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Abstract

The plant hormone abscisic acid (ABA) plays a key role in regulation of plant
development and coordination of the adaptive responses under environmental stress
conditions. To obtain further insights into ABA signalling, we have characterized a new
family of interacting partners of the clade A PP2C HAB1. These interacting partners
belong to a 14-member subfamily of the Betv1-like superfamily and they have been
named PYR/PYL/RCARs (Pyrabactin resistance/pyrabactin resistance-like/regulatory
components of ABA receptor). Interaction between HAB1 and one of the
PYR/PYL/RCAR members, PYL5, was confirmed by yeast-two-hybrid, BiFC and co-
immunoprecipitation assays. PYL5 was localized both in nucleus and cytosol. Due to
the large number of family members, an over-expression approach was carried out to
study the role of these proteins in ABA signalling. PYL5 over-expression led to a
globally hypersensitive response to ABA, which contrasted with the opposite phenotype
reported for HAB1 over-expressing plants, indicating that this new family played a
positive role in ABA signalling. Furthermore, PYLS over-expressing plants, showed an
enhanced resistance to drought. F, plants that over-expressed both HAB1 and PYL5
exhibited hypersensitivity to the hormone, indicating that PYL5 was antagonizing HAB1
function. Moreover, PYL5 and other members of its family were able to inhibit HAB1,
ABI1 and ABI2 phosphatase activity in an ABA-dependent manner, which indicated
that the PYR/PYL/RCAR members were exerting their positive role in ABA signalling by
inhibiting the negative regulators of the pathway. In addition, Isothermal titration
calorymetry assays revealed that PYL5 was able to bind (+)ABA, in a saturable and
specific manner, with Kd values of 1.1 yM or 38 nM in the absence or presence of the
PP2Ccatalytic core of HAB1, respectively. PYL5 also presented partial
stereoespecificity, being able to bind the non-natural form of (-)ABA with lower affinity
values (Kd=19 pM). All these data suggested that these new family might be an
intracellular family of ABA receptors. To further confirm that, we carried out structural
studies and as a result we obtained the crystal structure of the Arabidopsis thaliana
PYR1 member. The PYR1 structure consisted of a dimer in which one of the subunits
was bound to ABA. The monomeric subunits of this receptor protein were structurally
arranged to form a hydrophobic central cavity where the hormone accommodates.
Comparison of both, the free-ABA and the ABA-bound subunits, allowed studying the
conformational changes induced upon binding of the hormone. In the ligand-bound
subunit it could be appreciated that the loops surrounding the entry to the binding
cavity fold over the ABA molecule, burying it inside, whereas in the empty subunit they

were forming a passage, leaving an open access to the cavity. This was indicating that



the conformational changes in these loops had a critical role in the stabilization of the
hormone-receptor complex. In addition, a mutational analysis has also revealed that
these loops and their conformational change upon ABA binding also played a critical
role on the interaction with the PP2C. Further characterization of this receptors family,
has revealed that they can be divided in monomeric and dimeric receptors in their
unactivated apo form. We have characterized a key residue in PYR1, His60, that is
variable between family members and that played a critical role in determining
oligomeric state. The formation of homodimers has been seen to be disfavourable for
ABA and PP2C binding. This different oligomeric state confers them different
properties, which suggests that the PYR/PYL/RCAR members might have differential

cellular responses over the physiological range of ABA concentrations.

Moreover, we have seen that the ABA-PYR/PYL/RCAR-PP2C signalling
pathway is conserved in cultivated plants, in particular in rice. This provides a new
framework in ABA signalling susceptible of modification, as well as for the design or
identification of new ABA activators that would allow the manipulation of ABA

responses in plants, in order to improve crop yield under drought contidions.



