son tajes existen
concentraciones cataliticas de metales, ademasigieno, se suceden una serie de
reacciones que conducen a la formacién del radiicbxilo (OHs). Este radical
acttia como un poderoso sumidero de protones, daeadra de cualquier molécula
organica que tenga en su entorno, lo que explisae$ectos dafinos sobre la
célula, ya que afecta a numerosas moléculas ycastas celulares que resultan

oxidadas en su presencia (Prasad 2004).
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4.1 Dafos en lipidos

Los dafios en los lipidos causados por las EROsducen a la
peroxidacion lipidica y se producen como resultddaina cadena de reacciones
que implican a los acidos grasos poliinsaturadosque da lugar a la
desestabilizacion de las membranas celulares, qamlieausar la muerte de la
célula al afectar a una variedad de procesos dsptoate, reconocimiento celular,

sefalizacion celular, etc.

La peroxidacion lipidica se inicia cuando el rabio&ls toma un protén de
un &cido graso (RH), dando lugar a un radical &g{iRe). Este radical tiende a
estabilizarse mediante ajustes internos de lailisibn de electrones de la
molécula afectada, y mediante su combinaciéon cdgeow, lo que genera un
radical hidroperdxido (ROOQe), que provoca la pr@mdn del ataque oxidativo,
pues toma un protdn de un acido graso adyacergdugiendo un nuevo radical
alquilo e hidroperoxido, y asi sucesivamente. B&asciones en cadena hacen que
la membrana afectada pierda estabilidad. En prizsdeametales de transicion, se
producen reacciones tipo Fenton, generando nuesbsates alquilo, con lo cual
se agrava la situacion. Las reacciones de perdgiudipidica se pueden detener si
la célula posee sistemas antioxidantes que imgalae@accion de iniciacion o las
de propagacion (Figura 5) (Briat 2002; Blokhinaojsc2003; Shaw y cols. 2004).

R-H + 10,
RH o+ R~ +ROO- -~ —2ROOH ——~ RO.
N A ™ 7N
HO- HO | O, RH R Fe?  Fe'd+ OH-
|

Figura 5. Esquema del proceso de peroxidacion lipidica.
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Uno de los productos finales de esta cadena deciosas es el
malondialdehido (MDA), compuesto que se forma pooxidacion de los &cidos
grasos poliinsaturados en las células. Su conaédrantracelular puede medirse
facilmente, siendo indicativa del grado de estrsédativo que padecen las células
(Hodges y cols.1999).

4.2 Dafos a proteinas

Las proteinas también pueden ser atacadas poRI@s,Eiendo el radical
OHe la molécula que inicia las reacciones de ox@aclLa oxidacion de los
aminoacidos (especialmente histidina, cisteinasitia y triptéfano) afecta a las
estructuras primaria, secundaria y terciaria derlateina, provocando uniones
internas entre cadenas peptidicas o roturas denimas, con la consiguiente
pérdida de su actividad funcional, sea catalitiGgstouctural (Berlett y Stadman.
1997; Foyer y Noctor 2005).

La concentracion intracelular de proteinas oxidadgsoductos generados
de la oxidacién, refleja el balance que existeect#troxidacion de proteinas y la
degradacion de éstas. Este balance depende damum@mero de factores, entre
los que destacan la produccion de EROs y la aativite proteasas encargadas de
la degradacion. Algunas formas oxidadas de prateinasélo son resistentes a la
actividad proteolitica de las proteasas, sino guebien pueden inhibir a estas
enzimas, impidiendo que desempefien su funcién €BgrlStadman 1997) y

agravando los dafios producidos.
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4.3 Darfos al ADN

El radical hidroxilo puede alcanzar al ADN gendom@mitocondrial, con
el que reacciona oxidandolo mediante la captaciénprbtones de las bases
nitrogenadas. Una vez que se oxidan estas baspseden producir una variedad
de alteraciones de caracter mutagénico por péalidalecion de fragmentos de
ADN, formacién de enlaces cruzados ADN/ADN, ADN/Agioas, etc. (Briat y
Lebrun 1999; Briat 2002).

Ademas de estos dafios que afectan directament@Ny| la alteracion por
oxidacién de una variedad de proteinas que catalas diversas fases de la
expresion génica, dara lugar a dafios epigenétieedrgerferiran con numerosos
procesos celulares. La consecuencia final de wéseskidativo prolongado sera la
muerte de la célula y, en el peor de los casomuarte del individuo afectado
(Briat 2002).

5. Defensa de las plantas frente al estrés oxidativo

Las plantas, como todos los seres vivos, han ddisaim una variedad de
mecanismos para defenderse del estrés oxidativdugiao por las EROs. Estos
mecanismos incluyen tanto sistemas enzimaticos comoenzimaticos que
previenen la formacion de EROs o impiden la prop@gade las reacciones de
oxidacion, originadas por éstas, mediante la rédnate intermediarios oxidados
(Clijsters y cols. 1999).

En general, los mecanismos de defensa de las plsataasan en 3 tipos:

(1) La presencia de agentes reductongs interactlan directamente con las

especies oxidadas (sean EROs o compuestos organisiendo los mas
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importantes el acido ascorbico y el glutation, ancexisten otras muchas
moléculas reductoras que actian como antioxiddrtesminas lipofilicas como
tocoferol o coenzima Q; compuestos volatiles cosrpenos, arenos y ésteres;
polifenoles, antocianinas, flavonoides, caroterdxsdos grasos poliinsaturados,
etc.) (Blokhina y cols. 2003).

(2) La actividad_de sistemas enzimatiopge catalizan la eliminacién de

EROs o la reduccion de radicales de moléculas aragncomo las superoxido

dismutasas, catalasas y peroxidasas (Clijstertsy 1899).

(3) ElI mantenimiento de un estado redox adecustda célula, via la

generacion de piridin-nucleétidos reducidos origosa por oxidacion de

compuestos organicos en reacciones catalizadals gmzima malica, glucosa-6-
fosfato deshidrogenasa, isocitrato deshidrogenadsagtutamato deshidrogenasa.
(Clijsters y cols. 1999).

Los mecanismos de proteccion frente al ataque tixaddenen una doble
vertiente, pudiéndose clasificar como primariosegusnidarios. Los mecanismos
primarios interrumpen las reacciones en cadena xiga@on de compuestos
organicos, generando formas menos activas; los mswas secundarios tienen
caracter preventivo ya que eliminan las EROs direente o impiden su
formacion (por ejemplo, un quelante de metales dinfeeque éstos catalizaran la

formacion de EROs).

6. Sistemas de defensa no enzimaticos en plantas

En las plantas, el papel del &cido ascoérbico yhigation es especialmente
relevante para la prevencion de un posible estsédatvo derivado de la

generacion de EROs, aunque ambas moléculas tieménter multifuncional en
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las células vegetales (regulando el ciclo celidguilibrando el potencial redox,

etc.). Desde el punto de vista de la defensa frdrgstrés oxidativo, cabe subrayar
gue tanto el acido ascorbico como el glutation poegresentarse en forma
reducida o en forma oxidada. Las formas reducit@saccionan directamente con
las EROs o indirectamente, siendo sustratos demaszreductoras. Las formas
reducidas predominan sobre las oxidadas en undaptpre presenta un buen
estado de salud, aunque esta proporcion pueddiiagesinte un ataque oxidativo.
En situacion de estrés oxidativo, donde el consdenécido ascorbico y glutation

reducidos es muy elevado, la planta puede adoprsidtemas para mantener
unos niveles adecuados de ambos compuestos ep esthtido: su re-reduccion

a partir de sus formas oxidadas, o la sintsisovaa partir de sus precursores.

6.1Acido ascoérbico

El acido L-ascorbico o vitamina C (AsA) es uno @s hntioxidantes
solubles clave en la defensa de las células frehtstrés oxidativo (Smirnoff
1996; 1998; 2000; Horemans y cols. 2000; Stadm&4i;1Boyer 1993) y ademas
juega un papel clave en la division y elongaciélulae (Cérdoba y Gonzélez-

Reyes 1994; Horemans y cols. 2000).

El AsA tiene una complicada ruta de sintesis quelicm a varios
compartimentos celulares y a numerosas enzimas tgboigos intermediarios,
aunque la ultima fase de su sintesis se realiza embrana interna mitocondrial
(Foyer 1993; Smirnoff 1996; 1998; 2000; Siendonesols. 1999; Horemans y
cols. 2000; Conklin 2001).

El AsA en los tejidos vegetales se encuentra egardraciones de rango

milimolar, aunque la concentracion depende detidefjue se analice (Smirnoff

1996; Foyer y cols. 1991). Se encuentra en todgs d@anulos celulares,
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incluyendo el apoplasto (Smirnoff 2000), pero sos tejidos fotosintéticos y los
jovenes los que presentan concentraciones supefldoremans y cols. 2000). Las
reservas de AsA oxidado (DHA) aumentan cuando sdadeombinacion de
aumento de la oxidaciéon y una regeneracion ingsfiei (Conklin 2001). Esta
molécula puede actuar como antioxidante reaccianaedforma no enzimatica
con el peréxido de hidrogeno, reduciéndolo a aguaoxidandose a
monohidroascorbato (MDHA) o la reaccion puede sdalzada por la enzima
ascorbato peroxidasa, tanto en los cloroplasto® el citosol (Foyer 1993):
H,O, + 2 AaA-> 2H,0 + 2 MDHA

El MDHA formado puede seguir oxidandose hasta DH#&nto el MDHA
como el DHA en disolucién acuosa son moléculastaidss, que pueden ser
reducidos enzimaticamente de nuevo a AsA 0 si estosucede, el DHA,
espontdneamente, se transforma en acido dicetagolé@ntravés de una reaccién
que es irreversible. En las células existe un cidoreduccion de las formas

oxidadas, que minimiza la sintedis novadel AsA (Horemans y cols. 2000).

La concentracion de AsA representa un reservolipatter antioxidante y
ademds esta molécula esta implicada en los cielasrds moléculas antioxidantes,
como el ciclo de las xantofilas, contribuyendo antemer reducidos los
antioxidantes de membrana (Horemans y cols. 200&)nao ela-tocoferol o la
zeaxantina (Foyer 1993). La concentracion de AsAoema reducida es del 90 %
bajo condiciones normaled metabolismo de las plantas (Smirnoff 1996; Foyer
1993).
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6.2 Glutation

El glutation (GSH) es un tripéptido cuya sintegiquiere de la actividad
catalitica de sélo dos enzimasyiglutamilcisteina sintetasa y la glutation sintatas
(May y cols. 1998; Noctor y cal2002; Foyer y Noctor 2005) y esta formado por
los aminoé&cidos glutamato, cisteina y glicina. (Magols. 1998). Es la forma mas
abundante de azufre organico en las plantas, desgek incorporado a las

proteinas (Dixon y cols. 1998).

il Glutation
ci stein sintetasa
sintetasa coo®
Cisteina Glicina H_?_NHg :SH
CH, CH,
| H | H .
Glutamato ¥-Glu-Cys HEC—ﬁ—N—C—C—N—C H,—COO~
O H O
ATP ADF + P ATP ADP + P ¥-Glu-Cys-Gly
Glutation

Figura 6. Esquema de la sintesis de glutation (adaptadatii PD04).

El GSH es un metabolito que desempefia multiplesidaes en las
células, entre ellas defensa y proteccion. Es cdpaeaccionar con las EROs, y su
funcién principal en este sentido es intervenireéwmiclo del ascorbato/glutation
para eliminar HO, y proteger a las proteinas frente a la desnataradin
provocada por la oxidacion de los grupos tioles loandiciones de estrés (Noctor
y cols. 1998). Todas estas reacciones conllevanxidacion del grupo tiol,
formando glutation disulfuro o glutation oxidado §8G). La proporcion
GSH/GSSG se mantiene por medio de la actividadtiut reductasa (GR), que
reduce al GSSG a GSH utilizando NADPH para llevarabo la reduccion. La
relacion entre GSH/GSSG es un indicador del estadox de la célula (Foyer y
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Noctor 2005). Estos dos compuestos, bajo condisionermales, se suelen
encontrar en la proporcion 100:1 (GSH/GSSG) (MauoghaFoyer 2006). La

sintesis de GSH se activa cuando en el citosoteexisondiciones de oxidacién
(Foyer y Noctor 2005).

6.3 Fitoquelatinas

Una de las defensas que las plantas tienen feelatgoresencia de metales
es la union de éstos con moléculas organicas daee ®htetizan y asi evitar que
queden libres en el citoplasma. Uno de los pritefparupos de moléculas
quelantes de metales en las plantas se denomioguodiatinas.

Glutation

Glutation
|SH EliH
H 0 CH, H O CH,
o | i | H ) o | Il | H .
HsN—C—CH;—CH;—C—N—C—C—N—CH,—CO0® + HzN—C—CH,—CH;—C—N—C—C—N—CH,—CO0°
; | = H [ |l - | H |
Coo® H O coo@
1-Glu-Cys-Gly Fitoguelatin ¥-Glu-Cys-Gly
sintasa
Activada par metales
pesados (g). Cd*, Agt,
Ph2+, Cud, Hy2, Zn2) \
Gly
\J

(y-Glu-Cys)-Gly

:
:

(y-Glu-Cys),-Gly  (n=2-11)
FITOQUELATIMA,

Figura 7. Esquema de la sintesis de fitoquelatinas (adajpiadteldt 2004).
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Las fitoquelatinas son pequefios péptidos ricassteina, con la estructura
general ¥-Glu-Cys)(Gly), siendo n 2 a 11 (Leopold y cols. 1999; CabB800a;
Briat 2002). Ademas de esta estructura generahasedescrito moléculas con
estructura similar, cambiando la glicina por R-slanserina o glutamina (Rauser
1995; Cobbett 2000b). Como puede observarse, sopumstos derivados del
glutation (Kneer y Zenk 1997) (Figura 7).

Las fitoquelatinas son metabolitos secundariosnguee sintetizan a partir
de ARN mensajero, sino a través de la reaccionlizada por la enzimg-
glutamilcistein dipeptidil transpeptidasa (Turn€94). Esta enzima se activa en
presencia de metales como Cd, Ag, Pb, Cu, Hg, BnAS (Schat y cols. 2002;
Scarano y Morelli 2003; Landberg y Greger 2004)atctividad de esta enzima se
ha detectado en casi todas las raices de plamia@snp siempre en tallos y hojas.
Este hecho apoya la importancia que las fitoquelattienen en la defensa frente a
los metales pesados, pues la mayoria de ellostsambédos desde el suelo, siendo
la raiz la primera barrera de defensa (Prasad 28@#embargo, hay que tener en
cuenta que los estudios realizados muestran quesar gle que casi todos los
metales inducen la sintesis de fitoquelatinas, afganos forman complejos con
éstas (Prasad 2004). Estos complejos se formanupi@n con la cisteina,
reduciendo de esta forma la concentracion librengtales (Scarano y Morelli
2003).

6.4 Compuestos fendlicos

Los fenoles son un conjunto de metabolitos seaioglsintetizados por las
plantas tanto durante el desarrollo normal de gstes0 en respuesta a situaciones
de estrés (Naczk y Shahidi 2006). Son un ampliguodm de compuestos que se
caracterizan por tener al menos un anillo aromg@8) con uno o mas grupos

hidroxilos (Michalak 2006; Jung 2003). Se sintatizaincipalmente a partir del
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acido cinamico, por accion de la enzima L-feniloala amonia-liasa (PAL), una
enzima clave para el metabolismo primario y secuod®ixon y Pavia 1995).

Los fenoles se dividen en distintos grupos segimiglero de 4tomos de carbono
gue lo forman (Michalak 2006) y modificaciones an estructura basica por
oxidaciones, hidroxilaciones, glicosilaciones y ilaetones han dado lugar a un
amplio grupo de compuestos con distintas funcidnekgicas (Santiago y cols.

2000). La distribucion de los fenoles en los tejidegetales, a nivel celular y

subcelular no es uniforme (Naczk y Shahidi 2006).

Se ha observado que los fenoles tienen un papal @efensa frente a los
metales pesados, ya que su sintesis aumenta ¢éasptaapuestas a concentraciones
téxicas de metales (Michalak 2006). La accion aidente de los compuestos
fendlicos se deriva de sus propiedades redox, pddiactuar como donadores de
electrones, como agentes reductores eliminandaaladi libres (Rice-Evans y
cols. 1997; Jung y cols. 2003; GrubeSic y cols.520ourmorad y cols. 2006);
ademas tienen una gran tendencia a quelar metai@ga de los grupos hidroxilo
y carboxilo, formando complejos estables con alguh® los metales tdxicos para
las plantas, como Ni, Cu, Co, Fe, etc. (Jung y. &@i83; Michalak 2006), evitando
asi la formacion de radicales libres por accidfodenetales. Sin embargo también
se ha demostrado la actividad prooxidante de loslés en presencia de metales

de transicién como Fe o Cu (Sakihama y cols. 2002).

7. Sistemas de defensa enzimaticos en plantas

Una posible clasificacion de los sistemas enziroatigue presentan las

células vegetales se muestra a continuacion (€Hhjst cols. 1999):
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Peroxidasas (POD)
Enzimas que metabolizan EROs Superéxido dismutasas (SOD)
Catalasa (CAT)
Ascorbato peroxidasa (APX)
Monodehidroascorbato reductasa (MDHR)
Enzimas del ciclo ascorbato-glutation Dehidroascorbato reductasa (DHR)
Glutation reductasa (GR)
Enzima malica (ME)
Glucosa-6-fosfato deshidrogenasa (G6PDH)

Enzimas reductoras de NAD(P)+ Isocitrato deshidrogenasa (ICDH)
Glutamato deshidrogenasa (GDH)

7.1 Superoéxido dismutasa (SOD)

La enzima superoxido dismutasa (EC 1.15.1.1) astgepte en casi todos
los organismos aerobios. Es una de las enzimag @avlos mecanismos de
defensa frente al estrés oxidativo (Van Breusegewls, 2002) ya que actla sobre
los radicales superoxido £, como se muestra en la siguiente reaccion (Rio y
cols. 2002; Scandalios 1993):

200 +2H D> H,0,+ O,

Esta enzima hace que la reaccion sea 10.000 veéssrapida que la
dismutacion espontanea (Bowler y cols. 1992) y imrgude la presencia de un
cofactor metélico (Inzé y Montagu, 1995). Se cleaisegun el cofactor sea cobre
0 zinc, hierro y manganeso (Cu/ZnSOD, FeSOD y MnS@i3pectivamente).
Normalmente, la MnSOD se localiza en las mitocawmle todas las células
eucariotas, mientras que las Cu/ZnSOD se han emadonten el citosol,
peroxisomas y cloroplastos de las plantas superigv@an Breusegem y cols.
2002).
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7.2 Catalasa (CAT)

La enzima catalasa (EC 1.11.1.6) tiene como sosehtH,0, (Inzé vy
Montagu 1995; Mittler 2002; Van Breusegem y col€02). Tiene una alta
capacidad de reaccién, pero muy poca afinidad pat,®, (Willekens y cols.
1997; Smirnoff 1998). Esta baja afinidad por eltisie hace pensar que su papel
principal sea la eliminacién de,®8, cuando esta a elevadas concentraciones bajo
condiciones de estrés (Mittler 2002; Smirnoff 1998) diferencia de otras
peroxidasas, la catalasa no requiere de un susé@dctor para poder actuar (Inzé
y Montagu 1995). Se localiza en los peroxisoma®xgomas y mitocondrias
(Mittler 2002; Inzé y Montagu 1995; Asada 1992; \Breusegem y cols. 2002).
Los peroxisomas son organulos con diversas funsiendas células de las plantas
y hongos, como la fotorrespiracion, la oxidacion Ide lipidos, el ciclo del
glicoxilato y el metabolismo de las especies rgastidel oxigeno entre otras. Por
ello el importante papel que tiene la catalasaaegliminacién de EROs en estos
organulos (Rio y cols. 2002). Se han descrito Yeegedades de esta enzima, con
diferentes funciones. Laatl, encargada de eliminar el,®, producido en la
fotorrespiracion, laat2 tiene la funcidn de eliminar el,8, que se forma durante
el estrés oxidativo y laat3 que elimina el KD, generado durante la oxidacion de

los &cidos grasos (Inzé y Montagu 1995).

7.3 Guaiacol peroxidasa (POD)

Se denomina guaiacol peroxidasa (EC 1.11.1.7) eoojunto de enzimas
presentes en el citosol, la vacuola y la paredareén las células vegetales que, al
igual que la catalasa y la ascorbato peroxidasaeti como sustrato al,®, al
cual reducen hasta agua (Asada 1992; Mehlhornsy #8B6). Tanto esta enzima
como la ascorbato peroxidasa (que se describetggacion) son inducidas por la

presencia de metales pesados (Clijsters y col€)199
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7.4 Ascorbato peroxidasa (APX)

La ascorbato peroxidasa (EC 1.11.1.11) es una angime tiene como
sustrato el KD,, pero tiene una afinidad mayor que la catalasgirisado que el
papel de esta enzima es regular gDHcuando las concentraciones no son
demasiado elevadas, como sucede en el metabolsmmainde las células, cuando
no existe ningun tipo de estrés. (Mittler 2002; ®wif 1998). Se localiza en los
cloroplastos, peroxisomas, citosol y mitocondri@nklin 2001). La ascorbato
peroxidasa reduce el agua oxigenada a agua, usamdo agente reductor el
ascorbato (AsA), oxidandolo a monodehidroascori@sioHA) (Smirnoff 2000),
catalizando la siguiente reaccion:

H,O, + AsA > H,O + MDHA

7.5 Glutation reductasa (GR)

La glutation reductasa (EC 1.6.4.2) es una enzingaagtia reduciendo el
glutation disulfuro (GSSG) a glutation (GSH) y nsite de la presencia de
NADPH como agente reductor. Tiene un importantecspap la regeneracion del
glutation, y es también parte del ciclo de Halliwsdada. En este ciclo, el
glutation se oxida para regenerar el ascorbatopguoaestra la reaccion:

GSSG + NADPH 3R GSH + NADP

Es la dltima enzima implicada en el ciclo de HalliwAsada, ademas de
jugar un importante papel en numerosos procesataces (Inzé y Montagu 1995).
Esta enzima se localiza en las plantas superiordgseplastidos y en el citosol.

(Creissen y Mullineaux 2002).
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7.6 Ciclo de Halliwell-Asada

Como se ha ido exponiendo anteriormente, el ralnclde las formas
reducidas del acido ascorbico y del glutation dipee sus formas oxidadas les
obliga a depender mutuamente el uno del otro. Bstananifiesta claramente
cuando se analiza eiclo de Halliwell-Asada donde el acido ascoérbico oxidado
(DHA) es reducido con electrones que proceden & Gnediante la actividad
catalitica de la DHAR (Foyer 1993; Foyer y cols94p El glutation se regenera,
tomando electrones cedidos por el NADPH, a trav@dadactividad glutation
reductasa. Junto a este ciclo, en la figura 8 sestra la interacciébn de una
variedad de sistemas defensivos ante la presercilasd EROs (Asada 1992;
Scandalios 1993; Inzé y Montagu 1995; Smirnoff 19@8jsters y cols. 1999;
Smirnoff 2000; Conklin 2001; Mittler 2002).

Mred Moy
0, 0,
o1t ¥ SOD
k HzA A2»
H:0: pob P H,0
CAT

H,0 + O,

Ciclo de Halliwell-Asada
ASC GSH NADPH

APX
NAD(P)H NAD(P)
H,0 L»
.
NADP
A GSSG

Figura 8. Esquema de algunas de las enzimas implicadasdsfdasa frente a las EROs.
SOD superéxido dismutasa; PER peroxidasas; CATasaaAP X ascorbato peroxidasa;
MDHAR monodehidroascorbato reductasa; DHAR dehisitoebato reductasa; GR
glutation reductasa; ASC ascorbato reducido; MDH#nodehidroascorbato; DHA

dehidroascorbato; GSH glutation reducido; GSSGagtuh oxidado.
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8. La faja piritica, un ambiente extremo en la provinga
de Huelva

La provincia de Huelva esta situada al sur de krala Ibérica, junto a
la frontera con Portugal. En esta provincia se enita la comarca del Andévalo
entre la Sierra de Aracena al norte y la costaialEsta comarca se sitla sobre la
faja piritica (Figura 9), uno de los mayores dejpésile sulfuros y manganeso del
oeste de Europa (Montes-Botella y Tenorio 2003).faja piritica tiene una
extension de unos 200 km, desde las montafias dar@den el sur de Portugal)
hasta Aznalcéllar (Sevilla) (Davis y cols. 2000; Mes-Botella y Tenorio 2003).
De norte a sur tiene una anchura de unos 30-4@iavig y cols. 2000).

B rostpaeozoic NNy, BERIAN PYRITE BELT

Il .
[ ] uePER PALECZOIC s MAJOR FAULTS

[ Lower paenzoc F 4 PRINCIPAL MINES

Figura 9. Esquema de la Faja Piritica (tomada de Real 1999).
El origen de estos ricos yacimientos minerales dih Carbonifero

(Moreno 1993), cuando se produjo una mineralizadiértipo hidrotermal en los

fondos marinos durante un periodo de intensa deifilvivolcanica, lo que provoco
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la acumulacién de depdsitos masivos muy ricos erCle Zn, As, Pb, Ag y Au
(Davis y cols. 2000).

Debido a la riqgueza en metales en el suelo dejdapidtica, la actividad
minera se remonta a hace mas de 5000 afos, datasdssinicios con las
civilizaciones de Iberos y Tartesos que vivieroreklugar (Davis y cols. 2000). La
extraccion de metales del suelo se hizo tanto erxasna cielo abierto como en
galerias (Davis y cols. 2000), y los metales quadéeel principio se buscaban y
extraian eran cobre, plata y oro (Hudson-Edwardsly. 1999). La primera mina
esta datada sobre el afio 3000 a.C. y se situaloageie hoy es el pueblo de Nerva
(Davis y cols. 2000). Civilizaciones posterioremién sacaron provecho de la
riqgueza del suelo y Fenicios y Romanos siguiergiotando las minas y haciendo
nuevas explotaciones (Davis y cols. 2000). Estansd actividad minera ha
seguido hasta nuestros dias, clausurandose laauttima, en Riotinto, en el afio
2002.

Las minas mas importantes en los siglos XIX y XX t&do las de
Riotinto, Tharsis y Sotiel-Coronada (Montes-Botgll&enorio 2003).

9. El drenaje &cido de minas

El drenaje &cido de minas (AMD, son las siglasesgt) es uno de los
mayores problemas ambientales asociados a las ménaslfuros. Los sulfuros,
bajo condiciones reductoras son estables y muyuines. De forma natural, la
pirita y otros minerales asociados estan enterradandiciones de anoxia y solo
una pequefia parte esta expuesta al exterior. dacign de los sulfuros tiene lugar
cuando los minerales son expuestos a las condgiatmosféricas generando
acidez, sulfatos y liberando hierro y otros metalesetaloides presentes en el

mineral original. La reaccion global que contratdeeproceso es la que se expone
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en la reaccion (1) (Nordstrom y Alpers 1999; Casoyaols. 2007; Nieto y cols.
2007):

FeSw + 7/2 Q + H,0 > Fe* + 28(54' +2H" (@)
En presencia de oxigeno, los iones ferrosos re@acjalando lugar al ion
férrico, reaccion (2):
FE' + Y4 Qg+ H > FE'+ %L HO )

El ion férrico puede reaccionar oxidando una nugviga (3) o precipitar
en forma de hidroxido (Fe(Ok))(4):

FeSe+ 14 FE& +8H0 > 15Fé" +2SQ,+ 16 H  (3)
FE" + 3H,0 > Fe(OHY) + 3H' (4)

Este conjunto de reacciones generan acidéy yHberan sulfatos (Sg),
F&' y metales y metaloides que se encuentran enipstde depdsitos como As,
Cd, Co, Cu, Zn, Ni, Pb. Ademas, el acido generagaiona con los silicatos
cercanos liberando también numerosos iones (AIMgaMn, Si) (Canovas y cols.
2007). Este proceso de oxidacion quimica tambiératdizado por bacterias que
oxidan sulfuros, acelerando la reaccion (2) (Lopezilla y Amils 1999) (se

comenta posteriormente).

La explotacién minera en la provincia de Huelvaboess el afio 2002, con
el cierre de Riotinto, después de afios y afios gitexion. Sin embargo, las
escombreras siguen estando en contacto con elyaek agua de la lluvia,
manteniéndose las reacciones de oxidacion y el Al@Bnovas y cols. 2007).
Recientemente, en noviembre de 2007, la mina daf\defidas, en el término
municipal de Almonaster la Real, ha sido reabi¢Reensa local). Esta nueva
explotacion tiene en proyecto una total limpiezdodeefluentes generados, lo que
en principio no deberia suponer un gran impactoas dguas de la zona
(comunicacién personal), y no cabe esperar auntEntiepdositos mineros ni AMD

como consecuencia de dicha actividad.
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10. Tinto y Odiel, rios que surcan la faja piriticaen la
provincia de Huelva

La provincia de Huelva es surcada de norte aauds rios, el Tinto y el
Odiel, atravesando la faja piritica y desembocasmta Ria de Huelva al océano
Atlantico (Fig. 10).

Rio Odiel

Rio Tinto

Figura 10. Provincia de Huelva con las cuencas de los riogl@drinto.

El rio Odiel nace en el Parque Natural de SierrdAideena y Picos de
Aroche. Su longitud es de 128 km — 140 km (variactiebida a que la
desembocadura sea contabilizada o no) (Lépez-AachilAmils 1999; Montes-
Botella y Tenorio 2003; Sainz y cols. 2003), concandal medio de 460 Hfafio,
aunque con variaciones anuales (Sainz y cols. 2903)a cuenca de unos 2300

km? (Lépez-Archilla y Amils 1999; Sanchez-Espafia yscol005). Este rio
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discurre por la provincia de Huelva de norte a suen su recorrido recibe
afluentes &cidos y cargados en metales pesadosderttes de la faja piritica
(Sanchez-Espafia y cols. 2005). Como consecuena@atdees un rio muy acido,
con valores de pH en el rango de 2,76 a 3,71 amadgde sus tramos (Montes-
Botella y Tenorio 2003).

El rio Tinto nace en Pefa del Hierro (Lépez-Arehilicols. 2001; Canovas
y cols. 2008), en el término municipal de Nervadgatro de la faja piritica. Tiene
una longitud de 92 km y una cuenca de 1678 (trGpez-Archilla y Amils 1999).
Las aguas de este rio, rojas y acidas desde smieatd (Fig. 11), generan un
ambiente extremo caracterizado por su pH extremewli@rbajo, con un valor de
2,2 de promedio, y una alta concentracién de nefasados en suspension (Fe
2,3 g/L; Zn 0,22 g/L; Cu 0,11 g¢/L). Estas condi@enson el resultado de
reacciones quimicas y de la actividad metabdlica rd&roorganismos
quimiolitotréficos. La cadena alimenticia de edie &s s6lo microbiana (Lépez-
Archilla y cols. 2001).

Figura 11.Imagen del Rio Tinto cerca de su nacimiento.

Tanto el Tinto como el Odiel son dos rios contamhisa aunque dicha
contaminacion tiene un origen diferente. La contatidn del rio Tinto es, en gran

medida de origen natural, consecuencia de los gosageoldgicos naturales que se
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dan en la cabecera del rio. El agua de lluvia baedos sulfuros piriticos del suelo
se transformen en Oxidos de hierro, que a su vensquecen en metales nobles
como oro y plata; este proceso origina un minesal&s conocido como Gossan, y
es el responsable de la contaminacion naturalidelya que genera biolixiviados
que son ricos en acido sulfurico y en trazas deleepesados, como se expuso en
el apartado anterior. A esta contaminacién natqred tiene el rio desde su
nacimiento hay que afadir la contaminacion debitiaaccion humana, ya que la
mineria, y el acumulo de materiales en el extefiommando escombreras, ha
provocado que el agua se ponga en contacto cocanéidad de mineral. Por otro
lado, la contaminacién del rio Odiel es de origeedpminantemente antrépico,
debido a que la actividad minera ha hecho que sggpen contacto gran cantidad
de mineral con el agua de lluvia, facilitando laivadad lixiviadora de una
variedad de bacterias y, en consecuencia, el amognémeno denominado
“drenaje acido de minas” (Evangelou y Zhang 1998y&ids y cols. 2000; Green
y cols. 2003; Sainz y cols. 2003; Grande y col€520ohnson y Hallberg 2005;
Ganne y cols. 2006; Saria y cols. 2006; Sancheafizsp cols. 2005; Nieto y cols.
y cols. 2007; Canovas y cols. 2007). Las aguasisalizan en el rio Odiel, que va
acumulando y transportando materiales muy contartesade origen minero. De
hecho, el primer tramo del cauce de este rio ea kgpia, sin acidez ni metales,
comenzando la contaminacion tras atravesar lasszomaeras. Aunque en la
actualidad ya no se encuentra ninguna explotaciénerm activa, en las
escombreras el agua de lluvia sigue arrastranderaies, incrementando la acidez

de los rios de la zona (Informe de Medio Ambieh896).

Las condiciones extremas hacian pensar que laevidas aguas del Tinto
seria imposible pero, sin embargo, diversos estudializados han desvelado la
existencia de microorganismos extremofilos, quiitotidficos, capaces de
soportar las condiciones de pH extremo (de hecherga esas condiciones). En
este hdbitat inhGspito se desarrollan bacterias remxffilas como
(Acidi)Thiobacillus ferrooxidang/Acidi)Thiobacillus thiooxidan® Leptospirillum

ferrooxidans(L6pez-Archilla y Amils 1999).
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El rio Odiel, como anteriormente se dijo, posee perde no contaminada
en su nacimiento, y alli, las comunidades de algdsacterias presentes son
similares a las que suelen aparecer en otros rémnopacterias, algas
pertenecientes al grupo de las Clorofitas cdamrogyra sp., Cosmeriumsp.,
Gongrosirasp., Scenedesmusp. y Baciliarofitas, comé&ragilaria sp.). Una vez
gue el rio se vuelve &cido, estas comunidades alesagm, siendo sustituidas por
las comunidades de bacterias extremdfilas citadEsiarmente (Lépez-Archilla y
Amils 1999). En la parte acida de ambos rios taml@parecen algas verdes
filamentosas que no se encuentran en las zonas gué¢ los rios son neutros (o en
rios no contaminados de la zona) (Lopez-Archillangils 1999). Las bacterias
extremofilas, mediante su metabolismo, favorecemelemento de la acidez,
catalizando la reaccion (2) anteriormente citad&lgmroceso de disolucion de la
pirita:

FeS + 15/4 Q + 7/2 HO > Fe(OH) + 2H,SO,

Pero no soOlo microorganismos son capaces de aslaptar dichas
condiciones, también organismos pluricelulares esoben aqui, como es el caso

deE. andevalensjaun brezo endémico de la provincia de la Fajdi€aribérica.

