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Summary

The phytohormone abscisic acid (ABA) plays an important role in mediating
many aspects of plant growth and development, as well as in response to
abiotic stresses (Leung and Giraudat, 1998). The protein phosphatases 2C
ABI1 and its homologue ABI2 are key regulators that negatively mediate ABA
signalling to a large extent (Schweighofer et al., 2004). The genes ABP7
(At5g53160.2) and ABP9 (At1g01360) code for two homologous proteins,
which were identified independently as interacting partners of ABI2 in the

yeast two-hybrid system by screening the Arabidopsis cDNA library.

ABP7 and ABP9 belong to a 14-member protein family and display similarities
to birch allergen Bet v 1 protein. In order to characterize the functions of ABP7
and ABP9, ABP7- and ABP9-deregulated constructs were designed for the
ABA sensitivity tests in both the transient expression system and the
corresponding transgenic plants. In the transient expression system,
overexpression of ABP7 and ABP9 in diverse wild type Arabidopsis
protoplasts resulted in dramatic inductions of ABA responses both in the
absence and presence of exogenous ABA. Consistently, knockdown of ABP7
and ABP9’s expression by RNAI technique resulted in reductions of ABA
responses, indicating that ABP7 and ABP9 function as positive regulators in
ABA signalling. Overexpression of ABP7 and ABP9 also caused a marked
induction of ABA responses in an ABA-deficient mutant aba2-7,
ABA-insensitive mutant abi7-1, and ABA-insensitive mutant abi2-1,
respectively. The ABP7- and ABP9-mediated stimulation of the ABA
responses is antagonized by co-expression of ABI1 and ABI2. Arabidopsis
thaliana with ectopic expression of ABP9 displayed clear ABA hypersensitivity
in the root growth response, seed germination, and stomatal closure. The

transgenic Arabidopsis with ectopic expression of ABP7 or with knockdown
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expression of the ABP9’s family by RNAi technique did not show any
phenotype in those physiological responses. Some of the RNAi knockdown
transgenic Arabidopsis seedlings exhibited developmental problems, such as
only one single cotyledon, extremely short roots, and no primary leaves. All of
these developmental problems were ABA-induced. Furthermore, some

interesting phenotypes were found in respect to auxin.

ABP9 was located in root tips, root crowns, stipules, stomata, vascular tissues,
mesophyll cells, and the centers of anthers, as revealed by the histochemical
staining of transgenic Arabidopsis expressing endogenous promoter::genomic
ABP9::B-glucuronidase (GUS). RT-PCR analysis indicated that ABP7 and
ABP9 were downregulated by ABA, but not regulated by auxin. In addition,
ABP9 was upregulated by Agrobacteria when transgenic Arabidopsis
seedlings expressing endogenous promoter::genomic ABP9::GUS were

inoculated with Agrobacterium GV3101.

The interactions between ABP proteins (ABP7 and ABP9) and ABI proteins
(ABI1 and ABI2) were confirmed in Arabidopsis protoplasts by the method of
bimolecular fluorescence complementation. ABI1 interacted with both ABP
proteins in the nucleus and the cytosol. ABI2 interacted with ABP7 in the
nucleus and the cytosol, but it only interacted with ABP9 in the cytosol. The
subcellular localization of ABP7- and ABP9-GFP fusion proteins was

consistent with the previous result.

According to the similarity of ABP9 to birch allergen Bet v 1, which interacts
with a broad spectrum of ligands including cytokinin (Mogensen et al., 2002), it
is likely that ABP9 protein possesses ligand(s) binding activity as well. Based
on this assumption, the binding assays between ABP9 protein and “C-ABA or
'“C-zeatin were set up. The result showed that ABP9 not detectably interact
with "C-ABA or "C-zeatin in these assays. The protein phosphatase assays,

7
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however, demonstrated that ABP9 could inhibit the PP2C activities of ABI1
and ABI2 in an ABA-dependent manner.



Zusammenfassung

Zusammenfassung

Das Pflanzenhormon Abscisinsdure (ABA) spielt eine wichtige Rolle bei der
Regulierung des Pflanzenwachstums und der Pflanzenentwicklung, sowie bei
der Reaktion auf abiotischen Stress (Leung and Giraudat, 1998). Die
Proteinphosphatasen 2C ABI1 und das homologe Protein ABI2 sind negative
SchlUsselregulatoren der ABA-Signaltransduktion (Schweighofer et al., 2004).
Die Gene ABP7 (At5g53160.2) und ABP9 (At1g01360) kodieren fir zwei
homologe Proteine, die unabhangig voneinander als Interaktionspartner von
ABI2 im Hefe-Zwei-Hybrid-System durch Screening einer Arabidopsis cDNA

Bank identifiziert wurden.

ABP7 und ABP9 gehdren einer Proteinfamilie von insgesamt 14 Mitglieder an
und zeigen Ahnlichkeiten zum Birkenallergen Bet v 1. Um die Funktionen
dieser Arabidopsisproteine zu analysieren, wurden ABP7 und ABP9
Konstrukte sowohl im transienten System in Protoplasten als auch in
transgenen Pflanzen exprimiert. Im transienten Expressionssystem zeigte die
Uberexpression von ABP7 und ABP9 in Protoplasten verschiedener
Arabidopsiswildtypen eine drastische Induktion der ABA-Antworten in
Abwesenheit und Anwesenheit exogener ABA. Ein Knockdown von ABP7 und
ABP9 durch RNAIi-Technik fuhrte zu einer Verringerung der ABA-Antworten
und zeigte, dass ABP7 wund ABP9 positive Regulatoren der
ABA-Signaltransduktion sind. Die Expression von ABP7 und von ABP9 zeigte
auch eine eindeutige Induktion der ABA-Antwort in Protoplasten der
ABA-defizitienten Mutante abaZ2-1, in der ABA-insensitiven Mutante abi7-7 und
der ABA-insensitiven Mutante abi2-1. Die ABP7- und ABP9-vermittelte
Stimulierung der ABA-Antwort wird durch Ko-Expression von ABI1 und ABI2
antagonisiert. Arabidopsis thaliana mit ektopischer Expression von ABP9