Resumen

La hormona vegetal acido abscisico (ABA) juega un papel fundamental en la
regulacién del desarrollo, asi como en la coordinacion de la respuesta adaptativa de
las plantas bajo condiciones de estrés ambiental. Con el objetivo de profundizar en el
conocimiento sobre la sefializacion de ABA, se ha caracterizado una nueva familia de
proteinas que interacciona con la fosfatasa HAB1, perteneciente al grupo A de las
PP2C. Estas nuevas proteinas han sido denominadas PYR/PYL/RCAR (“Pyrabactin
resistance/pyrabactin resistance-like/regulatory components of ABA receptor’) y
pertenecen a una subfamilia de 14 miembros, que se engloba en la superfamilia
conocida bajo el nombre Betvl. La interaccion entre HAB1 y uno de los miembros de la
familia PYR/PYL/RCAR, PYL5, ha sido confirmada mediante diferentes abordajes
como la interaccién por dos hibridos en levadura, BiFC en planta y ensayos de
coinmunoprecipitacién. Ademas se ha visto que PYL5 se localiza tanto en nucleo
como en citoplasma. Debido al elevado numero de miembros pertenecientes a la
familia PYR/PYL/RCAR, se opto por llevar a cabo un abordaje de sobreexpresién para
estudiar el papel de estas proteinas en la sefalizacion de ABA. La caracterizacion
fenotipica de plantas sobreexpresoras de PYL5, dio lugar a una respuesta global de
hipersensibilidad al ABA, presentando un fenotipo completamente opuesto al descrito
para plantas sobreexpresoras de la fosfatasa HAB1. Estos resultados indican que esta
nueva familia jugaba un papel positivo en la sefalizacion de ABA. Ademas, plantas
sobreexpresoras de PYL5, muestran una mayor resistencia a sequia, vinculando
directamente a estas proteinas en la regulacion de la respuesta a estrés hidrico en
plantas. La caracterizaciéon de individuos F2 que sobreexpresan tanto HAB1 como
PYLS5, también presentan fenotipos de hipersensibilidad a la hormona, indicando que
la funcién de PYL5 antagoniza a la de HAB1. Ademas PYL5, junto con otros miembros
de la familia PYR/PYL/RCAR, tienen la capacidad de inhibir la actividad fosfatasa de
HAB1, ABI1 y ABI2 de manera dependiente de ABA. Esto indica que los miembros
PYR/PYL/RCAR ejercen su papel positivo en la senalizacion de ABA, mediante la
inhibicion de los reguladores negativos de la ruta. Ademas, ensayos de calorimetria
han revelado que PYL5 es capaz de unirse a (+)ABA, con valores de Kd de 1,1 M o 38
nM en funcién de la ausencia o presencia de HAB1, respectivamente. PYL5 también
muestra una estereoespecificidad parcial, debido a que también es capaz de unir la
forma no natural de (-) ABA, aunque con menor afinidad (Kd = 19 M). Todos estos
datos sugieren que esta nueva familia se trata de una familia de receptores
intracelulares de ABA. Con el objetivo de confirmar esta hipotesis, se han llevado a

cabo estudios de cristalizacion y estructura por difraccion de rayos X, y como resultado



se ha obtenido la estructura cristalina de la proteina PYR1 de Arabidopsis thaliana. La
estructura de PYR1 esta formada por un dimero, en el que una de las subunidades se
encuentra unida a ABA. Las subunidades monoméricas de este receptor, presentan
una disposicién estructural para formar una cavidad hidrofébica central que permite
acomodar a la hormona en su interior. El estudio comparado entre la subunidad no
unida y unida a ABA, ha permitido desvelar los cambios conformacionales inducidos
por la unién de la hormona. En la subunidad unida a ABA, se puede apreciar que los
bucles que se encuentran rodeando la entrada de la cavidad, se encuentran plegados
sobre la molécula de ABA aislandola del solvente. Por el contrario, en la subunidad no
unida a la hormona, estos bucles se encuentran desplegados, formando un pasaje
hacia el interior de la cavidad. Este analisis estructural ha revelado el papel
fundamental de estos bucles en la estabilizacion del complejo hormona-receptor.
Mediante un analisis mutacional, también hemos visto que estos bucles y el cambio
conformacional que sufren debido a la unién del receptor a la hormona, presentan un

papel critico en la interaccion con la fosfatasa.