11. Erica andevalensisun ejemplo singular de una planta
adaptada a condiciones extremas. Antecedentes al
estudio de esta especie

E. andevalensi€abezudo y Rivera (Fig. 12 y 13) es un brezo qaeege
en las orillas de los rios Tinto y Odiel contamiosghor metales pesados y con
extrema acidez, descritos en la seccion antesoicano en las escombreras de las
minas de la provincia de Huelva. En estos habitdtsesto de especies no son
capaces de establecerse, o si lo consiguen presentarecimiento muy lento,

pudiéndose observar algunos ejemplares de coméican
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E. andevalensidue descrita por primera vez en 1980 por Cabezudo
Rivera. Sin embargo, la primera vez que se tuvstameia de la existencia de la
especie fue en 1974, cuando se recolecté en la mimera del Andévalo una
planta que no estaba descrita en la provincia delMduy que presentaba
caracteristicas que la hacian estar proxima tant &etralix L. como aE.
mackaianal. aunque también poseia caracteristicas que fpamdliferenciarla de
éstas dos (Cabezudo y Rivera 1980). Unos afios éespespecie fue descrita en

la zona portuguesa (Capelo y cols. 1998).

Figura 12. Detalle de las flores de. andevalensis
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Figura 13.Lamina deE. andevalensi§Tomada de Villar 1993)

40



INTRODUCCION

Una de las principales caracteristicas de estaciesgs que siempre
aparece en suelos alterados (Nelson y cols. 19g&rido 1999), motivo por el
gue la especie es considerada un edafoendemisnawi¢dypy Garcia-Martin 1996,
Asensi y cols. 1999). Un edafoendemismo se defmmaocuna planta que se
desarrolla bajo unas condiciones fisico-quimicagiquéares del suelo (Macnair
1997).

Cuando la especie fue descrita por primera vehabitat se enmarcé en
las escombreras y alrededores de las minas da gérita comarca de Andévalo, en
la provincia de Huelva (Cabezudo y Rivera 1980)sdley colaboradores (1985)
describieron el habitat de la especie formado phigriones monoespecificas en
las escombreras y en las cercanias de las minascgasideraron que éste no era
el habitat natural de la especie por ser conse@ideda actividad humana llevada
a cabo desde siglos atras. En sitios mineros,decexion y aparicion de nuevas

especies se produce a gran velocidad (Nabors MRO@Y).

E. andevalensisrece ademas en la ribera del rio Odiel, en uttatasde
grava y arena. Crece donde el aporte de agua edalte la mayor parte del afio,
con variaciones en la concentracion de sales gpeoseice en verano, debido a la
evaporacion. En estas riveras estd descrito queea@ga otras especies como
Arbutus unedo, Cistus ladanifer, Quercus coccifeEjca scoparia, Erica
australis, Pyrus pyraster, Juncus acutifolsighsp.rugosus(Nelson y cols. 1985;
Cabezudo y cols. 1989). Ademas, la especie apaedas cunetas de algunas
carreteras, pudiendo estar el origen de estas @obé&s en el transporte de las
semillas por los camiones al entrar y salir dentégas, asi como en la utilizacion

de los escombros de minas para rellenos de cagdieelson y cols. 1985).

La distribucion de la especie no parece estar candida por la
concentracién de ninguno de los metales presemese a los cuales se comporta

como una especie tolerante (Aparicio 1999). Sinaggdy no hay ninguna cita de
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la especie creciendo fuera de suelos acidos, pghi@s&cos (Aparicio y Garcia-
Martin 1996); esto no significa que la especie asténazada, sino mas bien que
su supervivencia depende del mantenimiento dehégigat (Aparicio y Garcia-
Martin 1996; Aparicio 1999). Si este habitat desaqiase, probablemente también
lo hariaE. andevalensisBujan y cols. (2007) a raiz del inicio de trabaftes
restauracion de zonas mineras de Huelva por la dgaefe Medio Ambiente, han
llevado a cabo un estudio sobre las condicioneficadaen las que la especie
alcanza un desarrollo 6ptimo. En la mayoria de pablaciones se pueden
encontrar individuos de distintas edades, lo queneslaro indicador de que en la
poblacion existe un buen reclutamiento y una dinampoblacional activa
(Aparicio y Garcia-Martin 1996).

La fenologia floral abarca desde principios de werhasta finales de
otofio, estando en flor cuando ya el resto de expaig la zona estdn en fruto
(Nelson y cols. 1985), fructificando entre 30 y &@s después de la floracion
(Aparicio 1999).E. andevalensiposee parametros caracteristicos de especies
entomofilas (Arroyo y Herrera 1988), conclusion a dque también llegaron
Aparicio y Garcia-Martin (1996) cuando realizaranastudio sobre la biologia de
la reproduccion de la especie tanto en condicioaéisrales como en condiciones
de invernadero. Este estudio puso de manifiesteguma especie autocompatible,
aunque no se autopoliniza en la naturaleza, y quiezau como agentes
polinizadoresApis mellifera, Anthidiunsp., Andrenasp. y Lusandrasp. Tiene
flores bastante duraderas y con baja cantidad d¢amécon una tasa de
fertilizacion dependiente de las poblaciones, de péantas e incluso de las
inflorescencias, llegando en campo a un 85%. Lasillas presentan una
dormancia fisiolégica cuando son liberadas, quesme masivamente tras el frio
y la humedad del invierno. La tasa de germinaci®mmeayor si las semillas se
someten a un tratamiento de frio y humedad, quelaiml paso del invierno.
Ademas, si tras 5 6 6 semanas desde el fin daddmede dormancia, las semillas
no han germinado, no lo haran hasta el afio sigienando hayan vuelto a pasar

un periodo frio y himedo. Este requerimiento de $d6 entiende por un lado como
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un mecanismo de defensa ante una germinacion mesiv@ofio (Thompson y
Booth 1993) asi como un mecanismo para tener usarve de semillas
permanente (Aparicio 1995). A partir de los estad@nlizados, este autor propone
una longevidad para las semillas Heandevalensisle unos 3-4 afios (Aparicio
1995).

El pequefio tamafio de las semillas, su dormancia lprsyevidad son
caracteristicas de especies que viven en medidgamimados y con disponibilidad
fluctuante de agua, condiciones que se cumpleric.eandevalensigAparicio
1995).

Con anterioridad a la descripcion @& andevalensjsen campo fue
confundida cork. tetralixy E. mackaiangCabezudo y Rivera 1980). Un estudio
realizado sobre la morfologia de las semillas dmsesres especies puso de

manifiesto que se trata de tres especies difer@réegindez e Izco 2004).

La peculiaridad del habitat en el que créceandevalensiba llevado a la
realizacion de diversos estudios sobre la posiblenalacion de metales por la
planta, asi como de las partes de la planta endaeg acumulan estos metales y los
mecanismos por los cuales los metales entran platéa; por otro lado, también
se han estudiado los metales que la planta exgluge mecanismos empleados
para esta exclusion. Nelson y colaboradores (16885gribieron el habitat de.
andevalensiy analizaron el contenido de metales pesadosrgessen los suelos
en los que la especie aparecia, pero no en eloinde las plantas. En 1992 se
estudio por primera vez el contenido de metalda®plantas de la zona minera de
Huelva, teniendo en cuenta la distancia a zonatagmadas. Los principales
resultados indicaron que la especie crecia en elo sutremadamente acido y con
baja disponibilidad de nutrientes, junto con elegdoncentraciones de Cu y Pb.
Estos metales también aparecieron en las plantagia$as a concentraciones
elevadasE. andevalensisicumula en hojas manganeso, y a menor concemtracio

Cu, Fe y Al, excluyendo Zn (Soldevilla y cols. 1992
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En 1999, Asensi y cols. realizaron un nuevo estpdia establecer la
tolerancia al cobre d&. andevalensisNo se encontrd correlacion entre el
contenido de Cu en el suelo y el hallado en efiote&le la planta. Este resultado
era previsible, pues se trata de un elemento edesctia nutricion de las plantas y
las concentraciones internas tienden a ser coest&nt andevalensisiene una
elevada tolerancia al Cu, aunque no se puede @asigue sea hiperacumuladora
de dicho metal. La asimilacion de este metal sigjumismo patron que el de las
plantas que lo excluyen, dejando de asimilarlo uea que se sobrepasa un
determinado umbral. Este estudio puso de manifiggéola especie no puede ser
empleada como un indicador en prospecciones biogeicps, ya que el
contenido en Cu no esta relacionado con la cantmtatidel metal que existe en el
suelo, aunque si que es un buen indicador geobotamies su crecimiento esta
restringido en medios en los que la concentracgaste metal es elevada (Asensi
y cols. 1999). En 2002, Heras y cols. estudiaromuh regiones de la planta se
acumulan los metales, analizando el contenido delesetanto en suelos como en
tejidos de la misméE. andevalensisostré una respuesta diferente en funcién del

metal considerado.

Recientemente, Rodriguez y cols. (2007) vuelvenosfircnar que E.
andevalensigontiene niveles bajos de Zn, a pesar de que@eeine a elevadas
concentraciones en el suelo y que contiene elevatetes de Mn, ademas de
poseer una gran tolerancia al Fe. Este estudiovewebpoyar la propuesta del uso
de E. andevalensipara la revegetacion de suelos de minas, ya quapesz de
instalarse en suelos desnudos, acidos y con elex@uzentracion de metales,
haciendo que el suelo se vaya enriqueciendo emenigs y materia organica,
estabilizando el desarrollo del resto de la comathidegetal. En 2008, Abreu y
cols. realizaron un nuevo estudio que puso de ieatdf la capacidad dE.
andevalensipara colonizar suelos acidos y contaminados ptelegeen las Minas
de Sdo Domingos (Portugal). Los resultados obtenidelven a destacar a la

especie como acumuladora de Mn, ademas de searttdeal Al. Este estudio
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destaca la capacidad &e andevalensiyg E. australispara la recuperacion de las
zonas de minas de azufre, aunque destaca que espeExies tienen un
comportamiento diferente, no apareciendo nuncaagunbmo sucede en la zona

espaniola.

Por otro lado, se ha identificado en las raicesEdendevalensisina
micorriza Hymenoscyphus ericague acumula Fe y Al en sus tejidos (Turnau y
cols. 2007). Estudios sobre la microbiologia detlesudonde se desarrolla.
andevalensishan llevado a Mirete y cols. (2007) a estudiaritasfera deE.
andevalensisen la zona del Rio Tinto y han identificado unanooidad de

bacterias resistentes al Ni.

Por primera vez, en 2007, se han realizado estudiog€. andevalensis
cultivada en laboratorio (Bandeira de Albuquerque 2@07, Tesis Doctoral) a
partir de semillas y en cultivo hidropdnico cortdraientos con Cu. Junto con esto,
se ha realizado un estudio de proximidad genétickagl poblaciones del campo y
los resultados obtenidos muestran que no hay ddere entre las poblaciones de
la mina de Sdo Domingos. Ademas se establecen dblacpones diferentes
genéticamente en la zona espafiola, las poblacimesinas y las de orillas de

rios.

Ademas de estudios de acumulacion de metales éégadmto de vista de
estabilizacion de suelos miner&s,andevalensida sido estudiada desde el punto
de vista del interés en farmacologia, ya que coatitavonoides, tripernoides y
acidos fendlicos que pueden ser Utiles para elnianto de Glceras, como agentes
con actividad citotoxica y como antimicrobianosspectivamente (Toro Sainz y
cols. 1987; Aumente Rubio y cols. 1988; Toro y c4B8388; Reyes y cols. 1996;
Reyes Ruiz y cols. 1996; Martin Cordero y cols.1200

E. andevalensjsademas del interés que ha despertado por suidagac

para sobrevivir en suelos acidos y con elevadasetraciones de metales, ha sido
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propuesta por diversos autores como una espedietatés en jardineria, por el
color intenso y llamativo de sus flores, que adeseasantienen durante el verano
(Cabezudo y Rivera. 1980; Valdés y cols. 1987:avill993; Aparicio 1999).
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OBJETIVOS

El principal objetivo de esta tesis es mejorar ¢dengrension de los
mecanismos de tolerancia a metales pesado&riban andevalensisa nivel

metabdlico y fisioldgico.

Para alcanzar este objetivo principal, la tesihaeadividido en varios

objetivos parciales, gue se enumeran a continuacion

1- Eleccion de poblaciones silvestres derica andevalensis
representativas de los distintos medios en loslaespecie crece y andlisis del
contenido de metales tanto en las hojas de laglano en los suelos donde se

desarrolla.

2- Estudio de los mecanismos de respuesta antiteidde Erica
andevalensisa nivel de metabolitos (ascorbato, glutationpegtos fotosintéticos,
fenoles), enzimas (ascorbato peroxidasa, superdgidiactasa, catalasa, glutation
reductasa) o marcadores directos de estrés oxagativno grado de peroxidacion
lipidica en las poblaciones silvestres. Debido ausencia de poblaciones He
andevalensisen medios no contaminados, en estos estudio seinwdunido

poblaciones d&. australisy deE. arboreacon fines comparativos.

3- Cultivo de plantas dE. andevalensisn el laboratorio, utilizando tanto
técnicas de micropropagacion como de germinaciégeddllas bajo condiciones
controladas a efectos de obtener ejemplares noestgai a contaminacion

metalica.
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4- Estudio de la influencia de factores extrinsezastrinsecos sobre la
tasa de germinacion dErica andevalensjsal objeto de evaluar su posible
aplicacién en programas de conservacion de la ies@ext como para la obtencion

de la misma en condiciones controladas de labaogtara futuros estudios.

5.-Analisis del efecto del cadmio, como ejemplaudemetal no esencial
y extremadamente téxico, en los niveles de acidwrbgo y glutation en
ejemplares deErica andevalensiscultivados en condiciones controladas de

laboratorio.

The main objective of this Thesis is to improve tmderstanding of the
heavy metal tolerance mechanisms Exica andevalensisn a metabolic and
physiologic level.

To reach this objective, the Thesis has been didideseveral partial objectives:

1- Select representative wild populations Exica andevalensisn the
different habitats where the plant grows and amathe metal content as much in
plant leaves as in the soils where the plant live.

2- Study the antioxidant response mechanisnisrich andevalensijsin a
metabolite level (ascorbic acid, glutathione, pbgtohetic pigments, phenols),
enzimes (ascorbate peroxidase, superoxide reducteswlase, gluathione
reductase) or direct oxidative stress markers, lijgiel peroxidation in the wild
populations. Due to the lack d. andevalensigopulations growing in non-
polluted soils, these studies includéd australisand E. arboreapopulations for
comparative purposes.

3- Culture ofE. andevalensisinder laboratory conditions, making use as
much micropropagation techniques as seed germmatioder controlled
conditions, with the aim to get plants non-expadsehetal pollution.

4- Study of the influence of extrinsic and intimsfactors in the
germination rate ofE. andevalensjswith the aim to evaluate the possible
application in conservation programs, likewise tmain plants growing under
controlled conditions for future experiments

5- Analysis of Cd effect in the levels of ascorh@d and glutathione iB.
andevalensiplants cultured under laboratory controlled cands, as an example
of non-esential and highly toxic metal.
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RESUMEN DE RESULTADOS

En cumplimiento de la normativa de la Universidad Huelva en materia de
Doctorado, donde se regula el procedimiento deeptasion, autorizacion y
evaluacion de la Tesis doctoral articulo 53, equel se exponela tesis doctoral
debera ser redactada y presentada en castellarmepga si se pretende optar a la
mencién europea en el titulo de Doctorado, en @asp habra de ajustarse a lo
establecido en el articulo 58 de este reglamemntocialquier caso, la tesis debera
incluir un resumen de al menos 25 paginas en dast@l Por este motivo, a
continuacion se ha incluido un resumen de los jates resultados obtenidos.
Debe notarse que se trata simplemente de un resdorade se ha evitado la
redundancia con los resultados presentados eedpegctivos capitulos, tratando de

no exceder demasiado la longitud de lo que semiteten resumen.
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Capitulo 1. Distribucion d&rica andevalensisCriterios de
seleccion de zonas de muestreo y descripcion dena de
estudio

Distribution ofErica andevalensiCriteria for sampling points selection
and study area description

En este capitulo se han realizado muestreos deocemmpel objetivo de analizar la
distribucion deErica andevalensjspara posteriormente poder seleccionar zonas
representativas donde la especie se desarrollargaliaar la toma de muestras.
Junto cork. andevalensise seleccionaron distintas poblacione&daustralis y

de E. arborea que fueron incluidas en el estudi&. australis crece tanto
compartiendo habitat cdh andevalensisuando las condiciones del medio no son
extremas, como en suelos que no estan afectadds pomtaminacion minera. Por
otro lado,E. arboreasotlo se encuentra creciendo en suelos sin cordamim En
las zonas seleccionadas (Fig. 1) se analizé eleomitt en metales en el suelo
(totales y biodisponibles) y en las hojas de Ipeeies y poblaciones seleccionadas
(Tabla 1).

PUENTE DE LOS
ICINCO 0JOS
|Zona humeda

ESCOMBRERA DE NERVA]
Zona xérica

Figura 1: Mapa de la provincia de Huelva, donde se locallaa zonas de muestreo
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Tabla 1

Contenido de metales en suelo y planta expresadeg g*. Los datos muestran la mediaesviacién estandar, n = 3.

As Cd Cr Cu Fe Mn Mo Ni Pb Zn
Contenido total de metales en suelo
Ladera 100+10 0,387 +0,021 494+021 21,0£0,8 Q8200 500+10 0,508+0,031 4,402 47212, 301+1,1
Bancal 193+10  0,578+0,035  48,0+24 250+2 6610080 1100+10  3,70+0,19 20,025 164+ 8 180 +
Orilla 202 + 10 4,10 +0,21 51,0+2,6  1295+47 13050880 790+20 3,40 +0,17 27,014 179+ 9 857 + 10
Escombrera 518+26  0,498+0,023 6,86 +0,31 130+5 210008 70+5 1,20 + 0,06 57+0,3 632+ 35 50,02 1,
Contenido de metales biodisponibles en suelo
Ladera 0,152 + 0,022 <0,015 0,053 £0,004 7,01%0,23 445 231+13 0,044 +0,006 0,181+0,021 5,12 91,7 4,40 0,98
Bancal 0,487 £ 0,128 <0,015 0,080 £0,008 52,9+2,3 483+ 209+1,2 0,026+0005 0,182+0011 814780 6,75+0,13
Orilla 0,066+0,005 1,08+0,08  0,19+001  443+11 244D 685+ 16 < 0,005 307+0,12 04110011 7842
Escombrera 3,08 £0,79 <0,015 0,097 0,015 35,7 +4,0 28D+1 9,81+0,31 < 0,005 0,135£0,021  3,15+0,92  %Dl04
Contenido de metales en las plantas
E. arborea(Ladera) 1,4+0,1  009+001  27+01  510#40,2 260+ 10 720620  029+0,01 2,22+011 132+0,11 26,00 0,02
E. australis(Escombr) 9,0+05  0,16+0,01  21+01  243+0,28 270+ 10 270+11  0,34+0,02 221+010 4,61+0,20 27,86 +1,98
E. australis(Ladera)  1,2+0,1  0113+001  17+01  4,1040,3 270+8 200¢10  0,11+0,01 1,71+011 1,07+001 1831%0,97
E.australis (Bancal)  1,6+0,1  0,10+001 2401 46028, 2005 250+10  0,16+0,01 2,51+0,11 0,83+0,03 5876145
E('Easrl%?]\qlglngs 3,7+0,2 0,11+0,01  29%0,1 1,53 +0,05 430+ 10 1100:50 0,47+0,02 2,96+0,13 6,31+0,30 15,64 +0,94
E. ‘}g‘if]‘éaa'sns's 44£02 <0,015 3,8+02 10,00 0,35 1550+ 40 90080  0,19+0,01 3,68+0,11 508+0,32 3523+0,98
E.andevalensis ;5,41 0114001  1,7+01  7,90+0,21 850+ 30 790620  0,20+0,01 2844011 206+011  146+3

(Orilla)
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RESUMEN DE RESULTADOS

Ademas se han analizado los datos climaticos @emtyra media,
precipitacion y niveles de radiacion) a partir de datos publicados en el atlas
digital de Ninyerola y cols. (2005). Las zonas sgilenadas para la toma de
muestras estan proximas geograficamente y no ssgamn grandes diferencias

en cuanto al clima se refiere.

Finalmente se realizO un estudio del tamafio de Hegms deE.
andevalensis,en las tres poblaciones estudiadas, comparandorestados
obtenidos en primavera y en otofio. Los resultados de este estudio se
obtuvieron fueron que las hojas en la zona de darsBrera son mas pequefias,
tanto en primavera como en otofio, diferencia qued@user explicada por la

disponibilidad de agua del lugar.
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Capitulo 2. Composicion de fenoles[ernca sp. expuestas a
distintos grados de contaminacion por metales sureleste
de la Faja Piritica Ibérica

Phenolics composition irica sp. diferentially exposed to metal pollution
in the Iberian Southwestern Pyritic Belt

El objetivo de este trabajo fue analizar la corgds fendlica en hojas de
E. andevalensisreciendo en distintos habitats, caracterizadasupa diferente
disponibilidad de agua y contenido metélico delsueos fenoles son un grupo de
compuestos que tienen tendencia a quelar metaiesipalmente Cu y Fe (Jung y
cols. 2003). Estos dos metales citados anteriosrsoan de los mas abundantes en
los suelos dondE. andevalensise localiza (Soldevilla y cols. 1992; Asensi yscol
1999; Heras y cols. 2002; Rodriguez y cols. 200&ra ello se analizaron tres
poblaciones d&. andevalensi¢creciendo en una escombrera, orilla y terraza del
rio Odiel). Con el objeto de realizar comparacioeégstudio incluy6 poblaciones
de E. australis (creciendo en la escombrera y terraza del rio,ojustE.
andevalensiy otra creciendo en la ladera de una colin&) warborea(creciendo
en la colina junto &. australig (Tabla 2).

Tabla 2

Descripcién de las diferentes poblaciones estudjaztan las abreviaturas empleadas y una
breve descripcion del ambiente en el que vive patdacion.

Especie Abreviatura  Sitio de muestreo pH suelo Eiqn a metales

E, andevalensis AB Orilla rio 3,28+ 0,06 Muy alta
E, andevalensis AT Terraza fluvial 3,75+ 0,04 Alta
E, andevalensis AM Escombrera mina 4,38+ 0,04 Alta

E, australis uT Terraza fluvial 3,75+ 0,04 Alta

E, australis us Ladera colina 5,51+ 0,06 Baja

E, australis UM Escombrera mina 4,38+ 0,04 Alta

E, arborea RS Ladera colina 5,51+ 0,06 Baja
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Los resultados del contenido total de fenoles,casio de la actividad
antioxidante revelaron queé. andevalensi®s la especie que presenta un menor
contenido de ambos parametros (Tabla 3). Por atho,E. australisresulté ser la
especie con un mayor contenido en fenoles totaliscomo con unos mayores

valores de actividad antioxidante, ocupaBdarboreauna posicion intermedia.

Tabla 3
Contenido de fenoles totales y actividad antioxidateErica spp de diferentes
localidades.

Fenoles totales Actividad antioxidante 1A
Especies y localizacién (FTy (AA)? (AA/FT)*100

(1g cae/mg peso seco) (Lmol+g/mg peso seco) (%)
Erica arborea(RS) 81,37 + 8,63* 0,54+ 0,08* 0,67+ 0,05**
Erica australis(US) 104,87 + 15,52** 0,70+ 0,11* 0,68+ 0,04**
Erica australis(UT) 113,48 + 15,82** 0,74+ 0,10** 0,64+ 0,08**
Erica australis(UM) 112,39 + 12,42** 0,68+ 0,07** 0,60+ 0,04**
Erica andevalensi¢AB) 31,79 £ 9,43*** 0,28£ 0,07*** 0,84+ 0,10*
Erica andevalensi§AT) 33,61 £ 7,41*** 0,29+ 0,06*** 0,83+ 0,10*
Erica andevalensi§AM) 37,15 £ 13,20%** 0,34+ 0,08*** 0,97+ 0,41*

? Los resultados muestran la mediaesviacion estandar de la medida por duplicadd de
muestras.
® | os asteriscos indican diferencias estadisticasiomivel de significacién de p< 0.05.

Se realiz6 un analisis pormenorizado del contenitdlo compuestos
fendlicos, mediante técnicas de separacion croméftogs (HPLC). El andlisis de
los distintos compuestos fendlicos mostré difer@ncio sélo cuantitativas, sino

también cualitativas como se muestra en la tabla 4.
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Tabla 4

Concentracion de los compuestos fendlicos identifis mediante HPLC en las diferentes poblacionéssdelantas estudiadas

(ng compuesto/mg peso seo)

COMPUESTO Cadigc RS us uT UM AB AT AM
Acidos fenélicos
Acido elagico E  1,894£0,579°v 2,173+0,781°  2,400£0,680"  1,898+0,658" 0,751+0,122" 0,809+0,059 0,762+0,073"
Acido vanillico VA  0,30440,255° 0,078+0,019" 0,060+0,025" 0,063+0,019" 0,045+0,008" 0,041+0,004™ 0,049+0,007"
Derivado del &cido cinamic> CinD NDe ND ND ND 0,091+0,049"" 0,076+0,023° 0,111+0,022"
Acido m-coumarico m-Cu  0,136+0,008" 0,089+£0,020" 0,205+0,081™  0,074£0,013" ND ND ND
Acido cafeico Caf 1,510+0,769 ND ND ND ND ND ND
Derivado del acido cafeicc Caf D ND 0,298+0,136 0,319+0,179 0,48140,273 ND ND ND
Derivado 2 &cp-coumarico  p-C2 ND 0,221+0,099 0,886+0,028 0,168+0,072 ND ND ND
Derivado 1 acp- coumarico p-C1 ND ND ND ND 0,791£0,318  0,639£0,217  0,582+0,096
Flavonoides
Catequina C  0547+0,392° 0,286+0,116™ 0,243+0,085" 0,186+0,067" 0,218+0,117" ND ND
Epicatequina EP 0,466+0,235" 2,494+0,606" 2,042+0,293°  2,079+0,544" 0,257+0,064" 0,450+0,231" 0,662+0,138"
Derivado 1 catequina C1 0,260+0,145 0,276+0,161 0,326+0,155 0,3010,189 ND ND ND
Derivado 2 catequina C2 ND 0,240+0,076°  0,207+0,046"  0,144+0,029" ND ND ND
Derivado 3 catequina C3 0,510+0,157 0,566+0,143  0,659+0,312 0,762+0,395 ND ND ND
Derivado 4 catequina C4 1,631£1,048 0,596+0,164" 0,543+0,114"  0,656+0,292" ND ND ND
Derivado 5 catequina C5 0,598+0,077 ND ND ND ND ND ND
Derivado 6 catequina C6 0,258+0,062 0,717+0,357  0,573+0,296 0,478+0,133 ND ND ND
Derivado 7 catequina Cc7 ND 0,27340,096  0,217+0,033 0,273+0,096 ND ND ND
Derivado 8 catequina C8 2,645+0,843" 0,564+0,119" 0,590+0,172" ND ND ND ND
Rutina R 1,628+0,570" 2,060+0,857° 2,644+1,180" 1,772+0,564" 0,536+0,091™ 0,620+0,081™ 0,593+0,079™
Derivado 1 rutina R1 1,318£0,599° 2,989+1,194" 4,390+1,445™ 2,945+0,911"  1,304+0,396" 1,051£0,299° 1,106%0,217"
Derivado 2 rutina R2 1,3474£0,350° 2,362+0,847" 4,102+1,487™ 2,868+0,875" ND ND ND
Derivado 3 rutina R3  3,511%1,775" 0,673+0,284" 0,952+0,642" 0,774+0,210"  3,565+1,624"  3,244+0,734" 2,276+0,598"
Derivado 4 rutina R4 0,466+0,147  0,6910,311 1,056+0,385 0,740x0,155 ND ND ND
Kaempferol K 0,491£0,155"" 0,557+0,114"  1,009+0,297" 0,652+0,121"" 0,868+0,218"" 0,936+0,154"" 0,768+0,087""
Mirecitina M 11,445+1,477°  0,935+0,077"  0,992+0,208"  1,03540,195" 0,833+0,061" 0,800+0,026 0,745+0,025"

¢ Los resultados muestran la metlidesviacion estandar de la medida por duplicadd meestras.

® L os asteriscos muestran las diferencias estaafistion un nivel de significacién de p< 0.05.

¢ ND = no detectado.
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Los resultados obtenidos revelaron que la espgaecrece siempre en los
suelos mas contaminadds, andevalensjses la que posee un contenido menor de
fenoles, asi como una menor riqueza de estos.rliargo, al medir la cantidad
total de fenoles, pueden enmascararse las difaerea la composicion, asi como
las diferentes capacidades que los compuestosrmi@ fadividualizada presentan
frente a la defensa a metales. Se encontr@&Eqaadevalensiss la especie con una
mayor concentracion de un derivado del &cido cindnasi como un derivado del

acidop-coumarico.

Una interpretacién alternativa de los resultadgede deducirse a partir de
los datos de Sakihama y cols. (2002) y Sakihamamasake (2002), trabajos en
los que se demuestra que metales no divalentes ebmAb pueden llevar a la
formacion de radicales fenoxil. Estudios previos hevelado un alto contenido de
Al en tejidos deE. andevalensjsno encontrado ni eB. australisni E. arborea
Por tanto, un mecanismo de defensd&dandevalensifrente a este metal podria
ser la reduccidon de la concentracion interna delésnpara evitar el estrés

oxidativo causado por los radicales fenoxil.

La conclusion de este trabajo es ueustralises la especie que posee la
mayor actividad antioxidante junto con los mayaneles de fenoles, pudiendo
ser estos compuestos la clave para que esta [palotaviva en gran variedad de
ambientes. Cuando todos los resultados se analedorma conjunta, se puede
decir que las diferencias encontradas estan mé&tasegor factores genéticos que

por adaptaciones de las especies a los medios euédoviven.
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Capitulo 3. Mecanismos antioxidantes dfrica spp
expuestas a distintos grados de contaminacion ptales en
el sur de la Peninsula Ibérica

Antioxidant mechanisms i@rica spp differentially exposed to
metal pollution in South Iberian Peninsula

La Faja Piritica constituye un borde natural dadas peculiares
caracteristicas de acidez y contenido en metakesdpe en sus suelos, metales que
cuando se encuentran en elevadas concentraciomederp ser toxicos para las
plantas. Estas han desarrollado mecanismos pateleoria entrada de metales,
pero si los metales superan las barreras y entrdasecélulas pueden generar
especies reactivas del oxigeno (EROSs) y por tasitésoxidativo (Clijsters y cols.
1999; Prasad y cols. 1999; Briat y cols. 1999).oBepndiciones fisioldgicas
normales en las células se generan también EROar el las plantas han
desarrollado mecanismos antioxidantes tanto enitiosa{SOD, catalasa, APX,
POD) como no enzimaticos (acido ascorbico (AsA)gély Van Montagu 1995;
Arrigoni y De Tullio 2002).

El objetivo de este trabajo fue analizar los rigale enzimas y metabolitos
antioxidantes, asi como peroxidacion lipidica camercador de estrés oxidativo
en distintas poblaciones @& andevalensjsE. australisy E. arboreaexpuestas a
distintos niveles de metales para poder elucidda@b oxidativo y los mecanismos
antioxidantes desplegados en funcion del gradoodeaminacion y acidez de los
diversos tipos de suelos seleccionados (orilla rclla= escombrera > ladera)

donde se desarrollan estas poblaciones de Ericaceas
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Tabla 5

Resultados de los niveles de antioxidantes, enzamtaxidantes, marcadores de estrés oxidativgmentos en las distintas
poblaciones estudiadas Hearboreg E. australisy E. andevalensis.

E. arborea E. australis E. australis E. australis E. andevalensis  E. andevalensis  E. andevalensis
(Ladera) (Ladera) (Bancal rio) (Escombrera) (Orilla rio) (Bancal rio) (Escombrera)
ug?féffﬂésps 112,64 + 3,87 96,17+15F  101,32+11,52° 134,64 +4,86 16,75 + 3,13 41,06 + 4,13 43,97 £2,7%
ﬁfﬁjsrﬁgib;f: 46,21 £1,39 | 6846 +1,84 72,00 +2,07 74,62 £338 | 3943 £224 43,85 +2,08 45,70 + 3,06
lejngﬁﬁfg 2396 2,30 | 2430 +1,74 1313 +100 2369 +188 | 2600 +31F 2236 145 2441 +1,85
U n?gqlerot 44,80 +3,22 40,60 + 2,87 42,30 +1,83 50,58 + 2,00 4591 + 6,50 46,89 +3,12 57,78 +3,0f
y n?gﬁﬁmt 1,53 £0,28 2,48 +0.2F 1,82 +0,08 1,98 028 | 412 +o04€ 1,41 0,18 1,15 +018
0 rﬁgf(prot 292,54 +25,88 | 226,96 +2577 267,07 +4518 18548 +3553 | 801,01 +57,70 44611 +71,76 43565 +42,28
nmc')\l"a'gl pp 0064 £0007 | 0114 £001F 0057 £0004 0047 0005 | 0057 0,008 0033 0008 0,018 +0,00f
anf)_l?n%t'PF 8,74 + 0,90 10,57 + 0,82 10,18 + 0,63 8,45 + 0,40 55,23 + 7,07 54,23 + 10,87 30,73 + 3,65
nmoT?r(])g?l pg 0085 0009 | 0071 £0,008 0137 £0018 0,098 +0,008 [ 0048 £000f 0061 +0004 0,059 0,008
ig’:ﬁg'l""PAF 0889 £0,049 | 1,217 +006P 0980 +0,03¢ 0973 +0,03% | 1,195 +0,057 1,111 +0,045 0,946 +0,025
igo:ﬁgllapi 0,349 +0,028 | 0,413 +0,028 0,334 +0,029° 0,282 +0,01F | 0,431 0,022 0,382 +0,024 0,334 + 0,02
Egarrg;%”gé 0,298 £0,017 | 0,424 0,018 0,404 +0,017" 0,368 0,015 | 0408 +0,02f 0381 £0014 0,355+ 0,008

Las siglas utilizadas en la columna de parametos BS peso seco; PF peso fresco; SOD superdxsoutisa; POD guaiacol
peroxidasa; APX ascorbato peroxidasa; MDA malordiddtdo; R-OOH hidroperoxidos. Los datos represetdamediat error

estandar de 7 muestras, analizadas por duplicddandtisis estadistico (ANOVA y post-hoc test Dumaa Dunnett T3 (segln
homogenidad o no de varianzas) se indica paradtietds poblaciones dentro de la misma especimtdado con distinta letra dentro
de cada fila (a, b 6 c, en el casoEeaustralisy a, B 0 y en el caso dE. andevalens)scuando hay diferencias significativas (p<0.05).
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Los principales resultados obtenidos en este ies(lidbla 5) demostraron
queE. andevalensiposee un contenido de proteinas solubles menaglgesto de
las especies estudiadas, y en la poblacion della del rio es donde el contenido
es el menor. Las poblaciones estudiadas estanigasmatuna exposicion cronica a
metales, hecho ampliamente descrito como causangsttes oxidativo (De Vos y
cols. 1992; Gallego y cols. 1996; Schutzendiibeb§eF2002). Se ha encontrado
gue E. andevalensiy E. australiscombaten el estrés oxidativo producido por los
metales con diferentes mecanismos. En el cas&.dendevalensisla defensa
frente al estrés oxidativo es llevada a cabo méeliam aumento de la actividad de
las peroxidasas, principalmente APX, que se incnéansignificativamente en las
plantas de la orilla del rio, donde la acumulacémmetales en las hojas es mayor,
llegando a niveles de 800 U thgroteina frente a aproximadamente 270 U'mg
proteina erk. australis por otro ladoE. australis posee elevados niveles de AsA
en todas las poblaciones estudiadas, independienterde que crezcan en suelos
afectados o no por los metales. Los niveles de pisfden ser utilizados como un
marcador de estrés oxidativo (Foyer y cols.199YeF&993; Kaempfenkel y cols.
1995). Cuando se analizaron marcadores de dafatugdos por el estrés
oxidativo, como es el caso de la peroxidacion iiaid(expresada como la
concentracion de malondialdehido, MDA) los reswtadindicaron que la
poblacion deE. andevalenside la orilla del rio, que es la que est4 expuestaaa
mayor concentracion de metales y mas acidez, gadgresenta mayores dafos,
sin embargo, la planta posee mecanismos para macseeno viendose afectada la
actividad fotosintética, ya que no se observarreliigas, con respecto a las otras
dos poblaciones deé. andevalensiguando se calcula la proporcién entre clorofila
ay b. La clorofilab es méas sensible a la presencia de metales, diganida su
concentracién en presencia de estos (MacFarlanarghBtt 2001).E. australis
presenta menor concentracion de pigmentos fotdisiosé cuando crece en la
escombrera y el bancal, posiblemente debido atetielos metales, sin embargo,
sorprendentemente, los niveles de MDA en la laderalos mayores. Del mismo
modoE. arboreatambién posee elevados niveles de MDA lo que pagkplicarse

por ser poblaciones (o0 especies en el caso déinaafiigue no tienen mecanismos
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antioxidantes tan eficientes para defenderse dmégales, al no estar adaptadas a

medios contaminados.
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Capitulo 4. Fitoquelatinas, glutation y compuediofcos
no proteicos elkcrica andevalensiy Erica australisdel SO
espafol

Phytochelatins, glutathione and non-protein tbahpounds in
Erica andevalensiandErica australisfrom SW Spain

Estd ampliamente descrito que la sintesis de uilaginas (PCs) es
inducida por la presencia de metales, sin que nh@escrito otras funciones para
estas moléculas diferentes de la detoxificacion bf@t 2000; Cobbett y
Goldsbrough 2002; Rauser 2005). Por otro ladojuthtion (GSH), sustrato para
la sintesis de PCs, desempefia también funcionegeutealizacién de radicales
(Dixon y cols. 1998). Dado quErica andevalensises una especie que vive
siempre en suelos con alto contenido en metalesdpssse han cuantificado los
niveles de GSH y PCs, junto con los tioles no jcotey los niveles de acido
ascorbico (AsA) para seguir profundizando en logansmos que esta especie
posee para sobrevivir en ambientes extremos. D&onusomo en capitulos
anteriores, se han incluido poblacionesdaustralis(del bancal del rio Odiel y de

la ladera) a efectos comparativos.

