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Summary

SUMMARY

The importance of aldehyde dehydrogenase (ALDH) proteins in plant stress responses was
investigated in this study by functionally analysing transgenic Arabidospsis thaliana ALDH
knock-out and over-expressing plants. From the nine ALDH gene families present in
Arabidopsis, four gene members of the families 10, 3 and 7 have been analysed in this work.
Both ALDH10A8 (AT1G74920) and ALDH10A9 (AT3G48170) belong to the family 10 of
the superfamily of ALDH proteins and, based on sequence similarity, they putatively code for
betaine aldehyde dehydrogenases (BADHs), enzymes that catalyse the last step of glycine
betaine biosynthesis. But, Arabidopsis is known not to be able to produce glycine betaine.
The function of these two genes was therefore investigated. ALDH10A8 was found to be
localized in leucoplasts whereas ALDH10A9 is targeted to peroxisomes. The ALDH10A8 and
ALDHI10A9 transcripts were detected in the plant and were slightly induced by stress
treatments. Plants lacking ALDH10A8 transcripts were found to be drought and salt sensitive,
indicating that ALDH10A8 may be involved in other pathways than the biosynthesis of
glycine betaine in Arabidopsis. Using betaine aldehyde, 4-aminobutyraldehyde (ABAL) and
3-aminopropionaldehyde (APAL) as substrates, the recombinant ALDHI10A9 protein showed
both betaine aldehyde and aminoaldehyde dehydrogenase activities, although the affinity to
the substrates was low compared to data from the literature. No enzymatic data was obtained
for ALDHI10AS as it was not possible to purify sufficient amounts of the enzyme in its active
form. Considering the high amino acid sequence similarity between ALDHI10AS8 and
ALDHI10A9, I propose that ALDH10A8 may be also active in vivo and likely both proteins
function as aminoaldehyde dehydrogenases by detoxifying cells from metabolism-derived
cytotoxic aminoaldehydes.

The Arabidopsis ALDH3H1 (AT1G44170) gene belongs to the family 3 of the ALDH
superfamily. Previous findings showed that ALDH3H1 transcripts mostly accumulate in roots
of 4 week-old plants upon ABA, dehydration and NaCl treatments. Here, the expression
analysis was extended to the protein level and in adult plants. Together with the previous
observations it is found that the up-regulation of ALDH3H1 protein by salt stress mainly
occurs in leaves of plants older than 4 weeks. To understand the function of ALDH3H1 in the
stress response of Arabidopsis, transgenic plants over-expressing the ALDH3H1 protein were
generated and analysed. It appeared that the constitutive expression of ALDH3H1 did not

confer stress tolerance to the transgenic plants. However, the results indicate that the
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ALDH3HI1 protein can help the plant to cope with stress injuries by alleviating damages from
lipid peroxidation.

Besides, the results from this study gives for the first time the experimental evidence that the
ALDH3H1 short transcript variant (AT1G44170.3 (T3)) is expressed in Arabidopsis. It is
nearly absent or expressed at a very low level in the wild type but accumulates in the 3h1-A
mutant, which carries a T-DNA insertion in the first exon of the ALDH3H1 locus. The
expression of the transcript T3 is shown to be directed by an alternative promoter comprised
within the first intron of this gene. T3 and other ALDH3H1 transcript variants (AT1G44170.1
(T1) and AT1G44170.2 (T2)) are found to be differentially expressed in roots and shoots. Sub-
cellular localisation experiments indicated that the protein T3 is targeted to the cytosol but its
presence could be revealed neither in the 3h1-A mutant nor the wild type by using ALDH3H1
antibodies. Comparative analysis of the wild type and different T-DNA insertion mutants
showed that the transcript T3 does not functionally compensate the lack of T1 and T2 under
salt stress. The possible origin and functions of the transcript T3 are discussed.

It is hypothesized that aldehydes may function as signal molecules and trigger aldehyde
dehydrogenase gene expression. To test this hypothesis, transgenic plants expressing the
B-glucuronidase (GUS) reporter gene driven by the ALDH7B4 (AT1G54100) gene promoter
were generated (7B4-GUS). The ALDH7B4 promoter was found to be constitutively active in
naturally desiccation-tolerant organs like seeds and pollen. In addition, both pentanal and
trans-2-hexenal activated the promoter. The comparison of the GUS activities revealed that
dehydration and NaCl induce the promoter stronger than trans-2-hexenal. To further
understand the mechanism of the promoter activation by aldehydes the enzymatic activity of
the GUS protein in plant extracts was compared to the accumulation pattern of
malondialdehyde (MDA). Except for the methyl viologen treatment, no correlation was found
between the GUS activity and the plant MDA content for the other treatments. Moreover, the
in silico analysis of the ALDH7B4 promoter region revealed the presence of several stress-
related cis-elements including one putative dehydration-responsive element/C-repeat — low
temperature-responsive element (DRE/CRT-box) and three ACGT-boxes. The functional
analysis of these elements suggested that the two proximal ACGT2 and ACGT3 boxes are the
most influential ACGT-boxes involved in the salt response of the promoter. To identify
factors involved in the aldehyde-induced expression of ALDH genes, a genome-wide
mutagenesis approach has been chosen. Seeds from a homozygous transgenic 7B4-GUS plant
were treated by the mutagen ethyl methanesulphonate (EMS).

A second generation seed population has been generated.
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1. INTRODUCTION

1.1 Climate changes and environmental stress

In a world, where population growth exceeds food supply, one of the big challenges in the
coming decades is the development of a sustainable agriculture for producing enough food for
all people on earth. Such a challenge becomes more and more problematic to be achieved
taking into account the progressive and alarming climate changes (IPCC 2001). In a recent
publication, The World Bank (2007) has identified climate change as an important risk factor
for food production and development and has indicated that the effects are already being felt
in Sub-Saharan Africa, where crop production has fallen. Actually, global scarcity of water
resources is increasing in addition to environmental pollution, soils and water salinity. These
changes strengthen environmental stresses to which plants are subjected everyday and will
become soon more severe with desertification that is covering more and more the world’s
terrestrial area. Abiotic stressors are the primary cause of crop loss worldwide, reducing
yields for most major crop plants and thereby leading to fatal economical effects on
agriculture. Among the abiotic factors that limit plant productivity, drought and salinity are
widespread in many regions and prevent plants from expressing their full genetic potential.
Agricultural practices such as irrigation (in areas with low water availability), traditional plant
breeding and QTL-based (Quantitative Loci Trait) crop selection have been used to develop
new cultivars and to promote a sustainable agriculture. However, these methods are showing
their limits as they are time consuming and costly. Modern plant biotechnology aiming to

cope with environmental stress effects on crops need to be implemented in addition.

1.2 Plant stress and mechanisms of tolerance

In natural conditions plants are exposed to a variety of different environmental cues. The
variation in environmental conditions are sources of stress ranging from water deficit,
drought, salinity, high temperature, freezing, flooding, strong light (abiotic stress), to those
induced by soil or air borne pathogens such as fungi, viruses and bacteria (biotic stress). Both
biotic and abiotic stresses reduce productivity, delay growth and development and in extreme
cases cause the death of the plant. To assure their own integrity plants have developed various
mechanisms to cope with stresses (Ingram and Bartels 1996). Studies in stress physiology
have attempted to elucidate the biochemical and molecular strategies developed by plants
under various stress conditions (Chaves et al. 2003; Flexas et al. 2004). The most common

objective of these investigations has been to identify and characterize genes expressed in
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plants under stress and thereby discover mechanisms developed by plants to withstand
adverse conditions. For example, a small group of angiosperms, termed resurrection plants,
has been studied for about 40 years (Gaff 1971; 1987). These plants can still survive after
losing more than 90% of their cellular water and they become fully turgid 24 hours after
rehydration (Bartels et al. 1990). The study of such naturally desiccation-tolerant species has
revealed important aspects of desiccation tolerance (Ingram and Bartels 1996). Several genes
have been isolated as responsive to water or salt stress; most of them coding for stress-
protective proteins (e.g. LEAs), transcription factors, detoxifying enzymes, enzymes involved
in the biosynthesis of compatible solutes and proteins involved in signalling and regulatory
pathways (Bartels and Sunkar 2005). Yet, responses to abiotic stress are genetically complex
and multigenic. Drought, salt and cold stress responses are interconnected and may produce
similar cellular damages. Low temperature may induce mechanical constraints, changes in
enzyme activity and decreased osmotic potential (Xiong et al. 2002). Similarly, high salt
stress disrupts both osmotic and ionic homeostasis at the cellular and whole plant level.
Important changes in ion and water homeostasis could lead to growth arrest and death. As a
consequence of such interconnections in cold, drought and salt stress effects, it appears
difficult to associate a specific locus or genetic marker with a tolerance trait. However,
significant progress has been made so far in elucidating signalling pathways related to
environmental stress and identifying gene products involved in the acquisition of stress

tolerance.

1.3 Gene products related to abiotic stress

Stress inducible genes can be classified into two groups (Seki et al. 2004): (i) gene products
including transcription factors, protein kinases, phosphatases and enzymes involved in
phosphoinositide metabolism. These gene products regulate the expression of the other genes
in the signalling pathways. They constitute the group of early stress responsive genes as they
are rapidly and transiently induced and activate downstream response genes; (ii) gene
products that directly protect against stress: these are the molecules that function by protecting
cells from damages. They include the enzymes responsible for the synthesis of various
compatible solutes, LEA-like proteins, antifreeze proteins, chaperones and detoxification

enzymes.
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1.3.1 Regulatory pathways of stress-related gene expression in plants

The signal transduction pathways in plants under environmental stresses have been divided
into three major types (Xiong et al. 2002) : (i) osmotic/oxidative stress signalling that makes
use of mitogen activated protein kinase (MAPK) modules; (ii) Ca**-dependent signalling that
leads to activation of LEA and LEA-like genes such as dehydration responsive elements
(DRE)/cold responsive or sensitive transcription factors (CRT) class of genes, and (iii) Ca®'-

dependent salt overly sensitive (SOS) signalling that results in ion homeostasis.

1.3.1.1 Osmotic/oxidative stress signalling

Salt and drought stress induce the formation of Reactive Oxygen Species (ROS) such as
superoxide, hydrogen peroxide, and hydroxyl radicals, causing extensive cellular damage and
inhibition of photosynthesis. This phenomenon is termed oxidative stress. ROS are potentially
damaging agents contributing to stress injury in plants. But, they can also act as signal
molecules inducing ROS scavengers and other protective mechanisms. Osmotic/oxidative
stress is initially perceived by sensors that initiate a cascade of intracellular signals leading to
the activation of a set of genes which in many cases correspond to transcription factors
encoding genes. Sensors could be the receptor-like kinases (RLKs) found in both animals and
plants. They perceive the signal through the extracellular domain that binds a ligand and
transmit this signal by their intracellular domain through a kinase activity. In the case of
histidine kinase, where the extracellular sensor domain perceives a signal, the cytoplasmic
histidine residue is auto-phosphorylated and the phosphoryl moiety is then passed to an
aspartate receiver in a response regulator, which may constitute part of the sensor protein or a
separate protein. The sensors may be coupled with a downstream mitogen-activated protein
kinase (MAPK) cascade (Agrawal et al. 2003) or directly phosphorylate specific targets to
initiate cellular responses. The MAPK cascades involved three kinases that are sequentially
activated by an upstream kinase. The MAP kinase kinase kinase (MAPKKK), upon
activation, phosphorylates a MAP kinase kinase (MAPKK) on serine and threonine residues.
This MAPKK in turn phosphorylates a particular MAP kinase (MAPK) on conserved tyrosine
and threonine residues. The activated MAPK can then either migrate to the nucleus to activate
the target transcription factor(s) directly, or activate additional signal components to regulate
gene expression or cytoskeleton-associated proteins or enzyme activities (Rodriguez et al.
2005). The MAP cascades mediate osmotic homeostasis and/or detoxification responses.

Secondary signals like hormones and second messengers like inositol phosphates and reactive
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oxygen species (ROS) can initiate another cascade of signalling events, which can differ from

the primary signalling in time and space (Xiong et al. 2002).

1.3.1.2 Ca2+-dependent signalling

Drought, salt and cold stress have been shown to cause transient Ca’" influx from either
apoplastic spaces or internal stores to the cell cytoplasm (Gelli and Blumwald 1997). The
concentration of intracellular Ca”" is carefully tuned and specific Ca®" oscillations have been
implicated in various physiological processes. Releases of stored Ca®" are controlled by
ligands that interact with some ligand-sensitive Ca®" channels. These ligands act as second
messengers. Calcium-dependent protein kinases (CDPKSs) represent an important group of
Ca®" influx sensors in plants mediating stress responses. CDPKs are serine/threonine protein
kinases with a C-terminal calmodulin-like domain with up to 4 EF hand motifs that can
directly bind Ca*". CDPKSs are activated by abiotic stress and are believed to orchestrate the
activation of transcription factors which induce gene expression of LEA and LEA-like
proteins. LEA-like genes include the dehydration-responsive element (DRE)/C-repeat (CRT)
class of stress-responsive genes.

Plant responses to ionic stress caused by high salinity include restricting salt intake, increased
extrusion-compartmentalization and controlled long-distance transport to aerial parts. In
Arabidopsis, the SOS (Salt Overly Sensitive) pathway is a major signalling pathway required
for ion homeostasis under salt stress. The SOS pathway consists of three proteins, SOSI,
SOS2, and SOS3. SOSI is a plasma membrane Na'/H" antiporter (Shi et al. 2000). SOS2 is a
member of the SNF1-related protein kinase 3 family (SnRK3) (Liu et al. 2000; Hrabak et al.
2003). SOS3 is a myristoylated calcium-binding protein (Liu and Zhu 1998; Ishitani et al.
2000). An early detectable response to sodium stress is the rise in cytosolic free calcium
concentration (Knight 2000). Transient increases in cytosolic Ca>" under salt stress are sensed
by SOS3 that forms a complex with SOS2, activating the substrate phosphorylation activity of
SOS2. The formation of the complex SOS3-SOS2 is calcium-dependent (Halfter et al. 2000;
Liu et al. 2000) and recruits SOS2 to the plasma membrane. The SOS3-SOS2 protein kinase
complex phosphorylates SOS1 to stimulate its Na”/H" antiport activity (Qiu et al. 2002;
Quintero et al. 2002).
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1.3.2 ABA signalling

1.3.2.1 ABA metabolism

Abscisic acid (ABA) is a phytohormone that regulates several aspects of plant development
including seed development, desiccation tolerance of seeds and seed dormancy. It also plays a
crucial role in the plant response to abiotic (drought, salinity, cold, and hypoxia) and to some
extent to biotic stress. Abiotic stress causes an increase in ABA biosynthesis, which is then
rapidly metabolized following the removal of the stress. Although the upregulation of ABA
biosynthesis in response to osmotic stress is a well-known fact, the signalling pathway by
which ABA biosynthetic genes are up-regulated remains to be clarified. A Ca®"-dependent
signalling pathway was proposed to regulate the expression of ABA biosynthetic genes such
as ZEP (zeaxanthin epoxidase), NCED (9-cis-epoxycarotenoid dioxygenase), AAO (ABA-
aldehyde oxidase), and MoCo sulphurase (molybdenum cofactor sulphurase) (Xiong et al.
2002). Biochemical studies suggested that the rate-limiting step is the reaction catalyzed by
NCED (Koornneef et al. 1998). As for the ABA catabolism, a cytochrome P450 CYP707A
family member was recently identified as ABA 8’-hydroxylase, an enzyme that degrades
ABA during seed imbibition and dehydration stress (Kushiro et al. 2004; Saito et al. 2004).
CYP707As are strongly induced by exogenous ABA treatment, dehydration, and rehydration.

1.3.2.2 ABA perception

Despite the progess made in ABA metabolism and signal transduction, mechanisms of ABA
perception and signal transduction at the early stages were poorly understood until recently.
Several proteins including GCR2 (a hypothetical G protein-coupled receptor), GT1 and GT2
(two membrane proteins with homology with G protein-coupled receptors) and CHLH/GUNS
(Mg-chelatase subunit HHGENOMES UNCOUPLED 5) have been proposed as putative ABA
receptors (McCourt and Creelman 2008; Klingler et al. 2010). But, the most probable and
convincing candidates for ABA receptor have been so far the PYR/PYL/RCAR (PYrabactin
Resistance/PYrabactin Resistance-Like/Regulatory Component of Abscisic acid Receptor)
proteins (Ma et al. 2009; Park et al. 2009). The PYR/PYL/RCAR receptor family is
homologous to the Bet v 1-fold and START (StAR-related lipid transfer) domain proteins and
has been independenly shown by different research groups to bind ABA. PYR/PYL/RCAR
proteins are proposed to bind ABA and transduce the message through a signalling module
involving Protein Phosphatase 2Cs (PP2Cs) and SNF1-related protein kinase 2s (SnRK2s)
(Klingler et al. 2010, Hubbard et al. 2010). In this model, the PYR/RCARs act as ABA

receptors, the PP2Cs act as negative regulators of the pathway, and SnRK2s act as positive



Introduction

regulators of downstream signalling (Ma et al. 2009; Park et al. 2009). In the absence of
ABA, PP2Cs inhibit SnRK?2 protein kinase activity through removal of activating phosphates.
ABA is bound by intracellular PYR/PYL dimers, which dissociate to form ABA-receptor—
PP2C complexes. Complex formation therefore inhibits the activity of the PP2C in an ABA-
dependent manner, allowing activation of SnRK2s. Several SnRK2 targets have been
identified both at the plasma membrane and in the nucleus, resulting in control of ion
channels, secondary messenger production, and gene expression (Klingler et al. 2010,

Hubbard et al. 2010).

1.3.2.3 ABA signal transduction

Two reviews on the current state of knowledge on osmotic and cold stress signalling
pathways have been recently published (Shinozaki and Yamaguchi-Shinozaki 2007,
Nakashima et al. 2009). The role of ABA in drought and salt stress encompasses two major
aspects: water balance and cellular dehydration tolerance. Whereas the role in water balance
is mainly through guard cell regulation, the latter role is related to the induction of genes that
encode dehydration tolerance proteins in nearly all cells. Stress-responsive genes have been
proposed to be regulated by both ABA-dependent and ABA-independent signalling pathways
(Shinozaki and Yamaguchi-Shinozaki 2007). Two major Cis-acting elements, ABRE and
DRE/CRT, are found to mediate the ABA-dependent and the ABA-independent gene
expression, respectively. The comparison of the promoter region of several ABA-inducible
genes has allowed to isolate a conserved sequence, PYACGTGGC, termed as ABA responsive
element (ABRE). Several environmentally induced genes contain a similar conserved Cis-
acting element named as the G-box (CACGTGGC) (Menkens et al. 1995). A single copy of
ABRE was not sufficient for ABA-responsive transcription. ABRE and coupling elements
such as CE1 and CE3 are necessary for the ABA-induced gene transcription. In some cases,
an adjacent copy of ABRE or DRE/CRT was found to function as a coupling element. Most
of the known coupling elements are similar to ABREs and contain an A/GCGT motif (Hobo
et al. 1999). ABREs are bound by the ABRE-binding proteins (AREB) or ABRE-binding
factors (ABFs). The activation of the AREB/ABF proteins has been shown to require an
ABA-dependent phosphorylation. Recently, several type-2 SNFI-related protein kinases
(SnRK2-type) were reported as ABA-activated protein kinases, and were shown to mediate
the regulation of stomatal aperture and to function upstream of ABA-responsive expression
(Mustilli et al. 2002; Yoshida et al. 2002). These kinases might phosphorylate and activate the
AREB/ABF-type proteins (Johnson et al. 2002). The phosphorylation/dephosphorylation-
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regulated events appear to play important roles in ABA signalling. Target genes of
AREB/ABF-type transcription factors are comprised of LEA genes and ABA- and
dehydration stress-inducible regulatory genes, including linker histone H1 and AAA ATPase
(Fujita et al. 2005).

ABRE-like motifs are not involved in the ABA regulation of some stress-inducible genes
such as RD22 but interact with some other transcription factors. As example, the induction of
the dehydration inducible RD22 is mediated by ABA and requires protein biosynthesis for its
ABA-dependent expression. A MYC transcription factor, AtIMYC2 (RD22BP1), and a MYB
transcription factor, AtMYB?2, respectively bind MYC and MYB recognition sites in the
RD22 promoter and cooperatively activate the expression upon dehydration stress (Abe et al.
1997; Abe et al. 2003). The MYC and MYB transcription factors are synthesized upon ABA
accumulation, indicating their role in later stages of stress responses. Arabidopsis RD26
encodes a NAC protein and is induced not only by ABA but also by dehydration, high salinity
and jasmonic acid (JA). Functional analysis of the RD26-overexpressing plants indicated that
a cis-acting element, the NAC recognition site, might function in ABA-dependent gene
expression under stress conditions (Fujita et al. 2004). The homeodomain-containing
transcription factor ATHB6 functions as a negative regulator downstream of ABII1 in the
ABA signal transduction pathway, suggesting that a homeodomain-binding site is a negative
cis-acting element in ABA-dependent gene expression. Altogether, ABRE is the most
important Cis-acting element; but several other types of Cis-acting elements also function in
ABA-responsive gene expression (Himmelbach et al. 2002).

The dehydration-responsive element (DRE) contains the core sequence A/GCCGAC and is
involved in the regulation of gene expression in response to drought, high salinity, and cold
stresses in Arabidopsis (Yamaguchi-Shinozaki and Shinozaki 1994). Similar cis-acting
elements, named C-repeat (CRT) and low temperature-responsive element (LTRE), both
containing the DRE core motif, are present in cold-inducible genes (Baker et al. 1994; Jiang et
al. 1996). DRE/CRT cis-acting elements are specifically bound by the dehydration-responsive
element binding protein 1 (DREB1)/C-repeat binding factor (CBF) and DREB2 transcription
factors in ABA-independent gene expression. These transcription factors contain APETALA2
(AP2)/ethylene-responsive element binding factor (ERF) motif that is specific to plants and
functions as a DNA-binding domain. Six DREB1/CBF genes and eight DREB2 genes were
found in the Arabidopsis genome (Sakuma et al. 2002). These include DREB1A, DREBIB,
and DREBIC, which are major transcription factors required for cold-inducible gene

expression and DREB2A and DREB2B genes that are the major transcription factors required
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for high salinity- and drought-inducible gene expression (Liu et al. 1998; Nakashima et al.
2000). DREB/CBF regulons were found to target multiple genes coding for transcription
factors, phospholipase C, RNA-binding proteins, sugar transport proteins, desaturase,
carbohydrate metabolism-related proteins, LEA proteins, KIN (cold-inducible) proteins,
osmoprotectant biosynthesis proteins, and protease inhibitors (Seki et al. 2001; Fowler and
Thomashow 2002; Maruyama et al. 2004). Most of these target genes were shown to function
in response to stress. The comparative analysis of the DREB1A and DREB2A downstream
target genes indicated that DREB1A has specifically a high affinity to A/GCCGACNT
sequences, whereas DREB2A preferentially binds ACCGAC motifs (Sakuma et al. 2006a, b).
DREB2 regulons function in both osmotic and heat-shock stress responses.

It has also been reported that some drought-inducible genes do not respond to either cold or
ABA treatment, suggesting the existence of another ABA-independent pathway regulating the
dehydration stress response. Indeed, in addition to the two major pathways, an ABA-
dependent pathway directed by the AREB/ABF regulons and ABA-independent directed by
the DREB/CBF regulons, other regulons, including the NAC and MYB/MYC regulons, are
involved in abiotic stress-responsive gene expression (Yamaguchi-Shinozaki and Shinozaki

2006; Shinozaki and Yamaguchi-Shinozaki 2007; Nakashima et al. 2009).

1.3.3 Stress inducible proteins and other compounds

One of the mechanisms evolved by plants to cope with the detrimental effects of abiotic
stresses is to synthesize specific proteins and compounds that protect the photosynthetic
system and other vital macromolecules in different cell compartments. The protective
molecules include mainly the LEA (Late Embryogenesis Abundant) and LEA-like proteins
(Schneider et al. 1993; Rodrigo et al. 2004), small heat shock proteins (Allamillo et al. 1995)

as well as compatible solutes and detoxifying enzymes.