La caracterizacion bioquimica de estas proteinas PYR/PYL/RCAR, también ha
revelado que se dividen en dos subgrupos cuando no estan unidas a la hormona, en
mondmeros y dimeros. Hemos caracterizado un residuo clave en el receptor PYR1, la
His60, que parece tener un papel clave en la determinacion del estado de
oligomerizacion. La formacion de homodimeros resulta ser energéticamente
desfavorable para la unién de ABA y de la PP2C. El diferente estado de
oligomerizacion de estas proteinas les confiere caracteristicas distintas, lo que sugiere
que los distintos miembros de la familia PYR/PYL/RCAR podrian estar involucrados en
diferentes respuestas celulares en funcion del rango de concentraciones fisiolégicas

de ABA en la célula.

Ademas, también hemos visto que Ila ruta de sefalizacion ABA-
PYR/PYL/RCAR-PP2C se encuentra conservada en plantas de cosecha, en particular
en arroz. Esto proporciona un nuevo marco en la senalizacién de ABA, susceptible de
ser modificado, asi como utilizado para el disefio o identificaciéon de nuevas moléculas
capaces de mimetizar la accion del ABA; permitiendo asi el control de la respuesta a la
hormona con el objetivo de mejorar la produccion de plantas de cosechas en

condiciones de sequia.



Resum

L'hormona vegetal acid abscissic (ABA) té un paper fonamental en la regulacié del
desenvolupament, aixi com en la coordinacié de la resposta adaptativa de les plantes
sota condicions d'estrés ambiental. A fi d'aprofundir en el coneixement sobre la
senyalitzacié d'ABA s’ha caracteritzat una nova familia de proteines que interacciona
amb la fosfatasa HAB1, pertanyent al grup A de les PP2C. Aquestes noves proteines
s’han denominat PYR/PYL/RCAR (“Pyrabactin resistance/pyrabactin resistance-
like/regulatory components of ABA receptor”) i pertanyen a una subfamilia de 14
membres, que s'engloba en la superfamilia coneguda amb el nom de Betvl. La
interaccio entre HAB1 i un dels membres de la familia PYR/PYL/RCAR, PYL5, ha sigut
confirmada mitjangant diferents abordatges com la interaccié de dos hibrids en llevat,
BiFC en planta i assajos de coimmunoprecipitacié. A més, s’ha vist que PYL5 es
localitza tant en nucli com en citoplasma. A causa de I'elevat nombre de membres que
té la familia PYR/PYL/RCAR, es va optar per dur a terme un abordatge de
sobreexpressié per estudiar el paper d'aquestes proteines en la senyalitzacio d'ABA.
La caracteritzacio fenotipica de les plantes que sobreexpressaven PYL5 va donar lloc
a una resposta global d'hipersensibilitat a 'ABA; aquestes plantes presentaven un
fenotip completament oposat al descrit per a les plantes sobreexpressores de la
fosfatasa HAB1. Aquests resultats indiquen que aquesta nova familia tenia un paper
positiu en la senyalitzacidé d'ABA. A més, les plantes sobreexpressores de PYL5
mostren una major resisténcia a la sequera, cosa que vincula directament aquestes
proteines amb la regulacioé de la resposta a 'estrés hidric en plantes. Els individus F2
que sobreexpressen tant HAB1 com PYL5 també presenten fenotips d'hipersensibilitat
a I'hormona, la qual cosa indica que la funcié de PYL5 antagonitza la d'HAB1. A més,
PYLS, junt amb altres membres de la familia PYR/PYL/RCAR, tenen la capacitat
d'inhibir 'activitat fosfatasa d'HAB1, ABI1 i ABI2 de manera dependent d'ABA. Aixo
indica que els membres PYR/PYL/RCAR exerceixen un paper positiu en la
senyalitzacio d'ABA mitjangant la inhibicié dels reguladors negatius de la ruta. A més,
assajos de calorimetria han revelat que PYL5 és capag d'unir-se a (+)ABA, amb valors
de Kd d'1,1 M o 38 nM en funcié de I'abséncia o preséncia d'HAB1, respectivament.
PYL5 també mostra una estereoespecificitat parcial, atés que també és capag d'unir la
forma no natural de (-)ABA, encara que amb menor afinitat (Kd=19 M). Totes aquestes
dades suggereixen que aquesta nova familia és una familia de receptors intracel-lulars
d'ABA. A fi de confirmar aquesta hipotesi, s'han dut a terme estudis de cristal-litzacio i
estructura per difraccio de raigs X, i com a resultat s'ha obtingut I'estructura cristal-lina