zeigte eine ABA-Hypersentitivitat in den Tests des Wurzelwachstums, der



Zusammenfassung

Samenkeimung und der SchlieBung der Stomata. Transgene
Arabidopsispflanzen mit ektopischer Expression von ABP7 oder mit
Knockdown der ABP9 Familie durch RNAI-Technik zeigten keinen Phanotyp in
jenen physiologischen ABA Tests. Diese RNAi-Arabidopsissamlinge wiesen
teilweise Entwicklungsprobleme auf, z.B. nur ein einzelnes Keimblatt, extrem
kurze Wurzeln oder keine Primarblatter. Diese Anderungen waren

ABA-abhéangig. Aulierdem wurden Auxin-relevante Phanotypen gefunden.

ABP9 war in Wurzelspitzen, Wourzelkronen, Nebenblattern, Stomata,
Gefaligeweben, Mesophylizellen und in den Antheren lokalisiert. RT-PCR
Analyse zeigte, dass ABP7 und ABP9 durch ABA herunterreguliert, aber nicht
durch  Auxin beeinflusst wurden. Zusatzlich wurde ABP9 nach

Agrobakterieninfektion hochreguliert.

Die Interaktionen zwischen ABP Proteinen (ABP7 und ABP9) und ABI
Proteinen (ABI1 und ABI2) wurden in den Arabidopsis-Protoplasten durch die
Bimolekulare  Fluoreszenzkomplementations-Methode  bestatigt.  ABI1
interagierte mit ABP im Kern und im Zytosol. ABI2 Interaktion mit ABP7 konnte
im Kern und im Zytosol nachgewiesen werden, mit ABP9 jedoch nur im Zytosol.
Die intrazellulare Lokalisierung von ABP7 und ABP9 als Fusionsprotein mit

GFP war im Einklang mit den Ergebnissen der Fluoreszenzkomplementation.

Die Strukturahnlichkeit von ABP9 zum Birkenallergen Bet v 1, das
niedermolekulare Liganden einschliel3lich Cytokinin zu binden vermag
(Mogensen et al., 2002), deutete darauf hin, dass ABP9 eine mogliche
Liganden-bindende Fahigkeit besitzt. Bindungs-Assays zwischen dem Protein
ABP9 und ™C-ABA oder '*C-Zeatin zeigte keine Bindung von "“C-ABA oder
'4C-Zeatin. Die biochemische Analyse von ABI1 und ABI2 belegte, dass ABP9
die Proteinphosphataseaktivitdt von ABI1 und ABI2 auf eine ABA-abhangige

10
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Art und Weise blockieren konnte.
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Introduction

1. Introduction

1.1 ABA signal

The phytohormone abscisic acid (ABA) is widely distributed in plants and some fungi.
Its major function is to mediate many aspects of plant growth and development, such
as seed maturation, dormancy, and germination. In addition, ABA has a vital function in
plant adaptation to abiotic environmental stresses, such as drought, salt, and cold, by
regulating stomatal aperture and the expression of stress-responsive genes (Leung
and Giraudat, 1998; Finkelstein et al., 2002; Himmelbach et al., 2003; Christmann et
al., 2006). These diverse functions of ABA involve complex regulatory mechanisms

that control its production, degradation, signal perception, and transduction.

The molecular formula of ABA is C15H2004, with a molecular weight of 264.3. It consists
of an aliphatic ring with one double bond, two methyl groups, and an unsaturated chain
with a terminal carboxyl group (Figure 1). There are cis and trans isomers of ABA,
which is determined by the position of the protons at C-2 and C-4 and the ensuring
orientation of carboxyl group at C-2. cis ABA also has an asymmetric carbon atom at
the ring resulting in the S (+) and R (-) isomers (Milborrow et al., 1970; Taylor et al.,

1973). (+) cis ABA is the most abundant, naturally occurring form.

Figure 1. Structure of Abscisic Acid (ABA).
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e ABA biosynthesis

ABA is synthesized in almost all cells containing chloroplasts or amyloplasts. Since the
discovery of ABA in the early 1960s, much effort has been devoted to the study of ABA
biosynthesis. In recent years, almost all of the major genes for the enzymes in the
biosynthesis pathway have been identified and the pathway for ABA biosynthesis in
higher plants is now understood in great detail (Schwarts et al., 2003). Two possible
routes have been suggested for ABA biosynthesis, one direct and one indirect, in
which ABA is derived from the C45 compound farnesyl pyrophosphate and a Cyg
carotenoid, respectively (Seo and Koshiba, 2002). The indirect pathway through the
cleavage of a C4 carotenoid precursor, followed by a two-step conversion of the
intermediate xanthoxin to ABA via abscisic aldehyde, is the main pathway in higher

plants.