1.3.3.1 LEA proteins

LEA proteins encompass a large group of proteins that are inducible by ABA in immature
embryos and accumulate in mature embryos during desiccation. Most of them are rich in
hydrophilic amino acids and are water soluble. Based on sequence similarities and
biochemical properties they can be divided into five subgroups (Bernacchia and Furini 2004).
Group 1 LEA proteins are characterised by a 20-amino-acid-motif (Litts et al. 1987) while
proteins in group 2 share a conserved serine and lysine-rich motif and remain soluble after

boiling (Bartels and Salamini 2001). Group 3 LEA proteins are characterised by a motif of 11

10
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amino acids, which is predicted to form an a-helix probably involved in structural interactions
(Dure et al. 1989). Group 4 and 5 proteins have less conserved sequences and have been
suggested to protect membranes and to bind water respectively (Ingram and Bartels 1996).
LEA genes are expressed at high levels in the cytoplasm or in chloroplasts upon dehydration
and/or ABA treatment in vegetative or callus tissues of Craterostigma plantagieum (Ingram
and Bartels 1996). Results from in vitro studies carried out with LEA or LEA-like proteins
(Hara et al. 2001; Bravo et al. 2003) and analysis of transgenic plants over-expressing LEA
genes (Zhang et al. 2000; Hara et al. 2003) support the hypothesis that these proteins may

function as cellular protectants.

1.3.3.2 Compatible solutes

Compatible solutes also termed by osmoprotectants are small molecules that accumulate in
the cell at molar concentrations without any toxic effect and stabilize proteins and cell
membranes against denaturing effects of stress (Yamaguchi-Shinozaki et al. 2002). The
compounds that fall into this group are amino acids (proline), quaternary ammonium
compounds (glycine betaine), polyols and sugars (mannitol, D-ononitol, trehalose, sucrose,
fructan) (Nuccio et al. 1999). They are not uniformly synthesized within the plants. They
naturally accumulate in some plant species and help plants to cope with stress conditions.
Regarding their protective role, several research studies have focused on both biosynthetic
and degradation pathways to identify the genes implicated in their metabolism. For most of
them, this goal has been achieved and the genes have been used to engineer the metabolism in

plant species that do not naturally accumulate the molecules (Rathisanapathi 2000).

1.3.3.2.1 Mannitol, D-ononitol and sorbitol

Mannitol is a major photosynthetic product in many algae and some higher plants and
enhances tolerance to water deficit stress primarily through osmotic adjustment (Loescher et
al. 1992). Arabidopsis thaliana and tobacco do not accumulate mannitol. The introduction of
a mannitol dehydrogenase (mtlD) gene into tobacco chloroplasts led to oxidative stress
tolerance (Shen et al. 1997a). Similarly, overexpression of the mtlD gene from Escherichia
coli in A. thaliana plant has conferred tolerance to salt stress compared to the wild type
(Thomas et al. 1995). It is suggested that mannitol may scavenge OH' radicals, as shown in
tobacco where mannitol protects thioredoxin, ferredoxin, and glutathione and thiol-regulated

enzyme phosphoribulokinase from the effects of OH' (Shen et al. 1997b).
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Similar findings were reported from D-ononitol and sorbitol. Tobacco transgenic plants
transformed with imtl gene coding for myo-inositol-o-methyltransferase enzyme involved in
the biosynthesis of D-ononitol were more drought tolerant than wild-type plants (Sheveleva et
al. 1997). When apple cDNA encoding sorbitol-6-phosphate dehydrogenase was used to
transform the plant species Diospyros kaki, the photosynthetic activity of the transgenic plants
accumulating sorbitol under salt stress was higher than that of the wild type, suggesting that

sorbitol may have contributed to the acquired tolerance (Gao et al. 2001).

1.3.3.2.2 Trehalose

Trehalose (a-D-glucopyranosyl-1,1-a-D-glucopyranoside) is a non-reducing disaccharide that
is present in many organisms (bacteria, fungi, invertebrates and a few plant species) and
functions as reserve carbohydrate and stress protectant, stabilising biological structures under
abiotic stress conditions (Goddijn and al. 1999). The A. thaliana genome contains 11 genes
coding for trehalose phosphate synthase (TPS) and 10 genes for trehalose-6-phosphate-
phosphatase (Leyman et al. 2001), although no significant levels of trehalose accumulate in A.
thaliana. Transgenic Arabidopsis plants which accumulated low amounts of trehalose-6-
phosphate displayed a drought tolerant phenotype without any visible morphological
alterations, except for delayed flowering (Avonce et al. 2004). Likewise, transgenic
Arabidopsis plants expressing a yeast chimaeric gene coding for the TPS and the carboxy-
terminal region of the TPP did not show any morphological alterations and were tolerant to
drought, salinity, freezing and heat (Miranda et al. 2007). Recently alfalfa plants transformed
with this bifunctional TPS-TPP enzyme showed improved tolerance to multiple abiotic
stresses (Sudrez et al. 2009). Trehalose was also shown to regulate the carbon metabolism and
photosynthesis as well as the development of the embryo and flowering. Useful information
about trehalose signalling and the role in plant stress physiology have recently been rewieved

by Iturriaga et al. (2009).

1.3.3.2.3 Sucrose

The accumulation of sucrose is usually observed in seeds of many species and especially in
fully hydrated tissues of desiccation-tolerant plants (Leprince et al. 1993). In the case of
C. plantagineum, Bianchi et al. (1991) have observed that an unusual eight-carbon sugar
2-octulose accounts for approximately 90% of total sugars in fully hydrated leaves. But this
sugar is rapidly converted into sucrose (representing about 40% of the dry weight (DW)), as

soon as dehydration takes place. The reverse process is observed during rehydration. It is
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thought that 2-octulose may be the predominant photosynthetic storage sugar that accumulates
in leaves during the day and is partially metabolized at night. To date, little is known about
the mechanism of this conversion. Nevertheless, studies on sucrose metabolizing enzymes
sucrose synthase and sucrose phosphate synthase in C. plantagineum revealed that they are
differentially expressed along with an up-regulation of glyceraldehyde dehydrogenase
(Bartels and Salamini 2001). Also, other plant species have been shown to accumulate sucrose
upon dehydration, even though at different levels (Oliver and Bewley 1997). Based on results
from in vitro experiments where sugars protect biomolecules from denaturing during
dehydration (Crowe et al. 1992), it is proposed that sucrose may form glasses like a solid
liquid and prevent crystallization or partially replace water molecules in hydration shells, thus

preventing the fusion of polar head groups in structural lipids (Bartels et al. 2006).

1.3.3.2.4 Fructans

Fructans are polymers of fructose and are used in many plant species as carbohydrate reserves
(Vijn and Smeekens 1999). They accumulate in vacuoles and are thought to be involved in
stress tolerance (Vereyken et al. 2003). Indeed, tobacco and sugar beet plants that were
transformed with the bacterial fructan synthase gene showed enhanced tolerance to drought
stress conditions (Pilon-Smits et al. 1995; Pilon-Smits et al. 1999). But, fructans accumulated
at low levels in the transformed plants so that it is suggested that they may either act as
regulators or signalling molecules influencing plant metabolism, or as scavengers of ROS

(Shen et al. 1997a).

1.3.3.2.5 Proline

Free proline accumulation is observed in several plant species when subjected to
environmental stresses (Delauney et al. 1993). It is proposed that proline acts as an osmolyte
for osmotic adjustment, stabilizes sub-cellular structures such as membranes and proteins and
scavenges ROS. Regulation of proline biosynthesis, degradation and transport in higher plants
have been well documented (Kavi-Kishor et al. 2005).

The involvement of proline in the response to water deficit has been demonstrated in tobacco
(Roosens et al. 2002). Moreover it has been shown that the gene coding for Al-pyrroline-5-
carboxylate synthetase (P5CS), involved in the biosynthesis of proline from glutamate, is
induced in A. thaliana under cold, osmotic stress and ABA application (Kreps et al. 2002).
Yet, the accumulation of proline in the cell is also under the control of both transport and

catabolism. Indeed, proline is catabolised by proline dehydrogenase (PDH) (Nakashima et al.
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1998) and it has been shown that PDH is repressed under abiotic stress and induced by proline
and hypo-osmolarity (Nakashima et al. 1998). Moreover, antisense transgenic Arabidopsis
plants carrying AtProDH cDNA encoding proline dehydrogenase accumulated proline at
higher levels than wild-type plants. The transgenic plants were more tolerant to freezing and
high salinity stress (Nanjo et al. 1999). Expression of proline metabolizing enzymes and
resulting proline levels have been reported for other transgenic plants (De Ronde et al. 2004;
Molinari et al. 2004; Su and Wu 2004; De Ronde et al. 2001), seedlings (Phutela et al. 2003;
Nayyar 2003; Zhu et al. 2003) and for plants exposed to shock treatments (Igarashi et al.
1997).

1.3.3.2.6 Glycine betaine

Glycine betaine (GB) is a quaternary ammonium compound that occurs naturally in a wide
variety of animals, microorganisms and plants. But some species such as A. thaliana, tobacco,
rice do not accumulate GB (Rhodes and Hanson 1993). As an amphoteric compound, GB can
interact with both hydrophilic and hydrophobic domains of macromolecules such as enzymes
and protein complexes. In vitro experiments have shown that GB stabilizes the structures and
activities of proteins and maintains the integrity of membranes against the damaging effects of
high salt, heat, cold and freezing (Gorham 1995).

To date, it is known that GB is synthesized via two pathways from two distinct substrates:
choline and glycine, respectively. In the two-enzyme pathway, GB is synthesized in a two-
step oxidation of choline via the toxic intermediate betaine aldehyde. In higher plants, the
reactions are catalysed by choline monooxygenase (CMO) and betaine aldehyde
dehydrogenase (BADH). The biosynthesis of GB is stress inducible and its accumulation in
Vivo varies among the species from undetectable levels in non-accumulating plants to up to
400 pmol (gDW)" in natural accumulators under stress conditions (Rhodes and Hanson
1993). The glycine pathway has been discovered and identified in only two extremely
halophilic micro-organisms, Ectothiorhodospira halochloris and Actinopolyspora halophilia
(Nyyssold et al. 2000). This involves three successive N-methylations, which are catalysed by
two S-adenosylmethionine-dependent methyltransferases, GSMT (glycine sarcosine
methyltransferase) and SDMT (sarcosine dimethylglycine methyltransferase). The
characterisation of these enzymes has allowed engineering non-accumulating plants such as
tobacco and A. thaliana to synthesize GB. This conferred tolerance to high salt and high
temperature, cold and freezing to these species (Holmstrom et al. 2000; Gao et al. 2000; Alia
et al. 1998; Sakamoto et al. 2000).
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1.3.3.3 Small RNAs

Regulation of gene expression has been thought until recently to involve only transcription
factors and DNA binding sequences in the relevant genes. But recently, small RNA molecules
have been discovered to act as important regulatory molecules in both animal and plant
organisms. Regulation by short-RNAs can result in both transcriptional and post-
transcriptional suppression of gene expression. In plants short-RNAs are grouped into micro-
RNAs (miRNAs) and three classes of endogeneous small-interfering RNAs (siRNAs): trans-
acting siRNA (ta-siRNA), heterochromatic siRNA (hc-siRNA) and natural-antisense RNA
(nat-siRNA). Further details on the short-RNAs have been recently published (Phillips et al.
2007). Hypotheses indicating an implication of miRNAs in plant responses to abiotic stress
were first provided by Jones-Rhoades and Bartel (2004) who identified novel Arabidopsis
miRNAs, which were predicted to target superoxide dismutase, laccases and ATP
sulphurylases. Moreover, it has been demonstrated that various miRNAs are up or down-
regulated by ABA, cold or dehydration (Sunkar and Zhu 2004). Further information
concerning stress related small RNAs are summarized in reviews by Phillips et al. (2007),
Sunkar et al. (2007) and Jones-Rhoades et al. (2006). Many questions related to the regulation

of these small RNAs with respect to their processing and their stability are still open.

1.3.3.4 Reactive Oxygen Species (ROS)

Water deficit under high light leads to an active production of singlet oxygen (‘O,) and
superoxide radical anion (O;7) through the transfer of excitation energy from the
photosynthetic systems PSII and PSI to molecular oxygen. This happens when the excess of
energy cannot be dissipated via photosynthetic pathways and leads to free radicals generating
processes and formation of ROS (Seel et al. 1992a, b; Smirnoff 1993). ROS subsequently
interact with diverse macromolecules in the cell leading to cell death in extreme cases
(Mundree et al. 2002). To cope with the detrimental effects of ROS, plant cells have evolved
various detoxifying systems, both enzymatic and non enzymatic. Besides the negative effects
of ROS in the cell, these reactive species have been shown to act as signal molecules. They
have been shown to mediate the systemic activation of gene expression in response to
pathogen attack (Alvarez et al. 1998), wounding (Orozco-Cardenas and Ryan 1999), high
light (Mullineaux and Karpinski 2002) and stomatal closure (Pei et al. 2000). Moreover
singlet oxygen, superoxide anion and hydrogen peroxide (H,O,) were shown to induce the
transcription of specific sets of genes in plant cells (Gadjev et al. 2006). ROS signalling

systems also interact with other pathways, like phosphorylation cascades by kinases or Ca*"
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signalling. ROS signalling is part of the regulatory network that connects the cell to its
environment (Mittler 2002). As consequence of the dual role of ROS, plant cells require at
least two different mechanisms to regulate their intracellular ROS concentration: the
scavenging of the excess of reactive species (in stress conditions) and the modulation of ROS
to low levels for signalling purposes. Many current studies related to ROS have been focused
on this issue attempting to elucidate mechanisms responsible of such a balance. Navrot et al.
(2007) have recently published a review on the current knowledge on ROS production and

scavenging pathways.

1.3.3.5 Aldehydes and the peroxidation of membrane lipids

Aldehydes are often volatile molecules that are generated in vivo through the normal cell
metabolism. Aldehyde molecules are potentially toxic due to their extreme reactivity with the
nucleophilic compounds (nucleic acids, proteins, membrane lipids) present in different cell
compartments (Skibbe et al. 2002). Several aldehyde molecules have been reported to be
harmful to cells at various levels. These are acetaldehyde, glyceraldehyde-3-phosphate,
p-nitrobenzaldehyde, glycoladehyde, phenylacetaldehyde, malondialdehyde (MDA), succinic
semialdehyde, propionaldehyde and 4-hydroxy-trans-2-nonenal (4-HNE or HNE) (Ting and
Crabbe 1983; Trivic and Leskovac 1994; Hu et al. 2002).

Besides the metabolism, aldehydes are also produced at high levels from the non-enzymatic
lipid peroxidation under stress conditions (Bartels 2001; Barclay et al. 1994). In the lipid
peroxidation, ROS such as superoxide anion radical and hydrogen peroxide that can directly
oxidize lipids are converted to the highly reactive hydroxyl radical (OH’) in vivo through the
Fenton and Haber-Weiss reactions. This radical readily attacks membrane lipids and initiates
a radical chain reaction with the poly-unsaturated fatty acids (PUFAs), mainly linoleic and
linolenic acids. The PUFAs easily undergo free-radical-catalyzed oxidation to yield racemic
peroxy fatty-acid radicals. These radicals may remove a hydrogen atom from adjacent PUFAs
in an autocatalytic process, thereby propagating the radical chain reaction and leading to the
accumulation of hydroperoxides, predominately in membranes but also in the cytosol. PUFA
hydroperoxides and peroxy radicals that have more than two double bonds can be further
oxidized, and can undergo intramolecular radical chain reactions to yield unstable bicyclic
endoperoxy hydroperoxides similar to prostaglandins in animal cells. These compounds are
named phytoprostanes in plants. G1-phytoprostanes deriving from linolenate peroxy radicals
are believed to be formed in situ in membrane lipids (Mueller 2004). Further spontaneous

rearrangements of esterified Gl-phytoprostanes leads to the generation of various
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phytoprostanes and aldehydes (4-hydroxy-2-nonenal, hexanal, (E) 2-hexenal), of which
malondialdehyde (MDA) is one of the end-products (Mueller 2004). Malondialdehyde has
been detected in healthy Arabidopsis leaves at concentrations in the range of 4-5 nmol/g fresh
weight and malondialdehyde has been widely used as a marker of free-radical-catalyzed lipid
peroxidation (Weber et al. 2004). Many of the lipid peroxidation products including MDA
contain an electrophilic (electron-accepting) a,p-unsaturated carbonyl group that can react
with electron-donor (nucleophilic) atoms common to many biological molecules. As such,
these molecules are termed reactive electrophile species (RES). As for MDA, it has been
proposed that its reactivity depends on the intra-cellular pH, a parameter that can change in
stress conditions (Farmer and Davoine 2007). These authors argued that under normal
physiological conditions with neutral cytosolic pH, MDA remains a latent RES. Stress
conditions cause the decrease of the cytosolic pH, thus leading to the protonation of MDA
that becomes potentially reactive with two tautomeric forms of the molecule, one of which
being the highly diffusible dialdehyde form. It is believed that MDA and other RES deriving
from the non-enzymatic peroxidation of lipids are continuously generated in healthy plant
tissues with a high turnover (Farmer and Davoine 2007). Despite their potential toxicity, those
aldehydes and oxidized lipids generated during oxidative stress were proved to function as
powerful gene activator (Sattler et al. 2006; Farmer and Davoine 2007; Mueller et al. 2008),
indicating that a fine-tuning of the intra-cellular concentration of these compounds is very
crucial for the cell viability. Findings on the generation, biological activities and mode of

action of RES are recently reviewed by Mueller and Berger (2009).

1.3.3.6 Aldehyde dehydrogenases (ALDHSs) as ROS-detoxifying enzymes

Abiotic and biotic stresses lead to oxidative stress due to the generation of ROS: hydrogen
peroxide, hydroxyl radical and superoxide radical anion. Decreasing ROS levels and reducing
their damaging effects appear to represent an important stress-tolerant trait. Indeed, an
Arabidopsis mutant pstl, which exhibits increased salt stress tolerance, was found to have an
increased capacity to scavenge ROS (Tsugane et al. 1999). ROS are eliminated in the cells
through both enzymatic and non-enzymatic pathways. Non-enzymatic detoxification involves
compounds such as ascorbic acid, gluthathione, thioredoxin and carotenoids, while the second
pathway requires activities of enzymes like superoxide dismutase, catalase, gluthathione
peroxidase and other peroxidases. But, recently it has been proposed that enzymatic
scavenging of ROS may also involve proteins of the superfamily of aldehyde dehydrogenases

(ALDHs) (Wenzel et al. 2008). Indeed, Ohsawa et al. (2003) showed that the deficiency in
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ALDH2 increases susceptibility to oxidative stress in animal cells. Similarly, it was found that
transgenic Arabidopsis plants over-expressing ALDH proteins are drought and salt stress
tolerant compared to the wild type (Sunkar et al. 2003; Kotchoni et al. 2006). Unlike the wild
type, these transgenic plants could survive on media supplemented with relatively high
amounts of hydrogen peroxide. The ROS content of the transgenic plants measured or
visualised in detached leaves was significantly lower than in control plants. Such results
highlight the importance of ALDHs in both the cell metabolism and stress physiology and ask

for deeper analyses.

1.3.3.7 Aldehyde dehydrogenase genes

Aldehydes could be detoxified either by the reduction of their carbonyl group to alcohol or by
oxidation to the corresponding carboxylic acid (Perozich et al. 1999). The latter reaction is
catalysed in plants by aldehyde dehydrogenase, NAD(P)" dependent enzymes (ALDH, EC
1.2.1.3), representing a large protein superfamily, of which members are widely distributed in
all organisms including human and plant genomes (Yoshida et al. 1998; Vasiliou et al. 1999;
Sophos and Vasiliou 2003). The ALDH superfamily is classified on the basis of their
substrate specificity. With respect to this specificity, some ALDHs are known as non-specific
ALDHs and as such react with a wide range of aliphatic and aromatic substrates. These
include the tetrameric class 1 and 2 ALDHs (cytosolic and mitochondrial) and dimeric class-3
ALDHs (Yoshida et al. 1998). Substrate-specific ALDHs include all the semialdehyde
dehydrogenases (SemiALDHs) and betaine aldehyde dehydrogenase (BADH). Although
ALDH proteins have been well characterised in humans and their roles have been established
as general detoxifying enzymes of biogenic and xenobiotic aldehydes, much remains to be
researched on plant aldehyde dehydrogenases with respect to their regulation and function in
the plant stress physiology.

The Arabidopsis genome contains 14 ALDH genes encoding members of nine ALDH protein
families, which comprise eight known families and one novel family (ALDH22) that is so far
found only in plants (Kirch et al. 2004). In 1996, Cui et al. isolated the first ALDH gene
(Rf2a) from maize which encodes a mitochondrial class-2 ALDH. Its activity promotes male
gametogenesis and probably participates in anther development (Liu et al. 2001; Liu and
Schnable 2002). Other ALDH encoding genes have been identified from plants under stress
conditions. For example, an ABA and dehydration inducible aldehyde dehydrogenase gene
with homology to class-3 ALDHs has been isolated from the resurrection plant

C. plantagineum (Kirch et al. 2001). The genes ALDH3I1 and ALDH3H1 belonging to class-3
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ALDHs were shown to be transcriptionally up-regulated upon dehydration, high salinity or
ABA in Arabidopsis (Kirch et al. 2001). In addition, the ALDH7B4 gene that codes for a
turgor-responsive ALDH and belongs to family 7 ALDH proteins, showed a strong induction
by osmotic stress and ABA (Kirch et al. 2005). Over-expression of ALDH3I1 or ALDH7B4
in A. thaliana has conferred osmotic and oxidative stress tolerance to transgenic plants
(Sunkar et al. 2003; Kotchoni et al. 2006). A summary of ALDH encoding genes isolated so
far from plant species was presented by Kirch et al. (2004). The cellular functions of most of

these identified genes remain to be established.

1.3.3.8 Betaine aldehyde dehydrogenases

One of the best studied ALDH coding genes in plant species are betaine aldehyde
dehydrogenases (BADH). They have been shown to be expressed in various plants under
abiotic stress prior to the accumulation of glycine betaine (Chen and Murata 2002).
A. thaliana does not accumulate GB, although its genome encodes two members of the
ALDHI0 protein family, ALDH10A8 and ALDH10A9, which code for BADH proteins based
on sequence similarities (Sakamoto and Murata 2002; Kirch et al. 2004). It has been
suggested that the non-accumulation of glycine betaine is due to the lack of a functional
choline monooxygenase (Nuccio et al. 1998). Previous studies have shown that the
Arabidopsis choline monooxygenase-like protein (accession nos. NM 119135 and
CAB43664) could not complement Escherichia coli strains lacking the choline
dehydrogenase gene (Hibino et al. 2002). It was therefore suggested that the physiological
role of the Arabidopsis CMO-like protein might be different from choline oxidation (Hibino
et al. 2002). Yet, the functions of the Arabidopsis ALDH10A8 (Atlg74920) and ALDH10A9
(At3g48170) genes are so far unclear. A number of recent studies have shown that some
BADHs or BADH homologous proteins possess affinity for a range of aminoaldehyde
substrates (Trossat et al. 1997; Sebela et al. 2000; Fitzgerald et al. 2009 and references
therein). It has been suggested that plant BADH enzymes that possess an AMADH activity
are part of the polyamine catabolism and are involved in stress responses through GABA
synthesis (Bouchereau et al. 1999; Cona et al. 2006; Petrivalsky et al 2007). Consequently,
Fitzgerald et al. (2009) proposed that plant enzymes classified as BADHs belong to two
subfamilies: 1) the true BADHs comprising proteins with activity and high specificity for
betaine aldehyde as substrate and ii) the high BADH homology-aminoaldehyde
dehydrogenases (HBH-AMADHSs) grouping BADHs that show broader affinity for a range of
aminoaldehydes. Whether Arabidopsis BADHs possess AMADH activity is so far unknown.
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1.3.3.9 Aminoaldehyde dehydrogenases and the polyamine metabolism

Aminoaldehydes can be generated through oxidation of polyamines by copper amine oxidases
(CAOs, EC 1.43.6) and FAD-containing polyamine oxidases (PAOs, EC 1.5.3.11)
(Bouchereau et al. 1999). The oxidative cleavage of the polyamines spermidine and spermine
by plant PAOs results in the formation of 4-aminobutyraldehyde (ABAL) and
4-(3-aminopropylamino) butyraldehyde, respectively, with the concomitant formation of
1,3-diaminopropane and H,O; (Sebela et al. 2000). Further oxidation of 1,3-diaminopropane
generates 3-aminopropionaldehyde (APAL), a direct precursor of B-alanine, which can be, in
turn, trimethylated to yield the osmoprotectant -alanine betaine (Duhazé et al. 2002; Cona et
al. 2006). Aminoaldehydes are further metabolized by NAD-dependent aminoaldehyde
dehydrogenases (AMADHSs, EC 1.2.1.19). For instance, ABAL is oxidized to 4-aminobutyric
acid (GABA), which is a zwitterionic molecule that exists in an unbound form, and can adopt
several conformations in solution, including a cyclic structure that is similar to proline. At
physiological pH values, GABA is highly soluble in water (Shelp et al. 1999). The role of
GABA in salt tolerance has been related to osmotic regulation, detoxification of reactive
oxygen radicals, conversion of putrescine to proline and intracellular signal transduction
(Smirnoff and Cumbes 1989; Kinnersley and Turano 2000; Bouché and Fromm 2004).
Increased CAO and PAO activities have been reported in oat seedlings (Smith 1985), and a
response to salt stress has been found to be associated with an increase of diamine propane in
tomato leaf explants (Aziz et al. 1998). Similarly, heat stress led to increased levels of PAO
and induction of arginine decarboxylase (a polyamine biosynthetic enzyme; EC 4.1.1.19). A
concomitant increase of diamine oxidase activity and GABA formation from ABAL was also
reported in soybean (Xing et al. 2007). Hence, it has been suggested that plant BADH
enzymes that possess an AMADH activity are part of the polyamine catabolism and are
involved in stress responses through GABA synthesis (Bouchereau et al. 1999; Cona et al.