de la proteina PYR1 d'Arabidopsis thaliana. L'estructura de PYR1 esta formada per un



dimer, en el qual una de les subunitats es troba unida a ABA. Les subunitats
monomeriques d'aquest receptor presenten una disposicié estructural per a formar una
cavitat hidrofobica central que permet acomodar-hi I'normona a linterior. L'estudi
comparat entre la subunitat no unida i la unida a ABA ha permés desvelar els canvis
conformacionals induits per la unié de I'hormona. En la subunitat unida a ABA es pot
apreciar que els bucles que envolten I'entrada de la cavitat es troben plegats sobre la
molécula d'ABA i I'aillen del solvent. Per contra, en la subunitat no unida a I'normona,
aquests bucles es troben desplegats i formen un passatge cap a l'interior de la cavitat.
Aquesta analisi estructural ha revelat el paper fonamental d'aquests bucles en
I'estabilitzacié del complex hormona-receptor. Mitjangant una analisi mutacional, també
hem vist que aquests bucles i el canvi conformacional que pateixen a causa de la unio

del receptor a I'normona tenen un paper critic en la interaccié amb la fosfatasa.

La caracteritzacié bioquimica d'aquestes proteines PYR/PYL/RCAR també ha
revelat que es divideixen en dos subgrups quan no estan unides a I'hormona, en
monomers i dimers. Hem caracteritzat un residu clau en el receptor PYR1, la His60,
que sembla tenir un paper clau en la determinacié de l'estat d'oligomeritzacié. La
formacio d'homodimers resulta ser energéticament desfavorable per a la unié d'ABA i
de la PP2C. EIl diferent estat d'oligomeritzacié d'aquestes proteines hi confereix
caracteristiques distintes, la qual cosa suggereix que els diversos membres de la
familia PYR/PYL/RCAR podrien estar involucrats en diferents respostes cel-lulars en

funcié del rang de concentracions fisioldogiques d'ABA en la cél-lula.

A més, també hem vist que la ruta de senyalitzacio ABA-PYR/PYL/RCAR-
PP2C es troba conservada en plantes de collita, en particular en arrds. Aixo
proporciona un nou marc en la senyalitzacié d'ABA, susceptible de ser modificat, aixi
com utilitzat per al disseny o la identificacié de noves molécules capaces de mimetitzar
I'accié de I'ABA; aixo permet el control de la resposta a I'hormona, a fi de millorar la

produccié de plantes de collites en condicions de sequera.

Vi
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Introduction

1. INTRODUCTION

1.1 IDENTIFICATION AND DISCOVERY OF ABA

The compound that was eventually named as abscisic acid (ABA) was first
discovered in the 1960s by several groups when trying to isolate endogenous plant
regulators (Ohkuma et al. 1963, Cornforth et al. 1965, Cracker et al. 1969). Ohkuma et
al. wanted to isolate compounds that were responsible for promoting leaf abscission in
cotton. The compound isolated was named Abscissin Il (Ohkuma et al. 1963).
Cornforth et al. (1965) also looked for compounds that were promoting bud dormancy,
thinking that these compounds might likely be general inhibitors. As a result they
isolated a compound named dormin, which was a wheat embryo germination inhibitor
present in sycamore leaves. Subsequent chemical analysis revealed that dormin and

abscissin Il were the same compound, being ultimately renamed as ABA.

Although ABA was discovered and is best understood in higher plants, it
appears to be present in other organisms across kingdoms, including mosses, fern,
algae, fungi (Nambara and Marion Poll, 2005) and also in metazoans, ranging from the
most primitive one (the sea sponge) to mammals (Le Page-Degivry et al., 1986, Zocchi
et al., 2001, Puce et al., 2004). In addition, Bruzzone et al. (2007) have reported that
ABA acts as an endogenous pro-inflammatory cytokine in human granulocytes in
response to high temperature. Bassaganya-Riera et al. (2011) have also demonstrated
a role of ABA in modulation of inflammatory responses. More recently, ABA has been
suggested to stimulate broader physiological responses in mammals, including insulin
release in pancreatic islets (Scarfi et al. 2008, 2009; Bruzzone et al. 2008; Bodrato et
al. 2009; Magnone et al. 2009). These evidences suggest the possibility that the origin
of this hormone was prior to the great division of kingdoms.