As shown in Figure 2, the early steps of ABA biosynthesis are the carotenoid precursor
synthesis. ABA is synthesized from Cy4o carotenoids (phytoene, (-carotene, lycopene
and B-carotene). Carotenoids are synthesized from a Cs compound, isopentenyl
pyrophosphate (IPP). In plastids, IPP is synthesized via
1-deoxy-D-xylulose-5-phosphate (DXP) from glyceraldehyde-3-phosphate and
pyruvate. The middle steps of ABA biosynthesis are the formation of epoxycarotenoid
and its cleavage in plastid, which are shown in the (b) portion of Figure 2. The first step
of this part of the pathway is the epoxidation of zeaxanthin to form
all-trans-violaxanthin catalysed by zeaxanthin epoxidase (ZEP). A reverse reaction
occurs in chloroplasts in high light conditions catalysed by violaxanthin de-epoxidase
(VDE). The formation of cis-isomers of violaxanthin and neoxanthin may require two
enzymes, neoxanthin synthase (NSY) and an isomerase. Recent studies show that the
ABA4 gene (from Arabidopsis) encoding a 17 kDa protein in the proteome of the
chloroplast envelope membrane is the corresponding NSY (North et al., 2007).
9-cis-epoxycarotenoid dioxygenase (NCED) catalyses the oxidative cleavage of a

9-cis isomer of epoxycarotenoid such as 9-cis-violaxanthin and 9'-cis-neoxanthin to
13
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(a) Glyceraldehyde-3-phosphate +
pyruvate

| pxs
DXP

IPII (C5)
Farnesyl pyrophosphate (C15)

GGPP (C20)

PSY
Phytoene (C40)

PDS
{-Carotene

C40
carotenoids

Lycopene

pB-Carotene

(b)

. Zeaxanthin

Plastid

Cytosol

zep |! vDE
Antheraxanthin

zep ! vDE
all-trans-Violaxanthin

NSY
Neoxanthin

Isomerase?

9’ -cis-Neoxanthin

(c)

Xanthoxin
ABA2 l
Abscisic aldehyde

AAO KMOCO

Abscisic acid

Figure 2. The ABA biosynthesis pathway (modified from Nambara and

Marion-Poll, 2005; Seo and Koshiba, 2002). (a) Carotenoid precursor synthesis in the

early steps of ABA biosynthesis. (b) Formation of epoxycarotenoid and its cleavage in

plastid. (c) Reactions in the cytosol for the formation of ABA. During this process,

xanthoxin is converted by ABA2 into abscisic aldeyhde, which is oxidized into ABA by

AAO. Besides this pathway, another two possible pathways from xanthoxin to ABA may

also work. They are shown with dashed arrows in orange colour. Abbreviations: AAO,

abscisic aldehyde oxidase; DXP, 1-deoxy-D-xylulose-5-phosphate; DXS, DXP synthase;

GGPP, geranylgeranyl pyrophosphate; IPP, isopentenyl pyrophosphate; MoCo,

molybdenum cofactor sulfurase; NCED, 9-cis-epoxycarotenoid dioxygenase; NSY,

neoxanthin synthase; PDS, phytoene desaturase; PSY, phytoene synthase; VDE,

violaxanthin de-epoxidase; ZEP, zeaxanthin epoxidase.
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form xanthoxin. The cleavage product xanthoxin is further processed in the cytosol.
The later steps of ABA biosynthesis are from xanthoxin to ABA, which are shown in the
(c) portion of Figure 2. Xanthoxin is converted by a short-chain alcohol dehydrogenase
ABAZ2 into abscisic aldeyhde, which is oxidized into ABA by abscisic aldehyde oxidase
(AAO). AAO contains a molybdenum cofactor activated by a MoCo sulfurase. Besides
this pathway, another two possible pathways from xanthoxin to ABA may also work
(Seo and Koshiba, 2002). They are indicated by dashed arrows in an orange colour in
Figure 2. The possible pathway via xanthoxic acid was suggested because the
inhibition of AAO activity by tungstate (a potent inhibitor of the molybdo-enzymes) in
ripening avocado fruits results in the accumulation of xanthoxin (Lee and Milborrow,
1997) and some of the Arabidopsis AAO isoforms can oxidize xanthoxin in activity gel
staining after native gel electrophoresis (Seo and Koshiba, 2002). These indicate that
xanthoxin is a substrate of AAO and AAO might act to convert xanthoxin to xanthoxic
acid. The other possible pathway via abscisic alcohol might be activated in some
mutants. In flacca and sitiens tomato mutants, exogenously supplied abscisic
aldehyde is converted to abscisic alcohol, showing that abscisic aldehyde is reduced to
abscisic alcohol and then oxidized to ABA via a shunt pathway (Rock et al., 1991). The
shunt pathway appears to be a minor source of ABA in wild-type plants but might play
a significant role in mutants impaired in their capacity to oxidize abscisic aldehyde to

ABA directly.

e Requlation of ABA biosynthesis

ABA biosynthesis can be regulated by seed maturation and germination, drought and
salt stress, ABA itself, and circadian rhythm (Bentsink and Koornneef, 2002;

Finkelstein et al., 2002; Xiong and Zhu, 2003).

During seed development, there are two peaks of ABA accumulation. The first one is
derived from maternal tissues and promotes the synthesis of storage proteins. The

second peak is one-third as significant as the first one and is from biosynthesis in the

15
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Carotene (C,,)

Drought, salt stress

* zeaxanthin
Ca? = v
+ violaxanxin
Ca?- binding +
proteins
\ ZEP
Phosphoprotein SUQET'
cascade
l Xanthoxin (C,;) ‘)
NCED
Transcription === SDR
factors ‘\'
ABA-aldehyde