2006; Petrivalsky et al 2007).

1.4 Objectives of the study

The objective of this study was to generate and characterize transgenic A. thaliana plants
over-expressing selected ALDH genes then compare the ALDH over-expressors with their
T-DNA insertion mutant counterparts, so as to understand the function of these genes in the
development and stress physiology of plants. Moreover, it was planned to identify regulatory
factors involved in aldehyde-induced expression of ALDH genes and their regulation patterns,

since some preliminary experiments have indicated a putative feed-back ALDH expression
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taking place when the plants are exposed to aldehydes. More specifically, the work has been

divided into the following tasks:

1.

Generate Arabidopsis transgenic plants over-expressing the ALDH3H1 protein and
investigate the physiological characteristics under stress conditions.

Perform a functional analysis of ALDH3H1 T-DNA insertion mutants and compare
their physiological and developmental characteristics with those of constitutive
ALDH3H1-expressing plants. This should elucidate the functional properties of
the ALDH3HI in the plant response to abiotic stress.

Select and characterize ALDH10A8 and ALDH10A9 knock-out plants in order to
understand the role of these genes in stress physiology and development of
A. thaliana.

Generate and characterize A. thaliana transgenic plants expressing the

B-glucuronidase reporter gene under the control of the ALDH7B4 gene promoter.

. Investigate the responsiveness of the ALDH7B4 gene promoter to selected

aldehyde molecules using the ALDH7B4-GUS lines.

Perform EMS-based mutagenesis on transgenic plants carrying the ALDH7B4
promoter::GUS fusion constructs and generate a mutant population that will be
screened to identify mutants affected in the ALDH gene activation by aldehyde

molecules and other stressors.
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2. MATERIALS AND METHODS

2.1 Materials

2.1.1 Plant materials

Arabidopsis thaliana ecotype Col-0 was used as wild-type in this work. All transgenic plants
were established in this ecotype. The Arabidopsis T-DNA insertion mutants used in this work

are listed in the Table 1.

Table 1 List of the Arabidopsis T-DNA insertion mutants used in this study

Lines (ID) Target gene Collections References

SALK 079892 ALDHI0A8 SALK Alonso et al. 2003
KOS8-1 (175D06) ALDHI10A8 GABI-Kat Rosso et al. 2003
KO8-2 (SK24056) ALDHI10A8 SASKATOON Robinson et al. 2009
KO9-1 (SAIL_502_G10) ALDHI10A9 SAIL Sessions et al. 2002
KO9-2 (SALK_066181) ALDH10A9 SALK Alonso et al. 2003
3h1-A (SAIL_832_A05) ALDH3H1 SAIL Sessions et al. 2002
3h1-B (KO69) ALDH3H1 - Rios et al. 2002
3h1-C (SAIL_828_DO05) ALDH3H1 SAIL_828 D05 Sessions et al. 2002

2.1.2 Chemicals

Chemicals used in this work were from the following companies: Amersham Buchler-
Braunschweig, Boehringer-Manheim, Merck-Darmstadt, Pharmacia-Freiburg, Quiagen-
Hilden, Sigma-Deisenhofen, Stratagene-Heidelberg, Biomol-Hamburg, Serva-Heidelberg,
Carl Roth-Karlsruhe, Germany.

2.1.3 DNAs, vectors and bacteria

2.1.3.1 cDNAs

cDNAs were initially provided in the pBluescript II SK+/- vector (Stratagene, La Jolla, USA).
This vector contains the B-lactamase gene that confers the resistance to ampicillin. The clone
pda06974 (RAFL09-93-B10, RIKEN Institute; Seki et al. 2002) containing the full-length
ALDH3H1 cDNA (Accession: AY(072122) was kindly provided to me by Dr Kirch Hans-
Hubert. The clones pda07810 (RAFL07-07-L09, RIKEN Institute) and pda01165 (RAFLOS-
07-NO03, RIKEN Institute) containing respectively the ALDH10A8 (Accession: AY093071)
and ALDH10A9 (Accession: AF370333) full-length coding sequences were kindly provided
by Jessica Schmitz (2007).
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2.1.3.2 Vectors

The plasmid vectors used are listed below. Molecular details of the vectors are provided in the
appendix. All vectors used in this work are kept as plasmids at -20°C (Department of
Molecular Physiology, Institute of Molecular Physiology and Biotechnology of Plants —
IMBIO — University of Bonn). The bacteria are stored in glycerol cultures at -80°C.

2.1.3.2.1 plJET1.2
This vector is from Fermentas (St. Leon-Rot, Germany) and was used to clone PCR products

as described by the manufacturer.

2.1.3.2.2 pBT10-GUS

This vector (Sprenger-Haussels and Weisshaar 2000) contains the coding sequence of the
reporter gene PB-glucuronidase (GUS/uidA). This vector was used to generate the ALDH
promoter-GUS fusion constructs. The vector contains the B-lactamase gene conferring the

resistance to ampicillin.

2.1.3.2.3 pRTL2-GUS vector

This vector (Carrington et al. 1991) contains a dual 35S promoter, the tobacco etch virus
(TEV) leader sequence (lacking the first 12 nucleotides from pTL-7SN), the GUS coding
sequence and the 35S poly(A) signal. It was used to isolate the 35S promoter fragment that
was then cloned in the pBT10-GUS. It contains the B-lactamase gene and can be selected by

ampicillin.

2.1.3.2.4 pGJ280

The Green Fluorescent Protein (GFP) expression vector pGJ280 was constructed by Dr G.
Jach (Max-Planck-Institute, Cologne, Germany) and contains in the following order the
CaMV35S promoter with a duplicated transcriptional enhancer, the tobacco etch virus
translational enhancer, the GFP coding sequence (Tsien 1998) and the CaMV35S
polyadenylation site (Reichel et al. 1996).

2.1.3.2.5 pET28a

This is an expression vector used for His-tagged protein over-expression (Novagen,

Darmstadt, Germany).
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2.1.3.2.6 pBINI19 and pROK2
The plasmid pROK2 (Baulcombe et al. 1986) is a binary vector derivative of pBIN19 (Bevan

1984; Frisch et al. 1995). pROK2 was used to generate ALDH3HI1 over-expressing plants.
pBIN19 was used to transform Agrobacterium tumefaciens with the ALDH- or 35S-GUS
constructs. pBIN19 and pROK2 contain the NPTIlI gene coding for the enzyme neomycin

phosphotransferase that confers the kanamycin resistance to A. tumefaciens cells and plants.

2.1.3.2.7 pPG-Tkan
The vector pPG-Tkan was provided by Jessica Schmitz (2007) and contains an engineered
BamHI site that allows fusing a target signal sequence in frame downstream to the GFP

coding sequence. This vector was used to generate C-terminal GFP fusion constructs.

2.1.3.3 Bacteria

e Escherichia coli DH10B (Lorrow and Jessee 1990) Genotype: F-mcrA A(mrr-
hsdRMS-mcrBC) 80d lacZAM15 AlacX 74 endAl recAl deoR A(ara, leu)7697
araD139 galU galK nupG rpsL €. This cell was used as host strain for cloning.

e Escherichia coli BL21 (Pharmacia, Freiburg) Genotype: F- ompT hsdSB (rB'mB") gal
dem (DE3). This bacteria was used to express the recombinant ALDH10A8 and
ALDHI0AO9 proteins.

e Agrobacterium tumefaciens GV3101/pmP90RK (Koncz and Shell 1986). This strain
was used for transient and stable transformations of wild-type A. thaliana (ecotype

Col-0) plants.

2.1.4 Enzymes and DNA-marker

Restriction enzymes and their corresponding buffers were from Amersham Pharmacia
Biotech (Freiburg, Germany), MBI-Fermentas (St. Leon-Rot, Germany), Roche/Boehringer
(Mannheim, Germany), Sigma (Munich, Germany), Invitrogen/GibcoBRL (Karlsruhe,
Germany). The DNA marker (1 kb ladder) was from Invitrogen/GibcoBRL (Karlsruhe,

Germany).
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2.15

Software, programs and online tools

Vector NTI Advance™ 10 (Informax Inc, 2006, North Bethesda, MD, USA).
ImageQuant Version 5.2 software.

SPSS for windows v.11.0.1.

Spectral Imaging EZ-C1 Goldversion 3.20.

Microsoft Office package 2003.

ChloroP 1.1 (http://www.cbs.dtu.dk/services/ChloroP).

SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP).

TargetP 1.1 (http://www.cbs.dtu.dk/services/TargetP).

PLACE Web Signal Scan (http://www.dna.affrc.go.jp/PLACE/signalscan.html).

PlantCare (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/).

Machines and other devices

Spectrophotometer SmartSpec 3000, Bio-rad, Hercules, Canada.

T3-Thermocycler, Biometra, Gottingen, Germany.

Power supply, Electrophoresis power supply, Gibco BRL, Carlsbad, Canada.

UV illuminator Intas UV systems series, CONCEPT Intas Pharmaceutical Itd.,
Guyjarat, India.

Imaging system Typhoon Scanner 9200 Variable Mode imager, Amersham
Biosciences, Piscataway, NJ.

SDS-PAGE Minigel system, Biometra, Géttingen, Germany.

Protein blotting cell Criterion blotter, Bio-rad, Hercules, Canada.

Chemiluminescence detector Intelligent Dark Box II, FUJIFILM Corporation, Tokyo,
Japan.

Electroporation system Genepulserll Electroporator, Bio-Rad, Hercules, USA
VersaFluor™ Fluorometer, Bio-rad, Germany

Storage Phophor Screen, Amersham Biosciences, Buckinghamshire, England.
Confocal Laser Scanning Microscope ZE2000 with Laser D-eclipse C1, Nikon,
Diisseldorf, Germany.

Binocular microscope SMZ-800, Nikon, Diisseldorf, Germany.

Particle Gun Biolistic®, Bio-Rad, Hercules, USA.
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2.1.7 Membranes
DNA- and protein-blots were performed on the nitrocellulose membrane Protran BA-85 (0.45
um; Whatman, Maidstone, UK). RNA-blots were done on the nylon membrane Hybond™

(Amersham Biosciences, Buckinghamshire, UK).

2.1.8 Kits

DNA fragments were isolated from agarose gels with the QIAEX II Gel Extraction Kit
(Qiagen, Hilden, Germany) and NucleoSpin® Extract II (Macherey—Nagel, Diiren, Germany).
Midi- and Maxi-preps of plasmid DNA were done using the NucleoBond® Xtra Maxi Kit
(Macherey—Nagel; Diiren, Germany). PCR products were cloned using the CloneJET™ PCR
Cloning Kit, (Fermentas; St. Leon-Rot, Germany). The RT-PCR was performed using the
totalscript-OLS® Kit (OLS; Hamburg, Germany) and the RevertAid™ H Minus First Strand
cDNA Synthesis Kit, (Fermentas; Burlington, CDA). The HexaLabel™ DNA Labeling Kit
from MBI Fermentas (St. Leon-Rot, Germany) was used for **P-labeling of DNA probes.
Site-directed mutations were generated with the QuikChange® II Site-Directed Mutagenesis
Kit (Stratagene; Heidelberg, Germany).

2.1.9 Media, buffers and solutions

All media, buffers and solutions, if not otherwise stated, were autoclaved for 20 min at 120°C

at 1.5 bars.

2.1.9.1 Media

MS-medium (per litre): 4.6 g MS-salt; 20 g sucrose; 1 ml vitamin solution (see
the composition on the next page); adjust pH to 5.8 with
IM NaOH; 8 g select-agar for solid medium.

LB-medium (per litre): 10 g peptone; 10 g NaCl; 5 g yeast extract; adjust pH to
7.5; 15 g bacto-agar for solid medium.

YEB (per litre): 5 g sucrose; 5 g of meat extract; 5 g peptone; 1 g yeast

extract; 2 mM MgSO4 (0.493 g MgSO,); adjust pH at
7.0; 15 g bacto-agar for solid medium.
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SOC (per litre):

2.1.9.2 Buffers and solutions
Vitamin solution

(Plant growth medium):

50X TAE (Tris-Acetate-EDTA)
buffer:

RNase A:

Denaturing buffer:

Neutralizing buffer:

10X DNA loading buffer (10 ml):

10X MEN:

20X SSC:

2% (w/v) trypton; 0.5% (w/v) selected yeast extract;
10 mM NaCl; 10 mM MgSOs; 10 mM MgCl.

2 mg/ml glycine; 0.5 mg/ml Niacin (Nicotine acid); 0.5
mg/ml pyridoxin-HCI; 0.1 mg/ml thiamin-HCl. Use

1:1000 dilution of the autoclaved solution; store at 4°C.

2 M Tris base; 100 mM EDTA, pH 8.0; adjust pH with

glacial acetic acid.

10 mg/ml RNase A in milli-Q sterile water; store in

aliquots at -20°C for further use.

1.5 M NaCl; 0.5 M NaOH; store at room temperature.

1 M Tris; 1.5 M NaCl, pH 8.0; adjust with concentrated

HCI; store at room temperature.

25 mg Bromophenol blue; 25 mg Xylencyanol; 0.2 ml
50X TAE; 3 ml glycerine; 6.8 ml sterile distilled water.

200 mM  3-(N-morpholino) propanesulfonic acid
(MOPS); 80 mM sodium acetate: dissolve in water and
adjust the pH to 7.0. Then add 0.5 M EDTA pH 8.0 to a
final concentration of 10 mM,; filter sterilise and store at

room temperature. Protect against direct light exposure.

3 M NaCl; 0.3 M Sodium citrate; store at room

temperature.

27



Materials & Methods

1X TE buffer: 10 mM Tris-HCI; 1mM EDTA, pH 8.0; store at room

temperature.

RNA-, DNA-blot washing buffer:  0.1% (w/v) SDS; 2X SSC; store at room temperature.
100X Denhardt’s: 2% (w/v) BSA (fraction V); 2% (w/v) Ficoll-400; 2%
(w/v) PVP 360,000. Store in aliquots at -20°C.

Ampicillin (stock solution): 100 mg/ml in water; filter sterilize and store at -20°C;

working solution: 1:1000 dilution.

Kanamycin (stock solution): 50 mg/ml in water; filter sterilize and store at -20°C;

working solution: 1:1000 dilution.

Rifampicin (stock solution): 50 mg/ml in DMSQO; store at -20°C; working solution:
1:500 dilution.

IPTG (stock solution): 100 mM in water; filter sterilize and store at -20°C;

working solution: variable concentration.

X-Gal: 40 mg/ml in N, N-dimethylformamide (DMF); protect
from light; store at -20°C.

2.2 Methods

2.2.1 Growth conditions

2.2.1.1 Seed culture and plant growth

Plants were grown under approximately 120-150 pE m™ s light at 22°C with a day/night
cycle of 8/16h if not otherwise stated. For flowering 4-5 week-old plants were moved to a
growth chamber with a 16/8h photoperiod. For sterile seed culturing, seeds were surface
sterilized in 70% (v/v) ethanol for 2 min then in 7% (v/v) NaOCIl (Carl Roth; Karlsruhe,
Germany) + 0.1% (w/v) SDS for 10 min, rinsed four times in sterile distilled water and sown
on MS-agar plates (Murashige and Skoog 1962). Transgenic ALDH3H1over-expressor seeds
were selected on solid media containing 50 pg/ml kanamycin. For soil-based experiments

14 day-old seedlings were transferred into soil-pots and then subjected to various abiotic
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stressors. Plant materials were collected and used either immediately or frozen in liquid

nitrogen and stored at -70°C.

2.2.1.2 Growth of microorganisms

All E. coli strains were cultured at 37°C either in liquid LB medium at 200-300 rpm or on
solid LB-agar medium. Agrobacterium tumefaciens strains were grown at 28°C in liquid YEB
medium at 250 rpm or on solid YEB-agar medium. The cultures were supplemented with

appropriate selection markers if required.

2.2.2 Primers

All primers were synthesized from Sigma-Genosys (Steinheim, Germany) and dissolved in
sterile water to 100 uM end-concentration. The primer sequences listed in this section are
oriented from 5’ end to 3’ end. The enzyme restriction sites were highlighted in grey. The

mutated nucleotides are underlined.

Table 2 List of the primers

Name Sequence Restriction site

Generation and analysis of the 35S-ALDH3H1 expressors

35S-fwd CAG GTC CCC AGATTA GCCTT -
35S-rev TCC CCC GTG TTC TCT CCA AA -
CCC ACT ATC CTT CGC AAG ACC -
TGG ATT GCA CGC AGG TTC TC -
TGG GCG AAG AAC TCC AGC AT -
CGT TTC GCC GGA CTA TAT CTT GAC G -
TCA ACC AAC TAA GTC CAT GTT TGA -

CaMV35S-sense (sequencing)
pROK-NPTII-fwd
pROK-NPTII-rev
Aldh4-RT-fwd (P4)
Ath-Aldhlc-anti (P5)

Generation and analysis of GUS-fusion constructs

Aldh7B4 prom 5’

TCC CAC TAC TGA ATT GAC CTT CA

Aldh7B4 prom 3’ CTC TGC GCA AGA ATT CACCCC A EcoRI
5’-pBT10-GUS-fwd AAT ACG CAA ACC GCCTCT -
pBIN-HindIII (Hy) AGC TAT GAC CAT GAT TAC GCC AAG -
pBIN-EcoRI CGA TTA AGT TGG GTA ACG CCA GG -
GUS-Start GGT TGG GGT TTC TAC AGG ACG -
GUS-sense CGT CCT GTA GAA ACC CCA ACC -
GUS-rev GAT AGT CTG CCA GTT CAG TTC G -
INT-Xba-fwd GCGACGICTAGAGTTAGGATTCTTTTTTCTCTC Xbal
INT-Xba-rev (Iy) CTGAGCTCTAGATAAATGAGGAAAGGTCAGTG Xbal

Mutagenesis primers

7B4_ABREI fwd
7B4_ABREI rev

ACG AAA GCA TAG GAC ATT TGA CAC ATG TGA TG -
CAT CAC ATG TGT CAA ATG TCC TAT GCT TTC GT -

7B4_DRE_fwd GAT CGT GGC AAT AAA TAT GAT AAC AAC AAC TCC -
7B4_DRE_rev GGA GTT GTT GTT ATC ATA TTT ATT GCC ACG ATC -
7B4_AB_fwd TTA CAA AAG ATT TAC ATT TCT CTC TCT CTC ACT C -
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7B4_ABREI rev

GAG TGA GAG AGA GAG AAA TGT AAA TCT TTT GTA A

His-Tag protein fusion constructs

AY093071_BamHI Fwd ACGGCGAATGGAGAGGATCCATCTT BamHI
AY093071_Sacl_rev GAGATTTGTACGAGCTCCAGGGAT Sacl
AF370333_Ndel Fwd GAGAGAGAGAGAGCATATGGCGAT Ndel
AF370333_EcoRI_rev CTCAGAGCTTGGAATTCGGTTTGT EcoRI
Analysis of T-DNA insertion mutants and RT-PCRs
Gene-specific primers
Ath-ALDHla-sense (P1) AGA AGG TTT TTG GAT CGG CGG A -
Ath-ALDH2-sense ATC GGC GGA AGC GAG TAA TTT GGT G -
Ath-ALDH2-anti TAT GGC GGA TAC CTG ACG GCT GAA TC -
putExon2-ALDH3H1_fwd (P2) ATG TTT TAC CAA CAG AGA GTA C -
Exon3-ALDH3H1 fwd (P3) CAG CTA AAG AACTGG ATG GCT C -
Aldh9-fwd (A3) ACA ATG GCG ATT CCG ATG CCT ACTC -
Aldh9-rev (A4) GTT TCA GGA CCG AAC TAG ACA GAC TGA -
AY093071_RT_fwd (Al) GATCTTGCATGGTGGTTCCCGA -
AY093071_RT rev (A2) AAGCACAAAGATTTGAACAGACAGC -
10A8_RT2-rev CCT TCT TCC ATG GGG TCT GA -
10A8 mid seq TTG TCG AGA AGT TGG TCT TCC TCC -
Aldh8-fwd (B3) TCA CCA CCT CTA GTA GCA GAG AGA G -
Aldh8-rev (B4) GTC TCA GAG CTT GGA AGG AGG TTT G -
KO10A9 fwd (B1) ATT GTT CCG TGG AAA TGG GGT GA -
KO10A9 rev (B2) TTG GGA CTT TCC GTT TTG GT -
10A9_mid_seq TGG TTT AGG AAC TGA AGC AGG TGC -
AF370333_RT_fwd TGTTCTTTGTGGAGGAGTTCGTC -
AF370333_RT_rev GAAGGGTCTCTTGCTTTATTGGT -
Ath_Actin2_fwd mitte GGA ATC CAC GAG ACA ACC TAT AAC -
Ath_Actin2_rev GAA ACATTT TCT GTG AAC GATTCC T -
At1g74910 RT fwd CGT GTT TCC AGC TTC GAA GCT CTT C -
At1g74910_RT rev GAC GCG GGA CCA TCT CCC GAT AGA -
T-DNA specific primers
FISH1 (T1) CTG GGA ATG GCG AAA TCA AGG CATC -
pROK-FISH2 (T2) CAG TCA TAG CCG AAT AGCCTCTCC A -
pROK-Lba3 (T3) ACC CAA CTT AAT CGC CTT GCA GCA C -
Gabi_10A8 fwd CTG TGA CTA CAG TCA GCC GTG -
Gabi_10A8_rev (G2) GTT TCC GAG ATG GTG ATT GC -
Sail 10A9 fwd TAG AGT CGA CCT GCA GGC AT -
Sail_10A9_rev (S2) CTG GCA AGT GTA GCG GTC AC -
pSKTAIL-L3 (L3) (Robinson et al. 2009) ATA CGA CGG ATC GTA ATT TGT CG -
LB3 (S3) (Sessions et al. 2002) TAG CAT CTG AAT TTC ATA ACC AAT CTC GAT ACA C -
Generation and analysis of GFP-fusion constructs
pGI280_fwd ACG AAT CTC AAG CAA TCA AGC A -
pGI280_rev TGT GCC CAT TAA CAT CAC CA -
p35S-pROK2 CAC TGA CGT AAG GGA TGA CGC -
SmtALDH3H1-GFP TTT TGA ATT CTA ATG TTT TAC CAA CAG AGA GTA CTA  EcoRI
GTA TCT CTA CTG AGA AAC TC
3mtALDH3HI1-GFP CTG CCG CCA TGG TGA CAC GTC CGA Ncol
10A8 Nco_fwd AGA TTG GGC CAT GGC ACC TGG AGC TGT TCG TGC Ncol
AY093071_rev_Ncol_ Nterm CTC TTA AAA CTC TCC ATG GGA AG Ncol
10A8-Bam_Fwd ATA AGG ATC CAT GGC GAT TCC GAT GCC TAC TC BamHI
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pPG-Tkan_fwd AAC CAC TAC CTG AGC ACC CA
pPG-Tkan_rev ACG AAA GCT CTG CAG CCA AC

Other primers

pJET for CGA CTC ACT ATA GGG AGA GCG GC
pJET _rev AAG AAC ATC GAT TTT CCA TGG CAG
T7 promoter pET28a TAA TAC GAC TCA CTA TAG GG

T7 terminator pET28a GCT AGT TAT TGC TCA GCG G

2.2.3 Extraction of nucleic acids

2.2.3.1 Extraction of genomic DNA from A. thaliana

Arabidopsis tissues (50 — 200 mg) were ground to a fine powder under liquid nitrogen in 2 ml
Eppendorf tubes with metal beads. The plant material was then homogenized in 300 ul 2X
lysis buffer (0.6 M NaCl, 0.1 M Tris-HCL, pH 8.0, 40 mM EDTA, pH 8.0, 4% Sarcosyl, 1%
SDS), 300 pl 2 M urea and 30 pl of equilibrated phenol. After addition of one volume (600
ul) phenol-chloroform-isoamyl alcohol (25:24:1) the suspension was thoroughly mixed and
centrifuged for 10 min, 14000 rpm at room temperature. DNA was precipitated from the
supernatant with 0.7 volume of isopropanol and pelleted by centrifugation for 15 minutes at
14000 rpm, 4°C. The DNA pellet was washed twice with 70% ethanol, air-dried and
dissolved in 25 pl of the re-suspension buffer (10 mM Tris-HCI, pH 8.0 containing
20-40 pg/ml RNAse A). Samples were briefly incubated at 37°C for 5 min to degrade
contaminating RNAs. Optionally, RNase was removed by phenol-chloroform extraction and
the DNA re-precipitated with absolute ethanol. One-tenth dilution of the samples was used for
checking the quality on a 1% agarose gel and to estimate the amount of DNAs with a
spectrophotometer. OD 260 and 280 nm were read for every sample. Samples were stored at

-20°C.