1.2 CHEMICAL FEATURES OF ABA

The hormone ABA (CisH»00,) is a sesquiterpenoid formed by cleavage of a
carotenoid precursor derived from isopentenyl pyrophosphate. This precursor is
synthesized in plastids through the 2C-methyl-D-erythritol-4-phosphate (MEP) pathway
(Nambara and Marion Poll, 2005). The chemical structure of ABA owns a number of
features relevant for its biological activity. The ABA molecule has one asymmetric,
optically active carbon at the position C1'. The naturally active occurring form is S-(+)-
ABA and the side chain is, by definition, in 2-cis, 4-trans isomeric state (Figure 1A).

ABA has an amphipathic character with polar and hydrophobic modules. The polar
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groups of the molecule are comprised by the hydroxyl from the chiral carbon, the
carboxylic group and the oxygen from the ketone group. These polar groups have been
found to be essential in the interaction with the new ABA receptor family, the
PYR/PYL/RCAR members (PYRABACTIN RESISTANCE 1/PYR1-Like/REGULATORY
COMPONENT OF ABA RECEPTOR), and play a critical role in anchoring and orienting
the ABA molecule into the receptor’'s pocket. Similarly, the hydrophobic groups,
comprehended by the cyclohexene ring and the isoprene moiety, have a pivotal role in
helping the anchoring and inducing several structural rearrangements in the protein
that would be responsible for the transmission of the ABA signal in the cascade
(addressed in General discussion) (Melcher et al., 2009; Miyazono et al., 2009;
Nishimura et al., 2009; Santiago et al., 2009B: Results Chapter 2 of this work; Dupeux
et al., 2011; Hao et al., 2010; Peterson et al., 2010).

c2 cz
c \/c: c1 cé / (=

180° ”

co ca | b c4

E ce') cr™ m - fi\czl cr”*
& o ¥ b

gy = G2y Ve V/_C;r

ca'
S-(+) -ABA R-(-) -ABA R-(-) -ABA

Figure 1. Chemical structure of the phytohormone ABA. A, 2D structure of the natural S-(+) form of
ABA. The red asterisk points out the C1' asymmetric carbon of the molecule. B, 3D structure of the two
ABA enantiomers. The (-) enantiomer has been rotated 180°, to illustrate the structural difference of the
ring methyl groups with respect to the (+) enantiomer in position C'2 and C’6. The plane of symmetry is
indicated by a dotted line.
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Besides the natural form, the unnatural enantiomer R-(-)-ABA has also been
reported to be biologically active in different well known responses to the hormone
(Walker-Simmons et al,. 1994; Nambara et al., 2002; Lin et al., 2005; Huang et al.,
2007). In support to these evidences, it has been recently reported that (-)-ABA is able
to bind to some PYR/PYL/RCAR receptors, although with lower affinity than (+)-ABA
(Santiago et al., 2009A: Results Chapter 1 of this work), as well as to induce the
binding and inhibitory effect of some of these ABA receptors over the negative
regulators of the pathway, the protein phosphatases 2C (Park et al., 2009; Santiago et
al., 2009A). An explanation for the bioactivity of the non-natural form can be explained
if the chemical structure of both enantiomers is analyzed. In principle both enantiomers
present a different structure, but in the ABA molecule a plane of symmetry can be
drawn along the chiral carbon (Figure 1B). Thus, if the (-)-ABA form is rotated 180°, the
structural differences between the two enantiomers are in the methyl groups located in
positions C’2 and C’6. Due to this plane of symmetry, the rest of the functional groups
in the (-)-ABA remain intact in position as compared to the (+)-ABA form. This provides

an explanation why the (-)-ABA can also be biologically active.
1.3 PHYSIOLOGICAL ROLES OF ABA IN THE PLANT

The phytohormone abscisic acid is involved in the regulation of numerous
physiological processes in the plant. Particularly, it plays a critical role in coordinating
the plant response to conditions of low water potential, such as drought and salinity
(Zhu, 2002; Verslues et al., 2006).