Los resultados obtenidos en este estudio (Tak@®dn de manifiesto que
a pesar de ser plantas que crecen en suelos conoaltenido en metales y ser
capaces de acumular metales en sus tejidos aé&aed23Cs no son la clave en la
defensa frente a los metales en las especies netay&rica estudiadas. Los datos
confirman los resultados obtenidos en el capitoter&éor sobre el menor contenido
en AsA enE. andevalensicxomparada cort. australis con independencia de
donde se encuentre esta Ultima (suelos con magmwnmr contenido en metales),
asi como unos niveles mas elevados de peroxiddipédica en E. australis

cuando crece en la ladefd. andevalensigpresentd niveles mas bajos ghle
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Tabla 6

Resumen de los niveles de tioles, glutatién, aagtmrbico, capacidad antioxidante, clorofilas gdfitelatinas

E. andevalensis E. australis E. australis
(bancal) (bancal) (ladera)
Tioles (nmol GSH ¢ PF) 1007,7 + 126,8 1187,6 +117,7° 1316,1+ 51,8
AsA (total) (nmol g* PF) 8127,2+ 12803 22468,6 + 2070,3 18981,4 + 839,38
GSH (total) (nmol g* PF) 351,4 + 84,4 292,1+19,¢ 183,2+6,3
TAC (umol TROLOX g* PF) 22,7+1,3 42,6 +0,7 433+54
Clorofila a (ug g* PF) 322,9+22,8 178,8 + 8,4 2447 +22.8
Clorofila b (ug g* PF) 210,2+128 112,0 + 20,7 194,9 +56
PC 2(nmol g* PF) 10,0+ 2,8 No detectada 5,7 +4%2
PC 3(nmol g* PF) 251+1,86 13,1+ 1,6 20,7+25
MDA (nmol g* PF) 63,1+ 7,4 494+ 6,7 110,3+9,4

En la tabla se muestran mediarror estadndar de n = 5. Dentro de cada fila gmada misma letra cuando no
existen diferencias significativas (p < 0,05) despde ANOVA y test de Duncan.

‘sepelipnisasijesisne ‘3p sauoioe|god

Se| Ua seloualayIPWUISU anb onawesed ‘S0l 8P UOIDRIUSIUOD B| Udsiessne
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Se ha descrito que las reservas de GSH puederinzdien plantas
expuestas a metales ya que se requiere paradaiside PCs (Cobbett 2000 b). Sin
embargo, los datos obtenidos en este estudio ranesimo los valores de PCs son
bajos en todos los casos analizados. AdeEéaaystralisen el bancal no posee PC
2, que si que aparece cuando la especie se ermuamtla ladera (donde la

concentracion de metales es menor).

No se encontraron diferencias en la proporcionedat clorofilaa y la b,
proporcion que se utiliza como un marcador de stxélativo (Macfarlane y cols.
2001) y los menores valores de MDA (marcador denigsles de peroxidacion
lipidica) de las poblaciones del bancal respectladedera apuntan a que, a pesar
del contenido en metales en los tejidos de lastadanéstos deben estar
inmovilizados o secuestrados por otro tipo de ma#scdistintas de las estudiadas

hasta el momento, que hacen que el metabolismm glarita no se vea afectado.
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Capitulo 5Efecto de la composicion del medio de cultivo en
la micropropagacion ddcrica andevalensjsuna especie
tolerante de metales que crece en zonas mineraEgfana)

Effect of different media composition on the migropagation of
Erica andevalensjsa metal tolerant species growing in mining areas
(SW Spain)

El objetivo del capitulo es la obtencibn de un groto de
micropropagacién, para poder profundizar tanto greetos bioquimicos como en
los relacionados con la conservacién de la espé&sela primera vez que se
describe un protocolo de propagacionEdeandevalensjsque puede ser utilizado
tanto en programas de conserva@@rsitude la planta como en la profundizacion

de los estudios bioguimicos iniciados con plantdesotadas en el campo.

Para la micropropagacion se utilizaron fragmenties tallos deE.
andevalensisrecolectados en la orilla del Odiel, a la altde Gibrale6n. El
material vegetal se esterilizé e inoculd6 en medsmdidificados con agar
enriquecidos con los nutrientes descritos por MugasSkoog (MS), Lloyd-
McCown (LL) o Vienmont (VB), como se muestra enTlabla 7. Los tubos se
mantuvieron en la cdmara de crecimiento bajo umasliciones concretas: 16
horas de luz, con una intensidad de @@l mi” sy temperatura de 24/18 °C
dia/noche.
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Tabla 7
Medios de cultivo utilizados en la propagacionkigca andevalensis

Codigo o iee o _ Sacarosa Agar  pH Vitaminas (mg ) Hormonas (mg)
del enerales Modificacién aplicada e g1 i Acid Acid

medio 9 9 9 MO Tiamina  Glicina  Piridoxina _.-0'90 €100 IAA K

inositol nicotinico pantotéico

1 MS %% NH;NO3 concentracion 30 6 5,8 100 0,1 2 0,5 0,5 0,1 2 0,5
2 MS 1 NHNO; concentracion 30 6 5,8 100 0,1 2 0,5 0,5 0,1 0,5 2
3 LL - 30 6 5,8 100 0,1 2 0,5 0,5 0,1 2 0,5
4 LL - 30 6 5,8 100 0,1 2 0,5 0,5 0,1 0,5 2
5 VB - 20 8 5,6 - - - - - - - -
6 MS 1 NHNO; concentracion 30 6 5,8 100 0,1 - - - - 2 0,5
7 MS Y2 NHNO; concentracion 30 6 5,8 100 0,1 - - - - 2 0,5

Las soluciones nutritivas utilizadas en nuestraqmalo de micropropagacion han sido las descritadvurashige y Skoog (MS) (1962),
Lloyd y McCown (LL) (1980) y Viémont y Beaujard (YBL983, con la adicion de sacarosa, agar, vitamynfitohormonas en las

concentraciones indicadas. La concentracion dataitte amonio en el medio original MS ha sido rathicomo se indica. Los numeros
en la columna de la izquierda son usados a lo ldegexto para hacer referencia a los distintosased
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Se realizé un seguimiento de los explantes tomdatiuzs cada dos dias. El
crecimiento se midi6 a partir de la formacion devus brotes en cada explante y
la produccion de nuevas hojas en éstos (cuantigcambmo verticilos nuevos
formados). En la Tabla 8 se muestran los paramdeasecimiento después de 30
dias. El medio 7 fue el mas productivo de todogeydl que se utilizé de base para
los ensayos de enraizamiento. Las raices aparec@rando al medio no se
afiadieron ni fitohormonas ni vitaminas. Los nueeaplantes inoculados en el
medio de enraizamiento tienen una fase de lateteid semanas, después de la
cudl las raices emergen. El porcentaje maximo dazamiento obtenido fue de
63.41+ 6.89 % a los 37 dias. Entre 11 y 15 dias despeda dparicion de las
raices los explantes empiezan a crecer en londgdudando nuevos verticilos. Las
nuevas plantulas se transplantaron a recipientgtadtico con perlita, que se rego
con MS diluido a la mitad, y se cubrié con plasticansparente, para evitar la
perdida de humedad. Pasados 15 dias, en los ceklpkstico se agujerea
gradualmente, las plantas se transplantan a mammiasubstrato comercial, donde

en unos 10 dias comienzan a producir brotes lateral

Tabla 8

Nuevos brotes y verticilos por explante y porcentig explantes con nuevos brotes fueron
evaluados para cada medio de cultivo 30 dias despeé inicio del protocolo de
micropropagacion.

Medio  Numero de brotes pc Nimero de verticilos % de explantes con

explante por explante nuevos brotes
1 2,7+0,9°° 8,1+4,5"¢ 100+0,0°
2 3,0+1,0° 10,345,3 10Q+0,0°
3 2,3+1,4° 6,0+4,7" 95,2+8,3°
4 2,8+1,0°¢ 9,8+4,6°¢ 10Q+0,0°
5 1,4+1,1° 3,5+3,9° 77,8:25,5°
6 2,6+1,0°° 8,1+4,1° 10Q+0,0°
7 3,6+1,2° 16,9+8,3 10Q+0,0°

Se muestra la mediala desviacion estandar. Para cada columna, las date comparten
la misma letra no son diferentes con un nivel dmificacion de p<0,05 (Test the-
Student).
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Capitulo 6. Efectos de los metales pesados y tleaa@n la
germinacion dekrica andevalensisuna especie endémica
del SO de la Peninsula Ibérica

Effects of heavy metals and acid pH in geminatibkrica
andevalensisan endemic species from SW Iberian Peninsula

Es ampliamente sabido que los metales son toxieoa fas plantas a
elevadas concentraciones. La germinacion de laglagras uno de los procesos
fisiologicos mas sensibles a la contaminacion petatas, debido a la carencia de

mecanismos de defensa (Liu y cols.2005).

El objetivo de este trabajo fue estudiar el efegte la acidez (desde pH 1
a 5) y algunos de los metales pesados méas abuadanta zona, como Fe, Mn, Cu
y Zn, tienen en la germinacion de las semillaEdandevalensisasi como en el
desarrollo inicial de las plantas. El disefio experital incluyé los rangos en los
que la especie vive normalmente. Las concentragsiatiézadas de cada metal en
el ensayo fueron 5, 50, 200 y 500 ppm (por lo qméoten tablas como en gréficas
se indica el metal seguido de un nimero, que sespwnde con la concentracion).
La hipétesis inicial fue que la germinacién de estpecie esta favorecida por la
acidez o por la presencia de alguno de los megalese encuentran en el suelo, en
ausencia de micorrizas o bacterias, que jugaramportante papel una vez que la
planta se establezca (Turnau y cols. 2007; Mireteolg. 2007). Para ello las
semillas se esterilizaron y colocaron en placapedg, con tres capas de papel de
filtro y 5 ml de cada una de las soluciones de I@gta de acidez a utilizar. Se

pusieron 3 placas por cada tratamiento y 50 sesvaliacada placa.

La germinacion se vio favorecida a pH 2 (Fig. @j como por las

concentraciones altas de Fe (200 y 500 ppm) (frig. 3
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Figura 2. Porcentaje de germinacion después de 55 diagdress indican la mediael

error estandar de 3 réplicas. Un asterisco encara Harra sefiala diferencias
significativas con respecto al control (p<0,05).
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Figura 3. Porcentaje de germinacion después de 55 dias eliskintos tratamientos de
metales. Las barras indican la metliel error estandar de 3 réplicas. Un asteriscanenci
de la barra sefiala diferencias significativas especto al control (p<0,05).
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Tabla 9

Resultados del analisis morfoldgico (metlidesviacion estandar) de plantas de 10 dias efidiistos tratamientos.

Tratamiento _ Lo’ngitud Longitud raices Nl]m,ero de _Longitud _Anc,hura

hipoc6tilo (mm) (mm) raices cotiledon (mm)  cotiledon (mm)

Control 2,22 +0,57 1,65 +0,85 2,00 £ 0,63 0,617 £ 0,753 0,433 + 0,052
pH1 0 Nodesarrollado No desarrollado No desarrollado No desarrollado No desarrollado
pH 2 2,09 £0,25 3,65+ 1,32* 2,00 £ 0,56 0,745+ 0,094 ** 0,560 £ 0,114 **

pH 3 2,17+ 0,45 1,33:1,35 1,33 1,15 0,67C 0,150 0,50@ 0,170

pH 4 1,94 £ 0,53 1,14 £ 0,94 1,14 £ 0,90 0,543 £ 0,113 0,414 + 0,107

pH 5 2,25 +0,70 1,83+0,78 1,67 £0,52 0,617 £ 0,117 0,450 + 0,105

Fe 5 2,16 £ 0,26 1,13+0,36 2,25 +0,50 0,663 + 0,092 0,475+ 0,117
Fe 50 25+047 1,85+1,27 2,00 = 0,00 0,800 + 0,141 0,600 £ 0,141 *
Fe 200 2,13 +0,36 2,77 +£2,45 1,84 + 0,60 0,737 £0,138 0,511 £ 0,120 *
Fe 500 1,19 + 0,40 ***  No desarrollado No desarrollado 0,381 + 0,247 ** 0,212 + 0,153***

Se muestran los datos de los tratamientos en leslajwerminacion mostré diferencias. Los distintos
tratamientos han sido comparados con el controbyakteriscos muestran diferencias significatieagiis se
indica: *** p< 0.001; ** p< 0.01; * p<0.05.

SOdv1liNs3d 3d NINNS3H




RESUMEN DE RESULTADOS

Se realiz6 un estudio del efecto de los tratarogern el desarrollo inicial
de las plantas. El crecimiento se estimulaba a pHe20, Fe 200 y Mn 50. Por
otro lado se vié que 500 ppm de los metales utibzanhibian el crecimiento de

las plantas d&. andevalensiéTabla 9).

Los resultados obtenidos en este trabajo confirladripotesis inicial de
que la germinacion dé. andevalensigsta favorecida por la acidez, asi como por
elevadas concentraciones de Fe. Los otros metathsdos en este estudio no
favorecieron la germinacion. Sélo a concentracianay elevadas, 500 ppm, se

inhibio6 el crecimiento de las plantas germinadagdns los casos.
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RESUMEN DE RESULTADOS

Capitulo 7. Germinacion y crecimiento dErica
andevalensisuna planta tolerante a metales del SO espafol.
Efectos de la estraficacion fria y el acido gibecél

Germination and growth oErica andevalensjsa metal tolerant
plant from SW Spain. Effect of cold stratificatiand gibberellic acid (GA

El &cido giberélico (G4 es una fitohormona que afecta al crecimiento de
las plantas a nivel molecular, celular y organy@gque regula la sintesis de lipidos
de membrana, ARN y proteinas, sintesis y degradad# la pared celular,
division, elongacion y diferenciacion de las c&ulgravitropismo, elongacién de
los tallos, expansiéon de la hoja o la germinaciérsemillas entre otras funciones
(Kozlowski and Pallardi 1996; Schwechheimer 200&sta el momento, poco se
conoce de los factores que influyen en la germimadie Erica andevalensisEn
1995 Aparicio concluy6 que las semillas tienen doroia que se rompe tras un
periodo de frio y humedad. Recientemente se haittespie la especie posee
porcentajes bajos de germinacion, y tras la apicade distintos tratamientos
fisicos y quimicos se ha visto que el SAduce una alta tasa de germinacion,

alcanzando porcentajes de hasta 41.6% con 400 emticlth hormona.

El objetivo de este trabajo fue por un lado estudi efecto de distintos
tratamientos de frio sobre la germinacion de lasilEes deE. andevalensjsy por
otro lado analizar los efectos que el {i&ne tanto en la germinacion de semillas
como en los estadios iniciales del desarrollo da especie, con el fin de poder
aplicar o descartar el uso de dicha hormona errdsitestudio bioquimicos y

programas de conservacion
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RESUMEN DE RESULTADOS

Las semillas d&. andevalensise sembraron en placas de petri con medio
de agar enriquecido con las sales de Murashigegdkitaminas y sacarosa, y se
mantuvieron en la camara de germinacion durant@ids. Pasado este tiempo, se
pasaron a tierra las plantas que habian germindds placas (con las semillas
restantes) se sometieron a un segundo tratamierfidod(14 dias a 4 °C), periodo

tras el cual se volvieron a colocar en la camargedminacion.

Los principales resultados obtenidos en este ieshach sido que la tasa de
germinacion aumenta cuando las semillas se mantiemdrio y oscuridad por un
periodo de tiempo mas prolongado (tratamiento idede 3 y 7 meses). En ambos
casos, la tasa de germinacién aumentdé cuando faslase se sometieron al
segundo tratamiento de frio después de estar ylaradas durante 17 dias en placa
de petri. Las plantas obtenidas de la primera tdedgerminacién se sembraron en
dos tipos de suelo: suelo normal y suelo de bremas,acido. Se obtuvo un mayor
tamafo de los cotiledones, mas hojas y mayor alttam dos semanas de
crecimiento en el suelo de brezos, por tanto dezdutéste para los ensayos

posteriores.

Los resultados obtenidos en este estudio (Tablacd@firmaron que el
GA; tiene efectos beneficiosos en cuanto a la gerndinade las semillas dE.
andevalesissin embargo, una aplicacion a altas concentrasiafecta al posterior
desarrollo de la planta, aun en ausencia de dichadna, resultando plantas con
hojas méas estrechas. A concentraciones bajas fohar afecta al contenido en

proteinas y a la capacidad antioxidante total.
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Tabla 10

Resumen de los resultados obtenidos del efectGAglen la germinacion (%), desarrollo Heca andevalensislespués de 4

semanas sin estar expuestas a.GA

Control 10 mg/L GA 100 mg/L GA
Germinacion (% tras 40 dias) 7,17 £ 2,57 26,23 +6,97 83,15 + 14,79
Longitud hipocétilo (mm) 1,72 + 0,061 3,68+0,12 4,34 +0,1¢
Longitud cotiledén (mm) 0,465 + 0,007 0,391 + 0,008 0,426 + 0,012
Ancho cotiledén(mm) 0,350 + 0,018 0,262 +0,01% 0,254 + 0,016
Area cotiledon (mm) 0,139 + 0,008 0,092 + 0,005 0,097 + 0,006
Longitud primera hoja (mm) 1,380 + 0,05% 1,434 + 0,054 1,346 + 0,06F
Ancho primera hoja (mm) 0,851 + 0,028 0,812 + 0,03% 0,574 + 0,029
Area primera hoja (mm) 0,872 + 0,057 0,951 + 0,06F 0,675 + 0,049
NUmero hojas 7,92 + 0,424 7,800 + 0,347 7,44 + 0,404
Altura (mm) 4,879 + 0,430 3,508 + 0,234 4,461 + 0,277
Biomasa(mg plant& ) 0,677 + 0,078 0,535+ 0,05F 0,482 + 0,024
Proteina (ug mg* PF) 454,27 + 82,57 1433,93 + 294,18 633,66 + 163,42
TAC (nmol TROLOX mg' PF) 347,21 + 158,22 48,36 + 40,61 352,28 + 26,64

En la tabla se muestra el porcentaje final de geaaidn después de 40 dias, el tamafio de las plantas de ser
transferidas a suelo (17 dias después de la sieembi@s distintos medios, expresado en el tamafibipecdtilo y del
cotileddn), el tamafio de las plantas después @nérsas creciendo en suelo (mostrando el tamafi® pléntera hoja,
namero de hojas y altura total) y el resultadoodeplardmetros bioquimicos analizados. Cada datesepta la media
error estandar (en el caso de datos morfolégicordel n = 25) 6 media desviacion estandar (en el caso de la
germinacion, n= 3 placas por tratamiento; en eb a&sproteinas y capacidad antioxidante total ). £4 cada fila los
nameros con distinta letra son estadisticamengeatifes (p<0,05).
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RESUMEN DE RESULTADOS

Capitulo 8. Efectos del Cd en los niveles de aestmrbico

y glutation enErica andevalensjsun brezo endémico que
crece siempre asociado a zonas mineras (SO Peminsul
Ibérica)

Effects of Cd in ascorbic acid and glutathione Iewe Erica andevalensis
an endemic heather growing always in mining ar8a¥ (berian Peninsula)

El Cd es un metal toxico, que se encuentra eruel®s en concentraciones
trazas y para el que no se ha descrito ningunaidiunisiologica en plantas
(Marschener 1995; Schitzendibel y cols. 2001; KachZeytuluoglu 2007; Liu y
cols. 2008). Este metal no induce estrés oxidaditcavés de reacciones Fenton
(Sandalio y cols. 2001; Schitzendibel y cols. 2@@mane y cols. 2007), sino que
su toxicidad se debe a la reaccion con los atoraosl ¢ S de los aminoacidos
(Clemens 2001). Ademas afecta a estructuras cetulaomo la membrana,
alterando el transporte de electrones, inhibiendotivando enzimas vy
produciendo alteraciones en el ADN (Smegtsols. 2005). El glutation (GSH)
puede actuar como antioxidante, eliminando radicalexidandose a GSSG (Wu y
cols. 2004). Se ha descrito que el Cd tiene una gfiaidad por los grupos tioles,
por lo que puede producir un desequilibrio en laservas de GSH, con el
consiguiente desequilibrio del ciclo acido ascaghutation (AsA/GSH). Este
ciclo es el mas importante en cuanto al mantenimigdel estado redox de la célula

(Semane y cols. 2007).

Los objetivos de este trabajo fueron estudiareliestos que produce la
exposicion a Cd, estudiando la asimilacién del metas niveles de AsA, GSH,
proteinas y capacidad antioxidante total despuémdexposicién de 5 dias a tres

concentraciones distintas de Cd.
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RESUMEN DE RESULTADOS

Las plantas germinadas en placa de petri conyagansplantadas a suelo
se sometieron a un tratamiento de 5 dias con Gdijexido al suelo 0,5M, 5uM
y 50 uM de dicho metal. Se analiz6 el contenido de Ctbten el suelo como en
los tejidos aéreos de las plantas. El contenid€dleen las plantas aumentd en
funcién de la concentracion de Cd afiadida al sdehs 5 dias de tratamiento, se
tomaron muestras y analizaron los niveles de &$ddrbico (reducido, oxidado y
total), glutatiéon (reducido, oxidado y total), piitas y capacidad antioxidante
total. ElI peso fresco producido por cada plantavadd en ninguno de los
tratamientos. Los niveles de acido ascérbico, juttio los niveles de proteinas,
disminuyeron (con respecto al control) en las plamxpuestas a O,M de Cd,
incrementandose en las concentraciones mayoregagiasa(Tabla 11). Por otro

lado, el glutatién no vario bajo ninguna de lascemtraciones utilizadas.

Los resultados obtenidos muestran dtie andevalensises capaz de
germinar y crecer en ausencia de metales, sin gmbda acidez mejora el
crecimiento. Las distintas concentraciones de Gdyauas no afectaron a la planta
de forma severa, como se confirmd por la ausenei@afios macroscopicos o
reduccion de biomasa. A concentraciones pequefaseti la planta responde
aumentando los niveles de acido ascorbico y ghntattducidos, pero cuando la
concentracién del metal se hace mayor, otros ddtiakes empiezan a desempefiar

un papel importante, debido al aumento de la cdpdantioxidante total.
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Tabla 11
Resumen de los resultados obtenidos tras una exmosi Cd de 5 dias.

Control 0,5 uM Cd 5uM Cd 50 uM Cd
érsnﬁl ';EPEF’) 2712,0 +115,8 24879+326 2907,3+137,7 2692,1+1788
émlg&g 3065,0 + 321,80 2667,4+109,8 30893+ 140,80 2971,3 + 154,5

DHA 352,0+212.F 2422+1148° 182,0+44F 2792 +100,6°
(nmol g PF)

GSH 6453+883F 5946+57,F 619,2+980  672,1+113,7F
(nmol g PF)
GSHTOT 7194+107,8 6454+544 671,3+117,8 7543+ 99,6
(nmol g PF)

GSSG 74,0 + 36,2 63,2 + 41,0 52,1+ 26,0 82,1+ 30,8
(nmol g~ PF)
P(:gt;'ggs 854,1+131,0° 300,8+152,3 991,2+166,§ 650,3+169,F

TAC

. 243,09 +49,3¢ 357,10+ 51,16 269,32 +119,58 613,03 + 205,18
(nmol TROLOX ¢! PF)

Los datos se indican como mediadesviacidon estandar. En cada fila, la misma Istrasigna
cuando los valores son estadisticamente igualeéa@pyx AsA RED Acido ascérbico reducido;
AsA TOT Acido ascorbico total; DHA Acido ascorbicaidado; GSH glutation reducido; GSH

TOT glutation total; GSSG glutation oxidado; TACpaaidad antioxidante total; PF peso fresco.
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1. DISTRIBUTION OF ERICA
ANDEVALENSIS. CRITERIA FOR
SAMPLING POINTS SELECTION AND
STUDY AREA DESCRIPTION

Distribucion deErica andevalensiriterios de selecciéon de
zonas de muestreo y descripcion de la zona deiestud
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1. Distrilmrt and study area description

Distribution of Erica andevalensis.Criteria for
sampling points selection and study area
description

INTRODUCTION

In the view that the objective of the present thesi to analyze the
defensive mechanisms @&rica andevalensido cope with the excess of heavy
metals present in the soils where the plant gréiels, works were necesaries at the
beginning with the aim to choose suitable areasottect samples. These points
were choosen to be representative of the diffexegds wher&. andevalensishas
been described. For this reason in first placeszri@ion and reevaluation of the
distribution of the plant has been done and, atied® to be focused on the

selection of sampling points and biochemical asialgf the wild populations.

FytosociologicallyE. andevalensidias been described in two different
associations, depending on the abundance of whitet990, Cabezudo et al.
described the associatialunco rugosi-Ericetum andevalenggsowing close to
water streams and characterized by the presenciurafus acutiflorussubsp.
rugosus Later, in 1993, Pérez Latorre et al. describedea subassociation
localized in dry habitats that was calldghco —Ericetum andevalensis ulicetosum
with Ulex eriocladusas characteristic species. This subassociatiorreesluated
and due to its wide distribution it was ascendeth® association category, with
the nameUlici eriocladi-Ericetum andevalensi®érez Latorre et al. 1999). &0
andevalensiswas included in two fytosociological associatiodsnco rugosi-
Ericetum andevalensisin the damp habitats andUlici ericladi-Ericetum
andevalensisn the xeric ones. Recently it has been descrihatl in the water
stream areas in the Iberian Pyritic Bedl. andevalensisbelongs to the

subassociatio®@enantho crocatae-Nerietum oleandri-Ericetosum aafisisand
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1. Distribution and study area description

the other two associations described above arad=yes as substitution stages of
the mediterranean forest (Fuente et al. 2007) hEuriore, a recent study pointed
out the genetic diversity oE. andevalensigpopulations concluding thaE.
andevalensipopulations living on the bank of the Odiel Rivexdahe ones living
on the Tailings have genetic differences, and t8aanish and Portuguese

populations are also different (Bandeira de Albuque et al. 2008).

MATERIALS AND METHODS

Field works

The field works were done in the mining areashef province of Huelva
and Aznalcdllar (Spain)as well as in Sdo Domingirse (Portugal). The presence
of E. andevalensisvas recorded with a GPS and transferenced to madghs w
Arcview 3.2 (GIS software). The 1:10000 topographiap of Andalusia, the
digital Ortophotography of Andalusia and the hydgit shapes (Junta de

Andalucia) were used as background to the cartbgrppduction.

Metals analysis and pH measurements

The metal analysis was performed starting fromfféidint samples of each
soil from the selected areas. The samples werd dtiB0 °C. For the total metal
content, the samples were grounded and acid dayddte HNG, and HCI) and
As, Cd, Co, Cr, Mo, Ni, Pb, Zn were quantified @9-MS (Hewlett Packard 4500)
and Cu, Fe and Mn in ICP-OES (Yobinivon Ultima 2).

The pH of the soils was measured in a 1:2.5 seétér suspension.

86



1. Distrilmrt and study area description

The bioavailable metals were analysed using 0.05EBTA (pH 7)
solution, in the relation 1:25 (soil / solution)itg mixed for 5 hours. After that the
samples were centrifuged at 10000 g for 10 min thedsupernatant was filtered
(0.45 um). As, Cd, Co, Cr, Mo, Ni, Pb, Zn were quantifiedlICP-MS (Hewlett
Packard 4500) and Cu, Fe and Mn by Atomic absar#a\S).

The metal content in plant tissue was analysed aftshing the stems
(collected in the field, with around 20 cm lengii)h destilled water and drying at
70 °C for 48 h. The leaves were excised from thendhes and they were
submitted to microwaves extraction (HY®,0, and HCI), and the metal content

was analysed in the same way as the total metéébim soils.

Climatic data analysis

Climatic data analysis was performed with the “Atthgital” developed by
Ninyerola et al. (2005). This atlas has a spatiablution of 200 m. In each of the
two selected sampling areas (river and tailinggifferent points were selected
from the atlas and the average precipitation, teatpee and radiation levels were

stimated. The statitistic analysis was done withOAM\ (SPSS Software).

Morphological parameters analysis ofErica andevalensis

The morphological analysis was focused on the gizihe leaves in the
three selected populations & andevalensisSamples were collected in two
different periods of the year (November and AprByom each population, 22
different specimens were selected and one branshtakan. All the samples were

taken with the same orientation from the Sun aanhfthe up part of the plant. The
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1. Distribution and study area description

picked samples were fixed immediately in the fi@fidative composition: formol-

acetic acid-alcohol, in the proportion 1:1:8) araried to the laboratory on cold
condtions. The samples were kept at 4 °C untibtiysis (in the three days after
the sampling). All the samples came from adult {slaR5-50 cm of height and 15-
40 cm of width. In the laboratory 5 leaves, seledietween 2-3 cm from the apical

part, in length and width were measured.

The results were analysed with a general lineadeh@GLM) in Statistica
6.0. In the analysis the dependent variables wesdangth and the width of the
leaves and the categoric variables (independent} te place of the collection
and the season (autum or spring). The variance genmty was tested with
Levene's test and post-hoc analysis (t-test) wit®.p5 was used to set the
statitstical differences. In all cases n = 110 anthe graphics the mean valtie

standard error of the mean are represented.

RESULTS AND DISCUSSION

E. andevalensiglistribution results have been represented foligwihe
same format as the one used in Libro Rojo de laaFBilvestre de Andalucia, in
which E. andevalensihas been included in “endangered” category (Aparic
1999). In this book the distribution follow the @Hiand the Tinto river courses,

also including the main tributaries, once the ngrameas are crossed (Figure 1).
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Figure 1. E. andevalensidistribution published in Libro Rojo de la Flordv8stre de
Andalucia (adapted from Aparicio 1999).

From the field works made by our research teamnamap was produced,
following the same illustration pattern as the jwas published studies (Figure 2).
As can be observed;,. andevalensiglistribution in 2007 is larger than the one
showed in Fig. 1, including some other mining aiieathe province of Huelva, as
well as the west of Sevilla and tributaries of Gaad river and mining areas from

Portugal.
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Figure 2: E. andevalensidistribution in 2007.

Taking into account the different places whe&reandevalensifias been
found, we have identified 6 large areas that aieggto be commented next, from
West to East. This classification has been madesidering representative
populations oE. andevalensidyut they have not discontinuity. A small map of the
province of Huelva is showed together with eachuprf photos from the

different areas, to indicate the general localarati

In the first area, placed in the Portuguese PyBett, in S&o Domingos
Mine (Mertola),E. andevalensigrows associated to water streams that cross the
mine, forming abundant populations, that becomé&eseal in the tailings that are
close to the river, associated in this second aghiith E. australis(Figures 3 Ay
B).
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Figure 3. E. andevalensis the bank of the river that crosses Sdo Domimgioe (A) and
growing in a tailings (B).

The second area is placed in the West of the pecevof Huelva, in the
influence area of Lagunazo mine and Cobica riveceahe river cross Lagunazo
reservoir. In this are&. andevalensiss found in the banks of the water courses
(Figure 4).
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Figure 4. E. andevalensis Cobica river (A and B). The red colour of thater can be
apreciate, due to the mining pollution.

A third area is placed in Tharsis mines (Figurgvidth E. andevalensis
growing in the tailings of the mines, as well aghe bank of water streams that
crossed it. Agustinos river starts from Almagrermenand receive water from
Valdeoscuro stream, both of them wiEh andevalensig the banks. The plant is
also present in the banks of Tiesa and Dehesa Bay@ms, and in La Almagrera,

Sierra Bullones and Filon Norte mines.

92



1. Distrilmrt and study area description

;\'
Ki

£ < :
SUE L
2 m\
——— :

N\

Figure 5. E. andevalensigrowing in Tharsis mines area, in a tailings (Ajl@lose to a
water stream associated with mining wastes (B).