2.2.3.2 Plasmid DNA mini-prep (Birnboim and Doly 1979; Sambrook et al. 1989)

The plasmid mini-prep from E. coli cells was done according to Sambrook et al. (1989). For
plasmid preparations from A. tumefaciens, clones were inoculated in 2 ml YEB media
containing appropriate selection markers and allowed to grow (28°C, 250 rpm) for about
21 h. The culture was centrifuged at 6000 rpm, RT for 5 min. The bacteria pellet was
resuspended in 400 pl solution I and incubated for 10 min at RT without shaking. The
suspension was next carefully mixed with 800 pl Solution II and further incubated for 10 min
at RT. To obtain high quality plasmid DNA mini-prep, 120 pl of solution Ila and 600 pl of
3 M sodium acetate pH 5.2 were added to the suspension and carefully mixed to avoid

shearing the DNA. The mixture was incubated at -20°C for 15 min then centrifuged at
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14000 rpm for 10 min at 4 °C. The supernatant, which contains the plasmid DNA, was
carefully collected and divided into 3 aliquots of 650 ul. To each aliquot, 2 volume of cold
absolute ethanol was added and incubated at -80°C for 15 min. The aliquots were centrifuged
(14000 rpm, 10 min at 4°C); the pellet was resuspended in 500 pl 0.3 M sodium acetate
pH 7.0, and 1 ml absolute ethanol. The suspension was incubated at -80°C for 15 min then
centrifuged (14000 rpm, 10 min, 4°C). The DNA pellet was then washed twice with 70%
(v/v) ethanol and air-dried at RT. The dried pellet was dissolved in 50 ul 10 mM Tris-HCI pH
8 containing 20 pg/ml of RNase A and incubated at RT for 15 min. 3 pl of the plasmid DNA
were run on a 0.8% agarose gel to check the purity of the DNA.

Solution I: 50 mM Glucose; 10 mM EDTA; 25 mM Tris, pH 8.0; 4 mg/ml Lysozyme
(freshly prepared).
Solution IT: 0.2 M NaOH; 1% (w/v) SDS (always prepared freshly).

Solution Ila: 2 volume of solution II + 1 volume of Phenol.

2.2.3.3 Purification and precipitation of DNA

To purify a DNA sample from protein residues and other contaminants, the sample was
brought to 100-200 pul with sterile distilled water. One volume of phenol/chloroform/isoamyl
alcohol (25/24/1) was then mixed with the suspension. After centrifugation at 14000 rpm and
room temperature for 5 min the supernatant (upper aqueous phase) was removed and mixed
with 0.1 volume 3 M sodium acetate pH 5.2 and 2 volumes of absolute ethanol then incubated
at —20°C for 20 minutes. The mixture was centrifuged (14000 rpm, 20 min, 4 °C); the pellet
was washed in 70% (v/v) ethanol, air-dried and dissolved in 20 pl sterile Tris-Cl 10 mM,
pH 8.0. The quantity of DNA was assayed spectrophotometrically at OD 260 and 280 nm and

the samples were stored at -20°C.

2.2.3.4 Extraction of DNA fragments from agarose gels

After enzymatic digestion or PCR amplification of plasmid DNA constructs, the DNA
fragment was isolated from agarose gels using the QIAEX II Qiagen extraction Kit or the
NucleoSpin® Extract II Kit. The extraction and purification were done after excising the

bands from the agarose gel according to the instructions of the kit manufacturer.

2.2.3.5 Extraction of total RNAs from A. thaliana
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Total RNAs were isolated from about 100 mg Arabidopsis seedlings or leaves. The plant
tissues were ground to a fine powder under liquid nitrogen with metal beads and resuspended
in 500 pl of the extraction buffer (6 M urea, 3 M LiCl, 10 mM Tris-HCIL, pH 8.0 and 20 mM
EDTA, pH 8.0). Then, one volume of phenol-chloroform-isoamyl alcohol (25:24:1) was
added. The suspension was thoroughly mixed and centrifuged for 5 min at 14000 rpm, 4°C.
The aqueous phase was successively re-extracted with one volume of phenol-chloroform-
isoamyl alcohol and chloroform-isoamyl alcohol (24:1). RNAs were precipitated from the
supernatant by adding 0.1 volume of 3 M Na-acetate, pH 5.2 and 0.7 volume of isopropanol.
The mixture was kept on ice for 5 min. After centrifugation at 14000 rpm and 4°C for 10 min,
the RNA pellet was washed twice with 70% (v/v) ethanol, dried and dissolved in 20-30 pl

sterile distilled water.

2.2.4 Qualitative and quantitative estimation of concentrations of macromolecules
2.2.4.1 Qualitative and quantitative estimation of DNA and RNA

The DNA samples were qualitatively monitored in 1% (w/v) agarose gel electrophoresis using
1 kb ladder as a reference. The concentration of the nucleic acids was assayed with
spectrophotometer at ODs 260 and 280 nm. A value of ODyey = 1 approximately corresponds
to 50 pg/ul for a DNA solution or 40 pug/ul for a RNA solution. For a pure DNA sample, the
value of OD,60/OD2g is found between 1.8 and 2. A value of OD,4/OD2g¢ below 1.8 usually

indicates a contamination of DNA preparation with proteins or phenol compounds.

2.2.4.2 Quantitative estimation of protein extracts

Protein concentrations were determined using a Bio-Rad protein assay Kit according to
Bradford (1976). Sample aliquots (5-10 pl) were mixed with 200 pl Bio-Rad protein assay kit
and brought to 1000 ul with sterile H,O. For protein-blot analyses where the Laemmli buffer
(1970) was used to extract proteins from the plant tissues, 5 ul of the protein sample was first
diluted in 100 pl of 100 mM potassium phosphate buffer, pH 6.8. The mixture was incubated
at room temperature for 10 minutes to precipitate the SDS salt. The suspension was then
centrifuged at high speed and room temperature for 5 min. The supernatant (about 100 ul)
was carefully transferred to a fresh tube and mixed with 700 pl sterile distilled H,O and
200 pl Bradford reagent (Bio-Rad). The suspensions were incubated at room temperature for
2-5 min followed by an OD measurement at 595 nm. The amount of protein was estimated
from a standard curve established from defined concentrations of bovine serum Albumin

(BSA).
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2.2.5 Cloning of DNA fragments
2.2.5.1 Polymerase chain reaction (PCR)
DNA fragments were amplified from various plasmid and genomic sources. A standard PCR

reaction in a total volume of 50 pul was prepared as followed:

30-35 ul H,O (sterile double distilled)

5.0 ul 10X PCR-buffer

1.5ul 50 mM MgCl,

2.0 ul Forward-primer (10 pmol/ul)

20l Reverse-primer (10 pmol/ pl)

1.0 ul 10 mM dNTPs

1.0 ul plasmid DNA (5 ng/ul) or genomic DNA (50-100 ng/ pul) or a bacterial
colony

0.5l Taqg-polymerase

Reactions were homogenized and the PCR was performed in a TRIO-thermoblock (Biometra,
Gottingen, Germany). The optimal number of PCR cycles and the annealing temperature was

determined empirically for each PCR. A standard PCR programme was as followed:

94°C 5 min of denaturing

94°C 30 sec (30 times) of denaturing

TA 30 sec (30 times) of primer binding

72°C 45 sec (30 times) of elongation

72°C 5 min for final extension

4°C for keeping the samples stable until they are collected.

TA = annealing temperature = TM + 4 °C
TM = melting temperature of the primers. For primers with different TM, the lower one is

considered for the calculation of the TA.

2.2.5.2 Restriction endonuclease treatments
DNA digestion was carried out by restriction endonucleases according to the following
criteria: the reaction buffer (10X) was 1/10 of the end volume and 5 U of restriction enzymes

was used per 1 pg of DNA to digest. A double digestion was possible per reaction only when
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both restriction enzymes can be active in the same buffer; otherwise the digestions were
performed sequentially.

2.2.5.3 Dephosphorylation

Linear plasmid vectors were dephosphorylated at their 5° end with shrimp alkaline
phosphatase (SAP; Boehringer/Roche, Mannheim, Germany) in order to avoid self-ligation of
their cohesive or compatible ends. The reaction was made in 10 pl reaction comprising 1 pl of
10X SAP buffer, 1.0 pl (1 unit) SAP, and adequate amount of the plasmid vector. The mixture
was brought to 10 pl with sterile distilled water. The reaction was incubated for 10 min at

37°C followed by inactivation of SAP at 65°C for 15 min.

2.2.5.4 Ligation

To generate recombinant plasmid DNA constructs, the insert-DNA was ligated to a linear
vector in a ligation reaction. The ligation was performed in 20 pl reaction volume containing
1X ligase buffer, x ul digested and purified plasmid DNA vector, 1.0 ul T4 DNA ligase
(MBI-Fermentas; St. Leon-Rot, Germany or Invitrogen/GibcoBRL; Karlsruhe, Germany), and
y ul insert-DNA. The mixture was brought to 20 ul with sterile H,O and incubated at 16°C for
20 h or according to the ligase manufacturer. For an optimal ligation reaction the molar

amount of plasmid vector should be the third of the insert-DNA in the reaction.

2.2.5.5 Transformation

2.2.5.5.1 Calcium-competent E. coli

A bacterial culture (100 ml) was allowed to grow (37°C, 250 rpm) till ODgoo = 0.5, cooled
down on ice for 5 min and centrifuged (5 min, 5000 rpm, 4 °C). The pellet was suspended in
1 ml pre-chilled 0.1 M CaCl, and centrifuged once again as above. The pellet was
resuspended in 9.0 ml pre-chilled 0.1 M CaCl, and centrifuged as above. The pellet was
finally resuspended in 1 ml pre-chilled 0.1 M CaCl, + 15% (v/v) glycerol and stored at -70°C

in aliquots of 100 pl of competent cells.

2.2.5.5.2 Transformation of calcium-competent E. coli

One pl plasmid DNA (5-10 ng/ul) or 1-5 pl of the ligation product was added to one aliquot
of calcium-competent cells (100 pul) and carefully mixed. The mixture was incubated on ice
for 1 h and heat-shocked in a water bath at 42 °C for 45 seconds. Cells were diluted with
650 ul LB medium and incubated under agitation (250 rpm) at 37°C for 1 h. Aliquots (100-
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200 ul) of the cell suspension were then spread on selective agar-plates and incubated at 37°C

overnight.

2.2.5.5.3 Preparation of electrocompetent E. coli

E. coli bacteria were inoculated in 10 ml LB medium and pre-cultured overnight (37°C,
250 rpm). On the following day, the pre-culture was used to start a fresh culture in 200 ml LB
medium till ODgop = 0.6. The culture was then cooled down on ice for 30 min and centrifuged
(5 min, 5000 rpm, 4°C). The cell pellet was washed in 50 ml pre-chilled sterile H,O,
centrifuged as above, re-washed in 25 ml of H,O and centrifuged again. The pellet was further
washed twice in 25 ml 10% (v/v) glycerol and resuspended in 10 ml cold GY T-medium. After
centrifugation, the cell pellet was resuspended in 2 ml GYT. Aliquots (50 pl) of competent

cells were shock-frozen in liquid nitrogen and stored at -70°C.

GYT: 10% (v/v) glycerol, 0.125% (w/v) selected yeast extract, 0.25% (w/v) trypton.

2.2.5.5.4 Preparation of electrocompetent A. tumefaciens

A. tumefaciens was inoculated in 3 ml YEB-Rif medium and pre-cultured for overnight
(28°C, 250 rpm). Cells were pelleted, diluted into fresh YEB-Rif (50 ml) and further cultured
till ODgoo = 0.5. The cell culture was cooled down on ice for 30 min and centrifuged
(5000 rpm, 4 °C) for 5 min. The pellet was resuspended in cold sterile HO and centrifuged as
above. The cells were further resuspended in the following solutions with centrifugations

(5000 rpm, 10 min, 4 °C) between the suspensions, as follows:

25 ml 1 mM Hepes pH 7.5

12.5 ml 1 mM Hepes pH 7.5

10 ml 10% (v/v) glycerol, 1 mM Hepes pH 7.5
5ml 10% (v/v) glycerol, 1 mM Hepes pH 7.5
2 ml 10% (v/v) glycerol

1 ml 10% (v/v) glycerol

Aliquots (40 pl) of the last suspension of electrocompetent cells were made, shock-frozen in

liquid nitrogen and stored at -70°C.

2.2.5.5.5 Transformation via electroporation (Tung and Chow 1995)

36



Materials & Methods

Aliquots of electro-competent cells were thawed on ice before transformation. 1 pl DNA of
the ligation product or plasmid DNA (approximately 5-10 ng/ul) was added to the electro-
competent cells and carefully mixed in a pre-chilled Electro—cuvette (Bio-Rad, Germany).
The DNA was brought into the cells by electroporation after a single pulse of 3 to 5 sec
(GenePulser II, Bio-Rad). Cells were immediately diluted in 1 ml YEB-mediun or 800 pl
SOC medium and cultured for another 1 h at 37°C (for E. coli) or 2-3h at 28°C (for A.
tumefaciens) under agitation at 250 rpm. 100 pl aliquots of the cell culture were spread on

selective media and incubated at appropriate temperatures (Table 3).

Table 3 Electroporation parameters of E. coli and A. tumefaciens cells

Transformation parameters E. coli A. tumefaciens
DNA Ligated vector or plasmid Only plasmid
Electro—cuvette 1 mm 2 mm
Capacity 25 uF 25 uF

Power 1.6 kV 2.5kV
Resistance 200 Q 400 Q
Incubation Medium SOC YEB
Incubation temperature 37°C 28°C
Incubation time for selecting clones 12-16 h 48-72 h

2.2.5.5.6 Biolistic transformation of Arabidopsis leaves

The preparation of the microcarriers and DNA coating were performed according to Sanford
et al. (1993) with a few modifications. Gold particles (1.6 um diameter) were used as
microcarriers for the bombardment and prepared as follows: 30 mg gold particles were
weighted into a 1.5 ml microfuge tube and vigorously vortexed in 1 ml of 70% ethanol (v/v)
on a platform vortexer for 3-5 min. The particles were further allowed to soak in the ethanol
solution for 15 min and spun down (10,000 rpm) for 10 seconds in a microfuge. The
supernatant was discarded and the gold particles were washed three times as follows: vigorous
vortexing for 1 min in 1 ml sterile water, 1 min pause to let the particles to settle, recovery of
particles by briefly spinning in a microfuge and removal of the liquid. After the third wash,
500 pl sterile 50% (v/v) glycerol were added to the particles to bring their concentration to
60 mg/ml, assuming no loss during the preparation. Prepared gold particles were stored at 4°C
in 50 pl aliquots for up to one month without decrease in the transformation efficiency. Fifty

microlitres of microcarriers were used for the coating procedure: 15 pl plasmid-DNA
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(1 pg/ul), 50 pul of 2.5 M CaCl, and 20 pl of 100 mM freshly prepared spermidine (Sigma
S0266, Munich, Germany) were in this order added to the gold suspension while vortexing for
3 min at maximum speed. The suspension was briefly centrifuged as above and the liquid
discarded. The particles were washed with 140 pl 70% (v/v) ethanol, spun down, re-washed
with 140 pl 100% ethanol and mixed, after centrifugation, with 30 pl 100% ethanol. The
particles were gently resuspended by tapping the side of the tube several times then by
vortexing at low speed for 2-3 seconds. Fifteen microlitres of the gold suspension were used
for each bombardment.

The bombardment procedure followed the PDS-1000/He manufacturer’s instruction (Bio-Rad,
Munich, Germany). Briefly, a plastic macro-carrier disk containing 15 pl of DNA-coated gold
particle (micro-carrier) suspension was placed into the macro-carrier holder along with a
stopping metal grid. The system macrocarrier-microcarrier-stopping grid was placed into the
launch assembly unit, as described by the manufacturer. Well-expanded Arabidopsis leaves
were arranged on a plate of solid MS medium and placed at 5-10 cm below the stopping
screen. Vacuum was then applied to increase the gas pressure within the bombardment
chamber. The release of the pressure led to the burst of the rupture disk and allowed the
macro-carrier to eject at high celerity the DNA-coated gold particles into the leaves. The
particles were accelerated with a helium pressure of 1150 pounds per square inch (psi) under a
vacuum of 27 mm Hg (3.6 MPa). After bombardment the leaves were incubated in water

overnight and analysed under a confocal laser microscope within 48 h.

2.2.5.5.7 A. tumefaciens-mediated transient transformation of Arabidopsis seedlings:
FAST assay (Li et al. 2009)
Ten to twelve day-old Arabidopsis seedlings were transiently transformed by the FAST (Fast
Agrobacterium-mediated Seedling Transformation) technique based on the co-cultivation of
Agrobacterium cells (GV3101::pMP90) harbouring the transgene in a binary vector with the
seedlings in a medium containing the surfactant Silwet L-77. One day before co-cultivation, a
single colony of A. tumefaciens was inoculated into 2 mL of YEB medium with appropriate
antibiotics (50 pg/ml kanamycin and 50 pg/ml rifampicin) and cultured at 28°C for 18-24 h.
On the day of co-cultivation, the saturated Agrobacterium culture was diluted to ODggo= 0.3 in
10 mL of fresh YEB medium without antibiotics. The cells were further grown at 28°C under
vigorous agitation until the ODggo reading reaches 1.5-2. After centrifugation at 6000 g for
6 min, the cell pellet was resuspended in 10 mL of washing solution (10 mM MgCl,). The cell

suspension was again pelleted by centrifugation at 6000 g for 5 min and resuspended in 1 mL
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washing solution as above. 30 to 50 seedlings were carefully transferred from plates into a
clean 100 x 20 mm Petri dish filled with 20 mL of co-cultivation medium (1/4 MS, 0.005%
Silwet L-77). Agrobacterium cell suspension was added to the co-cultivation medium to a
final density of ODgo = 0.5 and mixed well by gentle shaking. The Petri dish was wrapped
with aluminum foil and incubated in the plant growth chamber for 36-40 h. Plates were kept
without aluminum foil in the case of ALDH7B4 promoter study, as this gene is induced under
prolonged dark conditions. After the co-cultivation period, the medium was replaced with the
surface sterilization solution (0.05% sodium hypochlorite) and incubated for 10 min, washed
three times with H,O to remove epiphytic bacteria. Seedlings were finally incubated in 0.5X
MS, 500 pg/mL carbenicillin to inactivate remaining Agrobacterium cells prior applying the

stressors.

2.2.5.5.8 A.tumefaciens-mediated stable transformation of Arabidopsis plants

Arabidopsis transgenic plants were generated via A. tumefaciens-mediated transformation of
wild-type (Col-0) plants according to Clough and Bent (1998). The Agrobacterium clone
carrying the transgene was cultured (28°C, 250 rpm) in 250 ml YEB/kanamycin/rifampicin
(50 pg/mL kanamycin and 50 pg/mL rifampicin) until ODggo = 0.7 — 0.8. The cell suspension
was added with 0.05% (v/v) of the surfactant Silwet L-77 and collected in a 500 ml beaker.
Flowering plants with young inflorescences and un-opened flowers were carefully inverted
and immersed in the infiltration medium with gentle rotation for 20 sec. Care was taken to
immerge all the inflorescences in the solution. Dipped plants were thereafter returned to trays
and covered with plastic bags. A few holes were made on the bags for ventilation. Three days
after infiltration the plastic bags were removed and the plants were supported with wooden

sticks and grown until they set the first generation of seeds (T1).

2.2.6 Screening methods

2.2.6.1 Blue-white screening of bacterial colonies

This screening method was used to visually identify positive transformants. It was performed
after transformation with plasmids carrying the LACZ reporter gene. The LACZ gene codes
for the enzyme B-galactosidase and can be induced by isopropyl thio-B-D-galactoside (IPTG).
The pB-galactosidase enzyme metabolizes the substrate 5-bromo-4-chloro-3-indolyl-B-D-
galactopyranoside (X-gal) to a blue product visible in bacteria colonies. The insertion of the
transgene within the LACZ gene sequence hampers the synthesis of a functional

B-galactosidase, making the recombinant clones to appear white in the presence of X-Gal and
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IPTG, while untransformed clones become blue. LB-agar plates were first spread with 40 ul
of X-Gal (40 mg/ml in N, N-dimethylformamide; DMF) and 40 pl of 100 mM IPTG before
the cell plating.

2.2.6.2 Screening for transformed bacterial clones

Bacteria colonies were transferred onto fresh plates and assigned with different numbers,
which were considered throughout the screening process. The colonies were either used as
DNA source to amplify DNA inserts via PCR amplification (Colony-PCR) or used for
individual plasmid DNA mini-prep. The extracted recombinant plasmid DNA was then
analysed by restriction enzymes in order to confirm the presence of the insert-DNA and its
correct orientation, if required. All plasmid DNA constructs were thereafter sequenced.
Optionally, recombinant DNAs were further confirmed by DNA gel blot analysis using

specific radioactive probes to detect the fragment of interest.

2.2.6.3 Screening for transgenic Arabidopsis seeds

After transformation, the first generation of dried seeds (T1 seeds) was collected. The seeds
were surface-sterilized and sown on MS-agar plates containing 50 pg/ml kanamycin. Seeds
were let germinate and grow for 15 days. Transgenic T1 seedlings resistant to kanamycin
were easily detectable and appeared with green cotyledons and leaves. Instead, non-transgenic
seedlings become yellow and died. Transgenic seedlings (T1 lines) were transferred into soil-
pots and grown for the next generation of seeds (T2 seeds). Independent parents homozygous
for the kanamycin resistance were identified among the T2 plants after scoring the kanamycin

resistance rate of the T3 progeny.

2.2.6.4 Preparation of bacterial glycerol stocks

A bacterial colony of interest was picked from a selection plate and grown overnight at 37°C
with shaking (220 rpm) in 2 ml LB medium with the appropriate antibiotic. On the day after,
0.5 ml of the bacterial culture was thoroughly mixed to 0.5 ml of autoclaved 100% (v/v)
glycerin solution in an Eppendorf tube. The suspension was immediately frozen in liquid

nitrogen and stored at -80°C.

2.2.7 Reverse transcriptase (RT)-PCR analysis

For RT-PCR analysis 2-4 nug of total RNAs were treated with 10 U RNase-free DNase I
(Roche; Mannheim, Germany) in 10 pl reaction containing 1X DNase I buffer (20 mM
Tris/HCI pH 8.4; 50 mM KCI and 2 mM MgCl,) at 37°C for 5 min. Then, 1 pul of 25 mM
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EDTA was added and the reaction was heated at 65°C for 15 min to deactivate the DNase .
First-strand cDNA synthesis was performed using the Totalscript-OLS® Kit (OLS, Hamburg,
Germany) or the RevertAid™ H Minus First Strand ¢cDNA Synthesis Kit, (Fermentas,

Burlington, CDA) using the protocol provided with the kit.

2.2.8 Electrophoresis and blotting methods

2.2.8.1 Agarose gel electrophoresis

The size and the quality of DNA and RNA extracted from plants or bacteria were analysed by
0.8-1.2% (w/v) agarose gel electrophoresis. DNA or RNA was loaded on the gel and
separated by electrophoresis (small-size gel chamber: 65-70 mA, 45-60 min; mid-size gel
chamber: 100-120 mA, 45-60 min) in 1X TAE buffer using a 1 kb DNA ladder as reference,

if required. DNA fragments were visualized under UV light using ethidium bromide staining.

Agarose gel: 0.8-1.2% (w/v) agarose in 1X TAE bulffer.
Ethidium bromide solution: I mg/l ethidium bromide in 1X TAE
buffer.