AAO

MCSU @@

Abscisic acid

Figure 3. Regulation of ABA biosynthesis (Xiong and Zhu, 2003). Abiotic
stresses such as drought and salt activate the biosynthetic genes (italicised),
probably through a Ca®**-dependent phosphorelay cascade as shown on the left.
ABA feedback stimulates the expression of the biosynthetic genes, which is also
likely through a Ca**-dependent phosphoprotein cascade. Among the
biosynthetic genes, NCED is strongly upregulated by stress (indicated with a
thick arrow), whereas SDR (ABAZ2 in Arabidopsis) is regulated by sugar. ABA
biosynthetic enzymes are shown in small ovals. The NCED step probably limits
ABA biosynthesis in leaves (indicated by a dashed arrow). Abbreviations: AAO,
abscisic aldehyde oxidase; MCSU, molybdenum cofactor sulfurase; NCED,
9-cis-epoxycarotenoid dioxygenase; SDR, short-chain alcohol

dehydrogenase/reductase; ZEP, zeaxanthin epoxidase.
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embryo. It may activate the synthesis of late embryogenesis abundant (LEA) proteins
and initiate seed dormancy (Bentsink and Koornneef, 2002; Finkelstein et al., 2002).
The transcripts for all of the ABA biosynthesis genes are detected in developing seeds.
Soluble sugars, osmotic stress, and ABA itself are known to be the signals to regulate
ABA biosynthesis in developing seeds (Xiong and Zhu, 2003). The genes of ZEP,
AAOQO, and molybdenum cofactor sulfurase (MoCo sulfurase, or MCSU) are the
enzymes participating in ABA biosynthesis. They are induced by sugar level, osmotic
stress, and ABA. However, the short-chain alcohol dehydrogenase/reductase SDR
(ABAZ2 in Arabidopsis) is only induced by sugars, not by either osmotic stress or ABA.
The NCED gene is induced by both drought stress and ABA, but not by sugars.

The environmental conditions that most dramatically activate ABA synthesis are
drought and salt stress. Drought and salt stress induce ABA biosynthesis largely
through transcriptional regulation of ABA biosynthesis genes, although regulation of
the specific activation of ABA biosynthesis enzymes also exists (Xiong and Zhu, 2003).
The regulation of ABA biosynthetic genes by drought and salt stress may vary between
different plant parts, developmental stages, and different plant species. The ABA
biosynthesis rate limiting gene NCED, which catalyses the cleavage step of
xanthophylls, 9-cis-violaxanthin and 9’-cis-neoxanthin to produce xanthoxin, was
reported to be strongly upregulated by drought stress treatment in many plant species,
such as maize, tomato, bean, Arabidopsis, and avocado. With the exception of SDR
gene, all the other ABA biosynthetic genes are known to be upregulated by drought
and salt stress (Seo et al., 2000; luchi et al., 2001; Xiong et al., 2001; Xiong et al.,
2002).

ABA has long been thought to negatively regulate ABA accumulation by activating its
catabolic enzymes. However, Cheng et al. (2002) reported that AtZEP, AINCED3, and
AtAAO3 genes can be induced by ABA in an Arabidopsis Landsberg background. This
suggests that there is a positive feedback regulation of ABA biosynthesis by ABA. In

addition, AtNCEDS transcript levels under drought and salt stress treatments were
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significantly reduced in the ABA-deficient mutants los5 and los6 as compared with
those in wild-type seedlings, demonstrating that ABA is required for full activation of
AtNCEDS3 by osmotic stress (Xiong et al., 2002). Figure 3 shows the regulation of ABA
biosynthesis by drought and salt stress, ABA itself, and sugar.

In tobacco and tomato, ZEP expression was found to fluctuate according to a diurnal
rhythm during a time lapse consisting of light and dark periods (Audran et al., 1998;
Thompson et al., 2000). In addition, the diurnal fluctuation of NCED expression was
observed in tomato leaves (Thompson et al., 2000). However, the peak of NCED
expression occurs at the end of the light period, whereas the expression of ZEP peaks
in the middle of the light period, indicating the existence of different diurnally regulatory

systems for each gene (Xiong and Zhu, 2003).

® ABA signal transduction--ABA receptors

The plethora of ABA responses is initiated by ABA perception. ABA perception sites
locate on both the “inside” and “outside” of plant cells, which was detected over a
decade ago (MacRobbie, 1995; Leung and Giraudat, 1998). This finding indicates the
existence of both plasmamembrane-localized ABA receptor(s) and intracellular ABA
receptor(s). However, despite a long history of attempts to identify receptor
candidates, the receptors of ABA remained completely unknown until the last four
years. Since 2006, it has been suggested that several proteins act as ABA receptors.
These proteins are FCA, CHLH, GCR2, GTG1 and GTG2 (Razem et al., 2006; Shen et
al., 2006; Liu et al., 2007; Pandey et al., 2009). FCA is a nuclear RNA-binding protein
and is involved in RNA metabolism and in controlling flowering time (Razem et al.,
2006). But FCA was finally demonstrated not to bind ABA, indicating that it is actually
not an ABA receptor (Razem et al., 2008; Risk JM et al., 2008). CHLH is the H subunit
of the magnesium-protoporphyrin-1X chelatase (Mg-chelatase), which is a key
component in both chlorophyll biosynthesis and plastid-to-nucleus signalling. CHLH

binds the physiologically active form (+)-ABA in a highly stereospecific manner. It
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positively regulates ABA signalling in all facets including stomatal closure, seed
germination, vegetative growth, and gene expression (Shen et al., 2006). GCR2 is a
debatable ABA receptor candidate. It was incipiently reported as a G protein-coupled
receptor (GPCR) and a plasma membrane receptor for ABA (Liu et al., 2007).
Nevertheless, several independent studies have shown that GCR2 is not a GPCR, it is
unlikely to be a transmembrane protein, and it is not required for ABA response in seed
germination and early seedling development (Gao et al., 2007; Guo et al., 2008).
GTG1 and GTG2 are two plasmamembrane proteins with homology to G
protein-coupled receptors (GPCRs). These two proteins directly bind ABA in vitro in a
stereoselective manner. And the loss of both GTG1 and GTG2 caused ABA
hyposensitivity (Pandey et al., 2009; Christmann and Grill, 2009). Thus, the GTGs are

two promising candidates of the plasmamembrane-localized ABA receptors.