The fourth area is placed in Odiel River (FigujeE& andevalensistarts
to appear in Mina Concepcion, once the river hassad the first mine. The plant
is present along all the mining areas that arese®y the river (from North to
South) as Asperon, La Calafiesa, Sotiel Coronadasr{ifigure 7 A), Las Vifas,
Tinto y Santa Rosa, La Morita, de la Gloria, Buitrdnd Campanario mines
(Figure 7 B), with populations more or less abundédmat disappears in Gibraleon,
where the river have tide influence and no nibrandevalensis seen.
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Rio Odiel

Figure 6. Appearance of Escalada stream, tributary of Ciliedr, before crossing mining
areas (A) andE. andevalensig Mina Concepcion (B).
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Figure 7. E. andevalensis Sotiel Coronada mine (A) and in Mina Campanén

The fifth area ofE. andevalensipresence is placed in the Tinto river
(Figure 8). The river source is placed in PefiaHielro, hill formed by metal
enriched soils and acid wateEs. andevalensiives in the banks of the river until
the union of the municipalities of Paterna del CamNiebla and La Palma del
Condado. In this area, the plant is also presetita tailings of the main mines in

the area.
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Rin Pledras

Rio Carreras
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Figure 8. E. andevalensig the bank of Marismillas Reservoir, close togthiling in
Nerva (A) andE. andevalensigrowing in a vertical wall close to the mine (B).

The last area is placed in Sevilla, in the munidiea of Castillo de las
Guardas, El Madrofio and Aznalcollar.
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E. andevalensiss the species object of the present thesis, hewveg may
be observed in following chapters, in some stulliegustralisandE. arboreahas
been included due to the lack Bf andevalensipopulations growing in non
polluted soils and these two other species has bsesh as a “control” to check the
data coming from polluted soils. As mu&h australisasE. arboreahave well

developed populations growing out of the influentée mines.

Sampling areas selection

Once the distribution oE. andevalensibas been revised, together with a
revision of the bibliographic references about tliferent habitats in whiclk.
andevalensishas been described, representative points wereteseléo collect
samples: one placed in a tailing (xeric habitat) ane placed around a river (damp
habitat) (Figure 9). In these two placEs andevalensishare habitat withE.
australis a wide distributed heather, which is able to livgolluted soils, but not
as extreme as some of the places wikerandevalensisan. The study included
one more habitat, not affected by mining pollutiptaced in a small hill (close to
the Odiel river), wher&. australisandE. arboreawere studied. These data were

considered as non exposed plants.
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PFUENTE DE LOS
CINCO OJOS

Damp habitat

TAILING {WNerva)
Xerie habitat
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Figure 9. Map of the province of Huelva, with the situatiofithe sampling areas selected.

The sampling collection dE. andevalensisrom a xeric habitat was in a
Tailing close to Nerva town (37° 41" N - 6° 33" W), a place called “Cerro del
Muro”, close to Marismillas reservoir, as can beated in Figures 10 and 11. In
this place, called mine or tailing sitE, andevalensiss growing in a dominant
way, but sharing habitat with. australis The main characteristics of this place is
that the plants are growing in an artificial hiyiginated from mine wastes
accumulation. The acidic soils and metal conteatdmrived from the nature of the

soils.
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1. Distrilmrt and study area description

Figure 10. Topographic map (1:10 000). The sampling areaaigked with a circle
(addapted from Mapa Topografico de Andalucia 1:0@)0
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1. Distribution and study area description

Figure 11. Aerial photography of the Tailings (A) (addaptednfi Ortofotografia Digital
Andalucia), panoramic photographs of the aspethtenfailings (B) and detailed photo of
one specimen . andevalensiéC).

The second sampling point selected, representatitlee populations from
damp sites, humid populations, was placed in thiel®iver, close to “Puente de
los Cinco Ojos” (37° 43' N — 6° 42' W), a bridgeapkd between the municipalities
of El Campillo and Almonaster la Real (Fig. 12).this area, Odiel River cross a
valley and it has crossed mining areas upstrearnthesevaters are acids (pH 2.8-
3.5) and enriched in metals (50 mg/L Cu, 200 mgd, 8 mg/L Zn) (Montes-
Botella and Tenorio 2003).
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1. Distrilmrt and study area description

Figure 12. Topographic map (1:10 000). The sampling areaaigked with a circle
(addapted from Mapa Topografico de Andalucia 1.00)0

In this area (Figure 13E. andevalensis found growing in two different
places: one growing in the bank of the river, iredi contact with the acid and
enriched waters described above and that in flapgeriods is submerged; the
other one is placed on the terrace of the rively @abmerged in great flood
periods. In this second place, the same as indiliegs, E. australisappears. A
third place was selected in this area, in the stfpge small hill, wherde. australis

andE. arboreagrow, accompanied by the typical Mediterraneantglaf the area.
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1. Distribution and study area description

Figure 13. Aerial photography of the river area (A) (addapfredn Ortofotografia Digital
Andalucia), panoramic photograph of the aspedi@fiopulation from the bank (B) and
panoramic photograph of the aspect of the popuidtimm the terrace (C).

Metal analysis

The pH levels in the analysed soils were: Bank 3.2806; Terrace 3.75
0.04; Slope 5.5% 0.06; Tailings 4.3& 0.04. The results of the metal analysis in
these soils, in total and bioavailable forms, amel metal content in leaves of the
selected species (growing in the different loca)ocan be observed in Tables 1
and 2.
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Table 1
Metal content in soil (total and bioavailable fo)msg g*).

€0t

As Cd Cr Cu Fe Mn Mo Ni Pb Zn
Total content
Slope 100+1.0 0387+0021 494+021 21.0+08 Q8200 500+10 0508+003L  44+02 47282, 301+11
Terrace 193+10  0.578+0.035  48.0+2.4 250+2 66100801 1100+10  3.70 +0.19 200425 164+ 8 180 +
Bank 202+ 10 410+021 510426  1295+47 1305@B@0 790+20  3.40 +0.17 27.0+1.4 179+ 9 857 + 10
Tailings 518+26  0.498+0.023  6.86+0.31 130+5  210@D&@  70+5 1.20 +0.06 57+03 632+ 35 50.0% 1.
Bioavailable content
Slope 0.152 +0.022 <0.015 0.053+0004 7.01+023 485 231+13 0.044+0006 0.181+0.021 512017 4.40 +0.98
Terrace 0.487 +0.128 <0.015 0.080+0.008 52.9+23 438+ 209+12 0026+0005 0.182+0011 814780 6.75+0.13
Bank 0.066+0.005 1.08+0.08  0.19+001 44311 244D 685 + 16 <0.005 3.07+0.12 0411+0011 7342
Tailings 3.08 +0.79 <0.015 0.097 +0.015  35.7+4.0 28P+1 9.81+031  <0.005 01350021  3.15+0.92 DI04
Normal range 0.01-7 5 - 1000 2-200 200 - 2000 10-1000  -2@0 10 - 300
of trace metal8
Toxic 3-8 75- 100 60 - 125 1500 - 3000 100 100040 70 - 400
concentratiof?

Each data is the mearstarndard deviation , n = 3.
2 Normal range of metal content (total form) in sofl pg g* (Swaine 1955).
® Range of concentration considered as toxic fantpldnug g* (Kabata Pendias and Pendias (2000)
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0T

Table 2

Metal content in plant tissue (leaves) of the siddipeciesug g*): E. andevalensj€. australisandE. arborea

Species /population  As Cd Cr Cu Fe Mn Mo Ni Pb Zn
E'(glrggga 14+01 0094001 27+0.1510+021 260+10 72020 0.29+001 2.22+0.11 132+0.11 26.09+0.02
E. australis . + . " " . " .
(Tailings) 90+05 016+001 21+0.1243+028 270+10 270+11 034+002 221+0.10 4.61+020 27.86+1.98
E. australis . + . " . . " . " .
(Slopo) 12+01 013+001 1.7+0.1410+0.37 270+8  200+10 0.11+001 1.71+0.11 1.07+0.01 18.31+0.97
E. australis
(Terrace) 16+01 0104001 24+0.14.60+028 200+5  250+10 0.16+001 251+0.11 0.83+0.03 5876+ 1.45
E. ?T”giﬁxglse)”s's 3.7+02 011+001 2.9+01153+005 430+10 1100+50 0.47+0.02 2.96+0.13 6.31+0.30 15.64 +0.94
E. ?_rr‘grer‘;igns's 44+02 <0015 3.8+0.210.00+0.35 1550+40 900+80 0.19+0.01 3.68+0.11 508+0.32 3523+0.98
E. a?ggx%len&s 25+01 0114001 1.7+0.17.90+021 850430 790+20 0.20+0.01 2.84+0.11 2.06+0.11 146 +3
Normal range in 0.1 0.05 15 10 150 200 05 15 1 50
plants
Range in plant8 0.02-7 0.1-24 02-1 4-15 140 15 - 100 1-10 1 -13 8 - 100

Mean+ Standard deviation is showed, n = 3. .

& Markert 1994

b Shaw et al. 2004
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1. Distrilmrt and study area description

As can be observed from Table 1, the metal congetite highest in the
bank of the river (total and biodisponible formdgcreasing the concentration
when the distance to the river is increased. Thstrabundant metals are Cd, Cu,
Fe and Zn. In the tailings, due to the differengiorof the soils, As and Pb stand
out. The biodisponible metal content in soils waslgsed in a EDTA extract,
compound that is able to chelate metal ions immalai way that they are in the soil
(Kabata-Pendias and Pendias 2000).

The metal content in plant tissue (leaves), showebable 2, depends on
the plant species and on the place where it isiggvin a general way the studied
plants have high levels of Cr, Fe, Mn and Ni. Thk&tion of metals with the
physiological and biochemical effect produced Wil analysed in Chapters 2, 3
and 4, besides the analysis of the phenolic congguantioxidant compounds and

related enzymes and chelant molecules, such aegitglatins.

Climatic data analysis

In relation with the climatic conditions, the sebst areas are close to each
other, as can be observed in Figure 9. Despitefatiethat both areas has the
pattern described for mediterranean climate, witld mnd rainy winters and hot
and dry summers, the data of average temperattgeipiation and radiation has
been registered (Figure 14). The differences betvie¢h areas is low, even non-
existing. In general the river area is damper tientailings, but the last ones has

higher radiation levels.
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Figure 14: Average of precipitation and terperature (A) ia tifferent study areas
(tailings, blue and orange; river dark blue and radd radiation levels (B) (tailings in
orange; river in red). In all cases n = 5 for eamnsual value. It is represented the mean

Standard deviation. In A, an asterisk (*) jeansitstical diferencesy < 0,05) in value of
average precipitation. The temperatura is highénérriver than the tailings in all the
months p <0,05), except in July, when no differences wermnfl. In B, an asterisk (*)

means statistical differencgs € 0,05) for each month between the two areas.
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1. Distrilmrt and study area description

Morphological analysis ofErica andevalensigpopulations

The results of the morphological analysis of thee sif the leaves dE.
andevalensishowed that as much in length as in width, theglahere the plants
grows is the most important variable among all vaeables introduced in the

analysis, as SS amdvalues indicate (Tables 3 and 4)

Table 3
Results of the GLM analysis &. andevalensiseave lenght. SS: sum of squares. The
model showed a%usted—- 0,54 (F=154,90) anpk 0,01 was chosen.

Freedon
SS grades F P
Intercept 5909.439 1 50095.63 <0.001
Place 87.655 2 371.53 <0.001
Season 1.428 1 12.11 <0.001
Place*Sesaon 2.280 2 9.66 <0.001
Error 77.148 654

In the case of the width of the leaves, not ong/ptace, but also de season
had a high influence in the analysis, among aliMdmgables introduced in it (Table
4).

Table 4

Results of the GLM analysis d. andevalensideave width. SS: sum of squares. The
model showed E,—usted—- 0,25 (F=44,92) anpg< 0,01 was chosen

Freedon
SS grades F b
Intercept 946.8034 1 22226.98 < 0.001
Place 5.7366 2 67.34 < 0.001
Season 3.3612 1 78.91 < 0.001
Place*Sesaon 0.4703 2 5.52 <0.001
Error 27.8585 654

As can be observed in Figure 15, the plants growinthe tailing have

shorter and thinner leaves than the river popuiatio
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Figura 15: Length (mm) (a) and width (mm) (b) Bf andevalensikaves. n = 110, and

meant standard error of the mean is showed. Capitariefilaced on top of each pair of

bars (A, B) means significant differences betwédmngtudied places. Lower-case letters,

placed on top of each bar, represent significdferdinces in the diferent seasons for each
place. In all cases p < 0.05.

From the morphological study of the size of thevésa differences were
found not only in the place where the plants ammirg, but also in the different
seasons. In the tailings, the leaves are widthepiing than in autum. It is widely
described that plants, under hydric stress sitnatieduce the size of the leaves,

minimizing in this way the evapotranspiration |¢S&nchez-Diaz y Aguirreolea
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1. Distrilmrt and study area description

2000). In the two sampled areas, the differenoesd in the precipitation levels
are very low. However, the water availability ifelient. The plants growing on
the tailings should have a lower water availabilitgn the ones living on the river
area. The tailings are an antropic formation, po@oil, constituted by disgregued
rocks and big size materials from the extractiomksan the mine, that have form a
small hill. In this kind of formations, the watex poorly retained and percolation
and runoff are high. These process resulted ingh dependency between water
availability in the ground and rain pattern. Thisver water availability can be
reflected in a small size of the leaveskofandevalensisvhen plants growing on

the tailings are compared to the ones living ctosthe river.

The precipitation levels in April are smaller thdre ones registered on
November. However, the plants in April has beenosgg to a longer period with
continuity in water availability (all the winterpmpared to November. This fact is
reflected in the size of the leaves on the rivdremg the water is never a limitant
factor, and the highest size is registered in gprn the tailings, the soil have a
lower retention capacity, and rain is more abunda@ctober and November than
in March and April and this difference can be erotmexplain the higher size of

the leaves in autumn.

In this first chapter the distribution & andevalensibas been reevaluated
and representative areas has been selected anmmulffdrent habitats where the
plant grows. It is a species growing in soils witigh content of metals, and it
posses high levels of Fe and Mn in its tissues,vbtitout reaching levels to be
considered as hyperaccumulator. There is almostifferences between the
selected areas, so no differences in the biochemstdte of the plant is expected
when the biochemical analysis was carried out. lig@nather hand, the differences
found in the leaves size between tailing site awner (Terrace and Bank) can be
related with the water availability and also witle tgenetic differences described
between damp and xeric areasEinandevalensigBandeira de Albuquerque et al.
2008).
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2. PHENOLICS COMPOSITION IN ERICA
sp.DIFFERENTIALLY EXPOSED TO
METAL POLLUTION IN THE IBERIAN
SOUTHWESTERN PYRITIC BELT

Composicion de fenoles eRrica sp. expuestas a
distintos grados de contaminacion por metales en sliroeste

de la Faja Piritica Ibérica

(Published in Bioresource Technology (2009) 10@-481)
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2. Phenolic composition

Phenolics composition inErica sp. differentially
exposed to metal pollution in the Iberian
Southwestern Pyritic Belt

ABSTRACT

The phenolic composition of different populationd &rica
andevalensis, E. australend E. arboreawas analyzed according to
the different degree of exposition to metals in IssoiErica
andevalensigopulations, highly exposed to metal pollutiond e
lowest total phenol content and the lowest antiamid activity
measured as trolox equivalents. The HPLC analysigad extracts
revealed that phenolic composition in all analypegulations ofE.
australis and E.arboreawas very similar, although wild populations
were differentially exposed to metal pollutions. wéver, E.
andevalensishowed a phenolic profile characterized by thesabs
of many phenolic compounds quantified in the opacies, although
two compounds derived from cinnamic and coumariisaavere

exclusively observed in this species.

KEYWORDS

Erica andevalensis;phenolic compounds; flavonoids; antioxidant

activity; acid mine drainage (AMD)
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2. Phenolic composition

INTRODUCTION

Erica andevalensi€abezudo & Rivera is an endemic species of South-
Western Iberian Peninsula, which only grows ongpeil heaps and outskirts of
the ancient pyrites mines and on the Odiel andoTmter banks, whose main
courses and their streams cross the mining arease@@do and Rivera 1980;
Nelson et al. 1985; Rodriguez et al. 2007). Thecisgehas been described in
similar mining areas in Beja region (Portugal) oaliscated at the Iberian Pyritic
Belt (Capelo 1998; Abreu et al. 2008. andevalensidlowers in soils and
sediments highly polluted by a broad range of rsdtlé iron > aluminium > lead
> zinc > cadmium, and toxic metalloids as arsefBoldevilla el al. 1992; Asensi
et al. 1999; Heras et al. 2002; Abreu et al. 2R&jriguez et al. 2007; Turnau et
al. 2007). Moreover, this heather grows under & aerd pH with values as low as
3, a common condition in other lands suffering acithe drainage (AMD)E.
andevalensids also important to colonise mine areas where aly rtransform
sterile substrates and immobilizes metats situ (Abreu et al. 2008). The
singularity of this species and its restricted #uing territory has addressed the
inclusion of E. andevalensisn the list of endangered species (Aparicio 1999)
thinking that cleaning and recovery of acid mingssaould lead to the extinction

of such an odd species.

Curiously, in spite of the ability d&. andevalensit survive successfully
in extreme conditions, its tolerance mechanismsétals and acidity have not yet
been completely elucidated. The existence of natelimulating mycorrhizae
(Turnau et al. 2007) and bacteria in the rhizospltéiE. andevalensigMirete et
al. 2007) probably contribute to prevent metal kpthy this species. Both fungi
and bacteria may contribute to reduce heavy metdlility and availability to the
plants through release of chelating agents, acatifin, phosphate solubilization
and redox changes, together of direct metal upgakieaccumulation or sorption by
external wall surfaces (Urrutia 1997; Hildebrantdtak 2007; Yan-de Jing et al.
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2. Phenolic composition

2007). In such a way, phenolics may act as reduagants, hydrogen donors and
singlet oxygen quenchers, then preventing the &eolwf oxidant free radical and

reactive species derived from metal catalysis hytdrelike reactions (Jung et al.

2003; Lopes et al. 1999).

Moreover, phenolics have a high tendency to chelsavy metals,
especially copper and iron (Jung et al. 2003) ntbst prevelant metal pollutants in
the pyritic lands wher&. andevalensisurvives (Soldevilla et al. 1992; Asensi et
al. 1999; Heras et al. 2002; Rodriguez et al. 200g protective role of plant
phenolic compounds could explain the modulationthdir levels depending on
stressing conditions in the environment (Dixon &adia 1995; Rice-Evans et al.
1997; Michalak 2006). However, quite recently timgeiest in the function of
individual phenolic compounds against oxidativestrderived from heavy metals

exposition increased (Tung et al. 2007).

Phenolic compounds are abundant in Ericaceae spétabreton and
Bayet 2002) where they seem to have alelopaticitume (Ballester et al. 1975). In
E. andevalensjsa variety of phenols and flavonoids have beelaied and proved
to have antimicrobial (Toro et al. 1987) and awctulactivities (Reyes et al. 1996;
Reyes Ruiz et al. 1996). These reports focusedplt@@macological interest of
phenol-enriched extracts of this species, but nia @& the antioxidant role of
phenols inE. andevalensihave ever been reported, in spite of the prooxidant

conditions in soils leading by the high levels oflptant metals in environment.

In this paper, we have analyzed a variety of phenmmpounds irE.
andevalensis Taking into consideration that this species form#ferent
populations depending on water content in soilsb@2ado and Rivera 1980;
Cabezudo et al. 1989; Perez Latorre and Cabezu@8),19ve have selected
representative samples from plants living nearrbeairses and on xeric mine spoil
heaps. For comparative purpose, we have also neshghienolic composition in

E. australisandE. arborea two heathers living ne&. andevalensidut subjected
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to different degrees of metal exposition in soifslfles 1987; Nufez et al. 2003).
E. arboreahas a wide distribution in non polluted soils ie thills of South Spain,
flowering solely in non-polluted, acid soils (Nufetzal. 2003)E. australison the
other hand can live together with andevalensig high metal-polluted soils, but
also in less polluted habitats n&ararborea It has been demonstrated that b6th
andevalensisand E. australisaccumulate heavy metals in leaves (Joaquim et al.
2003; Abreu et al. 2008), thus these heathers neagldp oxidative stress by
Fenton-like reaction catalyzed by metals. Thus,omparative study of these
species may contribute to understanding the cortippsand role of phenolic
compounds in wild heather growing under the inflegenf iron/copper sulphurs in

the Iberian Pyritic Belt.

MATERIALS AND METHODS

Plant material was collected in two different aredghe Pyritic Belt in
Huelva (Spain), the first one near the Odiel ri{@#°43'N 6°42'W) and the second
one in a bare spoil heaps (37°41'N 6°33'W). Tablesimmarizes some
characteristics of soils and metal pollution degoéehe Erica sp. populations
analyzed in this report. Abbreviations used in¢akdnd figures are also indicated
in table 1.

The most metal-polluted areas are the river barhksrevwater mobilizes
metals from mine exploitations but also the mineilsheaps, while the lower
metal-polluted soils are represented by the wegieslavhere a lot of vegetation is
found. The river terrace is representative of aterinediate condition since

polluted-water floods terrace by river swollen aftéense rains.

Mature, healthy leaves of the selected species wa@tected in January

2006, and they were immediately immersed in liquidogen and stored at -80°C.
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Leaves were air dried during three days beforagektracted (Salminen
et al. 2004). Seven samples of each population4@esamples) were taken. Each
sample was twice extracted and analyzed. Leave®sgemization was carried out
into liquid N, followed by a 30 % methanol extraction step. To@ltcontent of
phenolic compounds was assayed spectrophotomaétriicdlowing the method
described by GrubesSic et al. (2005). Measuremeset® warried out in duplicate
and total phenolics were expressed as microgrargaltid acid equivalents (GAE)
per milligram of dry weight (DW), after a calibrati curve was obtained using
gallic acid as standard (Sigma, St. Louis, MO, USA)

Table 1

Description of the different populations studiedtivthe abbreviation code used, and a
brief description of the environment to which eatdnt population is subjected

Species Abbreviation Sampling area  Soil pH Met{a!
exposition
E. andevalensis AB River bank 3.28+0.06 Very high
E. andevalensis AT River terrace  3.75+0.04 High
E. andevalensis AM Mine spoil heap 4.38+0.04 High
E. australis uT River terrace  3.75+0.04 High
E. australis us Land slope 5.51+0.06 Low
E. australis UM Mine spoil heap 4.38+0.04 High
E. arborea RS Land slope 5.51+0.06 Low

The qualitative metal exposition is based on quatite data from other authors cited in
the text and our own soils metal analyses (notighbd).

Individual phenolic compounds in leaf extracts wearglyzed by high
performance liquid chromatography (HPLC) with dirégection of 50ul of a
45um filtered, methanol-extracted sample. An Adilet00 series (Palo Alto, CA,
USA) chromatograph equipped with a diode arrayaetevas used. A gradient of

solvent A (water:acetic acid, 98:2 v/v) and solvBr{ivater:acetonitrile:acetic acid,
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58:40:2 v/viv) was applied to a reversed phase N@ack C18 column (300 x 3.9
mm |.D., particle size am) as follows: 0—25 min, 45% B linear; 25-45 mi6%4

B isocratic; 45—-60 min, 100% B linear; 60—70 mirgsiing and reequilibration of
the column. The flow rate was 1.0 mL/min and thegerature was set at 20 °C.
Detection was performed by scanning from 200 to W@ Identification of
individual compounds was carried out by comparihgirt retention times and
spectra with those of original standards. Standavese obtained from Merck
(Darmstadt, Germany), Fluka (Buch, Switzerland) &igma (St. Louis, MO,
USA). Quantitative determinations were carried awuith standard external
calibration method. Wavelengths used for quantificawere 260nm for ellagic
and vanillic acid, 280 nm for benzoic acids ana$gl, 320 nm for cinnamic acids
and their tartaric esters, and 360 nm for flavonédentification of unknown
phenolic compounds not included as standards wsadban retention times and
spectra obtained from the literature. These comg®wuvere assayed by assuming
that their molar absorptivities were the same asdlof their corresponding free

standard molecules.

The antioxidant activity of the extracts was defaed using 2,2-diphenyl-
1- picryl-hydrazyl radical (DPPH-) method describi®d Brand-Williams (1995),
with some modifications (Leong and Shui 2002; Watgal. 2006). An aliquot
fraction (40ul) of the methanolic plant extract was added tol ®n0.1 mM DPPH
in 30% methanol. The mixtures were vortexed and tleft to stand at room
temperature for 30 minutes. The antioxidant capamitsed on DPPH-scavenging
activity was expressed asnol trolox equivalent (TE) per milligram of dry vggit
(DW) plant material. Methanolic solutions of 10G®%25 mM trolox were used to
make the standard curve. The degree of radicaksgavy activity was calculated
as described by Ardestani and Yazdanparast (200Wsing the ratio (fve=o —
Atime=30 min/Atime=o Kinetics of reduction of DPPH-in the presencé&ralbx or plant
methanolic extracts was followed by reading abswrbalecrease at 515 nm every
20 s during 16 min. A thirty percent methanol solutwas chosen for background

correction.
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A Beckman Coulter DU 800 Spectrophotometer withmlaf pathway was

used for all absorbance measurements.

Statistical analyses were achieved with one-wayyaisaof the variance
(ANOVA). When thep value indicated significant differences among papahs
(p<0.05), post hoc comparisons were carried out WieghStudent-Newman-Keuls
test, using SPSS 12.0. Principal component analfB@A) and analysis of

correlation were carried out using Statistica 6.0.

RESULTS

The content of total phenolics and the antioxidaciivity of the plant
extracts are showed in Table 2. In both cases]tsestiowed three statistically

different groups, which matched up with the threecses studied.

Table 2
Content of total phenolic compounds and antioxidzettvity of Erica sp. from different
populations.

Total phenolic Antioxidant
compounds (TP)  activity (AA)? (AAITP)*100% (%)
(19 cae/mg DW)  (1molre/mg DW)

Plant population and
sampling areas

E. arbored slope 81.37+ 8.63*" 0.54+ 0.08* 0.67+ 0.05**
E. australi¢ slope 104.87+ 15.52** 0.70+ 0.11** 0.68+ 0.04**
E. australi¢ terrace 113.48+ 15.82** 0.74+ 0.10** 0.64+ 0.08**
E. australig mine 112.39+ 12.42** 0.68+ 0.07** 0.60+ 0.04**
E. andevalensidank 31.79+ 9.43%** 0.28+ 0.07*** 0.84+ 0.10*
E. andevalensigerrace 33.61% 7.41%** 0.29+% 0.06*** 0.83+£ 0.10*
E. andevalensianine 37.15+ 13.20%*** 0.34% 0.08*** 0.97+0.41*

#Results are the meanstandard deviation of two replicates of 7 diffareamples.
P Asterisk show the statistical differences of tiadues ap < 0.05 probability level.
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The highest phenolic concentrations were founBrica australisand the
lowest in Erica andevalensisin parallel, the highest antioxidant activity was
observed inE. australisand the lowest irE. andevalensisE. arboreaextracts
displayed intermediate values. The total phenalircentrations did not explain the
different antioxidant activity of the different spes, as shown by the ratio between
the antioxidant activities to the total phenoliccentrations in the seven analysed
populations. However, this ratio is similar in sdegpfrom the same species and
betweenE. australisandE. arborea while the ratio observed iB. andevalensis

populations was significantly higher than obserivethe other species (Table 2).

When all samples were analyzed individually, withagrouping in
populations, a high linear correlation betweenahgoxidant activity and the total
phenolic levels could be observed as it is showrFimm 1A. The correlation
analysis was also performed separating data frarthtee investigated Ericsp.

As shown in Fig 1B,E. arborea showed a higher correlation between the
antioxidant activity and the total phenolics, comgohto E. australis and E.
andevalensisThis lower correlation was, mainly due to samplethe terrace, in
the case oE. australis,and of spoils heaps in the caseEofandevalensifresults
not shown). From data observed in Fig. 1B, it wasspble to classify the species
by their antioxidant activity or by their phenolitsvels, from high to low, ak.

australis> E. arborea> E. andevalensis
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Figure 1.Lineal correlation between antioxidant activity (A&nd the total phenolic
compounds concentration (TP). In A, the correlabetween the antioxidant activity and
the total phenolic compounds concentration in afiydations of the investigated species is

shown. In B, results of the same correlation ansigse shown foE. arborea E. australis
andE. andevalensipopulations, respectively. Two samples per planeweice analyzed
(n=98) as indicated in Materials and Methods. Aklations of plant populations as in the

Table 1.
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As indicated in Materials and Methods, the antiakite capacity was
measured kineticly as the DPPH:reduction by trolas. shown in Fig. 2, the
addition of Trolox to an oxidized DPPH solutionulted in a rapid production of
DPPH reaching a constant value of 86% of reduce@i®@Bt about 7 min from the
onset of the experiment. However, the additionealvks extracts from the seven
populations oErica sp. to the oxidized DPPH-solutions rendered bipHasetics
of production of reduced DPPH with an initial rajpidt low reduction of DPPH in
the first 2 min, and a second phase of slowly aodticuous DPPH-reduction
without reaching stabilization at the end of theaerimental period and even lower

to that observed with Trolox.

AB 15.47
AM18.21
AT2212

RE 20.80

Us43.79
LIT 43 .89

UM 46,82

ABS (515 nm)

Trolox
B5.66

0.0 T T T
0 5 10 15 20

Time (min)

Figure 2. DPPH radical scavenging capacity of extracts fiédint Ericaceae population.
At 0 time, Trolox, used as reference, or sampleaei$ were added to a solution of
oxidized DPPH- radical and formation of reduced BR#s followed
spectrophotometrically by 16 min. Numbers at the efnthe kinetics curves indicate the
percentage degree of DPPH reduction as indicatbthierial and Methods. Abbreviations
as in the Table 1
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2. Phenolic composition

The profile of different phenolic compounds indaztoth qualitative and
gquantitative differences betwedarica sp. although some patterns might be
established (Table 3). From a qualitative pointiefv, E. arboreaandE. australis
shared many phenolic compounds, although somergliites were observed. In
contrast, E. andevalensisshowed a different profile lacking many phenolics
compounds observed in the other two species antlisixely containing two
derivates from cinnamic and coumaric acids. Quatntgly, E. andevalensivad
the lowest concentration of almost all studied coumas, with some exceptions

such as rutin derivate 3.

The composition of the different phenolic compoumdss also compared
to the habitat the samples were taken from. Eoandevalensisio significant
differences were found between the three populstioralyzed. FOE. australisthe
degree of metal-pollution is very different betwetdre slope plants and those
flowering in habitats exposed to AMD. However, nignficant differences were
found in the phenolic composition within these thpopulations oE. australis.
However, the phenolic composition h australisdiffered considerable from that
of E. andevalensisaken from the same habitate( river terrace or spoil heaps).
When comparinge. australisand E. arboreafrom slopes, a similar qualitative
profile of phenolic compounds but a number of digant differences in many

specific phenolics, particularly in the case of iogtin, were observed.
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Table 3

Concentration of individual phenolic compounds iifead by HPLC in the different plant populatiorisidied

COMPOUND CODE RS us uT UM AB AT AM
PHENOLIC ACIDS
Ellagic acid E 1.894+0.579° 2.173x0.781  2.400+0.680  1.898+0.658  0.751+0.122 0.809+0.059  0.762+0.073
Vanillic acid VA 0.304+0.255 0.078+0.018  0.060+0.025  0.063+0.018  0.045+0.008 0.041+0.004  0.049+0.007
Cinnamic acid derivate CinD ND® ND ND ND 0.091+0.048" 0.076+0.023  0.111+0.027
m-Cumaric acid m-Cu 0.136+0.008 0.089+0.020  0.205+0.081" 0.074+0.013 ND ND ND
Caffeic acid Caf 1.510+0.769 ND ND ND ND ND ND
Caffeic acid derivate Caf D ND 0.298+0.136 0.319+0.179 0.481+0.273 ND ND ND
p-Cumaric acid derivate 2 p-C2 ND 0.221+0.099 0.886+0.028 0.168+0.072 ND ND ND
p-Cumaric acid derivate 1~ p-C1 ND ND ND ND 0.791+0.318 0,639+0,217 0.582+0.096
FLAVONOIDS
Catechin C 0.547+0.392 0.286+0.1186  0.243+0.085  0.186+0.067  0.218+0.117 ND ND
Epicatechin EP 0.46620.235 2.494+0.606  2.042#0.293  2.079#0.544  0.257+0.064 0.45040.237  0.662+0.138
Catechin derivate 1 c1 0.260+0.145 0.276+0.161 0.326+0.155 0.301+0.189 ND ND ND
Catechin derivate 2 c2 ND 0.240+0.076  0.207+0.046  0.144+0.028 ND ND ND
Catechin derivate 3 c3 0.510+0.157 0.566+0.143 0.659+0.312 0.762+0.395 ND ND ND
Catechin derivate 4 c4 1.631+1.048 0.596+0.164  0.543+0.114  0.656+0.297 ND ND ND
Catechin derivate 5 C5 0.598+0.077 ND ND ND ND ND ND
Catechin derivate 6 c6 0.258+0.062 0.717+0.357 0.573+0.296 0.478+0.133 ND ND ND
Catechin derivate 7 c7 ND 0.273+0.096 0.217+0.033 0.273+0.096 ND ND ND
Catechin derivate 8 cs 2.645+0.843 0.564+0.118  0.590+0.172 ND ND ND ND
Rutin R 1.628+0.570 2.060+0.857  2.644+1.180  1.772+0.564  0.536+0.091"  0.620+0.081" 0.593+0.078"
Rutin derivate 1 R1 1.318+0.599 2.989+1.194  4.390+1.445"  2.945+0.911  1.304+0.396 1.051+0.299  1.106+0.217
Rutin derivate 2 R2 1.347+0.350 2.362+0.847  4.102+1.487°  2.868+0.875 ND ND ND
Rutin derivate 3 R3 3.511+1.775 0.673+0.284  0.952+0.642  0.774+0.210  3.565+1.624 3.244+0.734  2.276+0.598
Rutin derivate 4 R4 0.466+0.147 0.691+0.311 1.056+0.385 0.740+0.155 ND ND ND
Kaempferol K 0.491+0.155" 0.557+0.114  1.009+0.297  0.652+0.121" 0.868+0.218"  0.936+0.154" 0.768+0.087"
Myricetin M 11.445x1.477  0.935:0.077  0.992+0.208  1.035+0.195  0.83320.061 0.800+0.026  0.745+0.025

#Results are the mean of two replicates of seviéereint samples. All data are expressed as lg/mg DW
P Asterisk show the statistical differences of théues ap < 0.05 probability level in each row. No asteriskairow means no statistical differences at

p < 0.05 probability level.
°ND = not detected.
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Figure 3. Principal component analysis of the individual pblencompounds identified by
HPLC. The axis 1, horizontal, explains 41.19% @&f ¥lariance, and the second axis
explains 23.33%. The arrows at the edges of thedig(down and right) show the different
phenolic compounds which are responsible for tleaiging of the different species.

Abbreviations of phenolic compounds as shown intalée 3.

To facilitate the comprehension of all data showetable 3, a principal
component analysis (PCA) of the phenolic conceioinatin all samples was
performed (Fig.3)E. andevalensislata formed an independent and homogenous
group, characterized by the presence of cinnamiit @erivate, p-coumaric acid

derivate 1 and rutin derivate B. australisappeared on the opposite part of the
axis 1, and it was characterized by ellagic aqgiitaechin, the catechin derivates
1, 3, 4, 6 and 7, caffeic acid derivate, p-coumacicd derivate 2 and rutin and rutin

derivates, except derivate B. arboreaheld an intermediate position, but closer to
E. australisthan to E. andevalensis However, E. arborea had a scattered
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2. Phenolic composition

distribution mainly in axis 2. Because of the diffiet pattern shown bi. arborea
the PCA was repeated only with data derived fEbrandevalensigndE. australis
extracts, but no modification of the points distibn, with respect to those

showed in Fig. 3 was observed (data not shown).