2.2.8.2 DNA-blot analysis: (Sambrook et al. 1989)

Genomic DNAs were digested with appropriate restriction enzymes and size-fractionated on
agarose gel electrophoresis. The gel was successively soaked in 0.25 M HCI for 15 min,
alkaline denaturing buffer for 30 min and in neutralising buffer for 30 min with gentle
shaking. The gel was blotted overnight on the nitrocellulose Protran BA-85 membrane
(0.45 pm; Whatman, Maidstone, UK) using 10X or 20X SSC solution. The membrane was
pre-hybridised at 65°C for 3 h and hybridised overnight to a **P-labeled probe (see below) at
65°C in the Southern hybridization buffer (Sambrook et al. 1989). The membrane was
subsequently washed (2-3 x 20 min) in the washing buffer (2X SSC, 0.1% (w/v) SDS) and
exposed to a Storage Phosphor Imager Screen (Amersham Biosciences; Buckinghamshire,
England) for 1 to 6 days. The Phosphor Screen was scanned on Typhoon Scanner 9200

(Amersham Biosciences; Piscataway, NJ) and the picture was documented.
DNA hybridisation buffer (100 mL): 15 ml 4 M NaCl, 10 ml 0.1 M PIPES pH 6.8, 200 pl

0.5 M EDTA pH 8.5, I ml 10% (w/v) SDS, 10 ml 100X Denhardt’s solution, 63.7 ml distilled
H,O, 100 pl hering sperm or ssDNA (single-stranded DNA).
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2.2.8.3 RNA blot analysis

20-30 ug total RNAs were used in the RNA-blot assays. For 100 mL of 1% gel, 1 g of
agarose powder was first boiled in 62 ml water, cooled down to 60°C and mixed with 20 mL
10X MEN and 18 mL deionised formaldehyde (37% p. A.). The gel was immediately poured
and allowed to solidify at room temperature under a fume hood. RNA samples were diluted
with one volume of the RNA-blot loading buffer, heated at 70°C for 5 minutes and
immediately loaded onto the gel. The electrophoresis was performed in the RNA running
buffer at 100 mA till the blue marker has migrated at least 8 cm from the top of the gel. The
gel was directly blotted onto a nylon membrane (Hybond™-N, Amersham Biosciences;
Buckinghamshire, UK) overnight using 10X or 20X SSC as Northern-transfer buffer
according to Sambrook et al (1989) and Bartels et al (1990). Then, the membrane was allowed
to dry shortly between Whatman papers and exposed to the UV-lamp for 3 minutes for cross-
linking RNAs to the membrane. Optionally, the membrane was further baked at 80°C for
30 minutes, stained with methylene blue (see below) or directly kept within Whatman papers
at room temperature in a cool and dry place. The membrane was pre-hybridized for 3 h at
42 °C in a shaking water bath and hybridized overnight to a specific radioactive probe in the
RNA hybridization buffer (50% (v/v) formamide, 5X SSC, 10 mM PIPES pH 6.8, 0.1% (w/v)
SDS, 1X Denhardt’s, 100 pl denatured hering sperm or ssDNA). Equal loading of the RNA
samples was monitored by hybridizing the same membrane with an actin probe. The
membrane was washed (2 x 20 min at 42 °C and 1 x 20 min at 65 °C) in RNA-, DNA-blot
washing buffer (0.1% (w/v); SDS, 2X SSC).

RNA-blot loading buffer (1 ml): 50 pl 10X MEN, 175 pl 37% (p. A.) deionized
formaldehyde, 500 pl formamide, 20 pl 10%
(w/v) bromophenol blue and 255 pl 100%

glycerin.

RNA running buffer: dissolve 100 ml 10X MEN in 820 ml sterile
distilled H,O; add 80 ml 37% (v/v) deionized

formaldehyde to make one litre solution.

2.2.8.4 Staining of the RNA-blot membrane with Methylene Blue
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To check the efficiency of the transfer, the RNA-blot membrane was stained with a methylene
blue solution (0.04% Methylene Blue in 0.5 M sodium acetate, pH 5.2). The membrane was
immersed in the solution for 5-10 minutes at room temperature with gentle shaking. The
methylene blue solution was removed and the membrane washed with distilled water until
appearance of clear blue-stained RNA bands. A photograph of the membrane was taken. The
membrane was either immediately used for pre-hybridization or stored within Whatman
papers. The stain could be completely removed from the membrane by washing with 0.1-1%

sodium dodecyl sulphate (SDS) or with a pre-hybridization solution containing SDS.

2.2.8.5 Synthesis of o**P-DNA hybridisation probes (Feinberg and Vogelstein 1983)

A cDNA fragment or a PCR fragment from the gene of interest was used to synthesize the
probe. The PCR-fragment to use as probe was purified using the NucleoSpin® Extract II Kit.
The Hexalabel™-labeling Kit (MBI Fermentas; St. Leon-Rot, Germany) was used for
labelling the probe. Briefly, 10 ul of 10X hexanucleotides buffer were added to 100 ng DNA
probe and H,O to a final volume of 40 pl. The probe was denatured by heating for 5 min at
95°C and immediately cooled down on ice. The reaction was mixed with 3 pl Mix C (dANTPs
without dCTP), 2 pl «’*P-dCTP (10 uCi/ul) and 1 ul Klenow fragment. After incubation at
37°C for 10 min, 4 pl ANTP-Mix was added to reaction followed by incubation at 37°C for
5 min. The reaction was stopped by adding 50 pl of 1X TE pH 8.0. The labelled probe was
separated from the non-incorporated nucleotides using a 1 ml Sephadex G-50 column pre-
equilibrated with 1X TE buffer. Ten fractions of 100 ul eluates were collected. A Geiger
counter was used to identify the eluates with high specific radioactivity. The hot eluates were
pooled and the DNA probe was denaturated for 5 min at 95°C, quickly cooled on ice and

immediately used as radioactive probe for hybridisation.

2.2.8.6 Semi-quantitative analyses of the gene expression from the RNA blots

The intensity of the signals on the RNA-blots was quantified using ImageQuant Version 5.2
software. The signal intensity value for each sample and for a specific gene was divided by
that of the ACTIN-2 gene for the same sample. The resulting ratios for each sample were

plotted versus the time in Microsoft Excel.

2.2.8.7 Protein extraction from plant tissues (Laemmli 1970)
Crude proteins were extracted from 50-100 mg plant tissues ground under liquid nitrogen and

with metal beads by vigorous vortexing. The plant material was then homogenized with
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150-200 pl of Laemmli buffer (Laemmli 1970). The plant extract was transferred into a fresh
tube to recuperate the metal beads. The extract was heated at 95°C for 5 min, cooled down on
ice and centrifuged at room temperature at 14000 rpm for 5 min. The supernatant containing
crude total proteins was collected in a fresh tube and stored at -20°C. Samples were heated up

at 95°C for 2 min before loading on the gel.

Laemmli buffer (1X): 62.5 mM Tris-Cl pH 6.8; 10% glycerin; 2% SDS
(W/v); 0.1% bromophenol blue and 0.7 M (= 5%)
B-mercaptoehanol. Add freshly DTT at 0.1 M
final concentration to the needed volume of the

buffer just before use.

2.2.8.8 Extraction and analysis of recombinant ALDH proteins from E. coli cells
Recombinant proteins were extracted from E. coli BL21 (DE3) clones for enzymatic tests.
Growing bacteria (ODggo = 0.4-0.5) were induced with 1 mM IPTG and further cultured at
22-26°C for 3 h in the dark. 1 ml-culture sample was taken just before and every hour after
addition of IPTG then centrifuged at 8000 g, 4°C for 10 min. The supernatants were discarded
and the stored at -20°C. The bacteria pellets were resuspended in 200 pl pre-chilled 1X PBS,
5 mM DTT and 1% Triton-X100. The suspensions were sonicated on ice (Branson Sonifier;
6 x 20 seconds) for complete lysis and centrifuged for 10 min at 12000 g, 4°C. 50 pl of the
supernatant (soluble proteins) were diluted with one volume 2X Laemmli buffer (1970) while
the pellets or “inclusion bodies” were dissolved in one volume 1X Laemmli buffer (1970).
These samples were heated at 95°C for 10 min and immediately analysed by SDS-PAGE or
stored at -20°C.

2.2.8.9 Extraction and purification of the recombinant ALDH proteins by His-tag
affinity-chromatography
Soluble recombinant ALDH proteins were purified by metal ion chromatography on His-tag
binding columns under native conditions. The bacteria pellet from 100 ml culture previously
treated with IPTG was resuspended in 5 ml extraction buffer (50 mM HEPES-NaOH pH 7.4,
300 mM NaCl, 10% v/v glycerol, 0.1% v/v Triton X-100, pH 8.0; 1.5 mM B-mercapto-
ethanol added freshly) + 1 mg/ml lysozyme and 5 mM imidazole, incubated for 30 min on ice
and sonicated for complete lysis. The homogenate was centrifuged for 30 min at 12000 g, 4°C

and the supernatant filtered through a 0.45 p membrane. The column was first washed with
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3 volumes H,O, 5 volumes 50 mM NiSO4 and 3 volumes extraction buffer. The filtered
supernatant was loaded onto the column and allowed to drain freely by gravity. The column
was washed with 10 volumes buffer A and 8 volumes buffer B. The protein was eluted with
the buffer C in 250 pl fractions and stabilised by adding 1 mM PMSF, 0.5 mM NAD, 6 mM
DTT and glycerol to 50% (v/v). The purity of the protein fractions was verified by SDS-
PAGE analysis and the quantity of eluted proteins was estimated by the Bradford assay.
Aliquots of the non-purified supernatant and of the flow-through were analysed along with the
protein fractions. The column was regenerated with 100 mM EDTA, pH 8.0; 500 mM NacCl;
20 mM Tris-HCIL, pH 8.0. All buffers and solutions used for the assay were filter-sterilized
(0.45p).

Buffer A: extraction buffer + 5 mM imidazole
Buffer B: extraction buffer + 20 mM imidazole
Buffer C: extraction buffer + 250 mM imidazole

2.2.8.10 Aldehyde dehydrogenase activity of the recombinant ALDH protein

Affinity-purified ALDH proteins were used for the enzymatic tests. Enzymatic activities were
assayed with the spectrophotometer at 340 nm by monitoring the conversion of NAD" to
NADH at room temperature in 0.5 ml reaction. The reaction contained 100 mM sodium
pyrophosphate pH 8.0, 1.5 mM NAD (Roche, Mannheim, Germany) and variable amounts of
betaine aldehyde, 4-aminobutyraldehyde and 3-aminopropionaldehyde. Betaine aldehyde
chloride was purchased from Sigma-Aldrich (Steinheim, Germany) and directly used in the
enzymatic assay. 4-aminobutyraldehyde was prepared from its diethyl acetal (Sigma-Aldrich,
Steinheim, Germany) and 3-aminopropionaldehyde from 1-Amino-3, 3-diethoxypropane
(Alfa Aesar®, Karlsruhe, Germany). The acetals were hydrolysed at 100°C in 0.1 M HCl in a
plugged test tube for 10 min. The reaction was initiated by adding the affinity-purified
protein. To determine the kinetic parameters the extinction coeffcient € for NAD(P)H = 6.22
mM™ ecm™ was used. Kinetic constants (Km and Vmax) were calculated assuming Michaelis-
Menten-type performance of the enzyme and estimated from Hanes plots (Rudolph and

Fromm 1979).

2.2.8.11 SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
The SDS-PAGE was performed according to Laemmli (1970). The gel was made 4% (w/v)

acrylamide stacking gel and 12% (w/v) acrylamide separating gel as described below. Protein
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samples were boiled for 5 min at 95°C before loading onto the gel (10 cm x 10 cm). The gels
were run with 1X SDS-protein running buffer for about 2 h at 10-15 mA in the stacking gel
and 20-25 mA in the separating gel. The protein ladder (Fermentas; Burlington, CDA) used
contains: [-galactosidase (E. coli; 116.0 kDa), Bovine serum albumin (bovine plasma;
66.2 kDa), Ovalbumin (chicken egg white; 45.0 kDa), Lactate dehydrogenase (porcine
muscle; 35.0 kDa), Restriction endonuclease Bsp98I (E. coli; 25.0 kDa), B -lactoglobulin
(bovine milk; 18.4 kDa) and Lysozyme (chicken egg white; 14.4).

Table 4 Composition of the SDS-PAGE gel

Stock solution 4% Starking gel (3 mL) 12% Separating gel (7.5 mL)

Sterile H,O 2.16 ml 1.92 ml

30%(v/v) Acrylamide 0.50 ml 2.4 ml

1 M Tris-Cl pH 6.8 0.38 ml

1.5 M Tris-Cl pH 8.8 - 1.56 ml

10% (w/v) SDS 30 wl 60 pl

10% (w/v) APS 30l 60 pl

TEMED 3l 2.4l

1X SDS-protein running buffer, pH 8.2: 25 mM Tris; 192 mM Glycine; 0.1% SDS.
Do not adjust the pH!

2.2.8.12 Coomassie blue staining of SDS-PAGE

The SDS-PAGE was stained with the PageBlue™ Protein Staining Solution from Fermentas
(Vilnius, Lithuania). After electrophoresis the gel was placed in a tank and washed three times
with distilled water for 10 minutes. Then, 20 ml of the PageBlue Protein Staining Solution
was added to the gel with gentle agitation for 1 hour or overnight. The staining solution was
then removed and the gel rinsed 1-3 times 5 min with 100 ml of distilled water till the gel
background has become clear. The staining solution was used up to three times without any
decrease of the staining efficiency. Alternatively, the gel was stained with Coomassie blue
G-250 according to Zehr et al (1989). The gel was gently submerged in Coomassie staining
solution and kept shaking overnight. The gel was then fixed for 1-2 hours, washed 3 times
10 min with water and incubated in the staining solution on a shaker overnight. The gel was

distained after several washes with distilled water.
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Fixing solution: 50% (v/v) methanol; 10% (v/v) acetic
acid.
Coomassie staining stock solution: 100 g/l ammonium sulfate; 1% (v/v)

phosphoric acid; 0.1% (w/v) Coomassie
blue G-250.
Coomassie staining solution: 4 part Staining stock solution + 1 part

methanol

2.2.8.13 Ponceau-Red Staining

The Ponceau-Red staining was performed on the Western-blot membrane after protein
blotting and before the immuno-detection assay. The membrane was immersed, protein-side
up, in about 100 ml of the staining solution (0.2% [w/v] Ponceau S in 3% [w/v] TCA) and
gently shaked for 5-10 min. The staining solution was removed and the membrane distained
with H,0. The membrane was scanned and the positions of the standard proteins (in the

protein size marker) were marked with a pencil.

2.2.8.14 Protein-blot analysis

To specifically detect the protein of interest, the crude protein extract was subjected to
SDS-PAGE and electro-blotted at 100 V for 1 h from the gel onto a nitrocellulose Protran
BA-85 membrane (Whatman) using a pre-chilled protein-blot transfer buffer (PBTB) (Towbin
et al. 1979). The membrane was stained with the Ponceau-red solution (see above) and
blocked for 1h at room temperature or overnight at 4°C in the blocking solution. The
subsequent immuno-detection assay was performed by incubating the membrane at room
temperature for 1h with the gene specific antibody diluted in the blocking solution. The
degree of the dilution was empirically determined for each protein in the range from 1:1000 to
1:5000 (v/v) depending on the antibody used. The membrane was washed with TBST as
follows: once briefly, once for 15 min and three times for Smin. The membrane was then
incubated for 45 min at room temperature with 5000-fold diluted anti-rabbit IgG coupled to
horseradish peroxidase (secondary antibody), washed again several times as described above.
The presence of the target protein was revealed by using the ECL Plus Western Blotting
detection Kit (Amersham, Braunschweig, Germany). The complex antigen-antibody is
detected on the membrane by chemiluminescence under a CCD camera (Intelligent Dark Box

I1, Fujifilm Corporation).
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10X TBS, pH 7.5: 200 mM Tris-HC1 (24.2 g/L); 1.5 M
NaCl (87.6 g/L); add H,O to 1 L after
adjusting the pH with fuming HCL

TBST solution: 1X TBS + 0.1% (v/v) Tween-20.

Protein-blot transfer buffer (PBTB): 25 mM Tris, 192 mM glycine, 20% (v/v)
methanol. Do not adjust the pH!

Blocking solution: 4% (w/v) not-fat dry-milk powder
dissolved in TBST solution.

2.2.8.15 Purification of ALDH-specific IgG antibodies from a crude antiserum

In cases where the antiserum did not allow the specific detection of the protein of interest, the
antibodies were further affinity-purified as mono-specific antibodies. Briefly, the recombinant
form of the protein was first immobilized onto a nitrocellulose membrane after SDS-PAGE.
The areas of the membrane containing the protein were revealed by Ponceau staining and
were then cut into pieces of 1.5 cm length. These membrane strips were incubated for 1 h at
RT in a blocking solution (50 ml of 1X TBS and 4% (w/v) not-fat dry-milk powder). Then,
0.5 ml (or more — depending on the titer) of the crude serum was added to the blocking
solution and further incubated with the membrane strips as above. The blocking solution was
removed and the strips washed once with 1X TBS, 0.2% Tween-20 for 20 min and 2 x 20 min
with 1X TBS. After discarding the last wash, the membrane strips were soaked in “X” volume
of 0.2 M glycine-HCI, pH 2.2 for 1 min with gentle vortexing to elute the protein-specific
IgGs. The glycine solution was saved in a fresh vial. The membrane strips were neutralized
with 1/6 volume “X” of 1 M Tris-Cl, pH 8.8 for 10-20 seconds. The 1/6 vol “X” of 1M
Tris-HCI containing residual IgGs from the strips was used to neutralize the glycine solution
as well. This mixture contains the protein mono-specific IgGs and was directly added to 50 ml
blocking solution and used up to 5 times as primary antibody for immuno-detection in

protein-blot assays. The membrane strips were stored in 1X TBS, 0.2% sodium azide at 4°C.

2.2.9 Stress experiments with bacterial cells
For stress experiments, transformed E. coli BL21 cells were pre-cultured in 10 ml LB
medium containing 50 mg/l kanamycin for 12 h at 37°C. A fresh culture was initiated from

the pre-culture. The expression of the recombinant protein was induced by adding IPTG to a
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final concentration of 0.1 mM to bacterial cultures at log phase (ODgpp = 0.3). The bacteria
were further incubated at 21°C for 1 h then H,O, and NaCl were added as stressors to a final
concentration of 1 mM and 500 mM, respectively. Cell density was measured as ODgq at
different time-points. The relative cell growth was calculated as the ratio of the ODgq in the

presence of IPTG + (NaCl or H,O;) to the OD ¢ in the presence of only IPTG.

2.2.10 Plant stress treatments

2.2.10.1 Stress treatment of seedlings

For in vitro experiments, seeds were sown on MS-agar medium. A germination test was
performed as described by Jung et al. (2008) with a few modifications. Approximately
50 seeds were placed on MS-medium containing 2% (w/v) sucrose and different
concentrations of NaCl or mannitol. To break the dormancy, seeds were incubated at 4°C for
3 d in the dark prior to be placed in the growth chamber. Six days later the percentage of
germinated seeds related to the total number of plated seeds was calculated. Seeds were
counted as germinated when the roots and/or the 2 green cotyledons became visible. Next,
seedlings were collected and weighed 14 days after germination. Accumulated fresh weight
was compared with respect to the genotypes and the treatments. For gene expression analysis,
seedlings were removed from the plates and air-dried or incubated in NaCl solutions for the
indicated time-periods. Seedling samples were collected, frozen in liquid nitrogen and kept at

-70°C or immediately used for various analyses.

2.2.10.2 Stress treatment of soil-grown plants
Besides the in vitro stress experiments, the performance of soil-grown plants was also
investigated under stress conditions. Fifteen day-old seedlings were transferred into soil and

allowed to grow for two more weeks in short-day conditions before applying stressors.

2.2.10.3 Drought stress treatment

Drought stress was imposed to adult plants by withholding watering for 10-14 days. Leaf
samples were collected for phenotypic and biochemical analyses. For gene expression
analyses, dehydration experiments were performed with seedlings or detached leaves placed

on filter paper and air-dried at room temperature for various time-periods.
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2.2.10.4 Salt and Paraquat® stress treatments

To analyse the salt tolerance in adult plants the soil-grown plants were watered every two
days with water or water containing different concentrations of NaCl (0-300 mM) for
10-14 days. For Paraquat® treatments, plants were sprayed with 10 uM methyl viologen
(Paraquat®). Phenotypic traits were recorded and biochemical analyses (MDA, proline and
H,0O, contents) were performed on leaves and/or root samples. For gene response studies,
salinity and Paraquat® treatments were carried out by incubating up-rooted plants or detached
leaves in NaCl solutions (0-250 mM) or a freshly prepared Paraquat® solution for the

indicated time-periods.

2.2.11 Biochemical analyses and microscopy

2.2.11.1 Determination of chlorophyll content (Arnon 1949)

The leaf tissues (20-60 mg) were ground in Eppendorf tubes with metal beads under liquid
nitrogen and homogenized in 2 ml 80% (v/v) aqueous acetone. The suspensions were
incubated in the dark at room temperature under shaking for 30 min then centrifuged for
5 min at 10000 rpm at room temperature. The absorption of the extracts was measured at
663 and 645 nm. The chlorophyll content was estimated by the formula:

C (mg FW™) = 0.002 x (20.2 x ODgss + 8.02 x ODgs3) / g FW where C expresses the total
chlorophyll content (chlorophyll A + chlorophyll B).

2.2.11.2 Lipid peroxidation assay

The level of lipid peroxidation products was measured in the plant tissues by using the
thiobarbituric acid (TBA) test, which determines the amount of malondialdehyde (MDA) as
the end product of the lipid peroxidation process (Hodges et al. 1999; Kotchoni et al. 2006).
The plant tissues (20-60 mg) were ground in Eppendorf tubes as described above and
homogenized in 1 ml pre-chilled 0.1% (w/v) trichloroacetic acid (TCA) solution. The
homogenates were centrifuged at 13000 rpm for 5 min at 4°C. When using more starting plant
material the pellet was once again re-extracted with 1 ml of the same solvent and the
supernatants were collected in a fresh tube and thoroughly mixed. 500-600 pl of the
supernatant were added to one volume of the Reagent Solution II (RSII; RSI + 0.65% TBA)
in a 15 ml-Falcon tube. The samples were vigorously mixed and boiled at 95°C in a water
bath for 25 min. The reaction was stopped by placing the tube on ice and the samples were
centrifuged at 5000 rpm for 5 min at 4°C. Absorbances were read with a spectrophotometer at

440 nm (sugar absorbance), 532 nm (maximum absorbance of pinkish-red chromagen,
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product of the reaction of MDA with TBA) and 600 nm (turbidity). 0.1% (w/v) TCA was

used as reference solution. The MDA contents were estimated by the formula:

MDA equivalents (nmol ml™) = [(A-B)/157 000] x 10° where A = [(Abs 532rsi — Abs

600gsi)] and B = [(Abs 440 rsii — Abs 600 rsyr) x 0.0571].

MDA equivalents (nmol g* FW) = MDA equivalents (nmol ml™) x total volume of the

extracts (ml) / g FW or number of seedlings.

Reagent Solution I (RSI): (20% w/v TCA and 0.01% Butylated
hydroxytoluene (BHT))

2.2.11.3 H,0; measurement

H,0, was measured according to Velikova et al. (2000). Briefly, 20-60 mg plant material was
ground to a fine powder with liquid nitrogen and metal beads in an Eppendorf tube,
homogenized in 2 ml of 0.1% (w/v) TCA and incubated for 5 min on ice bath. The mixture
was centrifuged at 13000 rpm for 10 min at 4°C. Then, 0.5 ml of supernatant was mixed to
0.5 ml of 10 mM potassium phosphate buffer, pH 7.0 and the reaction was started with
addition of 1 ml 1 M KI. In parallel, Iml 1 M KI was mixed with 1 ml of H,O, standards
(5, 10, 25, 50 uM) prepared with 10 mM potassium phosphate buffer, pH 7.0. The mixtures
were kept in the dark at room temperature for 20 min and the absorbance was read at 390 nm
using 10 mM potassium phosphate buffer, pH 7.0 as blank. H,O, contents of plant samples
were estimated from a standard curve obtained with standards of H>O, by the following
formula:

H,0, (umol g* FW) = (Estimated concentration x volume of extract in L) / g FW.