® ABA signal transduction—phosphorylation and dephosphorylation

Reversible protein phosphorylation is an early and central event in ABA signal
transduction. A number of protein phosphatases such as PP2Cs, and protein kinases
such as OST1, play important roles in ABA-induced stomatal closure and gene

expression (Christmann et al., 2006; Fedoroff, 2002; Wasilewska et al., 2008).

The PP2Cs (ABI1, ABI2, AtPP2CA, HAB1) in Arabidopsis are defined as negative
regulators of ABA responses and are transcriptionally upregulated by ABA
(Schweighofer et al., 2004; Christmann et al., 2006). ABI1 and its homologue ABI2 are
partly redundant key regulators of diverse ABA-mediated responses including seed
germination, stomatal closure, and vegetative growth. ABI1 and ABI2 also interact with
several cellular targets. One of the direct targets of ABI1 is the homeodomain
transcription factor AtHB6, which is upregulated in dependence on both ABA and ABI1
(Himmelbach et al., 2002; Christmann et al., 2006). There is also an interaction
between ABI1 and protein kinase OST1/SRK2E/SnRK2.6 (Yoshida et al., 2006 a).

OST1 can be activated by ABA and by hyperosmotic stress independently of ABA
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(Yoshida et al., 2002). And the interaction between ABI1 and OST1 is supposed to
activate the kinase thereby promoting stomatal closure (Yoshida et al., 2006 a;
Christmann et al., 2006). Phosphatic acid (PA) is another interaction partner of ABI1.
PA is hypothesized to prevent ABI1’s negative regulation to ABA responses by
sequestering ABI1 to the plasma membrane, thereby decreasing the translocation of
ABI1 from the cytosol to the nucleus (Mishra et al., 2006). ABI2, the homologue of ABI1,
physically interacts with a calcium sensor SCaBP5 and its associated protein kinase
PKS3/CIPK15 (Guo et al., 2002). ABI2 also interacts with another protein kinase Salt
Overly Sensitive 2 (SOS2) which is required for salt tolerance in Arabidopsis thaliana
(Ohta et al., 2003). Moreover, the precursor protein of fibrillin is also an interacting
partner of ABI2 (Yang et al., 2006). The other PP2Cs that function as negative
regulators in ABA signalling are AtPP2CA and HAB1. They mainly play their roles in
the ABA responses in seeds rather than stomatal closure and root growth (Kuhn et al.,

2006; Saez et al., 2004; Yoshida et al., 2006 b).

The protein kinase OPEN STOMATA1 (OST1) is activated by ABA and is one of the
ten members belonging to the Sucrose Non-Fermenting Related Kinase2 (SnRK2)
family. The ost1 mutations impede stomatal response to ABA, leading to
hypersensitivity to mild drought conditions (Mustilli et al., 2002). Besides OST1,
another two family members, SnRK2.2 and SnRK2.3, are also highly inducible by
exogenous ABA (Boudsocq et al., 2004). The Arabidopsis OST1, SnRK2.2, SnRK2.3,
and SnRK2.8 (responding to hyperosmotic stress independently of ABA), all
phosphorylate in vitro a motif in the constant subdomains existing among basic-leucine
zipper (bZIP) transcription factors, including ABA Response Element Binding protein

(AREB)1, AREB2, and ABI5 (Furihata et al., 2006; Wasilewska et al., 2008).

To induce stomatal closure, ABA first triggers cytosolic calcium ([Ca**] oyt) INCreases in
guard cells. Then, the [Ca®'] oyt €levation activates S-type (Slow-activating sustained)
anion channels via reversible phosphorylation events (Maeser et al., 2003; Schmidt et

al., 1995). Calcium-dependent protein kinases (CDPKs) play important roles in this
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step. Two insertion mutants of CDPKSs, cpk3 and cpk6, were tested and both of them

showed impairment of the upregulation of anion currents by ABA (Mori et al., 2006).

® ABA signal transduction—transcriptional and post-transcriptional requlation

ABA can mediate expression of many genes such as ABI1, ABI2, AtHB6, RD29A,
RD29B, RD22, Late Embryogenesis Abundant (LEA) and so on (Hoth et al., 2002;
Himmelbach et al., 2002; Soederman et al., 1999; Nakashima et al., 2006; Abe et al.,
1997). Regulators of the ABA-responsive genes expression are a number of
transcription factors of different types. For example, AtHB6 is a HD-ZIP (homeodomain
leucine zipper) transcription factor, which targets an AT-rich cis element (CAATTATTA)
also in its own promoter (Himmelbach et al., 2002). ABI3 and ABI5 encode
transcription factors and appear to act in combination to control embryonic gene
expression and seed sensitivity to ABA in Arabidopsis (Nakashima et al., 2006). ABI3
has a B3 domain. It encodes a transcription factor homologous to maize VP1 and has
been demonstrated to be an important regulator of LEA protein (Nakashima et al.,
2006). ABI5 encodes a bZIP transcription factor and binds ABREs (ABA-responsive
element; ACGTGG/TC) in vitro (Bensmihen et al., 2002). In addition to the ABREs, a
coupling element (CE1) has been demonstrated to be involved in ABA included
expression. The AP2-type transcription factor maize ABI4 homolog has been
demonstrated to bind to the CE1 element in a number of ABA-responsive genes (Niu et
al., 2002). The dehydration- and ABA-responsive gene RD22 is targeted by the MYB
transcription factor and the b-HLH-ZIP (basic helix-loop-helix leucine zipper) MYC
transcription factor (Abe et al., 1997). The MYB/MYC system regulates slow adaptive

responses to dehydration stress.