DISCUSSION

Erica andevalensiss an extreme species that only grows in very acidi
metal-polluted areas exposed to severe AMD in Itleeidn Pyritic Belt (Cabezudo
and Rivera 1980; Nelson et al. 1985; Soldevillaalet1992; Heras et al. 2002;
Rodriguez et al. 2007). It is expected to have\adlstrategies to cope with the
high level of metals in its environment such asedeé mechanisms against
oxidative stress induced by metal-catalysed reasti(Briat and Lebrun 1999;
Clijster et al. 1999; Michalak 2006; Okamoto et2£)00). Since prevention of cell
oxidative damage in plants involves a variety oi land high molecular mass
compounds, as ascorbic acid, glutathione, caradenoceductases, peroxidases, etc.
(Smirnoff 1998; Mittler 2002; Inzé and Van Montat®95; Clijsters et al. 1999), it
could be predicted that one of the strategiesttieste plants exposed to continuous
substrate stressors in the Iberian Pyritic Beltehavolved is the synthesis of
specific antioxidant protectors. For instance, wevjpusly reported thak.
andevalensispossesses an efficient ascorbate peroxidase that paially
counteract oxidative damage (Marquez-Garcia 2006 ktudy the possible role of
phenolic compounds as reductive agents to prevadative damage derived from
metal exposition irE. andevalensjswe have performed a detailed analysis of the
phenolic composition and antioxidant activitiedofandevalensiextracts. Results
were compared to those obtained frBmaustralis(growing in soils exposed and

not exposed to AMDandE. arborea(growing in not polluted soil).

The total phenolic concentration in tlgica sp. is slightly higher than
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2. Phenolic composition

observed in aromatic Greek species Gapparis spinosaCastanea vulgaris
Geranium purpureum Nepeta cataria Origanum dictamnys Phytolacca
americana Ruta graveolensand Styrax officinalis (Proestos et al. 2006) and
similar to that observed iRlantagospecies (GrubeSic et al. 2005), a variety of
Iranian medicinal plants ddellilotus officinalis Equisetum maximuniPlantago
major, Adiantum capillus-veneriandUrtica dioica (Pourmorad et al. 2006) and in
endemicTanacetunsp from Turkey (Tepe and Sokmen 2007). Our resulteegr
with the correlation that the higher phenolic cancation correspond to a higher
antioxidant activity described in other plant spec{Pourmorad et al. 2006 and
Tepe and Sokmen 2007). This may suggest that aaitie activity is depending
directly on specific levels of phenolics more thanthe adaptation of one species

to different habitats.

Surprisingly, our results are controversial sinaespite of the oxidative
stressing environmental conditions derived from é&xgosition to high metals
concentration in acid soil§. andevalensifas the lowest antioxidant activity, the
lowest total phenolic levels and the simpliest cosifion and lowest concentration
of individual phenolic compounds, with some exoepsi, compared t&. arborea
and E. australis Thus, the above hypothesis may be initially rejgctenceE.
andevalensisadaptation to acid, metal-polluted soils, can Im@texplained by its
total antioxidant activity nor the phenolics vayietnd concentration. Measuring
overall phenolic concentrations could mask the gkanand possible roles of
individual compounds in the antioxidative responBeus, qualitative differences
between the populations Bf andevalensiwith respect to those &. arboreaand
E. australiswere investigated to try to explain the peculiastritution of the
former species in the acidic, high metal-pollutegdiemnment. In this respect, more
studies will be designed to identify and analyse physiological role of the
cinnamic acid derivate and the p-coumaric acidvaégi 1 inE. andevalensjgwo
phenolics exclusively present B. andevalensi@nd not inE. australisand E.

arborea.
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However, there is an alternative interpretatioroof results based mainly
on data published by Sakihama et al. (2002) anéh&ata and Yamasaki (2002).
These authors demonstrated that a non-divalentl asetal, then unable to catalyse
Fenton-like reactions enhances the phenolic-indlipédl peroxidation by a spin-
stabilizing effect of the phenoxyl radical (Kalyaaman 1990). Thus, the phenoxyl
radical produced through antioxidative reactionsaigpotential prooxidant by
synergistic interactions with heavy metals. Fotanse, our previous data showed
that Al concentration in leaves &f andevalensiseached about 1,000 ppm, more
than 3 times the concentrations measuredEinaustralis and E. arborea
Considering that Al is taken up easily by plantsaeid pH (Kabata-Pendias and
Pendias 2000; Kochian et al. 2004), a suggestiyathesis to understand our
results could be thaE. andevalensisdaptation to its harse environment, was
possible by a reduction of phenolics variety andcemtration in such a way that

prooxidant effects of phenolic compounds were pneack

Our results also show th&t australispossesses the greatest antioxidant
activity together with the highest phenolic levedgaggesting that these compounds
may be one of the reasons to explain its succesdloteering in many
environmental conditions. Moreovét, arboreacontains more phenolics and more
antioxidant activity tharkE. andevalensisThis fact could be in relation with the
observation described by Kraus et al. (2004) alpbants growing in poor soils
tend to contain high concentration of phenolic. 8rakogether the results presented
here suggest that total phenolic concentratiof.irarborea E. australisand E.
andevalensislepends mainly on constitutive genetic differencese than on the

different environmental conditions affecting theypiology of the studied species.
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3. ANTIOXIDANT MECHANISMS IN ERICA
SPP. DIFFERENTIALLY EXPOSED TO
METAL POLLUTION IN SOUTH
IBERIAN PENINSULA

Mecanismos antioxidantes eftrica spp. expuestas a
distintos grados de contaminacion por metales en sur de la
Peninsula Ibérica
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3. Antioxidant mechanisms

ANTIOXIDANT MECHANISMS IN ERICA spp
DIFFERENTIALLY EXPOSED TO METAL
POLLUTION IN SOUTH IBERIAN PENINSULA

ABSTRACT

The Iberian Pyritic Belt is a geological formatioharacterized by a
high content of heavy metal and very acidic soiBifferent
populations oErica andevalensi€abezudo & Riveragrica australis
L. and Erica arboreal. have been studied when they grow in soils
with different metal composition. The aim of theegpent work was to
investigate the antioxidant mechanisms that thiermdift species have
developed to cope with the metals and reactive exygpecies (ROS)
produced in the cellsE. andevalensjsan endemic heather always
growing associated with acid and heavy metal eadchoils, have
developed an efficient defence system based orrtzgteoperoxidase
(APX) reaching high values. On the other harifl, australis
antioxidant system consists of high levels of dsicoacid (AsA).E.
arboreg species never growing in soils affected diredtyy mining
activities, did not show any special enhancementhia analysed

parameters.

KEYWORDS

Erica andevalensis;oxidative stress; ascorbic acid; heavy metals;

Iberian Pyritic Belt.
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INTRODUCTION

The so-called “lberian Pyritic Belt” is the larges&cumulation of massive
sulphide on Earth, stretching from the North of iBe\Spain) to the South of
Lisbon (Portugal). Pyrite, its main constituents Heeen exploited for over 5000
years (Nelson and Lamothe 1993; van Geen et af;198vis et al. 2000, Sainz et
al. 2003; Sanchez Espafia et al. 2005). Pyrite memesn general mining areas,
form a significant burden on the natural environtperinere endemic plant species
appear to be adapted to the particular soil camdti Typically, water, oxygen and
sulphur-oxidizing bacteria leading to the acidifioa and heavy metal pollution of
soil water and nearby rivers. This phenomenon @amas acid mine drainage or
AMD (Davis et al. 2000; Sainz et al. 2005; Ferrai@ Silva et al. 2005). The
province of Huelva, located at SW Spain, is crodsgedwo rivers, the Odiel and
the Tinto, both affected by AMD and showing highncentration of heavy metals,
mainly Fe, Mn, Zn, Cu and Pb (Nelson and Lamoth@3i%an Geen et al. 1999;
Sainz et al. 2003; Braungardt et al. 2003; Montetela and Tenorio 2003).

Metals, essentials or not, are toxic for plantewkhey are present in high
concentrations. Plants possess mechanisms to thaiexcess uptake and also to
cope with metals when the internal concentratiorthi@ cells is too high and
interferes with the normal cell metabolism. Whentateenter the cells they can
react catalyzing the oxygen reduction with the sghent formation of reactive
oxygen species (ROS), which results in the prodaotif oxidative stress that can
injure cells by inducing lipid peroxidation, prateoxidation, enzyme inhibition
and DNA damage (Clijsters et al. 1999; Prasad.et249; Briat and Lebrun 1999;
Dat et al. 2000; Briat 2002). Plants have evolvigigmrdnt antioxidant mechanisms
consisting of enzymes, such as superoxide dismutaatalase, ascorbate
peroxidase, or small metabolites such as ascodiicta cope with them (Inzé and
van Montagu 1995; Arrigoni and de Tullio 2002).
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In some of the most inhospitable environmentshefgrovince of Huelva,
such as the Odiel and the Tinto River banks amddes and onto the tailings piles,
with soils pH as low as 2.5 and elevated conceatraitof Fe, Cu or Zn (Soldevilla
et al. 1992; Asensi et al. 1999; Rodriguez et @072 an endemic heathefrica
andevalensiabezudo and Rivera (1980), is able to grow whdeother species
can do it. In Portugal, this remarkable speciesahss been encountered in the Sao
Domingos Mines, a polluted site showing similar releteristics as the site
described in this study (Capelo et al. 1998; Turetal. 2007; Abreu et al. 2008).
Surprisingly,E. andevalensihas never been seen growing out of the influence of
metals and acid soils, but in mildly polluted site®ther heathedtrica australisL.
can be foun@Valdés et al. 1987; Soldevilla et al. 1992; Abed@l. 2008).

The aim of the present work was to investigateatttgoxidant mechanisms
that different populations dE. andevalensipossess to survive in different highly
polluted and acid soils. This study includedaustralis,due to its ability to survive
in polluted soils sharing habitat with andevalensigshen the conditions become
less extreme and in non-mining affected soils. idtlspecies, never growing in
polluted mining soilsk. arborea,has also been included for comparison purposes.
Total and EDTA-extractable metal content in soilsetal content in leaves,
analyzed in the chapter 1 will be referred, as wellntioxidant enzymes activity
and antioxidants contents in leaves of all theeHhreathers, have been thoroughly

analyzed in order to establish a possible mechatosxplain the metal tolerance.

133



3. Antioxidant mechanisms

MATERIAL AND METHODS

Plant and soil sampling

This study was carried out with samples colledgtedanuary 2006 in two
different points of the Pyritic Belt, based in tiiiéferent metal composition of the
soils (Chapter 1). From the first point, locatedre Odiel River (37° 43' N — 6°
42’ W), samples from 5 different populations wemdlected. Here the pollution
degree gradually increases from the river bankeweaiyE. andevalensisould be
sampled because no other species withstands therexiconditions, to the river
terrace, werde. australisappears sharing habitat with andevalensisand to the
slope of a hill, located nearby (but elevated apowere E. australis grows
together with other typical Mediterranean bushesluiding E. arborea, also
included in our study. The second point of the lRyBelt was chosen on a mine
spoil heap, near Nerva village (37° 41’ N - 6° 88. On this siteE. andevalensis
and E. australis were found growing in a small hill resulting frothe mine

extraction accumulated- material.

Samples were taken from plants of the same sizk veth the same
orientation to the sun and samples from 7 diffeneditvidual plants were collected
from each population for all biochemical analydike leaves were immediately
frozen in liquid N in the field, and stored at -80°C in the laborattoy further

analysis.

Water content and soluble proteins

The water content was calculated drying the lesagsples at 60°C until
constant weight was reached. Protein concentratia® measured following the
method described by Bradford (1976) (Fig. 1).
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04 4

y=0.0726 % + 0.007
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Figure 1. Calibration curve of protein, using BSA as stadda

Total ascorbic acid measurements

Ascorbic acid (AsA) in leaves was quantified usthg bypiridyl method
(Kndrzer et al. 1996). In the extractions, the éromaterial was grounded in a pre-
cooled mortar and liguid NWhen a homogenous powder was obtained 1 mL of 5
% meta-phosphoric acid was added. The homogenasethea centrifuged at
10,000 g at 4° C for 30 min. The resulting supenmatvas kept at -80° C until
analysis. For the analysis, the samples were takémand keep in ice. An aliquot
fraction of 20uL was pipetted and 10pL of 5 % meta-phosphoric acid were
added. The solution was neutralized with 35 of 1.5 M triethanolamine, and
buffered with 15QuL of 150 mM sodium phosphate buffer (pH 7.4). Seydive
microlitres of 10 mM dithiothreitol (DTT) were addleand the samples were
incubated for 15 min in the dark at room tempegatdiis step reduced all the

possible oxidized forms of ascorbic acid, and ttaltform is obtained. Afterwards
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75 uL of 0.5 N-ethylendiamine (NEM) were added to stiye reaction and
successively, followed by vortex after each additi®®0uL 10 % trichloroacetic
acid, 300uL 44 % ortophosphoric acid, 3QQ 4 % 2,2-bypiridyl (dissolved in 70
% ethanol) and 150L 3 % iron chloride (lll) were added. For the measnent of
the reduced form of ascorbic acid present in tinepées 15QuL of deionised water
was added instead of the DTT and NEM and the reptaiocol continue in the
same way as described above. The mixture was itedildahour at 37 ° C and the
absorbance was measured at 525 nm. The oxidized dbrascorbic acid (DHA)
was calculated subtracting the reduced form tatdted concentration. The values

were compared with a calibration curve with reduascbrbic acid (Fig. 2).

0,30 -
y =0.0087 % + 0.0063
=099 Y

0,25
0,20 1

0,13

OD. 525 tm

0,10

0,05 1

0,00 T T T T T T 1
0 3 10 13 20 25 30 33

ph AsA (Reduced form)

Figure 2: Calibration curve of ascorbic acid.

Enzymatic activities
Leaves collected at the field were frozen in ki, until needed. For

analysis, leaves were grounded with a porcelairtanand pestle. The extract was
prepared with 1 mL of 50 mM Tris-HCI buffer (pH Y &ontaining 5 mM EDTA, 1
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% (v / v) phenylmethanesulphonylfluoride, 10 mM QT3 % insoluble polyvinyl
pyrrolidone and 5 mM ascorbic acid (only for asetebperoxidase, and then
without DTT). The homogenized material was cengréd for 20 min at 10,000 g,
using the supernatant for determining the enzymattvities. For activities
determination about 3Qg of protein were added to the reaction mixturelegs
otherwise stated, one unit was defined as the oogpison of one micromole of

substrate per minute.

The catalase activity (CAT; E.C. 1.11.1.6) wasedeined using the
method described by Aebi (1983). The reaction méttontained 50 mM Tris-HCI
buffer (pH 7.5) and 10 mM #D,. The reaction was started with the addition of the
sample, and the decomposition fosQ4 was followed at 240 nm (molar extinction

coefficient = 43.6 mNt cmi™h).

The superoxide dismutase activity (SOD; E.C. 1.15. was measured
following the method described by McCord and Fridby(1969). The dismutation
of superoxide was assayed measuring the inhib@ifoanthine oxidase-dependent
reduction of nitroblue tetrazolium (NBT). The raaot mixture (1 mL) contained
50 mM Tris-HCI buffer (pH 7.5), 5 mM EDTA, 50 yuL 18M xanthine, 50 pL 1
mM NBT and 0.04 units of xanthine oxidase. The otidm of NBT was followed
at 530 nm. One unit of SOD was defined as the atmiuenzyme that inhibits the

rate of absorbance increase by 50 %.

The guaiacol peroxidase activity (POD; E.C. 1.11).lwas measured
according to Zheng and Van Huystee (1992), with esamodifications. The
reaction mixture contained 50 mM Tris-HCI buffeH(@.5), 0.03 % KO,, 0.01 %
guaiacol and about 3y of protein. The total peroxidase activity wasedetined
by spectrophotometry following the rate of formatiof tetraguaiacol at 470 nm

(molar extinction coefficient = 26.6 micm?).
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The ascorbate peroxidase activity (APX; E.C. L111l) was determined
according to the method described by Asada (19&#)y some modifications
(Amako et al. 1994). The reaction mixture contaiB&mM Tris-HCI buffer (pH
7.5), 5 mM ascorbic acid, 10 mM,8, and about 3Qug of protein. The reaction
was started with the addition of hydrogen perox{demM) and the rate of
oxidation of ascorbic acid was followed at 290 nmolar extinction coefficient =
2.80 mM* cih).

Lipid peroxidation measurements

As described by Hodges et al. (1999), lipid petaiibn was estimated
from the amount of malondialdehyde (MDA). Frozeavies were homogenized in
80 % ethanol in a mortar, with liquid,NThe extract was centrifuged at 3,000 g for
10 min and the supernatant was used. The method raadorrection of the
interferences by subtracting absorbance valuesamwipkes without thiobarbituric
acid (TBA). A 1 mL of diluted sample was added td anL of either i) —TBA
solution comprised of 20 % (w / v) trichloroaceticid and 0.01 % butylated
hydroxytoluene, or (i) +TBA solution containingettabove plus 0.65 % TBA.
Samples mixed and heated at 95 °C for 25 min agnl ¢boled and centrifuged at
3,000 g for 10 min. The absorbance was read at 83P,and 600 nm and the

following equations were applied:
[(Abs 532,75p)-(Abs 600;1pa)-(Abs 532rgs — Abs 60Q1ga)] = A

[(AbS 440,75 — Abs 600.154)-0.0571] = B
MDA equivalents (nmol mt) = [(A - B)/157]-16
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Hydroperoxide and hydrogen peroxide measurements

Hydroperoxide concentration (R-OOH) was estimafedowing the
method described by Gay et al. (1999) with the fications of Gay and Gebicki
(2000) in order to increase the sensitivity of tnethod. Leaves (0.1 g) were
homogenized in 1 mL 10 mM potassium phosphate bfid 7) in a mortar with
liquid N,. The extract was centrifuged at 1,000 g for 5 niihe measure was
carried out adding 100 pL supernatant to a 900 fila onixture in 25 mM
sulphuric acid composed by 1M xylenol orange, 25@M iron (ll) sulphate and
100 mM sorbitol. The mixture was kept 45 min atmotemperature. Absorbance

was measured at 560 nm. A calibration standardecwas used for calculations

(Fig. 3).

169 y=01344% + 0025
r = 0.993

0.D. 560 nm

Concentration { ph)

Figure 3: Calibration curve of R-OOH

Internal HO, was determined following the method describeddnaland
Choudhuri (1981) adapted by Lin and Kao (1998).zEBrmoleaves (0.05 g) were
ground in 50 mM potassium phosphate buffer (pH 815 mortar with liquid N
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The homogenate was centrifuged at 6,000 g for 2b Trtie supernatant (0.75 mL)
was added to a 0.25 mL of reaction mixture comgjstif 0.1 % titanium sulphate
in 20 % HSO, (v / v). The mixture was centrifuged at 6,000 g & min and
absorbance was measured at 410 nm. A calibratedasth curve was used for
calculations (Fig. 4).

0.6 4

y=0519% +00032
r=0.995 i

0.9 1
044 &

0,3 A

O.D. 410 nm

0,2

0,1 4

0,0 T T T
0o 02 04 0.6 (IR 1.0 1.2

M H,0,

Figure 4: Calibration curve of bD..

Photosynthetic pigments

For the determination of carotenes and chloroplaydindb, approximately
100 mg of fresh weight of leaves were used. Plateral was homogenized using
acetone in a mortar, with liquid,NThe extract was centrifuged at 10,000 g for 10
min (Arnon 1949). Finally, the mentioned pigmentsrevdetermined by means of

spectrophotometry from the supernatant (Lichteethi®87).
Chlorophyll a = 11.24 Abgs; s— 2.04 AbS448

Chlorophyll b =20.13 -Abgys— 4.19 AbSe6
Carotenes = (1000 -Alg— 190 - Chlor a — 63.14 - Chlor b) /214
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Statistical analysis

All spectrophotometric analyses were expressatesn of 7 independent
(measured twice and averaged) originated from Wighgal plants collected from
each sitet SEM (standard error of the meani= 7). A general lineal model was
employed to estimate species effects, site efiautisallowing interactions. Data of
two species K. australis and E. andevalens)s for which we had enough
information were analysed separately through an XNOA different post-hoc
analysis was used depending on the variances’ henedty (Duncan or Dunett T3,
respectively), as previously tested withevene'sest. All statistical analyses were

performed using SPSS.

RESULTS

The pH and metal content in soils, as well asBB& A extractable metals

and metal content in leaves are showed in Tab&exl1l2 in Chapter 1.

Despite the high metal content, none of the studiepulation ofE.
andevalensis, E. australigr E. arboreashowed macroscopic injuries, and all of

the populations seemed to be in a good state dthhea

Total soluble protein content was different in rgvetudied species. The
smaller amounts were found iB. andevalensigFig. 5 A). Concerning each
population,E. australisshowed more protein growing in the Tailings tharthe
Slope (p<0.05), whereds andevalensigrowing in the Bank showed the smallest
protein content (p<0.05). Here, the data were esqae per dry weight, but similar
results were found when expressed on fresh wegsisl{data not shown). In Fig.

5 B, the relative water content is displayed. Ngn#icant differences were found
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in E. andevalensipopulations;however,E. australisaccumulates more water in
plants growing in the Tailings, followed by plafitsm the Terrace (p<0.05).

E. arborea, B E. australis, B E. andevalensis, A
140 - -'f-
120 A - ab
=
0O 100 A =
(o))
S
c 80 4
2
o
o 60 1
2 B B
40 4
20 =
0
T E. arborea, B E. australis, A E. andevalensis, B
60 -
c
o o

40 A

Relative water content (%)

20 A1

[srorE [ taiwings [ 1ERrRACE [l BANK

Figure 5. Protein content (A), and relative water conten} (B9 of the threeerica sp.,
sampled at four different locations of increasiegVy metal pollution (Control (white),
Tailings pile (light grey), Terrace (dark grey) aBdnk (black). Data represents means
SEM (nh = 7). Capital letters next to the species namtheriop of the graph indicate
statistical significant differences among spediesver-case letters (a, b, c) or Greek letters

(a, B, y) indicate statistically differences for intra-sjgsccomparisons.
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Ascorbic acid (AsA) content was measured using ldeiridyl method
(Fig. 6), and significantly higher values were fdun E. australis(p<0.05) than in
the other two species, as much in the reduced #eeitotal forms. However, there
were not significant differences among the popatetiof the same species. The
ratio DHA/AsSA reduced (Fig. 6 C) was in all the eadower than 0.6, without
significant differences among the studied spedimsvever, differences appeared
whenE. australiswas analyzing in the different soils studied, @hghts growing
in the Tailings were which possessed the highdist fl@<0.05).

In relation with the antioxidant enzymes, SOD wttidid not presente
significant differences among the studied spediegustralisfrom the Tailings
presented the highest value when populations sfgbhécies were compared and in
the case oE. andevalensi#t was also the Tailings the place where this gsec
activate more SOD (Fig. 7A), but without signifitadifferences amongkt.
andevalensigopulations. The CAT activity (Fig. 7B) iB. australiswas lower in
the samples from the Terrace site than those ¢etleth other locations. No
differences (p<0.05) were found B andevalensigFig. 7A) populations. POD
activity (Fig. 7C) was lower irE. australispopulations growingn the Terrace
when compared to the Slope location (p<0.05), bas wigher in the Terrace
specimens compared with those collected at the BaRK showed the highest
activity, reaching values as high as 801€157.70 U mg protein in E.
andevalensigrowing in the Bank (Fig. 7D), statitistically diffent to the other
populations of this species and, also higher tBamaustralis growing in the
Terrace, which presented 267.9745.18 U m¢ protein but without differences

(p<0.05) amongg. australispopulations.
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146



3. Antioxidant mechanisms

Hydrogen peroxide (¥D,) content in leaves was determined and the
results are displayed in (Fig. 8Aj. andevalensishowed significant lower levels
(p<0.05) than the other two species, and the ptpolgrowing in the Bank had
about 21 % less content than the other two popuatofE. andevalensistudied.
MDA equivalents, used to measure the lipid peraiddea(Fig. 8B), showed also
the lowest values i&. andevalensi§<0.05) when the species were compared as a
gruop. Looking inside each species, the Tailingsas&d the lowest MDA content
in both specieskE. andevalensiand E. australis When hydroperoxide (R-OOH)
accumulation was measured (Fig. 8)andevalensishowed the highest value

(p<0.05), especially in the Terrace and Bank pdjona.

In relation to pigment content, higher values bfocophyll a andb were
found inE. australisgrowingin the Slope than in the Tailings or Terrace (p§D.0
(Fig. 9 A and B). However, ifE. andevalensishe pigment concentration was
smaller in the Tailings than in the Bank (p<0.0&pally, carotenes did not show
any change irfE. andevalensidjoweverE. australisshowed a reduction from the

Slope to the Tailings populations (p<0.05) (Fig).9C
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DISCUSSION

Heavy metal contamination in soil or sediments canstitute a powerful
selective force in plant evolution (Antonovics 197In the Pyritic Belt metal
richness and acid conditions could made possilde ah endemic plant species,
Erica andevalensishad developed tolerance mechanisms to survive evher
other species can do (Cabezudo and Rivera 1988pheit al. 1985; Soldevilla et
al. 1992; Heras et al. 2002; Rodriguez et al. 200Y)the present study, the
exposure of plants to heavy metals has been chamudhe initial hypothesis was
that both E. andevalensisand E. australis might have evolved cell defence
mechanisms against ROS derived from metal-catalysadtions as reported for
other plants (Briat and Lebrun 1999; Clijster et #399; Okamoto et al. 2000;
Michalak 2006). In order to study the possible afiéint heavy metals tolerance
mechanisms . andevalensis, E. austrabsidE. arborea soils metal content has
been analysed to get a general picture about ti& ad@undance in the study area.
In leaves, metal composition analysis together \bitichemical (ascorbic acid,
protein, hydrogen peroxide, hydroperoxide radicafgoducts from lipid
peroxidation, pigments) and enzymatic assays @sdalsuperoxide dismutase,

ascorbate peroxidase and guaiacol peroxidase)demrecarried out.

The metal content analysis showed that, in genigsatoncentration in the
soils from the Odiel sampling point decrease adtbnce to the river increased.
This fact reinforces the notion that AMD is takiplgce at these sites and that the
Odiel River is the main source of pollution, witigt levels of Cu, Fe, Mn and Zn,
as much in total as in biodisponible forms (ChafitefFable 1). On the other hand,
the highest concentrations of As and Pb was foundhé Tailings soils. The
different metal composition in these two kinds oilsis due to the different origin
that they have: soils close to the river wateraaneched with the metals present in
the soils where the river cross, whereas the Tgliare an artificial accumulation

of wastes after the mineral extraction. What are thechanisms thakE.
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andevalensigpossess to survive in such soils have a growitgrést nowadays,
including the rhizosphere that have been studiedhfa metagenomic point of

view, and genes resistant to Ni have been desc(Mgdtte el al. 2007).

The metal content in plant tissue (Chapter 1, @dhl showed that, in
general, E. arborea and E. australis behave in a similar way, and th&at
andevalensignly showed a strong difference with respect todtier populations
in Zn content when growing in the Bank, where thistal presented the highest
concentration. These species may have mechanisnevdiml metals uptake.
Accumulating Fe and Al mycorrhizas have been dbedriin roots ofE.
andevalensigTurnau et al. 2007). However, we have found thatard Mn
contents are the highest among the studied spanikghat their levels exceeded
the concentration reported as normal range in pléBthaw et al. 2004). Although
Mn accumulation has been previously describe#t.imndevalensigSoldevilla et
al. 1992), we have found that, despite the previstgdies suggesting.
andevalensisto be Zn excluder (Soldevilla et al. 1992), the #iternal
concentration in the Bank was 4-fold higher tham ¢bncentration found in plants
from the Terrace. These data suggest tRatandevalensiscontrol uptake
mechanisms can be overcome due to the high coatientrin soils (Chapter 1,
Table 2).

We found thatE. andevalensigrowing in the Bank showed the lowest
soluble protein content (Fig. 5 A), and that thitee was not related to higher
water content (Fig. 5 B). Metals can affect thet@iro content in plants, but this
effect has been shown to depend strongly on thalmsed and its concentration
(Ewais 1997).

The accumulation of Fe and Al in leavestofandevalensigespecially in

the cuticle and upper epidermis) has been prewiodsbkcribed (Turnau et al.

2007). On the other hand, the higher values found. iaustralisand E. arborea
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may be an effect of the antioxidative protectior do the increase of antioxidant

enzymes, as has been previously suggested by Kostal (2009).

As stated above, the analyzed plants were chrbnieaposed to heavy
metals, and this fact is widely known to inducedative stress (De Vos et al.
1992; Gallego et al. 1996; Schitzendiibel and PGI?). Plants have developed
barrier mechanisms to avoid the entrance of thals¢Macnair 1997); or even,
once the metals have entry the cells, mechanismséal in the metal inactivation
to avoid reactive oxygen species (ROS) formatioa. cbpe with ROS, plants
mechanisms are focused on metal toxicity reductdth molecules such as
ascorbic acid, or by enzymatic mechanisms (Stadtt8&4; Smirnoff 1996, 1998,
2000; Horemans et al. 2000).

The AsA concentration is generally used as an dtixielastress marker
(Foyer et al 1991; Foyer 1993; Kaempfenkel et @85). In our studyk. australis
presented the highest levels of AsA, as much intaked as in the reduced form,
without differences among the different populatgiudied inside of each species.
The AsA levels irE. andevalensidid not show differences among populations and
in all the cases they were lower thanEnaustralis.Possibly, these findings are
related to different strategies of tolerance/avocd@adisplayed b¥e. australisand
E. andevalensisOn the other handE. arborea AsA levels did not show
differences withE. andevalensisAlong this studyE. arboreaantioxidant levels
have been taken as a reference between the otbestiied species. The activity
of antioxidant enzymes is generally increased ian{d exposed to stressful
conditions and the increase is correlated with merease in stress tolerance,

preventing cell and tissue damage (Allen 1995;e8hi. 2006).

When reacting with oxygen, divalent metals suclragll and Ill) and Cu
(I and 1) produce the radical superoxide(]) starting an oxidative stress chain-
reaction (Briat and Lebrum, 1999). Not only divdlemetals, but also Cd (IlI) and

Zn (II) have been described to cause oxidativessti(&chutzendibel and Polle
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2002).In our study, SOD activity was elevatedEinaustraliscollected from the
Tailings site compared with the Slope and Terrgee® (05) and slightly higher in
E. andevalensidut without significant differences among the &es and Bank
populations. This increased SOD activity is refelcin the smaller levels of MDA
and hydroperoxides found in the populations of ksgéacies growing in this place
(compared with other populations of the same speCiatalase, an enzyme with a
high reactivity capacity but low substrate affini@mirnoff 1998), showed a
significant lower activity inE. australisgrowing in the Terrace. This population
showed higher kD, concentration (Fig. 8 A) and higher values of MAd
ROOH (Fig. 9 B and C), increases that could be egunsnce of the higher Zn

content in the leaves (Chapter 1, Table 2).

APX and POD are induced by heavy metals (Clijst¢ra. 1999) and both
consume KO, (Inze and Montagu 1995). POD showed a differehl®ur inE.
australis and E. andevalensjsdecreasing the activity in the first one from the
plants less exposed to metals to the most exposhile in E. andevalensis
growing in the Bank the activity was more than I8 higher than the plants from
the Terrace. APX showed a high activity in all #tadied populations, but it was
E. andevalensithe species that possessed the highest activitynatié Bank site
where the activity reached values as high as 840gU protein. The Bank is the
most extreme of the studied habitats and plantaiggpthere should cope against
the ROS enhancing the activity of peroxidase ensymmainly APX, reflected in a
lower total ascorbic acid levels and.® contents in allE. andevalensis
populations (Fig. 6 and 8 A). The increase in piglase activity in response to
heavy metals has been previously reported (Smirh@%6; Wecks and Clijsters
1997; Cuypers et al. 1999; Gupta et al. 1999).

When the effect of oxidative stress is analyzedubh the level of MDA,
usually taken as an index of lipid peroxidation 4&f et al. 2007[. andevalensis
growing at the Bank, appeared as the populatioh thi¢ highest concentration in

this species. We found th& andevalensignd E. australispresented the same
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pattern when the populations growing in the Tasirend in the Terrace were
compared, showing the last one the highest vallies. data, together with the
higher Cr, Cu, Fe, Mn, Mo, Ni and Zn in the Terrdican in the Tailings suggest
that plants in this site were affected by oxidasuess. Plants in the Slope showed
the highest MDA levels, suggesting that the medrasidisplayed by these plants
to cope with oxidative stress, were not so efficighan those evolved in
populations growing in more polluted soils. The camration of R-OOH irE.
andevalensisvas higher than in the other species; althouglbigaifferences in
the MDA levels were found among all the speciedistl E. andevalensis
antioxidant system made possible that, despite tigh concentration of
hydroperoxides, lipid peroxidation did not increasgnificantly. This ability to
eliminate hydroperoxides can be explained on theskat the different antioxidant
mechanisms analyzed in this study, and maybe asthé different phenolic
composition found irE. andevalensisompared withE. australisandE. arborea
(Mérquez-Garcia et al. 2009).

The studied species were not highly affected lyittternal metal content,
as can be demonstrated with the pigment conteigs 9§ Thus, it is possible to
observe thaE. andevalensis the Bank had significantly more chlorophgliand
b than the populations growing in the Tailings. ledgit has been described in the
literature that heavy metals can reduce the chhgdbgontent, and this reduction
can be used as an indicator of metals-inducedss{f@igtz et al. 1999; Mysliwa-
Kurdziel et al. 2004; Simonova et al. 2007). Thieets of the heavy metals were
noticeable inE. australiswhen the populations from the Slope were compé&red
those growing in the Tailings or Terrace, in whidhiorophyllsa and b were
reduced. It has been reported that chloropnigl more sensitive to the presence of
heavy metals, suffering greater depletions (Maeiarland Burchett 2001). When
the ratio chlorophylk / chlorophyllb were analyzed, no differences were found in
E. andevalensishowever,E. australisshowed a higher ratio in the population
from the Tailings. These plants presented a higiternal concentration of As and

Pb and those metals can be the responsible oéthetion in chlorophylb and the
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increase of SOD. Arsenic has been described taupeBROS (Hartley-Whitaker et
al. 2001), however, the defence mechanisms of glaat avoid are efficiently

working and no a higher lipid peroxidation was olked. No changes were
observed among the differef. andevalensistudied populations, however, a

reduction was found i&. australisfrom the Tailings.