2.2.11.4 Proline determination

Free proline was determined according to the method of Bates et al. (1973). Approximately
100 mg plant material was ground in liquid N, with metal beads and homogenized in 2 ml of
3% (m/v) sulphosalicylic acid. The mixture was centrifuged at 4000 rpm for 5 min. 1 ml of
ninhydrin acid and 1 ml of glacial acetic acid were successively added to 1 ml of the
supernatant or standard L-proline solution (1, 5, 10, 25 and 50 pM). The mixture was boiled
for 60 min and extracted with 2 ml of toluene. Free proline was quantified with a
spectrophotometer from the upper organic phase at 520 nm by using a standard curve
obtained from various concentrations of L-proline. The following formula was used:

Free proline content (umol g FW) = (Estimated concentration x volume of extract in L) / g
FW.
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2.2.11.5 GUS staining of Arabidopsis leaves

To study the expression pattern of ALDH gene promoters, transgenic seedlings or adult plant
leaves were stained for the B-glucuronidase (GUS) reporter gene expression. The GUS
enzyme catalyses the cleavage of the colourless substrate X-Gluc (5-bromo-4-chloro-3-
indolyl-B-D-glucuronide) to an intermediate product that undergoes a dimerization leading to
an insoluble blue precipitate known as dichloro-dibromo-indigo (CIBr-indigo). The ability of
CIBr-indigo to precipitate was used to trace the in Situ expression of the GUS gene driven by
the ALDH promoter.

2.2.11.6 GUS-Assay with X-Gluc as substrate (Jefferson et al. 1987)

The in-situ detection of the GUS activity was performed according to Jefferson et al. (1987).
Plant tissues were incubated in the GUS-staining buffer at 37°C overnight (14-16h). The
tissues were distained in 80% (v/v) ethanol solution at 80°C where they lose the chlorophyll
then kept in 10% (v/v) glycerol. Photographs of the tissues were taken under a dissecting
microscope (Nikon SMZ-800; Diisseldorf, Germany).

GUS-staining buffer: 0.5 mg/ml X-Gluc (NB: first dilute the X-Gluc in DMF: 100 ul DMF
per 10 mg X-Gluc); 50 mM NaH,PO,4 buffer pH 7.2; 0.1% (v/v) Triton X-100; 8 mM
B-mercaptoethanol freshly added.

2.2.11.7 Fluorometric detection of the GUS activity

The fluorometric assay of the GUS activity was carried out from ground plant tissues
according to the method of Jefferson et al (1987) with minor modifications. In this assay, the
fluorogenic  substrate 4-methylumbelliferyl-glucuronid (4-MUG; Sigma, Steinheim,
Germany) is cleaved by the enzyme to the fluorescent product 4-methylumbelliferone
(4-MU). About 50-100 mg of plant material was ground as described above with metal beads,
homogenized in 100-150 pl extraction buffer (50 mM sodium phosphate, pH 7, 10 mM
EDTA, 0.1% (v/v) TritonX-100, 0.1% (w/v) Na-lauryl sarcosine) and centrifuged
(14000 rpm, 4°C) for 10 min. The protein concentration of the crude extract was determined
from 5 pl of each sample by the Bradford assay (Bradford 1976) using a kit (Bio-rad). Then,
10-15 pl (sample volume) plant extract was mixed with one volume 1 mM 4-MUG and the
reaction was incubated at 37°C. A control reaction was made with one volume 4-MUG and
one volume extraction buffer without plant extract. Five microlitres (volume per test) were

removed periodically from each reaction and diluted in 2 ml (reaction volume) stop buffer
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(0.2 M sodium carbonate: Na,COs, pH 9.5). The fluorescence intensity (FI) of the samples
was read in a fluorometer (Bio-rad) using filters with excitation at 365 nm and emission at
455 nm. Standard solutions of Na,COs, pH 9.5, containing 5, 10, 25, 50 and 100 nM 4-MU
were used to generate a standard curve (FI versus pmol 4-MU) and to calculate the slope x
(FI/pmol 4-MU). Samples’ FI values were also plotted versus time (min). The slope Yy
(FI/min) was calculated for each sample and for the control reaction. Each y-value was
corrected by subtracting the y-value of the control reaction. The specific GUS activity for

each sample was expressed as 4-MU pmol/min/mg protein by the following formula:

GUS activity of extract (pmol 4-MU/min/mg protein) = (corrected y / X) x [reaction volume
(ml) / volume per test (ml)] x [1 / sample volume (ml)] x [1 / extract concentration (mg

protein/ml)].

2.2.11.8 In situ visualization of lipid peroxidation-derived aldehydes

Aldehydes that are generated from the lipid peroxidation were stained and visualized in situ
using Schiff’s reagent as described by Yin et al. (2010). Detached leaves that were previously
treated with stressors were soaked in the Schiff’s reagent (Merck; Darmstadt, Germany) for
20 min, rinsed with a freshly prepared sulfite solution (0.5% [w/v] K2S;05 in 0.05 M HCI)
and kept in the sulfite solution. Then leaves were immediately and observed under a

dissecting binocular microscope (Diisseldorf, Germany).

2.2.11.9 Microscopic observation of the GFP activity in bombarded leaves
The expression of the GFP in leaves was examined within 48 h after the particle

bombardment. Single leaves were mounted in distilled water between two micro-cover glass
slides of 0.13 to 0.17 mm thickness (VWR International, Darmstadt, Germany). The leaf was
analysed using an inverted confocal laser microscope (Nikon Eclipse TE2000-U/D-Eclipse
C1, Nikon; Diisseldorf, Germany) with excitation light at 488 nm and emission at 515 nm.
Chloroplast auto-fluorescence was observed with excitation at 543 nm and emission at

570 nm. Images were processed with EZ-C1 version 3.20 (Nikon, Diisseldorf, Germany).
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3. RESULTS
3.1 Betaine aldehyde dehydrogenase genes from Arabidopsis with different

subcellular localizations affect stress responses

Arabidopsis thaliana belongs to the plants that do not naturally accumulate glycine betaine
(GB), although its genome contains two genes, ALDH10A8 and ALDH10A9, that code for
betaine aldehyde dehydrogenases (BADHs). BADHs were initially known to catalyse the last
step of the biosynthesis of GB in plants. But, they can also in some cases oxidize metabolism-
derived aminoldehydes to their corresponding aminoacids. This study was undertaken to

understand the functional properties of the two Arabidopsis BADH coding genes.

3.1.1 Comparison of BADH gene sequences

Both ALDHI0AS (At1g74920) and ALDH10A9 (At3g48170) belong to the family 10 of the
superfamily of ALDH proteins. ALDH10A8 and ALDH10A9 mRNAs respectively contain a
protein coding sequence of 1506 and 1512 bp. Sequence comparison using the Vector NTI
program indicated that both mRNAs share 68.8% of nucleotide identity. At protein level,
89.5% of amino acid sequence homology and 79.0% of amino acid residue identity were
found between ALDHI10A8 and ALDH10A9. The ALDH10A8 and ALDH10A9 proteins
respectively contain 501 and 503 amino acid residues. The last three amino acids of
ALDHI10A9 constitute the SKL signal that predicts a localization of the protein in
peroxisomes (Reumann 2004). Unlike ALDH10A9, ALDH10A8 does not contain any
obvious targeting signal. So far, nothing is known on the expression pattern of these genes,
nor their functions. These questions were addressed in this study starting from the expression

analysis at the transcription level.

3.1.2 Expression patterns of ALDH10A8 and ALDH10A9 genes

ALDH10A8 and ALDHI10A9 transcript accumulation was analysed in A. thaliana (Col-0)
wild-type plants. Four week-old plants were removed from the soil and incubated in water
supplemented with 100 pM ABA, 200 mM NaCl or 10uM methyl viologen for 72 h.
Alternatively, they were kept in water at 4°C for the chilling stress. RNA-blot analyses
indicated that both the ALDH10A8 and ALDH10A9 transcripts did not significantly increase
upon these treatments (Fig. 1a). The slight changes in the gene expressions were brought out

by the semi-quantitative analysis of signals on the RNA-blots. Based on the expression

54



Results

pattern of the cold and dehydration responsive gene RD29A, it appeared that highest gene
expressions started after 8 h of the treatments. With regards to this, the semi-quantitative
analysis of the RNA-blot signals at the time-point 8h revealed that ALDH10A8 and
ALDHI10A9 are inducible by ABA, and to a lesser extent by NaCl, chilling and methyl
viologen (Fig. 1b). As for the dehydration treatment, both genes showed increasing
expression over a 24 h period, with ALDH10AS having all the time the higher level (Fig. 1c¢).
These results suggest that the ALDH10A8 and ALDH10A9 genes are stress-responsive.
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Fig. 1 Expression of the ALDH10A8 and ALDH10A9 transcripts in 4 week-old plants under various
stress conditions. (a) RNA blots: Total RNAs were used for the blots. **P-labelled ALDH10AS,
ALDH10A9, Ath-ACTIN2 (An et al. 1996) and Ath-RD29A (Yamaguchi-Shinozaki and Shinozaki 1993)
cDNA fragments were used as probes. The Ath-ACTIN2 probe was used to monitor loading of RNAs
whereas the Ath-RD29A probe allowed monitoring the efficiency of the stress treatments. (b,c) Semi-
quantitative analysis of the RNA-blot signals: The intensity of the signal of each sample was related to that
of the ACTIN-2 gene at the same time-point, as described in Material and methods. Shown are the
comparative analyses of ALDH10A8 and ALDH10A9 expression under ABA, NaCl, chilling (4°C) and
methyl viologen (MV) after 8 h (b) and under dehydration (c).
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3.1.3 Sub-cellular localization of ALDH10A8 and ALDH10A9 proteins
The protein sequence of ALDHI0AS does not contain an obvious sub-cellular localization
signal. To identify the sub-cellular localization of this protein, different GFP fusion constructs

were generated and analysed. Table 5 lists all GFP fusion constructs that were analysed.

Table 5 Overview of the aldehyde dehydrogenase-GFP constructs

Position of GFP in the

Construct Hybrid gene® hybrid gene
ALDHI10A8-140 1-420 bp 5’ of ALDH10AS fused to GFP C-terminal
ALDHI10AS8-73 202-420 bp 5’ of ALDH10AS8 fused to GFP C-terminal
ALDH10A8-501 Full-length CDS (1-1503 bp) of ALDH10A8 fused to GFP N-terminal
ALDH10A9-180 970-1509 bp of 5> ALDH10A9 fused to GFP N-terminal

*Nucleotides are counted from the ATG of the full-length coding sequence of ALDH genes

Two GFP fusion constructs were made in pGJ280 for the ALDH10A8 cDNA: 1) the first
420 nucleotides (amino acids +1 to +140) were fused in frame to the GFP via engineered Ncol
sites to generate the ALDH10AS8-140-GFP expression construct (Schmitz 2007) ii) the cDNA
fragment coding for the amino acids +68 to +140 was fused to GFP to yield the construct
ALDH10A8-73-GFP (this work), which lacks the first 67 amino acids, as compared to
ALDHI10AS8-140. In addition, the full-length protein coding sequence was sub-cloned
downstream of the GFP in the pPG-Tkan vector via engineered BamHI sites to yield the
GFP-ALDHI10A8-501 construct (this work). ALDHI0A8-140 and ALDHI10AS8-73 are
N-terminal ALDH-GFP fusion constructs whereas in ALDH10A8-501 the GFP is N-terminal
and the ALDH is downstream of the GFP. The expression cassette in ALDH10AS8-140 was
next subcloned into the HindIlI site of pBIN19 for stable transformation in planta (Schmitz
2007). The pPG-Tkan vector was also used for the construction of the ALDH10A9-GFP
fusion (Schmitz 2007). It was shown that transgenic plants expressing the ALDH10A8-140
construct show green fluorescing organelles that appear often pairwise and possess
cytoplasmic strands (Schmitz 2007; Fig. 2a-c¢). Similar observations were made from
Arabidopsis leaves transiently transformed by particle bombardement with the same construct
(Schmitz 2007). These organelles are smaller than the surrounding chloroplasts, suggesting a

localization in leucoplasts (Fig. 2a-c).
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Fig. 2 Sub-cellular localization of ALDH10A8- and ALDH10A9-GFP fusion proteins. ALDH10A8— and
ALDH10A9-GFP fusion constructs (Table 5) were expressed in A. thaliana plants. The names of the different
constructs are indicated on the left hand side. Leaves were viewed under the fluorescence microscope with
appropriate filters. (a—c) The sub-cellular localization of the ALDH10A8 (N-terminal 140 amino acids)-GFP
fusion protein (scale bar: 10 um). Please see the rest of the legend on the next page.
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Fig. 2 Sub-cellular localization of ALDH10A8- and ALDH10A9-GFP fusion proteins. (d—f) The sub-
cellular localization of the ALDHI10AS8 (N-terminal amino acids: +68 to +140)-GFP fusion protein (scale bar:
100 pM). (g—i) The sub-cellular localization of GFP-ALDH10AS (full length protein; amino acids: +1 to +501)
fusion protein (scale bar: 100 pm). (j): photographs of epidermis cells of wild-type Arabidopsis leaves treated
with Lugol reagent (red scale bar: 4 um); leucoplasts appear brownish and are localized around the nucleus.
(k-m) The sub-cellular localization of ALDH10A9 (C-terminal amino acids: +324 to +503)—-GFP fusion protein
(scale bar: 50 pm). (a, d, g, k) GFP fluorescence alone; (b, e, h, 1): chlorophyll auto-fluorescence;
(c, f, i, m): merged chlorophyll and GFP fluorescence together. Arrows in (a) indicate fluorescent leucoplasts in
cells of transgenic plants, arrows in (j) point to leucoplasts in cells of wild-type plants. Photographs of
ALDH10AS8-140 and ALDH10A9-180 are from stably transformed plant leaves whereas ALDH10A-73 and
ALDH10A8-501 pictures are from transiently transformed leaves.

To support this finding, Arabidopsis rosette leaves of wild-type plants were incubated with
Lugol reagent for 5-10 min at 37°C. Microscopic observations of epidermis cells from Lugol-
treated leaves under bright field showed starch-containing leucoplasts with an intense brown
colour coinciding with the fluorescent signal surrounding the nucleus (Schmitz 2007; Fig. 2j).
Complementary experiments were carried out in this work with two additional constructs,
ALDHI10AS8-73 and ALDH10AS8-501. When the first 67 N-terminal amino acids are deleted
from ALDH10A8-140 (ALDH10AS8-73), the green fluorescence was not observed anymore in
the leucoplasts, but in the cytoplasm (Fig. 2d-f). Likewise, the GFP signal appeared in the
cytoplasm for the ALDHI10A8-501 construct, where the original N-terminal part of the gene
was placed in the middle of the construct by engineering the GFP protein in front of the
ALDHI10AS coding sequence (Table 5; Fig. 2g-i). These observations confirm the presence
of a leucoplast targeting signal within the 67 the N-terminal amino acids of the ALDH10A8
protein. The ALDHI10A9 protein is predicted to be localized to peroxisomes as it has the
peroxisome targeting-signal SKL (Reumann 2004). Experimental evidence was reported

previously (Schmitz 2007; Klug 2008; Fig. 2k-m).
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3.1.4 [Isolation of homozygous ALDH10A8 T-DNA insertion mutants

To investigate the possible function of ALDH10A8 and ALDH10A9 genes T-DNA insertion
mutants, SALK 079892, KO8-1, KO8-2, KO9 and SALK 066181, were obtained for the
ALDH10A8 and ALDH10A9 genes. The line SALK_079892 contains a T-DNA insertion
within the 9" intron of ALDH10A8 and this was confirmed by PCR using the primer pairs
A3-T2 and T3-A4. The gene is still expressed in isolated homozygous plants. Therefore, this
line was not further analysed. Sequence analysis revealed that the KO8-1 mutant harbours a
T-DNA insertion in the 3’UTR (3’untranslated region; 10 nucleotides after the stop codon
TAA in the 15th exon), whereas the KO9 mutants contained a T-DNA insertion
162 nucleotides upstream of the ATG translation start codon (Fig. 3).

T2 T3

L3 G2

Fe- LB RE LB RB

Ad

5’ 3!

»*
A3 SALK 079892 *  Kogo -
M KO®T
ALDH10AS

B%HH.Z,H_E

SALK_066787
ALDH10AS

Fig. 3 Schematic representation of the ALDH10A8 and ALDH10A9 genes with the location of T-DNA
insertion lines. Intron-exon structure of ALDH10A8 and ALDH10A9 genes and locations of the T-DNA
fragments. 5’UTR, introns and 3’UTR are represented as horizontal lines and exons are depicted as filled boxes
according to the organisation of the genes on the TAIR website (http://www.arabidopsis.org). Names of mutants
are shown in pink under the insertion site. Arrows represent the primers and their locations in the genes —
Al: AY093071 RT fwd; A2: AY093071 RT rev; A3: Aldh9-fwd; A4: Aldh9-rev; G2: Gabi_ 10A8 rev;
L3: pSKTAIL-L3; T3: pROK-Lba3; T2: pROK-FISH2; B1: KO10A9 fwd; B2: KO10A9 rev; B3: Aldh8-fwd;
B4: Aldh8-rev; S2: Sail 10A9 rev. See Materials and methods section for the primer sequences. LB: T-DNA
left border; RB: T-DNA right border.
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The presence of the T-DNA was confirmed by PCR with the following primer pairs: A1-G2
for the line KO8-1 and S2-B2 for KO9. Homozygous mutant plants were isolated (Fig. 4a)
and analysed for the expression of both ALDH genes by RT-PCR. The ALDH10A8 transcript
is absent in KO8-1 plants as compared to the wild type (Fig. 4b). But it was found that the T-
DNA insertion in that line also disrupted the expression of the adjacent gene Atlg74910
(Fig. 4c¢). Therefore, the line KO8-2, an allelic T-DNA insertion mutant of KO8-1 was
obtained from the Saskatoon Arabidopsis T-DNA collection and investigated. The presence of
the  T-DNA at the indicated position was confirmed as above using the primer pairs A1-L3
and A3-L3 (Fig. 3).This mutant represents a single knock-out of the ALDH10A8 gene (Fig.
4d).
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Fig. 4 Molecular characterisation of ALDH10A8 and ALDH10A9 T-DNA insertion lines. (a) Genotyping
of T-DNA insertion lines. Genomic DNA isolated from both wild-type (Col-0) and mutants were used to
amplify the ALDH10A8 (upper middle and left) and ALDH10A9 (upper right) genes. Similarly, gene/T-DNA
junctions were amplified for both genes as described in Materials and methods; lower middle and left:
ALDH10A8; lower right: ALDH10A9. (b) RT-PCR analyses of ALDH10A8 and ALDH10A9 transcripts in
wild-type (Col-0), KO8-1 and KO9. First-strand cDNAs were synthesized and amplified by PCR from wild-
type (Col-0) and homozygous mutants (Col-0 background) total RNA samples. (¢) RT-PCR analyses of
At1g74910 transcripts in KO8-1. ACTIN-2 and ALDH10A8 RT-PCRs are shown for comparison. (d) RT-PCR
analyses of ALDH10AS transcripts in KO8-2. WT: wild-type; KO9: ALDH10A9 mutant; KO8-1 and KO8-2:
ALDH10A8 mutants; G: wild-type genomic DNA was used as control. C: Negative control for PCR performed
with water instead of DNA. L: 1 kb DNA ladder.
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The analysis of the segregation ratio of the herbicide glufosinate ammonium resistance in
KO8-2 seedlings was performed as described by Robinson et al. (2009). It revealed that the
line contains a single T-DNA insertion. As for the KO9 line, the ALDHI10A9 transcripts are
still present in the plants, indicating that the expression is not affected by the T-DNA
insertion. Another T-DNA insertion line (SALK_066181) with the T-DNA fragment inserted
in the 10™ intron of ALDH10A9 was also screened. The primer pairs B3-B4 and B3-T2 were
used for PCR to identified homozygous plants. But again the gene was still expressed as
checked by RT-PCR (data not shown). No other knock-out line is available for ALDH10A9.

Therefore subsequent experiments were only performed with KO8-2 plants.

3.1.5 Functional analysis of the ALDH10A8 T-DNA insertion mutant KO8-2

The susceptibility of ALDH10A8 deficient plants to abiotic stress was investigated in
seedlings and adult plants. Seeds were first germinated and grown in vitro on MS-medium
supplemented with 100 mM NaCl or 200 mM mannitol. As shown in Fig. 5 KO8-2 seedlings
showed more chlorosis together with high accumulation of anthocyanins on salt or mannitol

containing medium.

KO8-2

Fig. 5 Photographs of WT and KO8-2 seedlings on MS-plates 14 days after germination. A. thaliana
wild-type and transgenic seeds were surface-sterilised and sown on MS-agar plates supplemented either
with either 100 mM NaCl or 200 mM mannitol.
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Under stress conditions plant membrane lipids are oxidised, which often leads to the
accumulation of the toxic compound malondialdehyde (MDA) (Sunkar et al. 2003; Kotchoni
et al. 2006). Consistent with the visual observations, there was no difference in MDA contents
of WT and KO8 seedlings under control conditions. However, KO8-2 plants accumulated
more MDA than WT when grown on MS medium supplemented with 100 mM NaCl
(Fig. 6a). Likewise, the MDA content was higher in mutants than the wild-type when
seedlings were grown on MS agar supplemented with 200 mM mannitol (Fig. 6b).
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Fig. 6 MDA contents in unstressed and stressed WT and KOS8-2 seedlings. (a): 100 mM NaCl,
(b): 200 mM mannitol. Data are means = SE from three biological replicates; Differences between WT and
KO8-2 are shown with (*) when significant; P < 0.05, Student t-test.
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To analyse the salt and drought response in adult plants, seedlings were transferred to soil and
allowed to grow in pots for two weeks. The pots were watered every two days with water or
with water containing 300 mM NaCl for 10 days. Alternatively, drought stress was imposed
by withdrawing water for 10 days. As shown in Fig. 7a and Fig. 7b, adult KO8-2 plants
accumulated higher MDA levels than WT upon salt and drought stress. The MDA contents

were similar in regularly watered WT and KO8 mutants.
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Fig. 7 MDA contents in adult WT and KO8-2 plants. (a): 300 mM NacCl; (b): 10 day-drought stress.
Data are means + SE from three biological replicates; Differences between WT and KO8-2 are shown
with (*) when significant; P < 0.05, Student t-test.
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Like glycine betaine, proline is a compatible solute that accumulates in plants under stress
conditions. Free proline content was quantified from the mutants and the WT under control
and stress conditions. No difference was observed in the free proline content of the WT and

KO8 plants (Fig. 8).
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Fig. 8 Free proline content in adult WT and KO8-2 plants. Drought and 300 mM NaCl were used as
stressors for 10 days. Data are means = SE from three biological replicates.

Altogether, the results show that the disruption of the ALDH10A8 gene expression has

negatively affected the sensitivity of plants to salt and dehydration stresses.

3.1.6 Enzymatic properties of the recombinant ALDH10A9 protein

To examine the function of the Arabidopsis BADH coding genes the coding region of
ALDH10A8 and ALDH10A9 cDNAs were cloned in the pET-28a (+) expression vector
(Novagen, Novagen Inc., Madison, WI, USA). An ALDHI10A8 cDNA fragment was
generated by PCR from the clone pda07810 (RAFL07-07-L09) (RIKEN Institute) with the
primers AY093071 BamHI Fwd and AY093071 Sacl rev. Then, the BamHI/Sacl cDNA
fragment (+56 to +1618; 478 aa) was subcloned into the BamHI/Sacl sites of the pET28a-
expression vector yielding a fusion protein of 526 aa with both N-terminal and C-terminal
His-tag (6 x His). For ALDH10A9 a cDNA fragment was amplified from the clone pda01165
(RAFL05-07-N03) (RIKEN Institute) with the primers AF370333 Ndel Fwd and
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AF370333 EcoRI rev. The resulting Ndel/ECORI fragment (+1 to +1553; 498 aa) was
subcloned into the Ndel/EcoRI sites of the pET28a-expression vector, also yielding a fusion
protein of 538 aa with both N-terminal and C-terminal His-tags (6 x His). The DNA
sequences of the pET-ALDH10AS8 (pET-10A8) and pET-ALDH10A9 (pET-10A9) plasmids
were verified and separately introduced into the E. coli strain BL21 (DE3). The expression of
the recombinant proteins was induced at 22°C by adding IPTG (isopropyl-B-D-
thiogalactopyranoside) to a final concentration of 1 mM. The proteins were thereafter purified
from the soluble fraction using a His-tag affinity column. As shown in Fig. 9, only small
amounts of the recombinant ALDH10AS8 were purified under native conditions, but sufficient
amounts of purified ALDH10A9 protein were obtained and used for enzymatic activity

assays.
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Fig. 9 Purification of the ALDH10A8 and ALDH10A9 recombinant proteins by His-tag affinity
chromatography under native conditions. F0: total soluble fraction; Ft: Flow-through fraction;
F1-F8: Eluted fractions (250 pl). Five microliters from each fraction were analysed by SDS-PAGE.
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The ALDHIOA9 recombinant protein converted betaine aldehyde, 4-aminobutyraldehyde
(ABAL) and 3-aminopropylaldehyde (APAL) to glycine betaine, GABA and
3-aminopropanoic acid, respectively. With NAD as cofactor the enzyme displayed a Km of
1.1 mM for betaine aldehyde, 6.81 mM for ABAL and 3.7 mM for APAL (Table 6).