1.3.1 ROLE OF ABA UNDER DROUGHT AND SALT STRESS CONDITIONS

Drought and high salinity provoke a strong increase of ABA levels in the plant,
resulting in the triggering of major changes in gene expression and physiological
adaptive responses. The role of ABA in drought and salt stress is at least twofold:

water balance and cellular dehydration tolerance (Zhu, 2002).

Salt stress induces both osmotic and ion stress. The ion stress branch seems
to be regulated through the SALT OVERLY SENSITIVE (SOS) pathway. Briefly, this
pathway is activated by an increase in cytosolic Ca?*, which is sensed by SOS3. SOS3
interacts and activates SOS2, a serine/threonine kinase (Halfter et al., 2000; Liu et al.,
2000). Thus, SOS3 and SOS2 regulate the expression level of SOS1, which is a salt
tolerance effector encoding a plasma membrane Na'/H* antiporter (Shi et al., 2002),
leading to ion homeostasis. ABA might also contribute to the activation of this pathway

through the generation of second messengers such as increase in cytosolic Ca?*, via
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the generation of 1,4,5-thriphosphate (IP;) (Lee et al., 1996; Xiong et al., 2001A), or
reactive oxygen species (ROS) production (Pei et al., 2000). Additionally, a protein
phosphatase type 2C (PP2C) implicated in ABA signalling, and described as a negative
regulator of the pathway (ABI2), has also been reported to interact with SOS2.
Characterization of abil-1 and abi2-1 mutants, whose mutations were seen to disrupt

the interaction with SOS2, presented enhanced osmotic tolerance (Ohta et al., 2003).

As a first line of action, plants launch different responses in order to avoid water
stress. These responses have the purpose of increasing water uptake or limiting water
loss, so that water balance is maintained. Such a balance is achieved in the short term
by control of stomatal closure, leading to a reduced transpiration rate, and in the longer
term by inducing root growth to maximize water uptake (Verslues et al., 2006). The
perception of ABA in guard cells promotes stomatal closing. Induction of stomatal
closure is a way to rapidly prevent from loss of water through transpiration and it is
induced by a decrease in turgor pressure and volume. This change in turgor is mainly
caused by efflux of anions and potassium ions from the cell, which leads to water exit,

resulting in the pore closing (Israelsson et al., 2006; Kim et al., 2010).

Abscisic acid also changes the growing root/shoot ratio, promoting primary root
elongation while inhibiting shoot growth as an adaptive feature, in order to
counterbalance water shortage (van der Weele et al., 2000; Sharp, 2002; Sharp et al.,
2004). Sharp et al. have seen that high ABA concentrations in the root tip are required
for the maintenance of maize primary root elongation under water stress conditions
(Sharp, 2002; Sharp et al., 2004). ABA maintains root growth during water deficits by
regulating (directly or indirectly) different mechanisms such osmotic adjustment,
promotion of antioxidant systems keeping reactive oxygen species at-non damaging
levels, restricting ethylene production and stimulating cell wall loosening (Ober and
Sharp, 1994; Sharp et al., 2000; Guan et al., 2000; Spollen et al., 2000; LeNoble et al.,
2004; Sharp, 2002; Sharp et al., 2004).

On the other hand, ABA has been implicated in inhibiting the development of
lateral roots under water stress conditions (De Smet et al., 2003, 2006; Xiong et al.,
2006). This might represent an adaptive response from the plant by restricting root
horizontal proliferation and benefiting primary root growth, having this way, better
chances to search for new water resources deep down in the soil (Xiong et al., 2006).
However, there is one type of specialized lateral roots, the so-called “short roots”,
whose developmental program seems to be promoted by ABA. These short roots, once

initiated, switch to a dormant mode if sub-lethal drought conditions persist. Upon
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rehydration, these short roots restart growth replacing eventually the dehydrated old

lateral roots (Vartanian et al., 1994; Wasilewska et al., 2008).