In conclusion, we have found thBt andevalensigntioxidant system is
characterized by high peroxidase activity, mainBXA which increases its activity
as internal metal content increases wheEeaaustralismechanisms are focused in
high ascorbic acid content. Both species seem W ledficient mechanisms to
avoid metal uptake, as deduced from the slightedifices in metal composition

found when plants are growing in different condiso
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Phytochelatins, glutathione and non-protein thiol
compounds in Erica andevalensis and Erica
australisfrom SW Spain

ABSTRACT

Phytochelatins, glutathione and non-protein thmhpounds has been
analyzed inErica andevalensi&ind E. australis. E. andevalensdid
not present differences in glutathione levels camgavithE. australis
growing in the same habitat, but small ascorbid aoncentration iik.
andevalensigvere confirmed in this new experiment. Phytochetati
(PCs) levels have been measured due to their ispeetin heavy
metal resistance in other plant species. The lowlteof PCs found in
both species, together with the lower concentrationnd in E.
australisgrowing in the polluted soil compared to the plagtswing
in a non-polluted one, indicate tHatica heavy metal tolerance can not
be explained by PCs neither the thiol compoundssidened in the

present study.

KEYWORDS

Ericaceae; Heavy metals; Ascorbic acid; Total asdiant capacity
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INTRODUCTION

The Iberian Pyritic Belt is a metal enriched are&W Spain and Portugal

(Davis et al. 2000; Sainz et al. 2003; Sanchez-ised al. 2005). In this soils Fe,
Mn, Cu, Zn and Pb are found in high concentratigas Geen et al. 1999; Sainz et
al. 2003; Braungardt et al. 2003; Montes-Botelld denorio 2003). Plants have
evolved mechanisms to control the uptake and aclation of metals (essentials
or not) that include chelation and sequestratiorhefvy metals by particular
ligands, included phytochelatins (Cobbett 2000ahl@tt and Goldsbrough 2002),
to avoid the reaction of metals with oxygen, reattthat lead the increase of
reactive oxygen species (ROS) that react with l@lloomponents and produce
oxidative stress (Briat 2002).

Phytochelatins (PCs) are a family of non-protdiiolt peptides with the
general structurey{Glu-Cys)-Gly, with n from 2 to 11, where in the C-terminal
Gly can be exchanged for other amino acid (Raug@b;1Zenk 1996; Cobbett and
Goldsbrough 2002). Metals induce the synthesis@f{®obbett 2000a) and there
is no direct evidence that these molecules hadhandunctions outside the
detoxification (Cobbett and Goldsbrough 2002).

Glutathione (GSH) has been confirmed to be thestsate for the synthesis
of PC by different physiological, biochemical anehgtic studies (Cobbett 2000a).
Different functions has been attributed to GSH aeductans and radical
scavenging are important ones (Dixon et al. 1998 antioxidant properties of
GSH depends on the oxidation of the SH group, givise to disulphide form
(GSSG). The ratio reduced to oxidized form is n&imgd by glutathione reductase
(GR) (Madhava Rao and Sresty 2000) and the prapomif reduced GSH is
greater than 0.9 under non-stress conditions intglasue (Noctor et al. 1998).
GSH is related with ascorbic acid (AsA) through #ecorbic acid-glutathione

cycle as follows: the oxidized ascorbic acid (DH&) reduced to AsA using
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electrons coming from GSH (Foyer 1993; Foyer e1884). The AsA is one of the
most powerful antioxidants in plant cells (Smirn@®96; Horemans et al. 2000;
Smirnoff 2000) and under physiological conditiohe percentage of reduced form

is close to 90% in leaves (Smirnoff 2000).

Erica andevalensi€abezudo & Rivera (1980) is an endemic species fro
the Iberian Pyritic Belt, always growing in acidilsowith high levels of heavy
metals (Nelson et al. 1985; Soldevilla et al. 199&8ras et al. 2002). The levels of
antioxidant enzymes (SOD, catalase, peroxidaseX) A®A and oxidative stress
markers (MDA) has been previously analyzedEinandevalensiandE. australis
growing in soils with different metal compositiam the soils (Chapter 3), with the
conclusion that both species used differentialgirttantioxidant mechanismg.
andevalensienhanced the APX activity anfl. australishad highest levels of
AsA. As well, the phenolic composition has beenlyaeal in different populations
of E. andevalensiandE. australisas a clue to the antioxidant properties of these
compounds (Chapter 2) and different phenolic cortippswas found among both
species. However, until now the levels of GSH aldted enzymes have not been

possible to assay by spectrophotometric techniguigese species.

In the present study the levels of GSH, using tHBLC with
electrochemical detection method optimised in Ampge University, Plant
Physiology Research Team, as well as the levelsaf-protein thiols and
phytochelatins has been analyzed for the first fimihese species with the aim to
go into the tolerance mechanisms in depth thaandevalensignd E. australis

possess to survive in such a extreme habitats ent@pther species can survive.
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MATERIALS AND METHODS

Plant material

In this study plant material was collected frore freld in the Odiel river
(close to “Puente de los Cinco Ojos”, 37° 43' N°4@' W), in February 2008.
Two different sampling points were chosen: one g by the river influence,
and therefore the AMD process, in the Terrace efritier, whereE. andevalensis
andE. australisshare habitat, and one placed close, but in &slejh no direct
relation with the river, called slope in the Chagiefore, where onlfe. australis

was sampled. These sampling points were defin€hapter 1.

Leaves from 5 different individual plants from bgaant species and site
(population) were collected in February 2008 anthadiately frozen in liquid N
Samples were kept frozen in dry-ice and sent towanpen University (Plant

Physiology research team) and stored at -80°C tinetyl were analysed.

Glutathione and ascorbic acid determination

Plant material was taken out of -80° C and frastiof around 100 mg were
weighted and quickly grounded in liquid nitrogenarpre-cooled mortar. At this
stage it is essential to keep samples frozen twepteoxidation. When a
homogeneous powder was obtained, 1 ml of ice cdld @Gv / v) meta-phosphoric
acid was added. The samples were thawed on ic¢hanaiixture was clarified by
centrifugation at 12,000 at 4°C for 15 min. The resulting supernatant weyst lon
ice until HPLC analysis. Antioxidants were sepataten a 100 mm x 4.6 mm
Polaris C18-A reversed phase HPLC column (3 umigbarsize; 30°C; Varian,
CA, USA) with an isocratic flow of 1 ml mihof the elution buffer (25 mM KPQ

buffer, pH 3.00). The components were quantifiedngisa home made
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electrochemical detector with glassy carbon eleerand a Schott pt 62 reference
electrode (Mainz, Germany). The purity and identifythe peaks was confirmed
using a diode-array detector (SPD-M10AVP, ShimadgtHertogenbosch, The
Netherlands) which was placed on line with the tetehiemical detector. The
amount of oxidised DHA or GSH concentration was soeed indirectly as the
difference between the total concentrations ofcaidiants in a DTT reduced
fraction and the concentration in the sample pidoreduction. Reduction of the
sample was obtained by incubation of an aliquahefextract in 400 mM of Tris
and 200 mM of DTT for 10 min in the dark. The pHtlois mixture was checked to
be between 6 and 7. After 15 min the pH was lowagain by fourfold dilution in

elution buffer prior to HPLC analysis.

Non-protein thiol compounds determination

Non-protein thiol compounds were measured follgwithe method
described by Queval and Noctor (2007). Samples wesand in liquid nitrogen
and extracted into 1 mL of 0.2 N HCI. The homogenaas centrifuged at 16,000
g for 10 min at 4 °C. A supernatant aliquot of b was neutralized with 0.5 ml
of 0.2 N NaOH in the presence of pof 0.2 M NaHPQ, (pH 5.6). The final pH

was between 5 and 6.

The method was described for plate reader assayshe volumes were
adapted to spectrophotometric assays with a fiodmre of 1 mL. The assay
contained 70QuL of 0.12 M NaHPOQ, (pH 7.5) 6 mM EDTA, 10QL of 6 mM
DTNB and 20QuL of neutralized extract. For standards, extracs veglaced by O,
10, 20, 50 and 100 nmol of GSH. These standardgiciot were neutralized and
treated in the same way that the samples (FigAsl9ays of extracts were corrected

for the absorbance at 412 nm in both the absend®ETdIB (cuvette with extract
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but no DTNB) and the basal absorbance of DTNB (tteveith DTNB but no

extract or standard).

0,5

y=0.0151 % - 0.00334
r = 09989

OD412 nm

0 5 10 15 20 25 30 35
pM GSH

Figure 1. Calibration curve used in the measurement of rmotemn thiols.

Phytochelatin measurements

Phytochelatin analysis was performed by Dr. Schahoratory of Plant
Ecology and Physiology, Free University, Amsterdaithe Netherlands as
described by Sneller et.§P000). Briefly leaves tissue was ground usingaatan
and pestle and subsequently extracted with 1.98 a@fl 6.3 mM
diethylenetriaminepentaacetic acid with 0.1 % @) Arifluoroacetic acid at 4°C
supplemented with 20 mL of 20mM N-acetyl cysteigeaa internal standard. The
suspension was centrifuged at 13,@06r 10 min at 4 °C and the supernatant
filtered through a Costar Spin-X centrifuge tubehwa 0.22 mm nylon filter. The
thiols in the extract were derivatized with 10 nil25 mM monobromobimane,
together with 450 mL of 200 mM 4-(2-hydroxyethyipprazine-1-
propanesulphonic acid buffer at pH 8.2 and 6.3 ndhglenetriaminepentaacetic
acid. After 30 min at 45 °C the derivatitation wsaiepped by the addition of 300
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mL of 1 M methanesulphonic acid. The PCs were sapdron two tandemly
arranged Nova-Pak C18 columns (6 nm, 4 um, 3.9, Waters, Milford,
MA) at 37°C, using a slightly concave gradient 2£25% (v / v) methanol for 15
min and then a linear gradient from 25 to 50 % \y hethanol from 15 to 40 min.
Fluorescence was monitored using a Waters 474 efdoence detector. HPLC
peaks were identified based on Silene vulgarissample in which the PC
composition was established previously through araicid analysis of the purified
peak fraction (Sneller et.&000).

Lipid peroxidation measurements

Lipid peroxidation was measured following the paatl described by
Hodges et al. (1999), in which the amount of maialdghyde (MDA) was
estimated. Frozen leaves were homogenized in 8dh#nel in a mortar, with
liquid N,. The extract was centrifuged at 3,000 g for 10 arid the supernatant
was used. The method made a correction of thefén&grces by subtracting
absorbance values of samples without thiobarbitgid (TBA). Briefly, a 1 mL of
diluted sample was added to a 1 mL of either i) ABIution comprised of 20 %
(w / v) trichloroacetic acid and 0.01 % butylategbioxytoluene, or (i) +TBA
solution containing the above plus 0.65 % TEBamples mixed and heated at 95
°C for 25 min and then cooled and centrifuged &0@,g for 10 min. The
absorbance was read at 440, 532 and 600 nm aniblibeing equations were
applied:

[(Abs 532,7gp)-(Abs 600.1pa)-(Abs 532rgs — Abs 60Q1ga)] = A
[(Abs 440,755 — Abs 600Q1g4)-0.0571] = B
MDA equivalents (nmol rifl) = [(A - B)/157000]-1&
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Total antioxidant capacity measurement

The total antioxidant activity was measured usthg ferric reducing
antioxidant power (FRAP) method described by Peédtarret al. (2008). Leaves
were extracted in 80 % ethanol (v/v) and centritbgé 3,000 g for 10 min. The
method was adapted to plate reader and to {lO®f plant extract, with the
appropriate dilution, was added 10D of reagent. The reagent mixture consisted
of 0.1M sodium acetate buffer (pH 3.6), 10 mM TParl 20 mM ferric chloride,
in 10:1:1 (v/v/v) proportion. The absorbance waadrat 600 nm after 10 min. A
standard curve (Fig. 2) was made following the sana¢ocol with Trolox from O
to 100uM. The data were expressedamsol Trolox equivalents per gram of fresh

weight.

y = 0.00994 % + 0 0066
=09931

O D 8O0 nm

0 20 40 &0 30 100
L TROLOX

Figure 2. Calibration curve of total antioxidant capacityngsTrolox as reference.
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Pigments measurement

The content in chlorophyh, b and total was measured in the remainder
supernatant after the total antioxidant capacity assayed. The quantification was
made using the equations given by Lichtenthale8T)8or ethanolic extracts.

Chlora=13.36-AB%ss— 5.15-ABS%s9
Chlorb = 27.43-AB$49— 8.12-AB%ss
Chlor total = 5.24-AB&s + 22.24-AB%s9

Statistical analysis

The statistical analysis were analysed by ANOVAdiferent post-hoc
analysis was used depending on the variances’ henedty (Duncan or Dunett T3,
respectively), as previously tested withevene’'dest. All statistical analyses were
performed using SPSS apdst hocdDuncan test.

RESULTS

Some antioxidant mechanisms Bf andevalensigind E. australis have
been previously analyzed (Chapter 3), together with heavy metal content in
both, soil and plant tissue (Chapter 1). In thespné Chapter plants from the
Terrace and Slope has been selected to go mordydegp the antioxidant
mechanisms ife. andevalensiandE. australis The values of AsA as much as in
the reduced as in the total concentration (Figst®)wed lower values (p<0.05) in

E. andevalensigzhen they were measured by HPLC.
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771 E. gndevaiensis (terrace)
[ E. gustralia (temace)
BEER £ australis (slope)

30000 A
25000 - b b
20000 4
15000

10000

3000 - i
T

Reduced ascorbic acid Total ascoric acid

Figure 3. Levels of reduced and total ascorbic acid in &avés of thé&rica studied. Data
represents meansstandard error of the mean, n= 5. A letter ondba bar in the same
parameter, indicate that the populations are sitatily different (p<0.05) .

The non-protein thiols content was statisticallghler inE. australisfrom
the Slope than irE. andevalensiss can be observed in Fig. 4. In relation to
glutathione, the reduced form was smalleEinaustralisfrom the slope (p<0.05),
but no other differences appeared. The glutathiewels were measured twice, in

Antwerpen and in Amsterdam by different methods mmdiifferences were found.
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1400 | FZJ E. andevalensis (terrace)
[ E gustralis (terrace)

B £ australis (slope)
1200

1000 ;

300

600

nmol GSH S g F W

400

200

Reduced G5H Total G5H Morprotein thiols

Figure 4. Levels of reduced and total glutathione (GSH) ao-protein thiols in the
leaves of thérica species studied. Data represents mesgtandard error of the mean, n=
5. A letter on top of a bar in the same paramatdicate that the populations are

statistically different (p<0.05) .

AsA and GSH can act as antioxidant molecules ey are not the only
ones with this capacity. When the total antioxidespacity was measured in an
ethanolic extract, we found thBt andevalensig the plant that showed the lowest
one (Fig. 4), without differences between the twffetent populations ofE.

australis but slightly small irE. australisfrom the terrace.
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60 -
[7—71 E andevalensis (terrace)

[ £ austraiis (terrace)

a0 BEER £ australis (slope)

ho

40 4

30 4

H o

20 4

pwmol TROLOX equivalent /g F.W.

Figure 5. Total antioxidant capacity measured using TROLGXederence in the leaves of
Erica species studied is represented by the rte8BM (standard error of the mean), n= 5.
Different letters on top of the bar means statitiifferences p<0.05.

Results about phytochelatins showed that no PG2fauand inE. australis
growing in the terrace, and PC 3 was smaller (f®0i® that population too. No
differences were found iB. andevalensiandE. australisfrom the slope in the PC
content.
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a0 4
77 E andevaiensis (terrace)
[ E australis (terace)

E. australiz (slope)

30 4

20

nmol /g F.W
SH

[RE & PC TOTAL

Figure 6. Phytochelatin (PC) content is represented in eaclad the mean SEM
(standard error of the mean), n= 4. Different kstten top of the bar means statistical
differences p<0.05

Chlorophylla content was higher (p<0.05) ih andevalensisChlorophyll
a, band total were smaller . australisfrom the terrace (Fig. 7).

00 4 7] E andevalensis (terrace)
[ E australis (terrace)
BB £. australs (5I0pe)

500

400 ~

300 EE

200 A

ng pigment/ g FW.

100 4

i : 2
Chloraphsdl A Chlorophsdl B Total Chioroptyl

Figure 7. Levels of chlorophylh, b and total is represented in each bar as the mé&iM
(standard error of the mean), n= 5. Different kstten top of the bar means statistical
differences p<0.05
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The highest concentration of MDA (p<0.05) was fdumE. australisfrom
the slope (Fig. 8), without differences betwdéerandevalensiandE. australisin

the terrace site.

140 -
A E andevaiensis (temrace)
[ E ausiralis (terrace)

120 4 EEEE £ australis (slope)

100 4

g0 4

— m

60

— o

nmol MDA /g F W,

40 A

20

Figure 8. Lipid peroxidation, expressed as MDA equivalentagiig F.W) is represented
in each bar as the mearSEM (standard error of the mean), n= 5. Diffelletiers on top
of the bar means statistical differences p<0.05

DISCUSSION

The antioxidant mechanisms h andevalensiandE. australishad been
previously analyzed (Chapter 3), with the aim taifout the clue of the resistance
of E. andevalensi$o the extreme habitats in which it always livB®w, in this
new study the interest was focused on the GSH alated molecules, due to the
great importance described in heavy metal resistanplants and the impossibility
to be measured until now farica species. The levels of AsA were smallerEn
andevalensis(p<0.05) as much in the reduced as in the totaingp without

differences between the two populations Bf australis sampled This data
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presented the same pattern that we obtained befitinespectrophometric assays
(Chapter 3), in which the levels of AsA h andevalensigvere smaller than i&.
australis. In this new measurement the final values have Ispaller that the
previous data, but the differences may be dueddlitierent methods used in the
quantification. Ascorbic acid is a key soluble artilant in plant cells against
oxidative stress (Stadman 1991; Foyer 1993; Snfirt®06; Horemans et al.
2000).E. andevalensipresented the lowest AsA concentration and alsdotest
total antioxidant capacity (Fig. 5), which was measl in an ethanolic extract and
therefore include the liposoluble antioxidants. dwlantioxidant capacity .
andevalensisvas already described before (ChapteE2andevalensis a species
that always grows in soils with high levels of nigtao it is a species adapted to
that situation (extreme and stressful for othenpkpecies) and the constitutive
antioxidant levels may be smaller than the leviatsrgd by other plant species that

grows in the same soils but that there are notedlsagdapted ak. andevalensis

Several studies have pointed out the importancthiofs compounds in
heavy metal defence in plants (Nagalakshmi andadrae01; Mishra et al. 2008).
We have found that the concentration of non-protieiols in E. andevalensis/as
smaller (p<0.05) than the concentration foundiraustralisfrom the Slope (Fig.
4). When the data of GSH in the reduced form wemalyzed, significant
differences were found between the populations grgun the Terrace and the
Slope. Plants growing in the Terrace, where theahwincentration in both soils
and plant tissues is bigger, presented a big carateEm of reduced GSH without
showing differences in the total form. When theor&SH/GSSG was calculated,
no differences were found between the populationsvigg in the Terrace and a
value of 0.4 resulted i&. australisgrowing in the Slope. This value, smaller than
0.9, is indicative that the plants there can béesinfy from oxidative stress (Noctor
et al. 1998). The stress state of this populati@s also reflected in the higher
values of MDA content (Fig. 8). However, despite tigger damage in the lipids
compared with the other two populations sampled, fhotosynthesis was not

more affected irE. australisin the Slope than in the Terrace. As much chlordphy

171



4. Phytochelatin and thiol compounds

a as chlorophyllb were higher in the populations from the Slope. difterences
were found in the ratio chlorophydl and chlorophylb in any of the populations,
ratio that can be used as a marker of damage peddme metals due to the higher

sensitivity of chlorophylb (Macfarlane and Burchett 2001).

It has been described that in presence of heawglsrtae GSH pool can be
reduced, due to the synthesis of PCs (Cobbett 208@awas commented in the
previous Chapter, plants growing in the Slope ghdut less adapted to the
presence of heavy metals, and small concentratimsent in the soil can produce
more oxidative stress. However, when PCs were aed|yvery low levels were
found, with the only presence of PC 2 and PC 3.(EjgThe concentration found
is low compared with the level of non-protein tkieind with the levels described
in other studies (Lee et al. 2003; Mishra et aDYOE. andevalensiC levels
were similar toE. australisfrom the Slope. A decline in the PCs levels aftel
treatments, due to plant adaptation and the aiivadf different tolerance
mechanisms has been described (Landberg and G2604d). In our case, plants
are exposed chronically to the metals presentarstils and despite these species
are not considered hyperaccumulators, it has bescritbed that plants growing in
strongly metal-enriched soils do not have to beo@ased with enhanced PCs
synthesis (Schat et al. 2002). In relation with thhas been suggested that Cu, Cd
and Zn hypertolerant populations dbilene vulgaris possessed different

sequestration mechanisms no related with PCs (2ehtret al. 1995).

Some studies estimated PCs content subtracting>8té levels to non-
protein thiols (Bhargava et al. 2005; Seth et 808). This estimation is a little
tricky and not always true, as we can observe withdata.Erica species should
contain a different kind of thiols compounds diffiet to PC as can be deduced
from the non-protein thiols, GSH and PCs levelsasehundetermined compounds
may be the clue in the heavy metal tolerance maestmasnnE. andevalensiandE.
australis When GHS is subtracted from thiols, the pattemd sstatistical

differences were the same that the one found ialsthiwith E. andevalensis
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presenting the lowest value. It has been descthmdot all the metals induce PCs
and Zn and Pb ions can be bound to a differentnmlecular weight compounds
(Leopold et al. 1999).

In conclusion the data provided in this study comfthe lower levels of
AsA and antioxidant capacity iB. andevalensisompared withE. australis On
the other hand we found that the non-protein thials play a role in heavy metal
tolerance in Erica species, but no PC, which were found in very low
concentrations. Other possible heavy metal toleranechanisms should be active
in this species to avoid oxidative stress damagiksch can be the objective of

future experiments.
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5. EFFECT OF DIFFERENT MEDIA
COMPOSITION ON THE
MICROPROPAGATION OF ERICA
ANDEVALENSIS, A METAL TOLERANT
SPECIES GROWING IN MINING AREAS
(SW SPAIN)

Efecto de la composicion del medio en la microprogcion
de Erica andevalensisuna especie tolerante de metales que
crece en zonas mineras (SO Espaia)

(Aceptado en Acta Physiologiae Plantarum)
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Effect of different media composition on the
micropropagation of Erica andevalensis a metal
tolerant species growing in mining areas (SW
Spain)

ABSTRACT

We describe a micropropagation protocol and actira@on ofErica
andevalensiCabezudo & Rivera, using stem pieces collectethfro
wild plants. This species always grows in soilsidm@d with metals
such as Fe, Pb, Zn, and acid pH (2.5 — 4). Amoedltfierent media
and hormone concentration tested, MS medium withmanium
nitrate concentration reduced to a quarter, 2 nigdole-acetic acid
(IAA) and 0.5 mg/Lkinetin was found to yield a better growht
response in the plants. This medium produced arageeof 3.6t 1.2
shoots and 16.2 8.3 verticils per explant after 30 days of theatredf
the culture. MS medium achieved rooting without tohprmones.
Rooted plantlets were successfully transferredlastic glasses with
autoclaved perlite, watered with MS half-strengihd then to pots
with commercial substrate after 2 weeks. New plavdse produced
in about 100 days. As far as we know, this is tingt time that a
replicable and complete micropropagation protocabr fE.
andevalensidias been developed. The plants looked healthy mgth
visual detectable phenotypic variations. The prottoprovides a
successful technique that could be used for thesargation of the
species, as well as new researches on phenolicstriaighenoids

found in plant extracts.
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KEYWORDS

Acid mine drainage; endemic speci@syitro culture; heavy metals;

plant conservation.

INTRODUCTION

Erica andevalensi€abezudo & Rivera, described in 1980 in Spain, and
recently in Portugal (Capelo et al. 1998), is aysiar, endangered heather of the
Iberian Pyritic Belt (SW Spain and Portugal). TBisecies is considered to be
vulnerable species in the IUCN list (IUCN 2001) amlangered by the regional
government of Andalusia in Spain (Aparicio 199%isTheather only grows onto
the tailings derived from the mining activitiesthre last 5000 years and along the
Tinto and Odiel river banks that cross the minimgaa (Aparicio and Garcia-
Martin 1996; Aparicio 1999). The very acidic sailthese mining areas contains
levels of heavy metals as high as 77.8 g/kg Fe]l 18@/kg Cu, 600 mg/kg As,
2175 mg/kg Pb (Nelson et.al985; Soldevilla et al. 1992; Heras et 2002;
Rodriguez et al. 2007; Abreu et al. 200B)andevalensiss able to accumulate
high concentrations of heavy metal in its tissuéh \evels as high as 1,745 mg/kg
Al, 2,328 mg/kg Fe, 798 mg/kg Mn, 2 mg/kg Hg (Rgdez et al. 2007, Turnau et
al. 2007). The area wheEe andevalensigrows successfully is seriously affected
by acid mine drainage (AMD): a worldwide environrterproblem ég Johnson
and Hallberg 2005; Sainz et al. 2005; Akcil and déal 2006). The species has
been proposed to be used as a tool to phytostateilimetal contaminants in
sulphide mine environments (Abreu et al. 2008) dfere, studies about
conservation and physiology of this singular sarabld be very important from an
environmental point of view and f@x situconservation strategies (Dodds 1991,
Frankel et al1995). Important antimitotic effect of triterpedsiextracted fronk.

andevalensisaerial parts were applied in antitumoral treatseas has been
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described (Martin-Cordero et al. 2001). Likewise aatiulcer activity (Reyes Ruiz
et al. 1996) and antimicrobial activity (Toro Sakizal. 1987) were observed for

different extracts oE. andevalensis.

Recently, in a comparative study with otherica sp, some phenolic
compounds that derivate fropacoumaric acid, cinnamic acid and rutine have been
identified only inE. andevalensjgpossibly relating to the antioxidant mechanisms
that the species possess to survive in such exthaiigat (Marquez-Garcia et al.
2009). Since Fay (1992) has proposeditro propagation as an important tool for
plant conservation, we have successfully developeeplicable and complete
micropropagation procedure f&r andevalensisAs far as we know, this is the first
report for thein vitro propagation oE. andevalensiand it can be applied to soil
stabilization and in both pharmaceutical and biogbal research. The aim of this
work is the production of plants in the laborattmydelve deeper into biochemistry
studies related with the antimitotic, antiulcer amdimicrobial properties described
for the plant, as well as the antioxidant propsrterived from the special phenolic
composition found. Fuuurthermore this protocol nimy useful as arex situ
conservation tool for this endangered and law ptete species or biochemical
research.

MATERIALS AND METHODS

Sample collection and sterilization

Plant material, consisting of apical stem fragmeenit about 10 cm from
mature and healthlg. andevalensjsvas collected in the Odiel river bank (37° 38’
N; 6° 97 W) (Fig. 1). Once in the laboratory, ttems were washed immediately
with tap water.
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The stems were sterilized in 70 % (v / v) eth&oold5 sec and 25 % (v /
v) of sodium hypochlorite for 20 min. The disinfacts were removed by 3
successive rinses in sterile water (5, 10 and 15 magpectively). Glassware,

culture media and instruments were sterilized paaving at 103 kPa at 121 °C

for 20 min.

SAMPLE POINT
(Gibraledn) -«

10 0 10 20 Kilbmelers
o e ]

Figure 1. Localization of the sampling point in the bank lo¢ tOdiel river (close to
Gibraleén village, Spain).
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Shoot multiplication

After the stems washing, they were kept in staxdi water in the laminar
flow chamber until they were inoculated in glasisetsi (140 x 14 mm) containing
12 mL of semisolid solution of agar enriched witiffedent culture media and
covered with safety caps to prevent contaminatidiile facilitating aeration. The
stems were cut into fragments about 10-15 mm, stingiof two verticils with 4
leaves in each one, as they have been describpwpagateErica x darleyensis
(Viémont and Lambert 1994).

Tubes were kept in a plant growth chamber, witth Jghotoperiod with a
light intensity of 100pmol m?s* provided by cool white fluorescent lamps.

Temperature was 24/18 °C day/night following thetpperiod.

The culture media used consisted of the salt atainins solutions of
Murashige and Skook (MS) (1962), Lloyd and McCowM] (1980) and Viémont
and Beaujard (VB) (1983). Both MS and LM media eim¢d sucrose as a carbon
source and vitamins and hormones as indicated lmeTh The VB medium was
composed of a half-strength Knop’s macronutriemd Berthelot micronutrients.
(Viémont and Bejaurd 1983).

The fungi-contaminated explants were discardedhduhe first week of

culture. Non contaminated explants were followedrdu30 days by counting the

appearance of new shoots and verticils.
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Table 1
Culture media used in propagationfafca andevalensis
. o Hormones
Media Basllc I . Sucrose Agar pH Vitamins (mg/L) (mg/L)
code sa_t Modification applied (/L) (g/L) Myo- Nicotinic ~ Pantoteic
medium T Thiamine  Glycine  Pyridoxin . . IAA K
inositol acid acid
1 MS % NH,NOs; concentration 30 6 5.8 100 0.1 2 0.5 0.5 0.1 2 0.5
2 MS %% NHNO; concentration 30 6 5.8 100 0.1 2 0.5 0.5 0.1 0.5 2
3 LL - 30 6 5.8 100 0.1 2 0.5 0.5 0.1 2 0.5
4 LL - 30 6 5.8 100 0.1 2 0.5 0.5 0.1 0.5 2
5 VB - 20 8 5.6 - - - - - - - -
6 MS % NHNO; concentration 30 6 5.8 100 0.1 - - - - 2 0.5
7 MS % NHNO; concentration 30 6 5.8 100 0.1 - - - - 2 0.5

Nutrient solutions used in our micropropagationceaure were as those described by Murashige anohSk862 (MS), Lloyd and
McCown, 1980 (LL) and Viémont and Beaujard, 198B)Mvith the addition of sucrose, agar, vitamind ahytohormones at the
indicated concentrations. Ammonium nitrate concditn of the original MS medium was reducedlswn. Numbers in the left
column are used along the text to refer to the enedimposition.
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Root induction and acclimatization

Thirty days after the onset of the vitro culture, the explants that were
actively growing in Medium 7 were taken out. Thevrghoots produced were cut
at the basal end and transferred individually th Simength MS medium with a
quarter of ammonium nitrate supplemented with tinen§0.1 mg/L), myo-inositol
(200 mg/L), sucrose (30 g/L) and agar (6 g/L) asaaic medium, where non-
phytohormones were added or we added 2 mg/L of &2 mg/L of kinetin to
induce the root formation. Full strength MS withdamithout phytohormones was
also tested. The new tubes were placed in the gdanée growth chamber, under
the same growing conditions used for shooting.eEiit plants were used in the
rooting experiments and the experiments were miade tdifferent times in each

medium.

Forty-five days after rootingi.€. 75 days from the onset of the vitro
cultures) plantlets that showed a good developraénbots and elongation of the
stem, were transferred to plastic containers (1380 xnm) containing autoclaved
perlite, as a substrate. They were watered withhdi&strength solution, without
vitamins, phytohormones and sucrose. The contaimen® kept in the plant
growth chamber. Desiccation was avoided by usingaasparent plastic cover
(Baskaran and Jayabalan 2008). Four or five dags minsferring the plantlets to
the containers, some holes were made in the plestier to facilitate a progressive
acclimatization to the environment. Plantlets waagntained for two weeks in the
plastic containers until they were transferreddts{15 x 15 cm) with commercial
substrate (50% of dry matter, which contained 6%f6rganic matter; pH 6.6).
After growing for two weeks in the plant growth ahiger, the plantlets were
moved and exposed to outside conditions. In th&r&i@ we show a scheme of all

the protocol, with time programming.
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Initial explants collected from the field

l 12 days

First new shoots appearance

l 18 days (30)

Transference to a root induction medium

l 21 days (51)

First roots in the explants

l 15 days (66)

Plantlets start growing in height
(stem elongation and new leaves)

l 10 days (76)

| Tranference to a plastic containers |

l 15 days (91)

| Tranference to soil medium |

5-10 days (96-100)

New lateral shoots appearance

Figure 2. Scheme of the micropropagation protocoEoftta andevalensis

Statistical analysis

In the shooting phase, each medium was repeated thmes. One stem
was placed per tube and at least twenty tubes pdium were made in batches in
different time periods. In each batch, the tubestaiaing the different culture
media were labelled and mixed to avoid differerd@s to the time elapsed until all

the tubes were inoculated.
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5. Micropropagation

In the rooting phase, 15 new shoots produced énpitevious phase in
Medium 7 were inoculated in the different rooting@dia. The statistical analysis
was carried out with SPSS. Where indicated, the de&tre subjected to a Student’s

t-test, with a significancp-level of 0.05.

RESULTS AND DISCUSSION

Shoot multiplication

Stem explants were obtained from wild plants grgan an acidic, metal-
polluted soil of the Odiel river banks and were ietiately transferred to the
different culture media indicated in Table 1. Thmengonium nitrate concentration
was reduced to a half or a quarter in MS media lmEa&xplants began browning
and no growth was observed (data not shown). Téhs\aour has been previously
described by Dalal et al. (1991).

In the beginning of the culture fungi contaminatiof the explants was
between 14 % and 65 % even after conventional ligeion procedures as
exposed in “Materials and Methods” and consequetiigse explants were
discarded from the experiment. After the first wees more contamination in the
explants was detected, and no fungi appeared iolibervations that followed. A
high percentage of contamination by fungi has bgeviously described when
plants were taken directly from the countryside; fiostance 100% of fungi
contamination in sterilized stems froRhododendron ponticurfAlmeida et al.
2005) has been reported.

The rate of growth was measured by counting threbau of new shoots
and verticils per explant every two days for thigys after the onset of the culture

and the percentage of explants with new shootss hshown in Table 2. The
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5. Micropropagation

production of new shoots was neither affected mpféification in vitamins content
of the MS media nor by reduction of the ammoniuntraté concentration.
However, twenty days after the beginning of thetuwel, more than 90 % of
explants showed active growth, except those explgmawing in Medium 5, which

only achieved 50 % of active explants.

Table 2

New shoots and verticils per explant and percentsgexplants with new shoots were
counted for each culture medium 30 days after theeb of the micropropagation
procedure.

Medium  Number of shoot Number of verticils % of explants

per explant per explant with new shoots
1 2.7+0.9"° 8.1+4.5"¢ 100+0.0°
2 3.0+1.0° 10.3+5.3 100+0.0°
3 2.3+1.4° 6.0+4.7° 95.2+8.3°
4 2.8+1.0°¢ 9.8+4.6"° 100+0.0°
5 1.4+1.1° 3.5+3.9° 77.8:25.5°
6 2.6+1.0°¢ 8.1+4.1° 100+0.0°
7 3.6+1.2¢ 16.9+8.3" 100+0.0°

The meang SD are shown. For each column, data sharing time saiperscript lower case
letter are no different from the significance leg€p<0.05 (Student’$-test).

The most effective medium was Medium 7, with 8.6.2 and 16.% 8.3
shoots and leaves per explants respectively (Tablerhereas Medium 5 showed

the lowest values in both parameters.

The detailed analysis of the shooting phase shalareg periods of growth
under our experimental conditions (Fig. 3). Fiestatency phase of about 10 days
with no detected changes in explants. Secondlgxaoenential emergence of new

shoots for 10 days appeared in 80-90 % of the aipl&inally a stationary phase
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5. Micropropagation

with a slight number of new shoots emerged; althoeigngation and subsequent
development of new verticils and leaves in the tidésiwere produced without any

lateral ramification.