In addition to transcriptional regulation, ABA responses can also be regulated
post-transcriptionally by mRNA processing and degradation. The ABH1 gene, which
has been identified as a mutant with increased ABA sensitivity based on seed

germination, encodes the Arabidopsis homolog of a nuclear mMRNA cap-binding protein
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and functions in a heterodimeric complex to bind the mRNA cap structure (Hugouvieux
et al., 2001). Interestingly, the loss of function of another cap-binding protein CBP20
also confers hypersensitivity to ABA during germination (Papp et al., 2004). The gene
ABA HYPERSENSITIVE GERMINATION 2 (AHG2), which is induced by ABA,
encodes a poly(A)-specific ribonuclease and is hypothesized to function in mMRNA
degradation. The ahg2-1 mutant showed ABA hypersensitivity not only in germination,
but also at later developmental stages (Nishimura et al., 2005). It is conceivable that
these RNA-binding proteins mediate ABA responses by influencing the decay rates of
the transcripts of certain ABA regulators. Besides RNA binding proteins, microRNA
has been demonstrated as another pathway to regulate ABA-associated transcripts.
MicroRNAs (miRNA) are single-stranded RNA molecules of 20-24 nucleotides in
length. They can result in certain mMRNA degradation by pairing the partially
complementary mRNAs (Sunkar and Zhu, 2004). One recent study showed that ABA
induces the accumulation of microRNA159 in an ABI3-dependent fashion in
germinating Arabidopsis seeds, and microRNA159 mediates cleavage of MYB101 and

MYB33 transcripts in vitro and in vivo (Reyes and Chua, 2007).

® ABA signal transduction—secondary messengers

Ca*, cyclic ADP-ribose (CADPR), inositol 1,4,5 trisphosphate (InsPs), inositol
hexakisphosphate (InsPs), diacylglycerol pyrophosphate or H,O, have been identified
as “secondary messengers” of ABA signalling (Schroeder et al., 2001; Zalejski et al.,
2005; Christmann et al., 2006). The elevation of [Ca**]., in guard cells during ABA
responses frequently follows Ca®" oscillations, then calcium sensors such as CPK3
and CPKB6 transduce the Ca?* signal further downstream (Mori et al., 2006). cCADPR is
an endogenous Ca?*-mobilizing second messenger found in cells of animals, plants,
and protozoans (Guse, 2008). In plants, cCADPR not only induces the increases in
[Ca2+]cyt with consequent decreases in stomatal aperture, but is also intimately
involved in ABA-turgor signalling in guard cells (Leckie et al, 1998). Both ABA and

pathogen attacks can trigger the formation of the secondary messenger hydrogen
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peroxide which is dependent on the NADPH oxidases RbohD and RbohF (Kwak et al.,
2003; Torres and Dangl, 2005). In addition, ABA-induced NO generation and stomatal
closure in Arabidopsis are dependent on H,O, synthesis (Bright et al., 2006). H,O, can
also rapidly inactivate the ABA negative key regulators ABI1 and ABI2 (Meinhard and
Grill, 2001; Meinhard et al., 2002).

® The role of ABA in pathogen response

Salicylic acid (SA), jasmonic acid (JA), and ethylene are the major plant hormones in
regulating pathogen resistance responses. This regulation is not achieved through the
isolated activation of each single hormonal pathway but rather through a complex
regulatory network (Adie et al., 2007). ABA plays an important role in response to
abiotic stress and in plant development, as well as having an antagonistic effect to
these three hormones on biotic stress signalling (Mauch-Mani and Mauch, 2005). ABA
has been considered a negative regulator of disease resistance with few exceptions.
Marta de Torres-Zabala and her colleagues found that the ABA signalling pathway is a
major target for the effectors secreted by Pseudomonas syringae. The exogenous
application of ABA enhanced the susceptibility to both virulent and non-virulent P.
syringae. Meanwhile, the mutant plants with reduced or increased ABA sensitivity
showed restriction or enhanced multiplication of bacteria, respectively (de
Torres-Zabala et al., 2007). These data suggest that ABA negatively regulates
pathogen resistance of plants. However, the role of ABA in pathogen resistance
responses appears to be more complex. In some cases, ABA seems to have a positive
effect in activating the pathogen defense system. For example, ABA showed a positive
function on callose deposition (Mauch-Mani and Mauch, 2005). Another example is
that the ABA deficient mutants (aba2-72 and aao3-2) and the ABA insensitive mutant
(abi4-1) had dramatically increased susceptibility to the fungal pathogen Pythium
irregulare when these mutants were compared with wild-type Arabidopsis (Adie et al.,
2007). Collectively, these results implicate that ABA as a positive regulator to pathogen

resistance. The contradictory conclusions drawn from different experiments might be
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explained in the following way. The final response output to a specific pathogen may
be influenced by mutually synergistic or antagonistic interactions with other hormones,
or the attack from a specific pathogen may trigger a relatively specific signalling. A
recent study shows that ABA is required for Leptosphaeria maculans resistance via
ABI1- and ABIl4-dependent signalling (Kaliff et al., 2007). The ABA insensitive mutant
abi1-1 displayed susceptibility to L. maculans, while the other ABA insensitive mutant
abi2-1 remained resistant. Interestingly, the mutant abi4-1, which appeared highly
susceptible to P. irregulare (Adie et al., 2007), also remained resistant to L. maculans
(Kaliff et al., 2007). This indicates that ABI4 plays different roles in the resistance

signalling to P. irregulare and to L. maculans.