Table 6 Kinetic parameters of the recombinant ALDH10A9 protein

Substrates Km [mM] Vmax [mM.min"'] Vmax/Km [min™]
Betaine aldehyde 1.1 6x10™ 6.0x10*
4-Aminobutyraldehyde (ABAL) 6.81 3.1x10° 45x10*
3-Aminopropionaldehyde (APAL) 3.7 1.0x 107 28x 10"

Enzyme activities were determined using the affinity-purified ALDHI0A9 protein from E. coli extracts.
Substrates were used at a concentration range of 0.5-12 mM. Values are means of at least two independent
experiments.

Like previously identified BADHs (Livingstone et al. 2003; Bradbury et al. 2008; Fujiwara et
al. 2008), the ALDHIOA9 exhibited both betaine aldehyde and aminoaldehyde
dehydrogenase activities and could be actively expressed in E. coli. The over-expression of
either ALDH10A9 or ALDH10AS8 in E. coli did not render the bacteria more tolerant to

sodium chloride or H,O; in comparison to cells transformed with the vector only (Fig. 10).
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Fig. 10 Expression of ALDH10A8 and ALDH10A9 in E. coli BL21 cells. Cells harbouring empty
pET28 (pET), pET-10A8 or pET-10A9 vectors were cultured in liquid LB medium supplemented with 1
mM H,0, or 500 mM NaCl. Neither H,O, (b) nor NaCl (¢) were added to the control cultures (a). The
expression of the recombinant protein was induced by adding IPTG to 0.1 mM final concentration. Cell
density was determined at various time-points as absorbance at 600 nm. Arrows indicate the time-point
when H,0, or NaCl were added.
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3.2 Molecular and functional characterization of the aldehyde

dehydrogenase gene ALDH3H1

The family 3 of Arabidopsis aldehyde dehydrogenase (ALDH) proteins contains three
members: ALDH3F1, ALDH3H1 and ALDH3I1. From these members, only ALDH3I1 has
been so far functionally characterized (Sunkar et al. 2003; Kotchoni et al. 2006). Here, the
expression of the ALDH3H1 gene has been studied and ALDH3HI1 over-expressors and

T-DNA insertion mutants have been characterized under various stress conditions.

3.2.1 ALDHS3HL1 gene description

The Arabidopsis ALDH3H1 gene codes for a protein of 484 amino acid residues. ALDH3HI1
has a predicted size of 53.2 kDA and an isoelectric point of 8.45, which was calculated by
using the Vector NTI program. Phylogenetic analyses revealed that Arabidopsis ALDH
family 3 proteins are separated from the other plant ALDHs and BADHs (Kirch et al. 2004).
ALDH from C. plantagineum, ALDH3H1 and ALDH3I1 were found closely related to
ALDH proteins from bacteria and animal species (Kirch et al. 2001). The ALDH3HI1 protein
shares globally 77.0% amino acid homology and 33.6% amino acid identity with ALDH3F1
and ALDH3I1. When compared pairwise, ALDH3H1 was found more similar to ALDH3I1
(66.5% amino acid homology; 53.8% amino acid identity) than ALDH3F1 (60.7% amino acid
homology; 46.3% amino acid identity). Previous gene expression studies at transcription level
found that from the three members of the ALDH family 3 genes in Arabidopsis, only
ALDH3I1 and ALDH3HI1 are stress-responsive (Sunkar et al. 2003; Kirch et al. 2005).
Compared to ALDH311, ALDH3H1 transcripts mostly accumulated in roots of 4 week-old
plants upon ABA, dehydration and NaCl treatments (Kirch et al. 2005). ALDH3I1 was more
significantly induced both in roots and leaves upon these treatments than ALDH3H1. Whether
these differences in the gene expression pattern account for any functional importance is so
far unknown. Here, the expression pattern of ALDH3H1 was examined at protein level in

leaves of plant older than 4 weeks and the protein was functionally characterized.

3.2.2 Age-dependent accumulation of the ALDH3H1 protein
The expression of the ALDH3H1 gene was investigated at the protein level by protein-blot
followed by immuno-detection using a purified antibody raised against the ALDH3H1

protein. The crude antibodies were produced by BioGenes (Berlin, Germany) from affinity-
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purified recombinant ALDH3H]1 protein made by Dr. Andreas Ditzer. Arabidopsis wild-type
plants at different ages were removed from soil and kept in water or 200 mM NacCl for 3 days.

Analyses of the crude protein extracts from detached-leaves revealed that ALDH3HI1

accumulates in response to salt stress (Fig. 11).
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Fig. 11 Age-dependent accumulation of the ALDH3H1 protein. The salt-induced expression of the
ALDH3HI protein (53.2 kDa) in A. thaliana (Col-0) leaves was monitored at different stages of development.
Up-rooted plants were treated in hydroponic cultures with either water (C) or 200 mM NaCl (N) for 3 days.
Upper level: protein-blot; lower level: Densitometric analysis of the ALDH3HI protein signal intensity
determined as the average of the pixel intensities in each lane by using ImageQuant v5.2.

Besides, it was found that the antibody cross-reacts with an unknown protein (Fig. 11). This
unknown protein appeared to be down-regulated in plants older than 6 weeks upon NaCl
treatment. Together with the previous observations made on 4 week-old plantlets (Kirch et al.
2005) the present data indicate that the up-regulation of ALDH3HI1 protein by salt stress

mainly occurs in leaves of adult plants older than 4 weeks after germination.

69



Results

3.2.3 Generation and molecular characterisation of transgenic plants over-expressing
the ALDH3H1 protein

To further understand the role of the ALDH3HI1 protein in response to abiotic stress
transgenic ALDH3H1 over-expressing plants were generated. A BamHI ¢cDNA (Accession:
AY072122) fragment (1730 bp) containing the full-length ALDH3HI coding region was
isolated from the plasmid pda06974 (RIKEN Institute) and sub-cloned into the BamHI site of
the binary pROK2 vector (Fig. 12). The binary pROK2 vector is a derivative of pBIN19 used
for A. tumefaciens transformation. The presence and the orientation of the insert were checked
by colony-based PCRs using primers specific to the ALDH3H1 cDNA (Aldh4-RT-fwd and
Ath.Aldhlc anti) and by enzymatic digestions of plasmid DNA from kanamycin resistant
clones. After sequencing, two clones, SS8 and SA7 having the cDNA fragment inserted in

sense and antisense orientation respectively were used to transform A. tumefaciens GV3101

strains.
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Fig. 12 Schematic diagram of the T-DNA region with the ALDH3H1 coding sequence. It shows the
35Sprom::ALDH3H1 fusion construct and the gene coding for the kanamycin resistance (NPTII). The small
black arrows P4 and PS5 roughly indicate the location of the primers Aldh4-RT-fwd and Ath.Aldhlc anti,
respectively. LB: Left border; RB: Right border

Transformants were selected on YEB medium supplemented with kanamycin (50 mg/L) and

rifampicin (100 mg/L) and further checked by DNA-blot (Fig. 13).
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Fig. 13 DNA-blot analysis of recombinant plasmid DNAs isolated from A. tumefaciens cells. AS: antisense
orientation; SS: sense orientation; Tys and Tgs: positive plasmid controls. BamHI digestion was performed to
release the cDNA insert whereas HindlIII digestion allowed differentiating insert orientation. The BamHI cDNA
fragment (1730 bp) containing the ALDH3H1 coding region was used as probe.
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An SS8-derived A. tumefaciens clone harbouring the CaMV35S::ALDH3HL1 fusion construct
was used to transform Arabidopsis wild-type plant (ecotype Col-0) using the floral dip
method (Clough and Bent 1998). T1 seeds from the dipped plants were screened on MS-agar
plates containing kanamycin (50 mg/L) (Fig. 14). Kanamycin-resistant seedlings were
transferred to soil pots after two weeks and further screened by PCR for the presence of the
transgene. Two primers specific to the CaM V35S promoter (35S-fwd and 35S-rev) were used
in this assay. The positive transgenic plants derived from the PCR were further analysed by
DNA-blot using a CaMV35S promoter fragment as probe to discriminate wild-type and
transgenic plants. Results indicated that several plants contained at least one T-DNA fragment

inserted into the genome (Fig. 15).

Transgenic plants
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Fig. 14 Selection of putative ALDH3H1 over- Fig. 15 DNA-blot analyses of putative
expressors. The selection was performed on MS-agar ALDH3HI1 over-expressors. 12 ug
plates containing kanamycin. genomic DNA (from T2 plants) was

digested by EcoRI. A CaMV35S
promoter fragment was used as probe.

Seed segregation analyses were further performed to identify plants harbouring a single or

double functional T-DNA fragment (Table 7).

Table 7 Segregation of the kanamycin resistance and deduced number of inserted T-DNA fragments in selected

putative ALDH3H1 over-expressors

Sown Germinated Kanamycin Germination Kan R T-DNA
Lines seeds seeds Resistant (Kan R) rate rate fragments
S4 56 55 52 0.98 0.94 >2
S5 50 47 45 0.94 0.95 >2
S10 50 50 49 1 0.98 >2
S13 51 48 36 0.94 0.75 1
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Segregating T2 plants (second generation after dipped plants) from six (S2, S4, S5, S10, S13,
S14) independent transgenic lines were checked for the over-expression of the ALDH3H1
gene at both transcription and protein levels. All lines except S2 were found to constitutively
express the gene at high level compared to the wild type. Results on S13 and S10 transgenic

plants are shown in Fig. 16.
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Fig. 16 RNA and protein-blot analyses with the putative ALDH3H]1 over-expressors. (a) Accumulation
of ALDH3HL1 transcripts in ALDH3H1 over-expressors. The RNA blot was performed with 20 pg total
RNAs from T2 plants. A BamHI cDNA fragment comprising the ALDH3H1 coding sequence was used as
probe. (b) Accumulation of the ALDH3HI1 protein in ALDH3H1 over-expressors. Fifteen micrograms crude
protein extracts from T2 plants were analysed by protein-blot. Antibodies raised against the ALDH3H1
protein were used for the immuno-detection assay. WT: Wild type. S: Independent ALDH3HI over-
expressing lines.

Homozygous transgenic plants, as determined by the kanamycin resistance throughout the
segregation, were isolated. They were subjected along with the wild-type plant to various
stress treatments so as to investigate the role of the ALDH3HI protein in response to abiotic

stress. Here are shown the data on the transgenic lines S10 and S13.

3.2.4 Functional characterization of ALDH3H1 over-expressors exposed to various
abiotic stressors

RNA and protein-blot analyses have revealed an organ and age-dependent expression pattern
of the ALDH3H1 gene upon drought, ABA or NaCl treatment (Kirch et al. 2005; Fig. 11). To
understand the function of ALDH3HL in the stress response of Arabidopsis, transgenic plants
over-expressing this protein were compared to the wild type under various abiotic stress
conditions. In addition, KO69, a T-DNA insertion mutant for ALDH3H1 was included in the
experiments. This line, hereafter renamed 3h1-B, carries a T-DNA fragment in the first intron
of the ALDH3H1 gene. This mutant was found to express significantly reduced levels of
ALDH3HL1 transcripts as compared to the wild type (Ditzer, unpublished data). Homozygous
plants were screened by two different sets of PCR. One involved the use of the ALDH3H1
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gene specific primers P1 and P5 (Fig. 17; panel “Genomic”) and the second the combination

of P1 with a T-DNA left border primer FISH1 (Fig. 17; panel T-DNA).
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Fig. 17 Screening of the homozygous T-DNA insertion mutant 3h1-B.

The homozygous status was confirmed by the same PCRs on the segregating plants from a

single homozygous parent. The stress experiments were performed on both young and adult

wild-type and transgenic plants.

3.2.4.1 Invitro-based stress experiments

Wild-type and transgenic plants were sown on MS-agar medium containing different

concentrations of NaCl. The germination rate was scored and the effect of NaCl on the growth

was measured as fresh weight accumulation. As shown in Fig. 18 and 19, wild-type and

transgenic plants were similarly affected in their germination rate and seedling growth.
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Fig. 18 Germination rate and growth assays. (a) The percentage of germinated seeds for each genotype on

salt. (b) The growth of seedlings on salt assayed as fresh weight accumulation.
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Fig. 19 Photograph of wild-type and transgenic seedlings grown on salt. A. thaliana wild-type and
transgenic seeds were surface-sterilised and plated on MS-agar plates supplemented with different
concentrations of NaCl. Pictures were taken 14 days after germination.

Likewise, all three genotypes have similarly reduced chlorophyll levels on 100 mM NacCl
(Fig. 20). However, the ALDH3H1 over-expressor S13 accumulated less MDA than the wild
type and most significantly less than the knock-down mutant 3h1-B (Fig. 20).
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Fig. 20 Chlorophyll and malondialdehyde contents. (a) Chlorophyll content. (b) Accumulation of
malondialdehyde (MDA) on salt.
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These observations suggested that without conferring a general abiotic stress tolerance to the
plant the over-expression of ALDH3HI protein alleviated salt stress injuries in seedlings.
With regard to the germination rate and the gain of biomass on salt, 3h1-B plants are as
sensitive as the wild type under salt stress; indicating a leaking effect of the mutation. The
soil-based salt stress experiments were therefore focused on the wild-type and the ALDH3HI1

OVEer-CXpPressors.

3.2.4.2 Soil-based stress experiments

Two week-old wild-type and over-expressing plants (S10 and S13) growing on MS-agar were
transferred to soil and allowed to grow for 3 weeks. The salt stress was imposed by watering
plants every two days with water containing 0 — 300 mM Nacl. Leaf samples were taken after
7 and 14 days of treatments and used to quantify the MDA and the free L-proline contents. No
difference was seen in the MDA and proline contents between wild type and the transgenics
after 14 days of salt stress (Fig. 21). The accumulation of proline correlated with the severity

and the duration of the stress.
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Fig. 21 MDA and free proline contents upon salt stress on soil. (a) MDA content; (b) Free proline
content.
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When the plants were subjected to drought stress for 14 days, the ALDH3HI1 over-expressors
accumulated less MDA and proline than the wild type and the 3H1-B knock-down mutant
(Fig. 22a,b). But, this did not improve the fitness of the over-expressors as they all dried out
like the wild type. No difference was observed between the wild type and these transgenic

plants with regard to the H,O, accumulation (Fig. 22c¢).
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Fig. 22 Accumulation of MDA (a), free proline (b) and H,0, (¢) in wild type and transgenic plants
upon drought on soil.

The plants were further challenged with methyl viologen (Paraquat®). The methyl viologen is

a toxic herbicide which provokes a strong oxidative burst in the plant. Under high light

exposure, it causes a rapid depletion of the photosynthetic apparatus leading to necrosis and
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plant death. Again, wild-type and ALDH3H1 over-expressing plants showed similar MDA
increase after 7 days of methyl viologen treatment (Fig. 23).
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Fig. 23 Accumulation of MDA in the wild type (WT) and ALDH3H1 over-expressors (S10 and S13)
upon Paraquat® treatment. Five week soil-growing plants were sprayed with 10uM Paraquat® (methyl
viologen) every 2 days for one week. Control plants were watered with tap water. Leaf samples were taken
and assayed for their MDA content.

In summary, the over-expression of the ALDH3HI protein did not confer abiotic stress
tolerance to Arabidopsis. However, the results indicated a role of the ALDH3H1 protein in
alleviating the stress injuries related to lipid peroxidation derived-byproducts. Due to the
leaky phenotype of the 3H1-B mutant, additional T-DNA insertion mutants of the ALDH3H1

gene were investigated.

3.2.5 Identification and characterisation of further T-DNA insertion mutants of the
ALDH3H1 gene

Two further ALDH3H1 T-DNA insertion mutants were identified from the SAIL collection
(Syngenta Arabidopsis Insertion Library; McElver et al. 2001; Sessions et al. 2002) and the
seeds were obtained from the European Arabidopsis Stock Centre (NASC). The line
SAIL 832 AO05, hereafter named 3h1-A, carries a T-DNA insertion in the first exon whereas
the line SAIL 828 D05, hereafter named 3h1-C, has the insertion in the seventh exon,
according to the predicted protein coding gene model AT1G44170.1 on the Arabidopsis
Information Resource (TAIR) website (http://gbrowse.arabidopsis.org/cgi-
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bin/gbrowse/arabidopsis/?name=AT1G44170.1). The locations of the T-DNA insertions for

each mutant and those of the primers used in the molecular analyses are depicted in Fig. 24.

AT1G44170.1(T1) T - RB 520 g
- P3 v ! -+ P1
FhiC Jhi-B 3hi-4
AT1G44170.2 (T2)
P s S B S s o s o B o S— S )
AT1G44170.3 (T3)
(I — T
P2

Fig. 24 Schematic representation of the protein coding gene models from the ALDH3H1 locus
including the T-DNA insertion sites for each mutant. Small black arrows: orientation of primers and
their approximate position within the gene or the T-DNA. Light blue colored arrows: 3’-UTR. Light blue
colored rectangles: 5°-UTR. Dark blue-colored rectangles: exons. Green-colored rectangle: exon2’. Black
line between exons: introns. LB and RB: left and right borders of the T-DNA fragment. T1: primer FISHI.
S2: primer Sail-10A9-rev. S3: primer LB3. P1-P4: Exon-specific forward primers. P5: Reverse primer
used with P1-P4. T1-T3: Transcript variants associated to the gene models.

3.2.6 Molecular characterisation of the 3h1-A and 3h1-C mutants

Soil-grown 3h1-A and 3h1-C plants were screened by PCR to isolate homozygous mutants. A
similar approach as described above for the 3H1-B mutant was used. The T-DNA specific
primers S2 (Sail-10A9-rev) and S3 (LB3; Sessions et al. 2002) were used with the primer P1
to confirm the presence of T-DNA in 3h1-A and 3h1-C, respectively (Fig. 25).

WT  3h1-Aa WT  3h1-AA WT  3h1-C
A " \ M ; o=
T-DNA - - T-DNA - T-DNA | -

Fig. 25 Screening of the homozygous T-DNA insertion mutant 3h1-A and 3h1-C. 3h1-Aa and 3h1-AA
are respectively 3h1-A heterozygous and homozygous for the T-DNA insertion.

Next, isolated homozygous 3h1-A and 3h1-C mutants were analysed by RT-PCR to check for
the expression of gene. First-strand cDNAs were synthesized from total leaf RNAs and used
as template for the subsequent PCR reactions. The gene-specific primers P1 and P5 were used
to specifically amplify the full-length ALDH3H1 transcript (AT1G44170.1). In parallel, the

Actin-2 gene was amplified to monitor the quality and the amount of the first-strand cDNA
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template. Results showed that the 3h1-A plants did not accumulate the full-length ALDH3H1
transcript, as compared to the wild type. Instead, they expressed another transcript variant that
could be detected when the primer P1 was replaced in the PCR by the primer P4 that is
located downstream to the insertion site (Fig. 26). The origin of this novel ALDH3H1

transcript was further investigated.

;oS

P1

, e
P4 -

Actin-2 ‘ - -

Fig. 26 Analysis of the ALDH3H1 transcripts in homozygous 3h1-AA mutants. P1 and P4 are the
forward primers used in combination with the reverse primer P5 for the RT-PCR. The use of P1 allows to
specifically amplify the full-length ALDH3H1 transcript (AT1G44170.1) whereas P4 cannot discriminate
between any other existing ALDH3H1 transcripts. See Fig. 24 for the primer locations. WT: wild type.
WT genomic DNA was used as control.

As depicted in Fig. 24, three protein coding gene models (AT1G44170.1, AT1G44170.2 and
AT1G44170.3) are predicted to derive from the ALDH3H1 gene locus (AT1G44170) (TAIR,
http://gbrowse.arabidopsis.org/cgi-bin/gbrowse/arabidopsis/?name=AT1G44170.1).

AT1G44170.1 (T1) and AT1G44170.2 (T2) primary transcripts have equal numbers of introns

and exons with the same organization and sequence. However, they differ in their 5’UTR
sequence. In contrast, the AT1G44170.3 (T3) transcript model differs from the others in its
5’-end as it lacks the first exon completely. Instead, it has a cryptic exon (exon2”) of 24 base
pairs at the 5’-end, which is embedded in the first intron of the two previous models (Fig. 24).
Here, T1 and T2 were studied as a single variant (T1[T2]), since transcripts T1 and T2 were
not distinguished by the primers. The short ALDH3HL1 transcript detected in the 3h1-A line

has never been experimentally identified and characterized before. Based on the predictions, it
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was hypothesized that this transcript could correspond to the transcript variant T3. Two
additional primers were designed to investigate this hypothesis by PCR. One primer (P2) was
made of the 24 nucleotides of the exon2’ and the second (P3) was located in the exon2, as
shown in Fig 24. The primer P2 is to specifically amplify the transcript T3 whereas the
primers P3 and P4 will not discriminate the ALDH3H1 transcript isoforms. Consistent with
the hypothesis, T3 could be amplified from the homozygous 3h1-A mutant using the primers
P2 and P5. But, it was neither detected in the wild type nor in the 3h1-B and 3h1-C lines. As
expected, both 3h1-B and 3h1-C mutants did not accumulate any of the ALDH3HL1 transcripts
(Fig. 27).

P1 B g ~
—— =
P2
P4 — -—
-——
Actin? (G e a— -

Fig. 27 Comparative analysis of the ALDH3H1 transcripts in homozygous 3h1-AA, 3h1-B and 3h1-C
mutants. P1, P2, P3 and P4 are the forward primers used in combination with the reverse primer P5 for
the RT-PCR. P1 allows to specifically amplify T1[T2] transcript variants whereas P2 is specific to the
isoform T3. P3 and P4 cannot discriminate between any of the three ALDH3HL1 transcript isoforms. See
Fig. 24 for the primer locations. WT: wild type. WT genomic DNA was used as control.

Based on these observations, the accumulation of the ALDH3H1 protein was next analysed in
these mutants. Equal amounts of crude protein extracts from the wild type, the homozygous
3h1-A, 3h1-B, 3h1-C insertion mutants and the over-expressing lines S13 and S10 were
analysed by protein-blot followed by immuno-detection using affinity-purified ALDH3H1-
specific antibodies. In comparison with the wild-type and the over-expressors, none of the
T-DNA insertion mutants were found to express the functional 53.2 kDa ALDH3H1 protein
(Fig. 28). Moreover, the 46.2 kDa peptide that would derive from T3 was not observed in the
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lanes containing 3h1-A protein samples. Due to these observations, the nature of the transcript

T3 and its expression were further investigated in the 3h1-A line.
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Fig. 28 Comparative analysis of the accumulation of the ALDH3H1 protein in the wild type, the
ALDH3HI1 over-expressors and T-DNA insertion mutants.

Homozygous and heterozygous 3h1-A plants were initially compared by RT-PCR. As shown
in Fig. 29, the heterozygous plants (3h1-Aa), in contrast to the homozygous (3h1-AA),
expressed both the full-length and the short transcripts. This indicates that the insertion of the
T-DNA has triggered the expression of the transcript T3, since it was not detected in the wild
type. Consistent with this, the PCR products from 3h1-A samples were nearly half of the
homozygous-derived PCR products (Fig. 29).
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7 _— . Fig. 29 Comparative analysis of the
- : accumulation of ALDH3H1 transcripts in wild
P3 : -_—_— type, homozygous (3h1-AA) and heterozygous
I (3h1l-Aa) 3h1-A mutants. P1, P2, P3 and P4 are
— the forward primers used in combination with the
Pg | : ; m— reverse primer P5 for the RT-PCR. P1 allows to
D s specifically amplify TI1[T2] transcript variants
e — whereas P2 is specific to the isoform T3. P3 and P4
Actin-2 — emm cannot discriminate between any of the three
- e -G ALDH3H transcript isoforms.
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This actually reflects the mono-allelic origin of the transcripts in heterozygous plants
compared to the homozygous plants, in which the T-DNA is simultaneously present (3h1-AA)

or absent (WT) on the chromosomes doubling the expression of the transcripts.