100

80

60

40 A —@— medium 1
—®— medium 2
—w— medium 3
—¢— medium 4
—&— medium 5
—&— medium 6

—&— medium7

20 o

Percentage of explants with new shoots

0 10 20 30 40
Time (days)
Figure 3. Kinetics of the shoots appearance. New shootlvedan explants was registered
from the onset of sowing up to day 35. The resar#sexpressed as a percentage of overall
cultures tubes, after discarding the fungi pollutatiures. In the inset, the symbol numbers

correspond to media codes as in Table 1

Root induction

After 30 days from the beginning of tirevitro culture, shoots produced in
Medium 7 in the previous phase were removed ang ege inoculated in a new
culture medium. Root development was only achidwedising half-strength MS
medium with a quarter of ammonium nitrate and seim@inted with thiamine and
myo-inositol as vitamins, as concentrations indicat “Materials and Methods”.
When phytohormones were added to the culture medats did not sprout. No
roots were produced when full salt MS medium wasdusr when plantlets were
kept in Medium 5, contrary to what was described/mont and Lambert (1994)
for Erica x darleyensisThis observation remained the same even aftetay® of

culture. In fact, explants dE. andevalensigjrowing in the Viémont’s medium
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showed a slight shoot elongation without laterahifization and with smaller
leaves than the ones observed with the other euthedia. The plantlets kept in
the original medium did not show roots emergenaod, therefore medium change

was necessary.

After three weeks of latency, roots began to appethe plantlets and the
maximum rooting percentage came up to 634.89 % on day 37, with no new
root appearance in later days. Once roots werelase plantlets began to grow
in length without lateral ramification, yet prodngi new verticils. The stem
elongation and new verticils formation started kmtw 11 and 15 days after the

first root appearance.

Because the production of roots in ianvitro culture depends on many
factors, specialized literature shows contradicerigences. Therefore no general
rules may be established for all vitro cultures. For instancéavandula dentata
achieved 100 % of rooting on MS phytohormone freslioom (Echeverrigaray et
al. 2005). Also using a MS phytohormone free mediuB %4 rooting induction
was obtained by using a half-strength MS mediunthénpropagation ofylophora
indica (Faisal and Anis 2005).

Acclimatization

Once the plantlets were propagated vitro, after 75 days from the
beginning of the cultures, they were temporarilgnsferred for two weeks to
plastic containers with perlite as substrate arut ke the plant growth chamber.
After that period, the plantlets produced were dfamed to pots which contained
commercial substrate. The pots were in the growdmber for two weeks, and,
after that time, they were exposed to outdoor emwirental conditions. The

survival of the plants transferred to pots was 54.8&.48 %. The start of lateral
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5. Micropropagation

ramification was observed 15 days after the chdogeots and at the same time
that stem elongation was taking place. The grovitplants was followed for one
year. No apparent differences with natural plamtsmng in the acidic, polluted

soils in mine locations were observed.

The different stages of the micropropagatiofeofndevalensiare shown
in Fig. 4.

Figure 4. Sequence of the main stages in the micropropagafirica andevalensisa

Stem fragment inserted in the culture medium at#ne0 (bar 1 cm) Explant with new
shoots and verticils (day 20) (bar 1 cmfxplant with elongated stem after roots

development (day 70) (bar 1 crd)E. andevalensigrowing in a perlite substrate inside a

plastic container covered with a transparent piddth to prevent dessication (day 80) (bar
2 cm).e E. andevalensigrowing in the plant growth chamber in a pot canitey a

commercial plant substrate (day 100) (bar 2 ¢r&g).andevalensigrowing outdoor in a pot

containing a commercial plant substrate (bar 5 cm).
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CONCLUSIONS

The overall objective of this study was to devetopystem for the mass
propagation and aseptic culture B©f andevalensisNew shoots were regenerated
from pieces of stems collected in the field, acimgwhe best propagation with the
medium containing the lowest ammonium nitrate caotre¢ion. Thiamine and
myo-inositol were the only vitamins added. Phytohones were necessary in the
first phase for new shoot production (auxin in ahier concentration than
cytokinin) and no phytohormones were required far toot induction. This is the
first report onin vitro propagation oE. andevalensidWith this micropropagation
procedure it would be possible to produce plantentthat can then be used for
indepth biochemistry studies related to the antititf antiulcer and antimicrobiane
properties, and also to the antioxidant propedierdved from the special phenolic
composition found in this species. Most importatilg plants produce can be used

for anex situconservation tool for this endangered and lawgated species.

Acknowledgements

This work was supported by Grants AGL-2003-06555EQVI Spain) and CVI-282 (Junta de
Andalucia, Spain). B. Marquez-Garcia thanks JumtaAddalucia for a research fellowship. The
authors are grateful to Dr. Adolfo Mufioz for higical reading and comments of the manuscript and
to David Martinez-Dominguez for the assistancelamtpmaterial collection from the field. We would

like to thank also Sheilah Jennings and Alexandadsdh for their linguistic help.

190



6. EFFECT OF HEAVY METALS AND ACID
PH IN GERMINATION OF ERICA
ANDEVALENSIS, AN ENDEMIC SPECIES
FROM SW IBERIAN PENINSULA

Efectos de los metales pesados y la acidez en la
germinacion deErica andevalensisuna especie endémica del
SO de la Peninsula Ibérica
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6.e8egermination (pH and metals)

Effect of heavy metals and acid pH in germination
of Erica andevalensisan endemic species from SW
Iberian Peninsula.

ABSTRACT

Erica andevalensi€abezudo & Rivera is an endangered heather from
SW Iberian Peninsula growing always associated itang areas of
the Iberian Pyritic Belt. Laboratory experiments&vearried out to test
the effect of acid conditions (testing pH 1, 243nd 5) and different
metals such as Fe, Mn, Cu and Zn at 5, 50, 2006680dnmg/L on the
seed germination and initial plant development. n@eation was
favoured significantly by pH 2 (p < 0.05) and 2Q@da&00 mg/L Fe

(p < 0.05). No significant differences were foumdthe rest of the
acidic or metal treatments compared with the comtne. Anyway, the
seedling growth was favoured by pH 2, 200 negl

A negative effect, and therefore toxic fér andevalensisinder the
experimental conditionsvas produced by 500 mghf all the tested
metals. Seedling in these treatments showed smalkés and smaller
or non developed -cotyledons. These results suggeat E.
andevalensisnot only resists extreme conditions but also its
germination is favoured by them, colonizing hakitathere no other

species could survive.

KEYWORDS

Ericaceae; Iberian Pyritic Belt; Hypocotyls; Irddeeds
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6. Seed germination (pH and metals)

INTRODUCTION

Erica andevalensiss an endemic heather of the SW Spain and Portugal
described by Cabezudo and Rivera in 1980. Thisispeis included in the
endangered category by the Regional Governmentr{@pd 999). This heather is
characterized by growing always in soils with apid (2.5-4.5) and withstands
levels of heavy metal as high as 77.8 g/kg Fe, 18@/kg Cu, 600 mg/kg As, 2175
mg/kg Pb (Nelson et al. 1985; Soldevilla et al. Z99eras et al. 2002; Rodriguez
et al. 2007). The soils in this region, known asetian Pyritic Belt”, have been
exploited since pre-Roman’s time (5000 years agogxtract copper, silver and
gold (Hudson-Edwards et al. 1999). This area isldhgest mass of sulphide and
manganese ores in West Europe (Montes-Botella amdrio 2003). The result of
all this mining activity is a landscape dotted wigpen-pit pyrite mines, as well as
galleries in the underground with the waste tafliogtside (Davis et al. 2000). The
mining activity has increased the amount of minergbosed to environmental
conditions, giving rise to a high pollution in mistand acidity in the rivers and
watercourses in the region. The presence of meradsacidity in the soils and
waters for a long time has made possible the atlaptaf some species of fungus
and bacteria to such extreme conditions (Lopez-flecht al. 2001). It is in these
tailings, as well as in the banks and terracefi®fitvers that cross the Pyritic Belt,
Odiel and Tinto, wher&. andevalensibves. In the most extreme habitats no other
plant species are able to live. When the conditamestemper, other heathé&rjca
australis is commonly found growing together with. andevalensigAparicio
1999). Little is known at the moment about the dgeation requirements of this
peculiar species, which produces successfully mghmber of seeds, but it is
always associated to acid and metal-enriched gaparicio and Garcia-Martin
1996). It has been described that the seeds hdem@ncy period which is broken
after submitting the seeds to a cold and wet treatr(Aparicio 1995). Recently, a

new study (Rossini-Oliva et al. 2008) pointed dwe éffect of cold pre-treatment,
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heat and acid conditions, gibberellic acid andogén, with a significant increase

in the germination after gibberellic acid treatmeaaching values close to 40 %.

It is widely described that heavy metals has t@ffects in plants at high
concentrations. Seed germination is one of the nsestsitive physiological
processes in plants and it is more sensitive talnpellution due to the lack of
defence mechanisms (Liu et al. 2005). The liteeattglated with heathers and
germination is wide in the effects of fire (Cruz at 2003; Crosti et al. 2006),
however, in the case @&. andevalensjsgrowing close to rivers or in mining

tailings the fire has not a general role to expgmmination.

The aim of the present work was to test the effeftthe acidity (testing
pH from 1 to 5) and some of the most abundant heaetals in the area, such as
Fe, Mn, Cu and Zn, which are essential for plamti$ toxic at high concentrations,
on the germination oE. andevalensiseeds. In the experimental design the
concentrations tested included the range in whiehdpecies usually lives. The
initial hypothesis to test was that andevalensiseed germination is influenced by
the acid conditions as well as the presence of Imétathe soil, without the
presence of mycorrhiza or bacteria in the rhizosplieat has been also described
(Turnau et al. 2007; Mirete et al. 2007), whichlylay an important role once the

plant is settled.

MATERIALS AND METHODS

The seeds oErica andevalensisvere collected in a terrace of the Odiel
River (37° 43' N — 6° 42’ W) in autumn 2007, fromature fruits from different
specimens. The seeds were cleaned and stored er papelops under dry

conditions, room temperature and dark.
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The viability of the seeds was checked selectinly the ones that sank in
a distilled water pot, rejecting those seeds wilicht as being considered empty.
E. andevalensiseeds has been described to have physiologicalashary, which is
broken when the seeds are submitted to cold (48@)irmbibed conditions for 20
days (Aparicio 1995). After the cold pre-treatmahi seeds were air dried and
stored at 4°C for one month. The seeds were susi@edized just before being
used in 70 % ethanol (v / v) for 1 min, then ringedterilized water and imbibed
in59% (v/v) sodium hypochlorite for 10 min afidally they were rinsed three
times with sterile water. Seeds were placed ini pithes (9 cm diameter) with 3
layers of autoclaved filter paper, watered with bahthe different treatments
solutions and sealed with adhesive tape (Pardfitmavoid desiccation. Each plate
contained 50 seeds and three dishes of each tmeatnere prepared. A total

amount of 3,300 seeds were used.

The seeds were germinated under controlled-envieom conditions with
12/ 12 h day/night and 29/24 °C. The light wasvigled by fluorescent lamps that
produce a photosynthetic photon flux density ofufl m?* s*. A seed was
considered germinated when the radicle had the s@eeas the seed (between 0.2
and 0.3 mm). The germination was followed during &ys, recording the
germination in each plate every 2 or 3 days. Gedtion percentages were

calculated for each plate.

Effect of pH

The seeds were watered with deionised water &idifith sulphuric acid,
to get a final pH of 1, 2, 3, 4 and 5. The usehef sulphuric acid to adjust the pH
of the water was justified by its presence in ikerrwater suffering AMD (Lépez-
Archilla and Amils 1999; Montes-Botella and Tenor2003) and the toxicity
produced by chloride in germination studies (Letal €2005).
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Effect of metals

The metal concentrations used were chosen taking account the
concentrations described as dissolved in the watkethe Odiel River (Montes-
Botella and Tenorio, 2003) in the point were thedsewere collected (close to
“Puente de los Cinco Ojos”). This study testeddfiect of lower and higher metal
concentrations in the germination process, inclgdire range in which the plant

survives.

Aqueous solutions of the metals were prepared mgh., 50 mg/L, 200
mg/L and 500 mg/L. The metals used in the experimare added as sulphates:
Fe(S0Oy)s; 7H,0O, CuSQ 5H,0, MnSQ H,O and ZnSQ@ 7H,O and they were
dissolved in deionised water (final pH between 4d@ 5.60). The chemical form
of the metals added was decided according to thst mbundant form in the
environment where the plant usually lives (LopeztAlta and Amils 1999;
Montes-Botella and Tenorio 2003).

A control experiment was designed using only dskh water as

previously described by Aparicio (1995).

Initial development of the germinated plants

Each new germinated seed was marked and kepteipldte during 10
days. The seedling development was analyzed &itetilme, measuring the length
of hypocotyls and the main root, humber of rootngth and width of the

cotyledons.
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Data analysis

The germination dynamics were analysed using #narpetersgt(number
of days until the first seed germinates) agqriumber of days necessaries to reach
the 50 % of the final germination percentage ofrgeated seeds) that had been
previously described ik. andevalensigermination assay by Rossini-Oliva et al
(2008).

The statistical analyses of the data were perfdrmsing SPSS. The
normality of the data was tested and Kruskal-Wadigl Mann-Withney U tests
were performed due to the non-normality of the dtae significance levels

considered in each case are indicated in eachefigutable.

RESULTS

Effect of pH

The effect of the pH in the time course of gertiora (Fig. 1) was
stimulated at pH 2 since the beginning and alohghal treatment, significantly
different to the control (p<0.05). This treatmemtached a final germination
percentage of 24.28 6.94 % of germinated seeds after 55 days (Fig\N@)more
seeds germinated after this day. Slight differensese found in thegtin this
experiment (7 days for control and pH 2 and 9 dayshe rest of treatments) and
no differences were found wheg tvas calculated. No germination took place at
pH 1 and no differences compared with the contreterfound in the rest of pH

tested.
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Figure 1. Cumulative percentage of germination Eorandevalensiseeds germinated
under the different pH treatments for a 55 day$sopler
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Figure 2. Final percentage of germination after 55 dayseztment. Mear standard error
is represented. An asterisk on top of the bar @ans a significant difference at p < 0.05,
compared with the control
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Effect of metals

The tested metals had different effects in gertionaof E. andevalensis
(Fig. 3 A-D). After 55 days, the germination peragre in the plates with 200 and
500 mg/L of Fe were significantly higher than trantrol (p<0.05) (Fig. 4). The
concentrations tested for Mn, Cu and Zn did notafthe final seed germination
percentage oE. andevalensi¢Fig. 3 B, C and D). In general all the treatments
started the germination between the days 7 anch®.highest Mn concentration
retarded the start of the germinatiop-(14) and a delay was also produced by 5
mg/L Zn and 50 mg/L Cu, which started the germoratat 23 and 28 days,
respectively. Only Fe stimulate the germination witevas applied in the highest
concentrations (Fig. 3 A). However, any of theagdsnetals had effect in the time

course of the germination wheg was calculated.
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Initial development of the germinated plants

The seedling development was analyzed in thosatntents that
experimented changes in the germination rates: mHF&e (Table 1; Fig. 5). The
pH 2 had not only a positive effect in the germimatate, but also the plants were
larger, with longer roots and larger cotyledonsmpared with the control

(p<0.05). No differences were found in the plamesh the rest of pH levels tested.

No differences in size were found in plants trdatéth 5, 50 or 200 mg/L
of Fe, except for the cotyledon width that was darig 50 and 200 mg/L (p<0.05,
compared with the control) (Table 1). High concatibns of Fe, 500 mg/L,
resulted in toxic effects for the plants, due te teduced hypocotyls length and
cotyledons size and no development of roots. Thig teffect was also observed in
the little number of seeds that germinated in 5@@Lnof Cu and Zn. In the case of
Cu, any of the 8 germinated seeds were able tolajevine roots and the
cotyledons were included in the testa during theda@s that the growth was
followed. In the case of Zn, none of the 7 germedatseeds were able to develop

roots.
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Table 1
Results of the morphological analysis (meastandard deviation) of 10 days old plants in
the different treatments are showed.

Treatment n I:nygpri(?r)ntﬁ) Rot()rtnlr(]eqr;ght Number of roots I;nghlte((rjnomn) COWI?%?Q)Width
Control 6 2.22+0.57 1.65:0.85 2.00 0.63 0.61% 0.753 0.433% 0.052
pH1 0 Nodevelopment No development No developmeio development No development
pH 2 20 2.09+0.25 3.65 1.32 ** 2.00+ 0.56 0.745:0.094 **  0.560+ 0.114 **
pH 3 3 2.17+0.45 1.33:1.35 1.33:1.15 0.67C: 0.150 0.50@: 0.170
pH 4 7 1.94+0.53 1.14+ 0.94 1.14+ 0.90 0.543:0.113 0.414 0.107
pH5 6 2.25+0.70 1.83:0.78 1.674 0.52 0.61#0.117 0.45@ 0.105
Fe5 8 2.16+0.26 1.13: 0.36 2.25 0.50 0.663t 0.092 0.47%0.117
Fe 50 4 2.5+0.47 1.85+1.27 2.0Gt 0.00 0.80Ct 0.141 0.60G: 0.141 *
Fe 200 19 2.13+£0.36 2.7 245 1.84+ 0.60 0.737 0.138 0.51%* 0.120 *

Fe 500 26 1.19+0.40** No development No development0.381+ 0.247 **  0.212+ 0.153***

Data are showed for group of treatments that emparied a effect in the germination rate.
The different treatments have been compared wélttimtrol and asterisks show statistical
differences *** p< 0.001; ** p< 0.01; * p<0.05.

DISCUSION

The results obtained in this study showed thaandevalensihas a low
germination percentage in vitro conditions, as previously has been described by
Aparicio (1995) and Rossini-Oliva et al. (2008) these previous studies the final
germination percentage was around 20 % after 26 dagold and wet treatment
of the seeds in the case of Aparicio (1995), anthf6 to 22 %, depending on
different cold treatments applied to the seedsgalae water in the case of Rossini-
Oliva et al. (2008). In the present study the geation percentage of the seeds
placed in deionised water (control) wast® %. The seed sterilization may be
partly responsible of the small value obtainedhis tontrol when it is compared
with the previous studies. Moreover, the seeds us#tk present experiment were

submitted to a cold stratification (1 month) onte 20 days of cold and wet
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treatment described by Aparicio (1995) was finish&lthough no differences in

the germination percentages were found by Rosdima@t al. (2008) after 1 or 4

months of cold treatment. Nevertheless, all thedlsee the present experiment
have been treated in the same way, and therefereesfults obtained under the
different treatments are comparable.

A Control

B pH 2 C pH3 D pH4 E pH5

F Feb G Fe 50 HFe 200 | Fe 500

Figure 5. Seedling after 10 days of germination from pH ardrEatments. A) Control; B)
pH 2; C) pH 3; D) pH 4; E) pH 5; F) 5 mg/L Fe; Q) Bg/L Fe; H) 200 mg/L Fe; ) 500
mg/L Fe. Bars 2 mm.
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The acidity had a stimulatory effect in the geration of E. andevalensis
The seeds placed at pH 2 reached the highest garaninpercentages after 55
days. The most acidic treatment, pH 1, resultebetdoo extreme and seeds were
not able to stand up to it. As soon as they weaeqad in the plates with pH 1
solution, the covert were burned immediately, clvapgrom brown to yellow,
without any other change along the time. Not onlygeérmination, but also in the
initial plant development pH 2 treatments resulbemeficial toE. andevalensis.
This positive effect was obvious by the longesttsoand largest cotyledons (in
length and in width). The pH of the Odiel river et the sampling point is in the
range of 2.8-3.4 (Montes-Botella and Tenorio 2003his result, higher
germination rate and larger plants in pH 2 treatismpports our initial idea that
E. andevalensiseeds germination can be influenced by aciditye Plossible
positive relation between pH and seed germinatioi.i andevalensifias been
previously proposed by Aparicio (1999), howeveraivery recent new study about
different factors influencing the germination Bf andevalensjsthe conclusions
pointed that the pH did not have influence in tkengination, after testing pH 3.5,
adjusted with HCI (Rossini-Oliva et al. 2008). Wensider that the data provided
in that study is short of variables, testing onhe@H point. We did not find any
differences in pH 3 and 4 treated seeds compared the control (p<0.05).
However, a significant increase in germination plaoht size was produced a pH 2.
Therefore, the present study reveals that thetylofiE. andevalensiso colonize
extreme acid habitats is innate of the species, iing already expressed in
youthful stages. Furthermore, the acid pH prefezesgem to be independent of the
presence of mycorrhiza, which are favourable tohbavy metal tolerance iB.

andevalensig§Turnau et al. 2007).

Among the metals tested, Fe has been the onlywitiea stimulatory
effect in the germination rate when it was addediglh concentrations (200 and
500 mg/L). Despite the highest seed germinatiortgregage obtained with 500

mg/L of Fe, this concentration resulted too higd &nwas not accompanied by a
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good plant development (Table 1; Fig. 5 I) duefie small size of the plants

observed.

The preference d&. andevalensifor the acid conditions and high levels of
Fe is marked in its own germination. Therefore pbefthe competition with other
species can prevent the colonization of differeets, the preferences of the
andevalensisre the responsible of the restricted habitath witreme conditions

where the species lives.

On the other hand, in this study Mn, Cu and Znraittshow any effect in
the germination oE. andevalensisToxic symptoms appear at 500 mg/L in all the
tested metals, with inhibition in the root formatjdikewise the development of the
cotyledons. Copper, abundant in the studied sails © the relation with the
mining activity in the area, it is very toxic aghi concentrations for plants, coming

up to inhibit the normal growth and developmentgam et al. 2007).

E. andevalensifias been proposed as a tool for recovery of thehsié
mining areas (Abreu et al. 2008) and the germinatiata presented in this study
can be used to support this proposal, due to theflogal effects of iron and acidity
found in the germination proces&. andevalensisseeds should no present
problems to germinate in soils highly affected byping activities, undertaking the
role of pioneer in the colonization of soils whetler plant species are not able to

survive.

The beneficial relation between acidity and Fetlb@ germination and
initial development ofE. andevalensiseeds could explain why this species has
never been seen growing out of these conditiBn@ndevalensi®as adaptations
and preferences to survive under conditions thahat favourable for most of the
other species and therefore it has not developetpettive strategies to survive
out of this extreme habitat. Once the extreme dandi disappeak. andevalensis

has not optimum for development and other spealasthe place of this one
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7. GERMINATION AND GROWTH OF
ERICA ANDEVALENSIS, A METAL
TOLERANT PLANT FROM SW SPAIN.
EFFECTS OF COLD STRATIFICATION
AND GIBBERELLIC ACID (GA 5)

Germinacion y crecimiento deErica andevalensisuna
planta tolerante a metales del SO espaiiol. Efectds la
estratificacion fria y del acido giberélico (GA)
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Germination and growth of Erica andevalensisa
metal tolerant plant from South-West Spain.
Effects of cold stratification and gibberellic acid
(GA»)

ABSTRACT

Erica andevalensiseed germination was improved by an extended
cold stratification period and by a second cold avet treatment
applied to the imbibed seeds 20 days after thalrsbw. The growth

of the germinated seeds was stimulated by tramsfetine seedlings to
an acid soil. On the other hand, the effects ok @Athe germination

of E. andevalensifave been studied. The addition of 10 or 100 mg/L
of GAsresulted in a final percentages of germination@23+ 6.97 %
and 83.15t 14.79 %, respectively. The no addition of ZAsulted in

a 7.18% 2.57 % of germinated seeds. Seedlings were tnaadféo
soils after 17 days in contact with the phytohormand no more GA
was added. At this moment plants treated with;®Ad elongated
hypocotyls (2.1 and 2.5 times in 10 and 100 mg/u) thinner and
reduced cotyledon area. After 28 days of growingdih, treated plants
showed less biomass, thinner leaves (100 mg/k) @Ad small height
(10 mg/L GAy). However, the plants treated with 10 mg/L possess

the highest protein content and the lowest totabaidant capacity.

KEYWORDS

Ericaceae; Growth regulators; Hypocotyls; PyriticeltB Total

antioxidant capacity
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INTRODUCTION

Erica andevalensi€abezudo & Rivera is an endemic species from SW
Iberian Peninsula described in 1980 in Spain (Catb@zand Rivera) and in 1998 in
Portugal by Capelo et al. This heather restricgivgriows in highly heavy-metal
polluted soils with an acidic pH (Soldevilla et #892; Nelson et al. 1993; Asensi
et al. 1999; Rodriguez et al. 2007). It was catadogas endangered by the local
authorities and as vulnerable following the IUCNasta (Aparicio 1999). Seeds of
E. andevalensibave a dormancy which was shown to be broken afwsld and
wet pre-treatment, however, germination rate remé#&v, reaching percentages
close to 20 % after this pre-treatment (Aparici®3)9 Recently Rossini-Oliva et al
(2008) tested different chemical and physical tremits to increase seed
germination. The highest increase in germinatiorcgq@ages was observed in
seeds sown in agar medium enriched with gibberatlid (GA). Gibberellic acid
(GAy) is a phytohormone that affects plant growth atemwalar, cellular, organic
levels such as regulating synthesis of membranspttadipids, RNA and protein
synthesis, cell wall synthesis and loose, divisielongation and differentiation of
cells, gravitropism, stem elongation, leaf expanmgsifiower initiation and seed
germination (Kozlowski and Pallardi 1996; Schwedéhtee 2008). Highest
germination percentage increase (41.6 %), meaagegppearance of the radicle,
was found in seeds imbibed in the presence of ppdd of GA to the germination
media, but no cold and wet pre-treatment were aggb the seeds (Rossini-Oliva
et al. 2008).

The objectives of the present work were to esthbli. andevalensis
growth under controlled laboratory conditions andahalyze the effects of cold
treatments in the germination of seeds and theteffeGAg in the germination and
initial stages of plant development iBrica andevalensis.Results may be

considered for the possible application of thistphgrmone treatment in future
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conservation programs as well as new studies obitalemical characteristics of

the species.

MATERIAL AND METHODS

Erica andevalensiseeds were collected from the field in the autwhn
2007 picking mature fruits and cleaning the seedthé laboratory. To avoid the
use of empty seeds, they were placed in a glassdistilled water and only the
ones sinking were chosen as viable seeds. The serdssubmitted to a cold and
wet pre-treatment to break the dormancy as has tesaribed by Aparicio (1995),
and stored, after that, in cold and dry conditibms3 and 7 months (hereafter

called C3 and C7 respectively).

Prior to the experiments seeds were surfaceigeatiby submerging them
60 sec in ethanol (70 % v / v) and 10 min in sodiuypochlorite (5% v / v).
Finally they were washed 3 times with sterilizedteavaTo germinate sterilised
seeds were sown in petri dishes of 9 cm diametetagting 0.8 % agar medium
with half strength MS salts and 30 g/L of sucro$be pH of the media was
adjusted to 5.8. Vitamins (10 mg/L myoinositol, /L nicotinic acid, 0.1 mg/L
pyridoxine and 1 mg/L thiamine) were added stexdiby filtration through a 0.45
um filter to have cooled down medium. The petri dishvere sealed with elastic
tape (Parafilfl") and placed in a growth chamber with 26 °C 16/g-right
photoperiod and irradiance of 12153.46umol m? s™.
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Effect of cold stratification

To test the effect of cold stratification, seed=avkept under cold and dry
conditions after the cold and wet pre-treatmerthefseeds for 3 and 7 months (C3
and C7). Before the pre-treatment, seeds weredtemiom temperature. Between
150 and 200 seeds were placed in each plate, aaddL%0 plates from C3 and C7
were sown respectively. The germination was folldweery 2 to 3 days and the
germination was expressed as percentages. Aftedal/g the seedlings were
transferred to a soil substrate and the plates thighremaining non-germinating
seeds were submitted to an additional cold treatroei4 days at 4° C (second
cold and wet treatment). After this second colatireent, the plates were placed
again in the initial growth chamber for another ds and the germination was

followed as described.

The seedlings transferred to soil were placed imgrawth chamber
programmed at 22 °C and 10 hours light, with 436017 pmol mi’s* provided
by fluorescent tubes. Two kinds of soils were wsteormal substrate (Tref,
substrate for professional horticuluture, pH betwée& and 6.1) and a more acidic
soil commercially labelled as "heather soil" (DCWth a pH between 3.5 and 5).
Plants coming from the first germination batch weosvn in both soils. Plants
were placed in small pots (from 16 to 25 plants e with 50 g of soil. They

were watered with tap water twice a week. Photagwaken to analyse plant size.

Effect of GA3

To test the effect of GAtwo different concentrations of the phytohormone
were added to the agar medium prior to autoclamatio get a final concentration
of 10 and 100 mg/L in the media. Three plates wweepared of each concentration

(including a control without phytohormone) and ardlb00 seeds were used per
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treatment. Seeds coming form 3 months of colditation (3C) were used in this

experiment.

The germination was followed every 2-3 days. Thargnation data were
expressed as percentages. After 17 days pictunestalen from the plates and the
hypocotyls and cotyledons were measured in 25 pfaam each treatment. These
plants were transferred to 5 cm x 5 cm pots filgth 50 g of acidic soil (special
for heathers, DCM) to further following of the démement of the plants. Plants
were placed in a plant growth chamber with the sameditions as described
above. The growth of the plants in soil was folloviier 4 weeks. After four weeks,

the plants were harvest and used for biochemicdl/sis.

Protein content was measured as described by @chdfl976) in 2
samples (and 3 replications) of each treatment dene. (Fig.1).

0,6 q

y=0.0883x + 0.011
r’=0.993

0.D 590 nm

Q0 T T T 1
0 2 4 8 8

g BSA /ml

Figure 1. Calibration curve of protein, using BSA as stadda
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The total antioxidant capacity was measured in samples of each
treatment (and 3 replications were made) usingRRAP method described by
Pefiarrieta et al. (2008). Briefly, the®F@PTZ complex is reduced to blue?re
TPTZ complex by electron donating substances uadédic conditions. The FRAP
reagent was a mixture of 100 mM sodium acetateebfiH 3.6), 10 mM TPTZ
and 20 mM ferric chloride (10:1:1). The method waspted to a plate reader and
100 ul of reagent was added to 1Q0 of sample (previously diluted when it is
necessary). The absorbance was measured at 60@emi@min of incubation at
room temperature. The final absorbance of the seenplere compared with a
standard curve made using Trolox (0-100) (Fig. 2). Trolox stock solution was
made in methanol and all the subsequent dilutioesewmade in potassium
phosphate buffer. The data were expressedras Trolox equivalents per gram of
fresh weight. The total antioxidant capacity in theffer soluble fraction was

obtained.

y = 0,0004 x + 0,0037
r’=0,995

0.D 600nm

0,10 A

0,00 T T T T 1
0 5 10 15 20 25

pM Trolox

Figure 2. Calibration curve of the total antioxidant capacitging TROLOX dissolved in
methanol and buffer as standard.
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Data analysis

The dynamics of the germination was analyzed by parametersgt
(number of days necessary to start the germinataken as the emergence of the
radicle) and & (number of days necessary to reach 50% of thd tmad
germination). These parameters have been desdrib&bssini-Oliva et al. (2008)

in a previous study abo&t andevalensiseed germination.

The size of the plants was analyzed from photosdilyg ImageJ Software.

The statistical analysis was carried out usingSS&%1 non parametric test,
Kruskal-Wallis Test and Man Whitney U, with a sifigance level of 0.05, due to

the non-normality of the data.

RESULTS AND DISCUSSION

Effect of cold stratification

Seed germination was strongly influenced by tingtle of the stratification
period they were submitted previous to sowing (Big.In our experiments seeds
were stored at 4°C for either 3 (3C) or 7 (7C) rhentAfter 20 days the
germination percentage reached values of maxim@miB 3C seeds compared to
21 % germination reached in 7C seeds (Fig 3). Adtesecond cold treatment,

germination percentage increased to 37 % and #1.3@iand 7C, respectively.
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100 -
—&— 7 maonths cold treatment
—&— 3 maonths cold treatment
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Cumulative percentage of seed germination
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e——= .
Second cold Time (days)

treatment

Figure 3. Time course of the germination rate of the seés @ or 3 months of cold
treatment. Mean value standard error is showed.

These results indicate that seed germination wpertent on the length of
the stratification period. This result is not aating to previous studies in which no
differences were found in the germinationeofandevalensi with seeds stored for
1 and 4 months in cold (Rossini-Oliva et al. 206®&)wever, the cold periods used
in the work of Rossini-Oliva et al (2008) were di#nt to ours. In addition it is
shown here that germination percentage benefited & second cold treatment, as

has previously been describeddnca andevalensiseeds (Aparicio 1995).

At day 17 just prior to the second cold treatmeafityiable seedlings were
transferred from the plates to pots containingegitiormal soil (Tref) or heather
soil (DCM) as described in material and methodso Tweeks after transfer, plants
growing in the heather soil were significant (p<GLPbigger than the others (Table
1). Therefore in subsequent experiments only thdiateather soil was used.
Acidic soils are the natural habitat & andevalensigSoldevilla et al. 1992;

Aparicio 1999). Here we tested both a basic andeeracidic soil found that this
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species is able to grow in absence of acidity,goowth rate is clearly reduced, as
indicate Table 1. The dependencyofandevalensifor acid conditions maybe due

to a better nutrient uptake in acidic conditions.

Table 1

Number of verticils, leaves, length of the cotyledand total height oE. andevalensis
plants after 2 weeks growing in different subssate

Number of Number of Cotyledon Total height
verticils leaves length (mm) (mm)

Normal soil 1.72+0.08 3.70+0.17% 0.55+0.0f 1.68+0.06
Heather soil 211+0.07 4.44+014 063+00F 2.01+0.08

Mean + standard error from 53 and 55 plants growing imm@ and heather sail,

respectively, are showed. Different superscriptetetn each column means significant
differences (p<0.001) after a Kruskal-Wallis tegt humber of verticils and number of
leaves and ANOVA for cotyledon length and totalgei

Effect of GA3

Seed germination is one of the most sensitive iplogical processes in
plants life cycle (Lui et al. 2005). Although ldtlis known at the moment on
germination and initial plant developmentin andevalensisGAz is an important
endogenous growth regulator with several effectplant growth and development
(Chuanren et al. 2004) and beneficial effects Hzeen described in a recently in
the germination oE. andevalensigconsidered as radicle appearan¢twever,
and to minimize the possible effects that this phgtmone could have in plant
development, low concentrations of Avere chosen in this study. A similar
experimental set up was recently used to descrdmmigation characteristics of

Scrophularia marilandicd.. (Nurse and Cavers 2008).

Highest germination rates (83.1514.79 after 33 days) were found in the
plates containing the highest @A&oncentration (Fig. 4). After 33 days seeds
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germination ceased in all tested conditions (Fiyy. Bhe effect of GA on
germination is strong reaching germination peraggal and 12 times higher than
the control when 10 and 100 mg/L @&ere added to the medium. However, the
different treatments did not affect the parametengither §,. As such our data are
contrasting to the results obtained by Rossini-®©kt al. (2008), who showed a
decrease inpand t, when GA concentration was increased, testing 0, 25, 50, 10
200 and 400 mg/L. However, it is not excluded thase differences can be due to

differences in the experimental set-up betweereth&e studies.