Another connection between pathogen resistance and ABA signalling is stomata.
Stomata have been suggested to be critical in innate defense against bacterial
invasion (Melotto et al., 2006) and stomatal closure is regulated by ABA. Melotto and
his colleagues have observed that virulent bacteria Pseudomonas syringae selectively
move only towards open stomata when inoculated at the leaf surface, and although the
deposition of the bacteria provokes transient stomatal closure, the stomata re-open in
three hours (Melotto et al., 2006). The P. syringae mutants defective in producing
coronatine (the virulence factor responsible for suppressing stomatal defense) fail to
cause disease when deposited on the leaf surface, but remain virulent when delivered
directly into the leaves by injection. The phytotoxin coronatine can effectively
counteract ABA-induced stomatal closure. The Arabidopsis mutant ost7-2 impeding
stomatal response to ABA and the ABA deficient mutant aba3-1 appeared susceptible

to P. syringae, regardless of whether it can produce coronatine (Melotto et al., 2006).

1.2 Pathogenesis-Related Proteins

® OQOverview of pathogenesis-related proteins

Pathogenesis-related proteins (PRs) are expressed by host plants following infections
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(by fungi, bacteria or viruses) or parasitic attacks (by nematodes, insects or
herbivores), or after induction by abiotic stress factors such as chemicals (salicylic,
polyacrylic, and fatty acids, inorganic salts) and physical stimuli (wounding, UV-B
radiation, osmotic shock, low temperature, water deficit and excess). In some plant
tissues, however, PRs are constitutively expressed, e.g. in pollens or fruits, tissues that
are more likely to be attacked. PR proteins display multiple effects within the plant and
possess antimicrobial activity, and can thus be regarded as a part of the plant’s
defense system. They comprise a wide range of forms, such as hydrolases,
transcription factors, protease inhibitors, enzymes associated with various metabolic
pathways, and allergenic products (Edreva, 2005; Scherer et al., 2006; Ebner et al.,
2001).

PRs are distinguished by specific biochemical properties. They are low-molecular
proteins of 6-43 kDa. Many of them are stable at low pH (<3), thermostable, and
display considerable resistance to proteases (Edreva, 2005). Therefore, they can act
as food allergens (Ebner et al., 2001). PRs are both extracellular and intracellular.
They are present in the primary and secondary cell walls of infected plants. They were
also found in cell wall appositions (papillae) deposited at the inner side of the cell wall
in response to fungal attack (Edreva, 2005). For their intracellular localization, they are
present in vacuoles and apoplasts, and the apoplasts are the main site of their
accumulation (Van Loon and Van Strien, 1999; Christensen et al., 2002). Up until now,
both acidic and basic PRs have been identified. They are established in all plant
organs such as leaves, stems, roots, and flowers, being particularly abundant in leaves
(Edreva, 2005). According to sequence characteristics and their enzymatic or biologic
activities, PRs can be divided into 17 families (Edreva, 2005; Park et al., 2004 a;
Christensen et al., 2002). The properties of these 17 families are shown in Table 1

(Edreva, 2005; http://www.bio.uu.nl/~fytopath/PR-families.htm).

A significant constitutive expression of PRs in transgenic plants overexpressing PR

genes sometimes accompanies increased resistance to pathogens (Edreva, 2005; Liu
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and Ekramoddoullah, 2006). This might be due to PRs’ toxicity, which can be generally
accounted for by their hydrolytic, proteinase-inhibitory and membrane-permeabilizing

ability. Hydrolytic enzymes such as [3-1,3-glucanases (PR-2), chitinases (PR-3, PR-4,
PR-8 and PR-11), and proteinases (PR-7) can act as tools to weaken and decompose

fungal cell walls containing glucans, chitin and proteins (Edreva, 2005; Selitrennikoff,

2001). Proteinase-inhibitors (PR-6) can inactivate the proteins secreted by invading

insects or nematodes. The peroxidase activity of PR-9 can contribute to rigidify and

strengthen plant cell walls in response to pathogen attack (Edreva, 2005). The

ribonuclease function of PR-10 isolated from hot pepper is to cleave invading viral

RNAs (Park et al., 2004 b). Plasma membrane-permeabilizing ability proper to PR-5,

PR-12, PR-13 and PR-14 contributes to plasmolysis and damage of fungal and

bacterial pathogens, inhibiting their growth and development (Edreva, 2005;

Selitrennikoff, 2001).

Tabel 1. Recodnized and proposed families of pathogenesis-related proteins.

Families Type member Properties

PR-1 Tobacco PR-1a antifungal

PR-2 Tobacco PR-2 b-1,3-glucanase
PR-3 Tobacco P,Q Chitinase type LILIV,V,VL,VII
PR-4 Tobacco R’ Chitinase type I,11
PR-5 Tobacco S Thaumatin-like

PR-6 Tomato Inhibitor | Proteinase-inhibitor
PR-7 Tomato P69 Endoproteinase
PR-8 Cucumber chitinase Chitinase type I
PR-9 Tabacco lignin-forming peroxidase’ Peroxidase

PR-10 Parsley 'PR1’ ‘ribonuclease-like’
PR-11 Tobacco “class V' chitinase Chitinase, type |
PR-12 Radish Rs-AFP3 Defensin

PR-13 Arabidopsis THI2.1 Thionin

PR-14 Barley LTP4 Lipid-transfer protein
PR-15 Barley OxOa (german) Oxalate oxidase
PR-16 Barley OxOLP ‘oxalate oxidase-like’
PR-17 Tobacco PRp27 unknown
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® PR-10 family