In cases where the water stress persists, the plant launches additional
mechanisms focused on avoiding and tolerating dehydration, in order to maintain its
functions. Avoidance mechanisms are base on osmotic adjustment, while dehydration
tolerance is focused on preventing or repairing cellular damage (Verslues et al., 2006).
The plant avoids dehydration by accumulation of osmocompatible solutes such as
sucrose, proline and glycine betaine (Ingram and Bartels, 1996; Verslues et al., 2006).
Moreover, ions sequestration in the vacuole also plays an important role in retaining
water in the cell (Zhu, 2002; Yokoi et al., 2002; Shi and Zhu, 2002; Cheong and Yun,
2007). In the case of dehydration tolerance, most of the mechanisms studied are based
on protecting the cellular structure from the effects of dehydration. ABA also regulates
the synthesis of dehydrins and late-embryogenesis-abundant (LEA) proteins, which are
known to act as chaperons protecting proteins and membranes under stress conditions
(Ingram and Bartels, 1996; Hara et el., 2001; Verslues et al., 2006). In addition, as
mentioned before, ABA has also been implicated in promoting antioxidant systems,

keeping reactive oxygen species at-non damaging levels (Guan et al., 2000).
1.3.2 ROLE OF ABA UNDER BIOTIC STRESS CONDITIONS

Besides its role as a key regulator in the plant adaptive response to abiotic
stresses, ABA, among other hormones, has also been involved in pathogen response.

However, the role of ABA in disease resistance is not straightforward (Ton et al., 2009).

Stomatal closure has been reported to be part of the plant innate immune
response to restrict microbe invasion (Melotto et al.,, 2006). The ABA signalling
pathway in guard cells has been connected with the rapid stomatal closure upon
bacterial perception. Mutants impaired either in ABA biosynthesis (aba3-1) or
insensitive to ABA (ost1-2) cannot induce stomatal closure upon infection (Melotto et
al., 2006). Thus, ABA exerts a positive role in pre-invasive defense against bacteria.
Another early stage response is the pathogen-induced callose deposition in which ABA
seems to also have a role. That role seems to be conditioned by the nature of the
pathogen. Upon infection with Pseudomonas syringae, ABA hypersensitive abi2
mutants have shown to deposit less callose, whereas the opposite phenotype has been
observed in ABA-insensitive abi2-1 mutants (de Torres-Zabala et al., 2007). In
agreement with this, ABA has also been found to suppress callose deposition in
Arabidopsis cotyledons upon treatment with the bacterial pathogen-associated

molecular pattern (PAMP) flagellin (Clay et al., 2009). Hence, ABA seems to play a
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negative role in bacteria-induced callose deposition in Arabidopsis. Conversely, ABA
has been seen to play a positive role in callose deposition against infection of the
necrotroph Leptosphaeria maculans. When exposed to this necrotroph, both ABA
biosynthetic mutant abal-3 and the ABA-insensitive mutant abil-1 displayed enhanced

disease susceptibility that was linked to reduced callose deposition (Kaliff et al., 2007).

In late disease resistance, ABA also exerts different effects by either
suppressing resistance (Mohr et al., 2007; Yasuda et al.,, 2008) or promoting
susceptibility (Anderson et al., 2004). ABA has been reported to suppress the salicylic
acid (SA)-dependent disease resistance (Yasuda et al., 2008). These results confirmed
previous evidence in which it had been seen that application of ABA was suppressing
SA-inducible defense activation by Pseudomonas syringae DC3000 (Mohr et al.,
2007). These evidences suggest that ABA functions as an inhibitor of SA-dependent
defenses. On the other hand, ABA has been reported to promote susceptibility to
Fusarium oxysporum, and suppress jasmonic acid (JA)- and ethylene (ET)-dependent
induction of defense-related genes, such as PDF1.2 (PLANT DEFENSIN 1.2) and PR4
(PATHOGENESIS RELATED PROTEIN 4), among others (Anderson et al., 2004).

There is also evidence that ABA has a positive effect on resistance against
insects. It has been reported that ABA-deficient mutants in tomato and Arabidopsis
thaliana are more susceptible to infestation by insects (Thaler and Bosctock, 2004;

Bodenhausen and Reynol, 2007).
1.3.3 GROWTH