100

—a8— Control
—0— 10 mg/L GA3
—— 100 mg/L GA3

80

60

40

Germination percentage (%)

20 A

0 4 6 8 10 16 17 18 22 31 33 35 37 40
Time (days)
Figure 4. Percentage of accumulate number of germinatedsse&. andevalensigach

value represents mearstandard error n=4. Significant differencps@.05) were found
among all the treatments.

The biometric parameters used in this study tdyarahe effects of GA
were the length, width and area of the cotyledamsthe first leaf, the total height
of the plants, the number of leaves produced aadrdésh weigh per plant. The
protein content and the total antioxidant capawisre selected as biochemical
parameters. The results showed that; @ffiect to plant biometric parameters, not

only when the phytohormone is present, but alsad@@s after its application,
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resulting in smaller leaves in the highest conadian tested (Fig. 6 C) as it will be

commented.

In the initial developmental stages (17 days dtfter germination), GA
treatments affected hypocotyls length (Fig. 5 ahdvish significant differences
(p<0.05) among all treatments. This effect was ipnesly described in other
species, such asquilegia nivalis, Lagostis cashmeriaiaadMeconopsis latifolia
(Dar et al. 2009)Scrophularia marilandicgNurse and Cavers 2008). However, in
general, all these studies only studied the eftdcthe phytohormone on the
promotion of germination, without looking furthet hiometric or physiological
parameters of the seedlings. After 17 days of gndwtthe petri dishes, seedlings
were transferred to soil, in absence of &#Ad the size of the plants were followed
for the next 4 weeks. When the seedlings were feeanesl to pots, those ones that
had germinated in the presence of ;GO0 mg/L) had smaller cotyledons
compared to the control (Fig. 7 A, B and C (poiimet 0)). Transfer to soil
diminished the effect on the size of the cotyledon$éength and area and after
seven days in soil no significant differences amtrg different treatments were
presented (Fig. 7 A and C). However, at day 14 c¢betrol had cotyledons
significantly (p<0.05) shorter than the @&eated plants in both concentrations
tested (Fig. 7 A) and the plants treated with 1@@LnGA; had thinner cotyledons
(p<0.05) (Fig. 7 B). The combination between lengtidl width made that at day
14 the cotyledons from plants with 10 mg/L Geatment were significantly
bigger (p<0.05) than the rest of treatments (FigC)7 From the day 14 the
cotyledons reduced their size, more markedly imbfL treatment (Fig. 7 C).
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Hypocotyls length (mm)

Figure 5. Length & S.E.) of the hypocotyls resulting from the diffieréreatments after 17
days. For each treatment n=25. Different letteramsestatistical differences (p<0.05).

T

-

CONTROL 10 mg/L GA; 100 mg/L GA,

Figure 6. Hypocotyls ofE. andevalensiafter 17 days in plates with no GA3 (control) 10
or 100 mg/L GA. Bar =2 mm.
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Figure 7. Length (A), width (B) and area (Ck 6.E.) of cotyledon from the different
treatments along the time after planting in sadr €ach point n=25.
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The growth of the first leaf showed that the digf@ GA concentrations
applied to the seed germination media did not reawe effect in the length of it
once the plants were growing in soil (Fig. 8 A).eTwidth, as it was described
above for the case of the cotyledons, was affduoyatie highest GAconcentration
applied (100 mg/L), making that the plants prodonagower leaves (p<0.05) from
the day 14 onwards (Fig. 8 B). The area of the (E&. 8 C) was significantly
bigger (p<0.05) at the days 7 and 14 in the conffodm day 21 no differences
were found in the area of the first leaf betwees ¢bntrol and 10 mg/L of GA
remaining smaller (p<0.05) the leaf in plants cagiaorm 100 mg/L GA due to
the small width of the leaf (Fig. 8 C).

The growth of the plants in height (Fig. 9 A) slealdifferences since the
day 14, reflected in the fact that plants comingrfrl0 mg/L of GA treatment
were significant smaller (p<0.05) than the oth&ram the day 21, no differences
in plant height were found between control and diP)L. GA; (Fig. 9 A). The
number of leaves (Fig. 9 B) seems not to be affebie GA; treatment, since the
only significant difference (p<0.05) was found a@ydl4, when the numbers of

leaves in the control was bigger.
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Figure 8. Length (A), width (B) and area (C} 6.E.) of the first leaf from the different
treatments along the time after planting in sailc €ach point n=25.
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Figure 9. Growth expressed as the total height (mm) (A) tiechumber of leaves (B) for
the different treatments along the time after ptanin soil. For each point n=25.

After 28 days of growing in soil, the biomass proed per plant and the
protein content was measured. Plants that wereigeted in the presence of GA
had smaller biomass per plant compared to the aofitig. 10 A). A reduction in
dry weight in shoots and roots has been previodisgcribed irGlycine maxwhen
GA; was added at 0.05 mNBaeidi-Sar et al. 2007). In the present study the
biomass reduction can possibly be explained bysthaller size of the leaves in
100 mg/L GA and the smaller plant height in 10 mg/L &G#eatment. However,

we have found that the lower biomass did not cpored with the soluble protein
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content, which was the highest in 10 mg/L 3Rig. 10 B). An increase in protein
content related with an increase in N assimilatiord in plant size has been
proposed in okra plant&pelmoschus esculenjudlias et al. 2007). However, we
have found that ifE. andevalensishe protein content increased at 10 mg/L;GA
but it was reduced, without significant differencegh the control, in plants
coming form 100 mg/L GAin the germination media. A similar pattern was
described forRosa caning(Atalay and Kadioglu 2001) but no explanation was

given for this data.
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Figure 10. Fresh weight per plant and protein conteri.imndevalensiplants coming
from different germination media after 28 days grayin soil. n=2 in A and 6 in B for
each bar. Different letters indicate significarffatience (Kruskal Wallis and Man Whitney

U test) (p<0.05)
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GA; is known to have effects on gene transcriptiona{@linry et al. 2006)
and a treatment at the beginning of the plant agreént can have long-lasting
effects as we could observe in the smaller sizée@bes after 28 days without

phytohormone, as well as the smaller biomass et produced.

The total antioxidant capacity gives the conceiunaof electron donating
substances that are able to reduce thH&HRTZ complex that are present in the
sample (Pefarrieta et al. 2008). We have foundtkiatcapacity was the smallest
in plants treated with 10 mg/L of GAFig. 11). Little is known about the relation
between GA and reactive oxygen species (ROS) (Ducic et &320). It has been
described that GAreduce the oxidized glutathione (GSSG) levelshauit affect
the total amount of glutathione in cell culturesGsdtharanthus roseugOhlsson
and Berglund 2001). However, in our case, the ssiattoncentration of Gfhad
the opposite effect: a reduction in the amount rifoxidant compounds, with a
recovery, with no differences to the control, whegher concentrations of GA

were applied (Fig. 11).
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Figure 11 Total antioxidant capacity (TAC) nmol TROLOX ewalent/ g F.W. irE.
andevalensiplants coming from different germination mediaaf8 days growing in soil.
n= 6 in each bar. Different letters indicate sigpaint difference (Kruskal Wallis and Man
Whitney U test) (p<0.05)
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CONCLUSIONS

We foundE. andevalensiseed germination was influenced by the length
of the cold treatment to which the seeds were sitibdhiOn the other hand, GA
added at 10 and 100 mg/L, increase the germinatiéh andevalensjshowever,
this phytohormone had effects on the growth ofglaat. The effects remain even
28 days after the exposure to &SAVhen hight concentrations were added the
development of the plant is affected and small eatrations severely interfered

with protein content and TAC.
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8. EFFECTS OF CADMIUM IN ASCORBIC
ACID AND GLUTATHIONE LEVELS IN
ERICA ANDEVALENSIS, AN ENDEMIC

HEATHER GROWING EXCLUSIVELY IN

MINING AREAS (SW IBERIAN
PENINSULA)

Efectos del cadmio en los niveles de ascorbato y
glutation en Erica andevalensisun brezo endémico que crece
Gnicamente asociado a zonas mineras (SO Peninsubeitica)
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8. Cd effects

Effects of Cd in ascorbic acid and glutathione
levels in Erica andevalensis an endemic heather
growing exclusively in mining areas (SW lberian
Peninsula)

ABSTRACT

Erica andevalensisCabezudo & Rivera is an endemic heather
restrictively growing in soils affected by miningctivities in the
Iberian Pyritic Belt (SW Iberian Peninsula). Thigesies has been
difficult to grow in controlled non-polluted condihs in the past. In
this report, the response & andevalensidso Cd was assessed by
treating 5 weeks old plants, with three differenh@entration of Cd
(0.5, 5 and 5QM). After 5 days the contents of Cd, protein, asicorb
acid, glutathione and total antioxidant capacityreveneasured. No
changes were observed in glutathione under anyheftésted Cd
concentrations; however the ascorbic acid leveki&wed when 0.5 and
5 uM was applied and the total antioxidant capacitys wagnificant
higher when plants were exposed to @ of Cd. As the increase in
total antioxidant capacity is not explained by ame in glutathione
nor ascorbic acid levels these result indicateittygortance of other
antioxidative molecules in the response Eof andevalensigowards

enhanced Cd levels.

KEYWORDS

Ericaceae; Pyritic Belt; Heavy metals; Total anitiaxt capacity
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INTRODUCTION

The Iberian Pyritic Belt is the largest accumuwatof massive sulphide on
the Earth, stretching from the North of Sevilleth® South of Lisbon. Pyrite, its
main constituent, has been exploited for over 5¢98ars (Nelson and Lamothe
1993; van Geen et al. 1999; Davis et al. 2000,%etiral. 2003; Sdnchez Espafa et
al. 2005). In this area, high concentrations of Ma, Zn, Cu has been described
(Nelson and Lamothe 1993; van Geen et al. 199%91zSatial. 2003; Braungardt et
al. 2003; Montes-Botella and Tenorio 2003), howe@ has received little
attention due to its low abundance. In the TinteeRICd concentrations ranges are
from 0.16 to 0.65 ppm (Rodriguez et al. 2007) anchf0.5 to 4 in the Odiel River
and Tailings soils (Chapter 1, Table 1). The ldigait of Cd in soils in Spain is set
in 1 ppm (RD 1310/1990).

Erica andevalensis Cabezudo & Rivera is an endemic heather
characterized by the capacity of growing in soffea@ed by mining waste in the
Iberian Pyritic Belt (Cabezudo and Rivera 1980;9da11985; Aparicio 1999).

Cd is a toxic metal found in soils at trace comions. Although there
are plants known to be able to hyperaccumulatentieial in their tissues such as
Thlaspi caerulescen#rabidopsis halleriandSedum alfredi{Liu et al. 2008), Cd
is without biological functions in higher plants géchener 1995; Schutzendubel
et al. 2001; Kara and Zeytuluoglu 2007; Liu et2008). Cd is not a transition
metal and therefore it may not induce oxidativesdrvia Fenton-type reactions
such as Cu or Fe (Sandalio et al. 2001; Schitzeshaiital. 2001; Semane et al.
2007), however it is highly toxic due to its reaityi with S and N atoms in amino
acids (Clemens 2001). It is also known to affedluta structures and produce
membrane damage, disruption of the electron trahspthibition/activation of

enzymes and alteration of DNA (Smeetsl.2005).
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Glutathione (GSH) is the major non-protein thial plants with many
functions in plant metabolism (Schitzendubel e2801), and one of the major
scavengers of peroxides (May et al. 1998). It aaraa antioxidant, by scavenging
radicals, resulting in the oxidation of GSH to ghhione disulfide (GSSG) (Wu et
al. 2004). Cd has been described to have a highitgffor thiols groups, and can
therefore produce an imbalance of the available @8bl, with the consequent
disturbance of the ascorbic acid AsA-GSH cycle thatntains the cellular redox
homeostasis controlling the synthesis, consumgiahrecycling of AsA and GSH
(Semane et al. 2007).

The objectives of the present work were to studydtfects of a short acute
exposure to Cd on ascorbic acid and glutathioneldew the leaves, as well as in

the total antioxidant capacity of this heather.

MATERIALS AND METHODS

Erica andevalensiseeds were collected from the field in the autwhn
2007. They were kept in paper bags under dry ciomdit Seeds were submitted to
a cold and wet pre-treatment for 20 days, to brbak physiological dormancy

(Aparicio 1995). After that period, seeds were dliaged kept at 4 ° C for 3 months.

Germination of the seeds was performed in agatunedith half strength
MS salts and pH adjusted to 5.8. After pH adjustm@ g/L of agar was added.
Vitamins (10 mg/L myoinositol, 0.1mg/L nicotinicid¢0.1 mg/L pyridoxine and 1
mg/L thiamine) sterilized by filtration were addddedium was poured in petri
dishes of 9 cm diameter. Seeds were sterilized stedle eppendorf tube with
ethanol (70 % v / v) for 60 sec and with sodiumdulgorite (5 % v / v) 10 min.

Subsequently seeds were washed 3 times with z&gtilivater and sow in the
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dishes previously prepared. Two or three dropseetls were placed in each plate
(from 150-200 seeds). The plates were placed iroath chamber at 26 °C 16/8
day-night photoperiod and 121.333.46 umol mi? s of light. The germination

was followed every 2-3 days. After 20 days, thentdavere transferred to a soll

substrate and they were watered 2 times a weekgl@riveeks with tap water.

Previous to the Cd exposure, watering was stopgesh plants were 15
days old (in soil) and 6 days later Cd was suppéiedl5 ml of Cd solution (or
deionised water to the control plants) applied am af the soil. Cd was added as
3CdSQ8H,0 (Merck). Three concentrations of Cd were applie®:uM, 5 uM
and 50uM, equivalents to 0.05, 0.5 and 5 ppm total Cd eonin soil. 500 plants
per group were studied. After 5 days plants wemedsded weighted and kept at
room temperature for Cd analysis or snap frozeligiid N, and stored at -80°C

until biochemical analysis.

Ascorbic acid and glutathione (reduced and total foms)
measurement

Frozen plant material, stored in fractions of ZB+2g (30-40 plants per
sample) was quickly grounded in liquid nitrogenairpre-cooled mortar. At this
stage it is essential to keep samples frozen twepteoxidation. When a
homogeneous powder was obtained, 2600f ice cold 6 % (w / v) meta-
phosphoric acid was added. The samples were thaweéck and the mixture was
clarified by centrifugation at 12 0@Pat 4° C for 15 min. The resulting supernatant
was kept on ice until HPLC analysis. Antioxidantsreyseparated on a 100 mm X
4.6 mm Polaris C18-A reversed phase HPLC columpr{Bparticle size; 30°C;
Varian, CA, USA) with an isocratic flow of 1 mL.niftrof the elution buffer (25
mM KPQO;,-buffer, pH 3.00). The components were quantifisithg a home made
electrochemical detector with glassy carbon eleetrand a Schott pt 62 reference

electrode (Mainz, Germany). The purity and identifythe peaks was confirmed
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using a diode array detector (SPD-M10AVP, Shimad#ertogenbosch,
Netherlands) which was placed on line with the tetehiemical detector. The
amount of oxidised DHA or GSH concentration was soeed indirectly as the
difference between the total concentrations ofoardants in a DTT reduced
fraction and the concentration in the sample pidoreduction. Reduction of the
sample was obtained by incubation of an aliquahefextract in 400 mM of Tris
and 200 mM of DTT for 10 min in the dark. The pHtlois mixture was checked to
be between 6 and 7. After 15 min the pH was lowagain by fourfold dilution in
elution buffer prior to HPLC analysis. Three sampfeom each treatment were

taken and each sample was measured in triplicate.

Cd measurements in plant tissue and soll

Cd concentrations were measured as describedust &l al. (1988) with
some modifications. Briefly 5 weeks old plants wexposed to Cd (3CdS8H,0)
during 5 days and the plant material was colle@tedppendorf tubes, taking 50
mg of plant tissue per analysis, and three sangg#e€d concentration. As quality
control, three preparation blanks and three retergesamples of olive leaves (BCR
062, EU Institute for Reference Materials and Measwents, Geel, Belgium) were
included. For each sample, 250 pL of highly pudfieoncentrated HNOwas
added then placed in a fumes-hood to pre-digeshgl@4h at room temperature.
Further digestion was carried-out by sequentiatihgan a microwave oven: 3
times 2 min at 100W, followed by 3 times 2 min &01IW and 2 times 2 min at
250W. Then 20 uL of D, was added and the solutions were left for 30 naismut
before giving them an additional 2 times 2 min miweave treatment at 350 W.
After digestion, the solutions were diluted by a2 mL MilliQ water and Cd
concentrations in the solutions were determinedigusin ICP-MS (Model 810,
Varian Inc, Australia). Yttrium was added as arinal standard to correct for the
influence of sample matrix. The recovery of Cd I treference samples was

within the acceptable range of 10 % of the cedifimlues. As a background
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experiment plants without 3Cd$®H,0 were also sampled and the Cd
concentration was determined. No significant lew#l€d could be determined in

these controls.

The Cd content in soil was measured analyzingatheunt of Cd in the
soluble fraction. Soil was dried in oven at 60°r@d 21 ml of water was added to 3
g of soil. The tubes were mixed during one hour ematrifuged. The supernatant
was collected and the Cd was determined using 8MGS (Model 810, Varian

Icn, Australia).

Soluble protein, total antioxidant capacity and pignent
measurement

Frozen plant material, stored in fractions of 105-mg (25-35 plants per
sample) was grounded in a pre-cooled mortar with250f potassium phosphate
buffer (144 mM, pH 7). The homogenate was centefag 10,000 g for 15 min at
4°C and the supernatant collected and kept onriéezen at -80°C until analysis
and the pellet was kept on ice in dark. Two sampfesach treatment were taken

and each sample was analyzed in triplicate.

Protein levels were measured as described by Bih@f®76) and using BSA as a
standard (Fig. 1).
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Figure 1. Calibration curve of protein, using BSA as stadda

The total antioxidant capacity was measured usimg FRAP method
described by Pefarrieta et al. (2008). Briefly, Fie&-TPTZ complex is reduced to
blue Fé"-TPTZ complex by electron donating substances uadilic conditions.
The FRAP reagent was a mixture of 100 mM sodiumagedbuffer (pH 3.6), 10
mM TPTZ and 20 mM ferric chloride (10:1:1). The med was adapted to a plate
reader and 10QL of reagent was added to 100 of sample (previously diluted
when necessary). The absorbance was measured ahr6O8fter 10 min of
incubation at room temperature. The final absorbant the samples were
compared with a standard curve (Fig. 2) made u$nodpx (0-100uM). Trolox
stock solution was made in methanol and all thesaglbent dilutions were made in
potassium phosphate buffer. The data were expresgatiol Trolox equivalents
per gram fresh weight. The total antioxidant catyaici the buffer soluble fraction

was obtained.

237



8. Cd effects

y = 0.0106 ¥ +0.0007
r=09949
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Figure 2. Calibration curve of the total antioxidant capacitging TROLOX dissolved in
methanol and buffer as standard.

Pigments were measured dissolving the pellet obthiafter the
centrifugation in 1 ml of 80 % (v / v) acetone aniking well until the entire pellet
was discoloured. Samples were centrifuged at 4t €0A0@ for 10 min. The
absorbance was read at 661.6, 644.8 and 470 nnthanéquations given by

Lichtenthaler (1987) were applied.

Chlorophyll a: Ca =11.24 16— 2.04 Aass
Chlorophyll b: Cb = 20.13 &45— 4,19 As16
Chlorophyll total: Ct = 7.05 &6+ 18,09 Auss
Carotenes = (1000 »f— 1.90Ca — 63.14Cb) /214

Statistics

All measurements were made in triplicate. Meanstandards error are

showed. The normality of the data was checked V@tapiro-Wilk test and
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ANOVA or Kruskal-Wallis was used to analyze thefeliéences in the data,

depending on the normality of the data.

RESULTS

To test the response of greenhouse plants growmoarpolluted soils to
heavy metals, 5 weeks old plants were exposed ffereit Cd concentrations.
After 5 days Cd extractable content in soils wassoeed and the concentration
increased together with the amount of Cd added I€Tdb to each soil. The
bioaccumulation factor is defined as the ratio fué tnetal concentration in the
plant tissue to that in the soil (Sun et al. 20@9).it is showed in Table 1, plants

were able to accumulate Cd from 4.74 to 12.34 times

Table 1
Cd added to the soil and extractable after 5 days.
Label gg dasdg%dkég';/' Extrag;a'\skz)lﬁ (i 3 /g?r 9"aM gioaccumulation factor
Control 0 0.006 *0.000 4.54
0.5uM 0.5 0.013 +0.002 7.47
5uM 5 0.062 +0.019 7.96
50 uM 50 0.267 +0.144 12.34

After 5 days growing under Cd treatment the irdégontent of the metal
was increased together with the amount presertigénsoil (Fig. 3) although no
visual differences were appreciated in the plameither in the biomass produced
per plant (Fig. 4) nor the pigment content (Fig.Fpwever soluble protein content
of the plants was affected by the treatment (FigTBe protein content decreased
when plants were exposed to @BI Cd, however no differences (p<0.05) were

found with the two other tested concentrations cameg with the control.
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40 4
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20 4

pg Cd fg FW.

b
a
0o . —— -

C
Caontrol 0.5 um 3 UM 30 UM

Figure 3. Cd content in plant tissue, expressed@€d/ g tissue. For each bar n=3, coming

from 60 - 90 plants necessaries to reach 50 mdpot fissue. Means standards error are

represented and different letters of top of thesliradicate significant differences (p<0.05)
after a Kruskal Wallis and Mann Withney U test.

0,8 4

0,6

0.4 4

0,2

Biomass produced (mg per plant)

0,0 -
Caontrol 0.5 um 3 U 30 UM

Figure 4. Biomass produced per plant, calculated from thigt and number of plants
taken from each treatment for the metal and bioéteranalysis. No significance
differences were found (p<0.05) after ANOVA.
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Figure 5. Chlorophylla, b, total chlorophylls and carotenes were measutg{gment/ g
F.W.) after 5 days under Cd treatment. For eachrmant standard error is represented of
n =2 (30 - 35 plants). No significant differensesre found (p<0.05) after a Kruskal-

Wallis test.

Related to soluble protein levels, only the low&x concentration tested
significantly decreased protein content (Fig. 8)eTprotein content was affected
by Cd inE. andevalensishowever, not all the concentrations produced thmeesa
effect. Low concentrations of Cd reduced the protgintent, but an increase was

registered when higher metal concentrations wededd
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1200

1000

800

600 4

ng protein /g FAW.
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200 4

Caontrol 0.5 um 3 U 30 UM

Figure 6. Soluble protein content expressedigprotein / g F.W. For each bar mean

standard error is represented of n = 2 (30 - 3btg)aand each measurement was done in

triplicate. Different letters on top of the barsane significant differences (p<0.01) after
ANOVA and Duncan test.

As shown in Fig. 7 ascorbic acid levels were affiddy Cd in leaves of
treated plants. Both reduced as well as total Agcacid concentration were
significantly lower in 0.5 uM Cd exposed plants andreased at piM. At the
highest tested concentration ascorbic acid levidlhiowever not change compared
with the control. The amount of the oxidized fornf @scorbic acid
(dehydroascorbate) was significant lower whenu was added (Fig. 9).

Surprisingly, no significative changes were obseériveglutathione levels in any of
the treatments (Fig. 8).
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Figure 7. Ascorbic acid (hmol/ g F.W.) content in the reeldictotal and oxidized (DHA)
forms are represented. For each bar niestandard error is represented of n = 3 (30 - 45
plants) and each measurement was done in triplibéfferent letters on top of the bars
from the same parameter means significant diffaeifp<0.01) after ANOVA and Duncan

test.
1000 4 1 Cortral
1 05uM
I 5 uhd
a00 4 50Ut
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Figure 8. Glutathione (nmol/ g F.W.) content in the redudethl and oxidized (GSSG)
forms are represented. For each bar niestandard error is represented of n = 3 (30 - 45
plants) and each measurement was done in triplibetesignificant differences were found
(p<0.05).
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When the ratios between reduced and oxidized fovere calculated (Fig.
9) the same pattern can be observed in the asccllicand glutathione. The ratio
increased with the small concentrations of Cd adtiet a decrease is observed
with 50 uM.

In addition to ascorbic acid and glutathione lsviie total antioxidant
capacity of the plants was measured. As showngn®), only plants treated with
50 uM of Cd showed an increase in this activity (p<0.#5g.10).

1 Cortrol
16 1 [ 05 umM
S um

14 J R 50uM

ASADHA GSH/GSS5G
Figure 9. AsA/ DHA and GSH/GSSG ratio in plant tissuecofandevalensiafter 5 days

of exposure to different Cd concentrations arewated from the observed values in Fig. 7
and 8.
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800
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200 4

nmol Trolox equivalent/g F W

Control 0.5 um 3 U 30 UM

Figure 10. Total antioxidant capacity (nmol TROLOX equivaisig F.W.) after the
different Cd treatments are represented. For eacimbant standard error is represented
of n =2 (30 - 35 plants) and each measurementieas in triplicate. Different letters on

top of the bars means significant differences (pSPafter ANOVA and Duncan test.

DISCUSSION

The aim of this work was to culturé. andevalensisinder controlled
environmental conditions and to evaluate the effetdifferent Cd concentrations
on the AsA and GSH levels, together with the protéotal antioxidant capacity
and pigments.

Acidic soils are the natural habitat Bf andevalensigSoldevilla et al.

1992; Aparicio 1999) and the growth is favoureahis kind of soils, as it was
exposed in chapter 7.

If we compare with natural conditions, the loweshcentration tested is
within the range of natural levels present in soilhie Cd content inE.

andevalensistissues increased with the increase of the availabil in the
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substrate, reaching a maximum bioaccumulation faxft@2 times with the highest
amount of Cd available in soil. The bioaccumulatiactor increased following a
potential equation with the availability of the rakin soil. E. andevalensis able

to accumulate Cd depending on the concentratiofaie in the substrate and it
may have internal mechanisms to immobilize or fpecwith the excess of metal in
the cells. An increased level of Cd in plant leakas been also registered in other
studies. In these studies, the increase of thelnmethe soil or nutritive solution
leads to a metal accumulation in plant tissue (8kmeét al. 2001; Wu et al. 2004).
However, to make comparations is not really possildue to the different

conditions set in each experiment.

No visible signs of Cd toxicity were evident aftedays under any of the
concentrations tested, as evidenced by chlorodeykls in contrast to other
species a®rassica junceand Vigna radiata(Simonova et al. 2007Phaseolus
vulgaris (Cahoui et al. 1997) that were affected after gpdneated under similar
conditions. We did not find significant differenciesbiomass levels, although the
biomass of Cd treated plants seemed slightly bitgar the control (Fig. 4). It has
been described that Cd exposure restricts bionmaskigtion due to physiological
disturbances (Smeets et al. 2005; Han et al. 200The Cd/Zn hyperaccumulator
Thlapsi caerulescensowever, biomass increased (Roosens et al. 2003gtLal.
2008) indicating that tolerant Cd species can gimovwhe presence of the metal
(Sun et al. 2009). Our results therefore give afication thatE. andevalensign
addition to its tolerance to Mn (Soldevilla et 892) is also able to withstand Cd.
Growth inhibition and decrease in chlorophyll caritbas been suggested to be
included in a phytotoxicity index for Cd exposug&inionova et al. 2007), and due
to the no changes observed in these two paranieierpossible to conclude that
the Cd concentrations tested were not toxidfoandevalensisThe concentrations
tested in this experiment were quite low with tita g0 expose the plant to natural
occurring contaminations. Some biochemical changes induced by the Cd

treatment. The protein increase may be due to thehesis of antioxidant
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enzymesincrease of peroxidases, mainly ascorbate peroxjdes been seenkn

andevalensiexposed to increased levels of metals (Chapter 3).

The total AsA levels seemed to follow the pattetyserved in protein
content with the smallest Cd concentration reduéisg but not dehydroascorbate
levels, resulting in a lower ASA/DHA ratio. The atitth of 5 uM Cd increased the
reduced and total forms of AsA, which indicates tthe antioxidant mechanisms
are actively working. Therefore. andevalensiseems tacounteract the presence
of Cd by increasing ascorbic acid synthesis ashess previously described in
plants treated with metals (Cuypers et al. 200F).esidenced by measuring the
total antioxidative capacity (TAC), in addition &scorbic acid and glutathione, it
seems to be another important soluble antioxidespecially in the response to
higher Cd concentrations. This increase in the Tédd be interpreted as an
activation of different antioxidant mechanisms, ethitogether with AsA/GSH
cycle may act to cope with the effects caused by &dthe possible reactive
oxygen species (ROS) generated (Foyer and Noctis)28imong the wide variety
of possible antioxidants, phenolics have been de=tito be increased under Cd

treatment in scots pine (Schutzendibel et al. 2001)

The AsA/GSH cycle is considered to be of greatartgnce in controlling
the cellular redox status (Smeets et al. 2005%pite of the observed changes in
the AsA levels, no changes were observed underoarthe Cd concentrations
tested in the GSH level, although the ratio GSH/G3td the same pattern as
AsA/DHA. This resemblance between AsA/DHA and GS88& may be due to
the connection of both redox couples in Halliwefalla cycle (Foyer 1993; Foyer
et al. 1994). GSH has also an important role in sixethesis of phytochelatins
(PCs). PCs have been extensively studied in relatith Cd exposition (Rauser
2001; Cobbett 2000a) and some studies indicatedthareatments decrease GSH
levels and increase PCsAnabidopsis thaliangSemane et al. 2007). However our
previous studies have demonstrated that, in itgralhabitat, PCs concentrations

of E. andevalensiare very low (see Chapter 4). Of course, we havgetcareful
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with this conclusions as only one time point (5 jayas monitored in this study
and it is conceivable that at this time plant coallcady have recovered from the

initial possible glutathione depletion (Schitzenel(dt al. 2001).

In conclusion, our results suggest that the dffieICd concentration tested
in E. andevalensidid not seriously affect this species as confirlgdhe absence
of macroscopic injuries neither biomass or pigmaeduction. At low
concentrations of metal added, the plant respomcteasing the reduced/oxidized
forms of AsA and GSH, but when the metal conceiutnats higher, other yet
unidentified antioxidants seem to play an importaoie, since total antioxidant

capacity was increased significantly.
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CONCLUSIONES

1-

Erica andevalensigs una planta tolerante y adaptada a las condiidal
medio en el que vive (acido y con elevado conteritlonetales) sin mostrar
sintomas de estar afectada por estrés oxidativoo éndican la ausencia de
dafios macroscopicos y los marcadores de estrégaddis: pigmentos y
peroxidacion lipidica. El efecto del exceso de testapuede ser
contrarrestado con la activacion de enzimas coividat peroxidasa,
principalmente ascorbato peroxidasa y otros amtaxies distintos al 4cido
ascorbico y glutation, aungque otros mecanismosusalgn ser descartados,

como la exclusion de metales.

Erica andevalensids a tolerant species and adapted to environmental
conditions in which it lives (acid and metal engdh soils) without

showing signs of being affected by oxidative stressindicated by the
absence of macroscopy damage and oxidative stresgers used:

pigments and lipid peroxidation. The effect of essanetals could be
countered with the activation of enzymes with patage activity, mainly

ascorbate peroxidase and other antioxidant moledalifeerent to ascorbic
acid and glutathione, although other mechanismsncarbe discarded, as
metal exclusion.

Los niveles constitutivos de acido ascorbicoeeica andevalensison mas
bajos que los encontrados en ofeaigas, lo cual puede ser indicativo de su
adaptacion al medio. Del mismo mod@o andevalensigposee una baja
concentracion de compuestos fendlicos, tanto mediddorma global como
individualizada, independientemente del medio emusd la especie vive,
destacando la presencia de derivados de los ggidosmarico y cindmico,

no presentes en las otras Erizaduidas en el estudio.

Constitutive levels of ascorbic acidn andevalensiare much lower than
the levels found in otheErica species, which may be indicative of their
adaptation to the environment. Similarli. andevalensishas a low
concentration of phenolic compounds, as much irbalas individual
analysis, independently of the environment in whtble species live,
highlighting the presence gf-coumaric and cinnamic acid derivates,
which are not present in the othgnica species included in the study.
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Las fitoquelatinas, compuestos inducidos por |agmeia de metales en gran
diversidad de especies vegetales, parecen noimgtiézadas en la tolerancia

a los metales eBrica andevalensijsdada la baja concentracién en la que se
encuentran en ejemplares recolectados en el caRmo.otra parte, los

niveles de GSH no se alteran cuando la plantasenexa Cd.

Phytochelatins, compounds induced by the preseheeetals in a large
variety of plant species, appear not to be involvethetal tolerance k.
andevalensisdue to the low concentration measured in plaoteated
from the field. On the other hand, the GHS leveésrat altered when the
plant is exposed to Cd.
Por primera vez se han obtenido ejemplare& dandevalensis partir de
técnicas de micropropagacion y sorprendementeplastas obtenidas se

desarrollan de forma normal en sustratos no congans.

This is the first time thatE. andevalensishas been cultivated using
micropropagation techniques and surprisingly, thiaioed plants are able
to develop in a natural way in non-polluted sulisga

Las preferencias dE. andevalensipor la acidez y alto contenido en Fe
estdn marcadas en su propia germinacion. Probabiemeon las
preferencias deE. andevalensislas responsables de su restringida
distribucion 'y de su éxito competitivo. Sin emlmargn condiciones de
laboratorio se ha comprobado que la planta es agparecer y desarrollarse

en ausencia de concentraciones elevadas de metidescidez extrema.

E. andevalensipreferences by acidity and high content of Feraaeked
in its own germination.E. andevalensispreferencies are probable
responsible for its restringed distribution and dsmpetitive success.
However under laboratory conditions the plant ile &b grow and develop
in the absence of high metal content and extrenaityac
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El &cido giberélico es una buena opcién para awanégtgerminacion de.
andevalensisy por tanto podria ser usado para el cultivo ld@tps en el
laboratorio, sin embargo, concentraciones elevafimsan al desarrollo de la
planta y deben ser descartadas. Con el objetivouttevar plantas en el
laboratorio, la tasa de germinacién de las semitlasde incrementarse
aumentando el tiempo de conservacion en frio daséstaplicando un

segundo tratamiento de frio y humedad.

Gibberellic acid is a good option to increase therngnation of E.
andevalensis,and therefore could be used for growing plantsthia
laboratory; however, high concentrations affect gt growth and must
be discarded. With the aim to cultivate plants ke daboratory, the
germination rate can be increased by an increaseeirtime of the cold
storage of seeds or giving to the seeds a secddcd wet treatment.

Erica andevalensigs capaz de acumular Cd en sus tejidos aéreosyar m
concentracion de la presente en el suelo, lo gdieanque la planta posee
mecanismos de adquisicion e inmovilizacién de Qd, que su estado
vegetativo se vea seriamente afectado, aunqueceaniantd la capacidad

antioxidante total.

E. andevalensiss able to accumulate Cd in its aerial tissues greater
concentration than the present in the substrate&zhwib indicative of the
acquisition and inmobilization Cd mechanisms, with affecting
seriously the vegetative state, although the tatsioxidant capacity was

increased.
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