Among 17 families of PRs, the PR-10 family is of the most interest to this study. PR-10
proteins are widely distributed in seed plants such as white birch, pea, rice, and sugar
pine (Liu and Ekramoddoullah, 2006). Up until now, more than 100 PR-10 or
PR-10-related sequences have been identified. They comprise two groups according
to their amino acid sequences, subcellular localization and putative function:
intracellular pathogenesis-related proteins (IPR) with homology to ribonuclease, and
(S)-norcoclaurine synthases (NCS). PR-10 proteins are identified mainly as IPR
proteins, including tree pollen allergens and major food allergens (Liu and
Ekramoddoullah, 2006; Samanani et al., 2004; Markovic-Housley et al., 2003).
Members of the IPR group share several conserved features: they have small
molecular masses (15-18 kDa), acidic isoelectric point (pl), cytosolic localization, and a
similar three-dimensional (3D) structure (Liu and Ekramoddoullah, 2006). A 30-A-deep,
Y-shaped, hydrophobic cavity functioning as a ligand-binding site has been identified
in the crystal structures of some IPR proteins, such as Bet v 1l (a naturally occurring
hypoallergenic isoform of the major birch pollen allergen Bet v 1), and proteins
LIPR10-1A and LIPR10-1B from yellow lupine (Markovic-Housley et al., 2003;
Biesiadka et al., 2002). However, members of the NCS group are distinctive in the
PR-10 family due to oligopeptide extension at both their C- and N-terminals. And the
presence of putative N-terminal signal peptides in NCS proteins suggests that they
have an association with a subcellular compartment other than the cytosol (Liu and

Ekramoddoullah, 2006).

The expression pattern of PR-10 proteins is not distinctive in pathogenesis-related

proteins. Constitutive accumulation of PR-10 proteins has been detected during plant
growth and development in plant flower organs, pollen grain, fruits, seeds, vegetative
organs of roots, stems, and leaves. Meanwhile, both biotic stress (attacks by viruses,

bacteria, and fungus) and abiotic stress (wounding treatment, cold hardiness, salinity,
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drought stress, copper stress, oxidative stress, ultraviolet radiation, and some plant
hormones) can induce the expression of PR-10 proteins (Liu and Ekramoddoullah,
2006; Utriainen et al., 1998; Koistinen et al., 2002; Wang et al., 1999). Interestingly,
ABA has been demonstrated to be able to induce the expressions of lily PR-10 genes
and pea ABR17 (abscisic acid-responsive 17) which is also a PR-10 protein (Wang et

al., 1999; Srivastava et al., 2006 a).

PR-10 proteins have multiple biological activities, including ribonuclease activity,
(S)-norcoclaurine synthase activity, ligand-binding activity, antimicrobial activity, and
activity to enhance plant tolerance under abiotic stress (Park et al., 2004 b; Samanani
et al., 2004; Markovic-Housley et al., 2003; Flores et al., 2002; Srivastava et al., 2006
a). Two ribonucleases (RNase 1 and 2) from ginseng share high structural homology
with PR-10 proteins (Moiseyev et al., 1997). Meanwhile, ribonuclease activity has been
confirmed for some recombinant and natural PR-10 proteins, such as Bet v 1 from
birch (Betula verrucosa) pollens, LaPR-10 from lupine (Lupinus albus) roots, PR-10c
from birch (Betula pendula), GaPR-10 from Gossypium arboreum, SPE-16 from
Pachyrrhizus erosus, CaPR-10 from hot pepper (Capsicum annuum), PR10.1 from
Brassica napus, and pea ABR17 (Liu and Ekramoddoullah, 2006; Srivastava et
al.2006 b; Srivastava et al., 2007). However, not all of the IPR proteins in the PR-10
family possess this catalytic property. For example, LIPR10-1A from yellow lupine has
no RNase activity at all, although its homologous protein LIPR10-1B from the same
species has displayed RNase activity at some level (Biesiadka et al., 2002). Some
NCS proteins in PR-10 family are capable of catalyzing the formation of
(S)-norcoclaurine from the condensation of 3,4-dihydroxyphenylethylamine (dopamine)
and 4-hydroxyphenylacetaldehyde in the biosynthesis of benzylisoquinoline alkaloids,
while other NCS proteins such as VrCSBP (a cytokinin-specific binding protein from
mung bean Vigna radiata) do not have any NCS activity at detectable levels
(Samanani et al., 2004; Liscombe et al., 2005). Ligand-binding ability is possessed by
some PR-10 proteins from both IPR and NCS groups. VrCSBP, the NCS protein

purified from mung bean, has shown cytokinin-binding ability (Fujimoto et al., 1998; Liu
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and Ekramoddoullah, 2006). In the IPR group, there are more ligand-interacting
proteins. Bet v 1, the major birch allergen, has shown affinity for a broad spectrum of
physical ligands, including fatty acids, flavonoids, and cytokinins (Mogensen et al.,
2002). Bet v 11, the hypoallergenic isoform of Bet v 1, has been confirmed to bind
brassinolide and 24-epicastasterone by a specific non-covalent interaction
(Markovic-Housley et al., 2003). Pru av 1, a cherry allergen PR-10 protein, is able to
bind the phytosteroid homocastasteron (Neudecker et al., 2001). Birch PR-10c has
been demonstrated by saturation transfer difference NMR to interact with cytokinin,
flavonoid glycosides, sterols, and emodin (Koistinen et al., 2005). Some PR-10
proteins were confirmed to be with antimicrobial activity, although over-expression of
PR-10 proteins does not always accompany enhanced resistance against pathogens
(Flores et al., 2002; Liu et al., 2006; Constabel et al., 1993). Ocatin, a PR-10 protein
from the Andean crop oca (Oxalis tuberosa), can inhibit the growth of several
phytopathogenic bacteria and fungi (Flores et al., 2002). SsPR10, a PR10 protein from
yellow-fruit nightshade (Solanum surattense), has exhibited inhibition ability against
hyphal growth of Pyricularia oryzae (Liu et al., 2006). Some PR-10 proteins also have
functions that enhance plant tolerance under abiotic stresses. A constitutive
expression of pea ABR17, the PR-10 protein which has RNase activity and can be
induced by ABA can result in better germination of the corresponding transgenic
Arabidopsis under salt and cold stress (Srivastava et al., 2006