3.2.7 The origin of the transcript T3 in the 3h1-A line

The analysis of the T-DNA insertion mutant 3h1-A has revealed that this line exclusively
expresses a short transcript variant of the ALDH3H1 gene. The findings indicate that this
short transcript derives from the gene model AT1G44170.3. But, the intriguing question that
remains is to clarify how the transcript T3 is generated. Has the transcript T3 derived from an
alternative splicing of the full-length ALDH3H1 primary transcripts (T1 and T2) or expressed
from an alternative promoter? The first hypothesis is unlikely. The analysis of the genomic
DNA in this locus revealed that the mRNA splicing acceptor site does not exist at the junction
between the intron sequence and the exon2’ (Fig. 30). Instead of the consensus sequence
[GT...AG] at the intron-exon junction of plant protein coding genes the intronic region
upstream to the exon2’ is terminated by an [TA], as highlighted in Fig. 30. The existence of
an alternative promoter directing the expression of the transcript T3 has become more

plausible and was therefore investigated.

+IATGGCTGCGAAGAAGGTTTTTGGATCGGCGGAAGCGAGTAATTTGGTGACGGAGCTTC
GTCGGAGTTTTGATGATGGTGTGACACGTGGTTATGAATGGAGAGTGACTCAGCTTAAGAA
ACTGATGATTATTTGTGATAATCATGAGCCTGAGATCGTCGCGGCTCTTCGCGATGATCTT
GGTAAGCCTGAGCTTGAATCTTCTGTTTATGAGgttaggattcttttttctetetitatgatetegetttcectecagatty
ttttttttaaaagagttttttaggattgatt gtgatt ggtcaattcttaatitgaatctttgaattttaattgaagattcagtttcttgttat ggtttaatct
gtttgtgtagtggeattgt ggtatataggatagatgaaaagt gaagetccaagttegattttacggtgtat gattagagttat gt ggttattca
tagaaactttitagectttttacccgaaattagactcaatctttttagtcgaagtagatttaa gttcatagttcggat gittttttatagtggtaga
cttgcagaaaacatccgagetatgaatttatategcettttatgattagtta gaa gttttgga gaaatttgatatccaagtaataaagtatttga
gtttattgtaattttaa gaageatgattgeticcgt gattactcagaagttttgaaaaaatcecgattatcaagtaataatacatttgagetacg
aacttatagtaaattaaaaaaaaaaaacttgatcactictctaactacttagaaatttggagaaattcegaatatttgagtaataaaacat
ccgaactatgaatttataggaagticaaataacatgatcacttccatgattacttaaaagttttagagaaatccagatattcgatgecaat
ctatcatttgaaaaccaattattggtatggttat gagtcagaatcagatgtc getactaatatttgeggetgatagaatttgettagtgatgat
atttctttaattagtggetgtttaacacataageccaaacctetataattggattaacatatccecctacttggteggtcteattattgtetatga
cctt DREICRT

agttgctacgtaaatgatgtagtitgtcgacacatgtaaccaacactgtcttcaatgetaactttttcacaagttaatactagtatecatea
ABRE-Box DREICRT

geatagaatgcaggtaactttatgttatgtaggaaccaatactataaaaatgttgggtectatattgaaagecaaatatacattaaatttttc
cttctcctactgttaaactac_?%cattaaatttcatcaccaaccttgtggggattcccacgtttttcatcacttgtgttccttaacta_tgt

-B0OX
TaccatgtitttatccaatgacaacacagatctittgaacactgacctttccteatttaATGTTTTACCAACAGAGAGTAC
TAgtgagtaaagtgottttgtgactttgtetttggettgtitatagtt gttttt gtttttaatcagtattt gattagtataatttgattat gat ggtt gatt
taattatgtagGTATCTCTACTGAGAAACTCTATCAAGTTGGCTCTTAAGCAGCTAAAGAACTGG
ATGGCTCCGGAGAAGgL+ 1662

Fig. 30 Partial AT1G44170.1 gene model sequence including the first intron. Exons and introns are in
capital and small letters, respectively. The exon2’ is colored in green. Cis-elements are bold-underlined and
the mRNA splicing donor and acceptor sites are bold-colored in red and blue, respectively.
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3.2.7.1 Generation and analysis of the 3h1-intron::GUS construct

To demonstrate that the intronic region can direct the expression of the transcript T3 a region
of the ALDH3H1 gene locus, +214 to +1457 starting from the ATG codon in the gene model
AT1G44170.1 was amplified from wild-type Arabidopsis (Col-0) genomic DNA using the
primers INT-Xba-fwd and INT-Xba-rev. These primers were designed with an Xbal
restriction site. The expected 1244 bp-PCR product was eluted from the agarose gel and then
digested by Xbal. The resulting Xbal-DNA fragment was exchanged with the ALDH7B4 gene
promoter fragment after Xbal digestion of 7gB, a pBinl9-derived plasmid. The 7gB plasmid
harbors the fusion construct ALDH7B4-promoter::GUS::nospolyA. The resulting ALDH3H1-
intron::GUS::nospolyA fusion construct (Fig. 31a) was subcloned into E. coli DH10B cells.
The kanamycin-resistant transformants were screened both by PCR using the INT-Xba-rev
and pBIN-HindIII primer pair and sequenced to check for the presence of the ALDH3H1 gene
promoter and its correct orientation. One positive clone was used to transform A. tumefaciens
competent cells. Resulting A. tumefaciens transformants were further screened by PCR as

described above and one positive clone was subsequently used.

3.2.7.2 Functional analysis of the 3h1-intron::GUS construct in planta

Functional assays of the fusion construct were performed through the FAST method that
allows a transient transformation of Arabidopsis seedlings (Li et al. 2009). In comparison
with the other plant transient transformation variants, this technique is fast, simple and
suitable for construct screening before stable transformation. As shown in Fig. 31b, the
transiently transformed seedlings expressed the B-glucuronidase (GUS) reporter protein in

roots and in cotyledons without any stress treatment.
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Fig. 31 Generation and functional analysis of the 3hl-intron::GUS construct. (a) Schematic diagram of
the engineered T-DNA region. Arrows Iy and H, indicate the approximate location of the primers INT-Xba-
rev and pBIN-HindIII, respectively. (b) Photographs of transiently transformed Arabidopsis seedlings with the
3h1-intron::GUS fusion construct.
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This indicates that the construct is functional and that the intronic fragment is able to direct
the transcription of any downstream protein coding DNA fragment. The intronic region +214
to +1457 (starting from the ATG codon in the gene model AT1G44170.1) acts as an

alternative promoter to drive the expression of the transcript T3.

3.2.8 Stress-responsive expression of the transcript T3

In silico analysis of the ALDH3H1 locus by PLACE Web Signal Scan (Prestridge 1991; Higo
et al. 1999) revealed the presence of several cis-elements between positions +214 and +1457
starting from the ATG codon of the T1 transcript. As highlighted in Fig. 30, two dehydration-
responsive element/C-repeat — low temperature-responsive elements (DRE/CRT), one ACGT-
box (ABRE) were found. Using the PlantCare tool for in silico analysis of promoter
sequences (Lescot, 2002) the closest predicted TATA-box and the corresponding transcription
start signal (TSS) were respectively found at 133 bp and 103 bp upstream of the ATG of
exon2’. To test whether these cis-elements are functional, the accumulation pattern of the
transcript T3 was investigated in the 3h1-A plants after dehydration or NaCl treatment. Fifteen
day-old homozygous 3h1-A seedlings were removed from MS-agar plates and either
dehydrated on filter paper at room temperature for 1 hour, or incubated in 200 mM NacCl at
room temperature for 4 h. The roots and the shoots were separately harvested and
immediately frozen in liquid nitrogen. For adult plants, heterozygous 3h1-Aa plants were used
to simultaneously monitor the transcripts T1[T2] and T3. Six week-old heterozygous 3h1-Aa
plants were removed from soil and incubated in water or 250 mM NaCl for 6 h. Leaf and root
samples were harversted and used for transcript analyses. The primers P1 and P2 (forward)
were used in combination with the primer PS5 (reverse) in the RT-PCRs to amplify the
transcripts T1[T2] and T3 respectively. The pair P4 and P5 amplifies both T1[T2] and T3. As
shown in Fig. 32, T3 slightly accumulated in seedling roots upon NaCl and dehydration
treatments. But, it was not up-regulated in the shoot. In adult plants, T3 was up-regulated by
salt treatment in both roots and leave. In contrast, T1[T2] did not increase in roots in response
to salt (Fig. 32). These observations indicate that the alternative promoter is stress responsive

like the upstream ALDH3H1 gene promoter but both are differentially regulated by salt.
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Fig. 32 Expression patterns of the ALDH3H1 T1[T2] and T3 transcripts under stress conditions: In
seedlings (a); in adult plants (b). P1, P2, P3 and P4 are the forward primers used in combination with the
reverse primer PS for the RT-PCR. P1 allows to specifically amplify T1[T2] transcript variants whereas P2 is
specific to the isoform T3. P4 cannot discriminate between any of the three ALDH3HL1 transcript isoforms. See
Fig. 24 for the primer locations.

3.2.9 Comparative analysis of the ALDH3H1 T-DNA insertion mutants in response to

The phenotype of 3h1-A and 3h1-C mutants was further investigated under salt in comparison

to the wild type. Seeds from the different genotypes were germinated and grown on MS-agar

plates for 6 days. Seedlings were then transferred to fresh MS-agar plates containing 100 mM

NaCl. The inhibition of the root growth was assayed for all genotypes after 3 days. As shown
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in Fig. 33 homozygous 3h1-A and 3h1-C mutants were affected in their root growth to the
same extent; but stronger than the wild type and the heterozygous 3h1l-Aa. There was no
phenotypic difference between the heterozygous 3hl-Aa and the wild type. These
observations suggest that the transcript T3 does not functionally compensate the lack of
T1[T2] under salt stress. However these observations indicate that the ALDH3HI protein does
contribute to cope with stress injuries, as judged by the significant reduction of the root

growth in the true ALDH3H1 knock-out 3h1-C line compared to the wild type.
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Fig. 33 Testing of the root growth in ALDH3H1 mutants. The root growth was measured as increase
in root length on MS-agar medium supplemented with 100 mM NaCl. The growth on medium without salt
was taken as reference for calculating the percentage of inhibition. Series with different letters (a, b) are
significantly different (Student t-test; P value < 0.05).

3.2.10 Sub-cellular localization of the putative protein derived from the transcript T3

Although no protein corresponding to the transcript T3 could be detected by the ALDH3H1
antibodies in protein-blot analyses, it is still plausible that this protein, with an N-terminal end
different from that of the full-length ALDH3HI1, is produced at a very low level in the cells.
Therefore, the putative sub-cellular localization was investigated. The in silico analysis of the
T3 protein coding sequence in TargetP predicts the corresponding protein to localize in
mitochondria. To experimentally validate this prediction, an ALDH3H1 ¢cDNA fragment was
amplified by PCR from the plasmid pda06974 (RIKEN Institute) using the primer pair:
SmtALDH3H1-GFP and 3mtALDH3HI-GFP. The primer SmtALDH3HI1-GFP contains the
exon2’ followed by a few nucleotides of the exon2 (+1593 to +1612 from the AT1G44170.1
(T1) ATG) at the 3’-end. In addition, the SmtALDH3HI1-GFP and 3mtALDH3HI1-GFP
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primers contain an ECORI and an Ncol site respectively to facilitate cloning. The amplified
cDNA fragment was purified and sub-cloned in frame and upstream of the Green Fluorescent
Protein (GFP) into the ECORI-Ncol sites of the pGJ280 vector. Transformants were screened
by PCR and sequenced. A single positive clone was used to transiently transform wild-type
Arabidopsis leaves by particle bombardment. Microscopic observations revealed that the GFP
fusion protein specifically accumulated in the cytoplasm (Fig. 34). This indicates that, in
contrast to the prediction, the putative protein derived from the transcript T3 localizes in the
cytosol, as previously observed for the full-length ALDH3HI1 protein (Ditzer, unpublished

results).

GFP Autofluorescence Merged

ALDH3H1

eGFP

I
%100 um >y 100 um 2y 100 um

Fig. 34 Sub-cellular localization of the putative AT1G44170.3 (T3) protein. The AT1G44170.3—GFP
fusion construct was transiently expressed in A. thaliana leaves. Leaves were observed under the
fluorescence microscope with appropriate filters. (a, d) GFP fluorescence alone; (b, e): chlorophyll auto-
fluorescence; (¢, f): merged chlorophyll and GFP fluorescence together. Scale bars: 100 pm.

In summary, the results from this study give for the first time the experimental evidence that
the ALDH3HL1 short transcript variant (AT1G44170.3 [T3]) is expressed in Arabidopsis. It is
not detected in the wild-type plant but found to be expressed in the 3h1-A mutant, which
carries a T-DNA insertion in the first exon of the ALDH3H1 locus. The expression of the
transcript T3 is shown to be directed by an alternative promoter comprised within the first
intron of this gene. AT1G44170.1 (T1) and AT1G44170.2 (T2) -T1[T2]- and AT1G44170.3

transcripts are differentially expressed. T1[T2] is up-regulated by salt in leaves of adult plants
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but not in roots. In contrast, T3 is up-regulated by salt in both roots and leaves of adult plants.
Like T1[T2], T3 is induced by salinity in seedling roots but not in shoots. However, the
protein T3 could not be detected by the ALDH3HI1 antibodies. Functional analyses of the
ALDH3HL1 locus through the use of T-DNA insertion mutants and transgenic over-expressing
plants indicated that the ALDH3H]1 protein can contribute to cope with stress injuries by
alleviating damages from lipid peroxidation. However, the constitutive expression of this
protein did not confer stress tolerance to the transgenic plants when compared to wild-type

plants.

3.3 Responsiveness of the aldehyde dehydrogenase gene ALDH/B4 to
aldehydes

It is well known that plants undergo excessive lipid peroxidation under stress conditions,
which at the end leads to the accumulation of aldehydes in cells. Functional analyses of some
aldehyde dehydrogenase encoding genes suggested that the detoxification of aldehydes would
be performed by the stress-inducible aldehyde dehydrogenases. But the upstream signaling
events and factors involved in this response remain to be elucidated. In this chapter this
question was addressed by investigating the response of the aldehyde dehydrogenase gene
ALDH7B4 (AT1G54100) to aldehydes; further genetic tools were established to study the

regulation.

3.3.1 Generation of ALDH7B4-promoter::GUS expressing plants

To study whether and how aldehyde molecules can affect expression of aldehyde
dehydrogenase genes transgenic plants expressing the B-glucuronidase (GUS) reporter gene
driven by the ALDH7B4 gene promoter were generated (7B4-GUS). The ALDH7B4 promoter
was amplified by PCR from A. thaliana Col-0 genomic DNA using the primer pair Aldh7B4-
prom-5’ and Aldh7B4-prom-3°. The PCR product was digested with ECORI and purified from
an agarose gel. The resulting 0.64 kb EcORI promoter fragment was purified and subcloned
into the pBT10-GUS vector to generate the clones 7gt. Next, one positive 7gt clone was
digested with BamHI and BglII to isolate the ALDH7B4-promoter::GUS::nos_terminator
cassette that was then subcloned into the unique BamHI site of the binary vector pBIN19 to

yield the clones 7gB. A single 7g9B clone was used to transform A. tumefaciens cells.
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Transformed colonies were selected on YEB + rifampicin (100 mg/L) + kanamycin (50 mg/L)
plates and further checked by both enzymatic digestion and PCR. A fragment of 0.4 kb from
the GUS coding region was targeted by PCR with the primers GUS-sense and GUS-antisense
(Fig. 35).

C T Ta B R B1 B2 L

—1 kb

— 0.5 kb
—0.25 kh

Fig. 35 Screening of the recombinant 7B4-GUS clones by partial amplification of the GUS gene.
T: pBT10-GUS; Ta: plasmid 7gB; B: vector pBinl19; R: plasmid pROK2; B1 and B2: plasmid DNA from
transformed A. tumefaciens. T and Ta are used as positive controls. B and R are negative controls as they do
not contain any GUS coding sequence. C: Negative control for PCR performed with water instead of DNA.
L: 1 kb DNA ladder.

Similarly, a fusion construct of CaMV35S-promoter::GUS-nos_terminator was made for the
control experiments. A HindIII-EcoRI fragment with CaM V35S (dual enhancer) was isolated
from pRTL2-GUS vector and subcloned into pBT10-GUS vector. The resulting recombinant
plasmids were named pTS. Then, the CaMV35S_promoter::GUS-nos_terminator gene
cassette was isolated from a pTS clone after HindIII-BglII digestion and subcloned in the
HindIll and BamHI sites of pBIN19 plant transformation vector to yield pBS plasmids.
Recombinant pBS clones were selected as described above and transferred into
A. tumefaciens. One recombinant Agrobacterium clone was used to transform wild-type

A. thaliana Col-0 plants to generate 35S-GUS transgenic plants.

3.3.2 Molecular characterization and segregation analysis of the 7B4-GUS and
35S-GUS lines

Independent 7B4-GUS and 35S-GUS transgenic plants were first selected on kanamycin and
next checked by genomic DNA-based PCR using the primers pBIN-HindIIl and GUS-start.
Plants carrying the 7B4-GUS or 35S-GUS constructs were respectively renamed B-lines and

R-lines. These independent lines were screened by DNA-blot analyses to check the number of
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T-DNA fragments that were integrated in each plant. It was found that the majority of
kanamycin-resistant lines harbored at least one T-DNA fragment (Fig. 36a). Two independent
lines, B8 and B10, showed a single T-DNA insertion (Fig. 36b). The segregation of the
kanamycin resistance was examined in the T2 progeny of these selected transgenic plants.
Consistent with the DNA-blot analyses B8 and B10 lines have a single functional T-DNA
insertion making them as good candidates for the gene expression analyses. The DNA-blot
analysis revealed the presence of three T-DNA fragments in the line B19. But, seeds from this
plant segregated as single locus with the kanamycin resistance, suggesting a linkage between
the T-DNA fragments. Alternatively, one or two T-DNA fragments might not be functional.
Although many other independent lines were also examined, only results from B8, B10 and
B19 are reported in the next paragraphs. No phenotypic difference was observed between

these lines and the wild type with respect to the germination rate, growth, flowering time and

seed yield.
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Fig. 36 Analysis of independent transgenic lines expressing the ALDH7B4-GUS gene cassette.
(a): Schematic representation of the T-DNA region. (b): Photographs of 3 DNA-blot membranes probed
with **P-labelled NPTII DNA fragment. Twelve micrograms genomic DNA (from T2 or T3 plants) were
digested by Xhol or BamHI. WT: Wild type; M: DNA size marker.
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3.3.3 Activity of the ALDH/7B4 promoter in reproductive organs and seeds

The induction pattern of the ALDH7B4 gene by various abiotic stressors was previously
examined and published (Kirch et al. 2005). These analyses were mainly focused in leaves
and roots of young plants and it was found that the expression of the gene is maintained at a
relatively low level in the plant under non-stress conditions. Here, the analyses of the
ALDH7B4 expression were extended to reproductive organs and seeds. Homozygous plants
were assayed without any previous stress treatments. Floral buds, opened flowers, siliques of
different sizes and seeds were harvested and were either immediately stained or frozen in
liquid nitrogen. The activity of the promoter was either assayed by visual observation after
staining tissues with the GUS-staining buffer or monitored measuring the GUS protein
activity. It was found that the ALDH7B4 promoter is strongly induced during maturation of

the siliques and in mature seeds (Fig. 37).

Floral buds Opened flowers Siliques: up to 0.5cm Siliques: 0.5-1 cm
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Fig. 37 Quantitative assessment of the activity of the ALDH7B4 promoter in different organs of
Arabidopsis. Upper panel: Photographs of the organs analysed. Lower panel: The GUS activities in the
analysed organs. The ALDH7B4 protein accumulation occurs during the maturation of the silliques and
remains at a high level in mature seeds.
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Pistil and stamens showed intense blue staining reflecting the activity of the promoter in these

organs (Fig. 38).

Fig. 38 In situ detection of the activity of the ALDH7B4 promoter in different organs of Arabidopsis.
a: flower; b: stamens; c¢: pistil; d: silliques of 0.5-1 cm; e: silliques of 1-1.5 cm; f: mature seeds. Plant
materials were directly incubated in the GUS-staining buffer after being harversted.

The constitutive activity of the ALDH7B4 promoter in seeds was further investigated. Crude
protein extracts from both wild-type and transgenic seeds were analysed by protein-blot using
diluted (1:2500) antibodies raised against the ALDH7B4 protein. The crude antibodies were
produced by BioGenes (Berlin, Germany) from affinity-purified recombinant ALDH3H1
protein made by Dr. Andreas Ditzer. As shown in Fig. 39, the ALDH7B4 protein

accumulated to higher levels in wild-type and transgenic seeds than in leaves.

B-seeds WT-seeds WT-leaves

——— — ALDH7B4 (45 kD)

Fig. 39 Immunodetection of the ALDH7B4 protein (54 kDa) by protein-blot analysis of total proteins
from wild-type and transgenic Arabidopsis leaves or dry seeds. B: 7B4-GUS line; WT: Wild type.

92



Results

This suggests that the accumulation of ALDH7B4 in the different organs involves trans-
acting factors shared by both the wild-type and transgenic plants and that this accumulation
does not result from the insertion of the transgene. It was argued that the ALDH7B4 gene is
constitutively active in naturally desiccation-tolerant organs like seeds and pollen and thus
follows the expression pattern of many LEA (late embryogenesis abundant) genes.
Accumulated ALDH7B4 protein would be of great importance during the germination and the
growth of seedlings, when the plant metabolism is particularly active and plants are more
sensitive to environmental stresses. With regards to this the accumulation of the GUS protein
was examined in 14 day-old seedlings. As shown in Fig. 40, the activity of the promoter is
still intense in untreated seedlings and no visual difference could be seen between the
untreated and aldehyde- or NaCl-treated plantlets. However, the background expression of the

promoter was low in older seedlings and particularly in adult plants (Fig. 40).
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WT-NaCl R2- H,O B19: H,O NaCl Pentanal Trans 2 -Hexenal

05cm

Water NaCl
Fig. 40 Activity of the ALDH7B4 promoter in Arabidopsis seedlings and adult plant tissues. Upper panel:
14 day-old plantlets were incubated either in water, 200 mM NaCl or 5 pmol of aldehydes. WT: wild type;

R2: 35S-GUS line; B19: 7B4-GUS line. Lower panel: Detached leaves from 4 week-old soil-grown 7B4-
GUS plants were treated with either water, 200 mM NaCl or 5 pmol of aldehydes.

3.3.4 Activity of the transgenic 7B4-GUS lines in response to aldehyde and abiotic
stress treatments

Four week-old B8 and B10 plants grown on soil were used for the experiments. Single leaves
were detached from the plants and incubated with water, 10 mM H,0,, 100 pM CuSQy,
5 umol pentanal or trans-2-hexenal, 300 mM NaCl for 24 and 48 h. For the dehydration stress
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leaves were slowly dried at room temperature. The in situ detection of the GUS activity
revealed that these lines expressed a very low level of GUS protein under control condition
(water) (Fig. 41a). It was found that H,O, and pentanal weakly activated the promoter
whereas NaCl and dehydration treatments strongly induced its activity. CuSO4 and trans-2-
hexenal moderately activated the promoter in both lines. The promoter activity was also
quantitatively assessed. Consistent with the histochemical observations, NaCl treatment led to
8-fold higher GUS expression than trans-2-hexenal, in comparison to the control (water); and
the dehydration led to 6-fold higher GUS expression than NaCl (Fig. 41b). The promoter was

found more inducible by trans-2-hexenal than pentanal.
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Fig. 41 Activity of the ALDH7B4 promoter upon abiotic stress treatments. (a) In situ detection of the
activity of ALDH7B4 promoter in leaves from 4 week-old plants. Pent: pentanal, Hex: trans-2-hexenal;
Deh: dehydration. (b) Measurement of the ALDH7B4 promoter-driven GUS activity in transgenic plant tissues
in response to different treatments.
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The response of the endogenous ALDH7B4 promoter to the treatments was monitored in
parallel by protein-blot analyses using ALDH7B4 antiserum. As shown in Fig. 42, similar
observations were made as with the GUS reporter protein. The 16 h-dehydration treatment led
to the highest expression levels of the endogenous ALDH7B4 gene, followed by salt (48 h)
and trans-2-hexenal (48 h). It therefore appears that the activity of the ALDH7B4 promoter in
the selected transgenic lines (in particular B8 and B10) reflects that of the endogenous gene.
The results also demonstrated the responsiveness of the ALDH7B4 promoter to aldehydes, in

particular to trans-2-hexenal.

B8 B10
C H N D C H N D
- o e 4— Al DH7B4
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Fig. 42 Protein-blot analysis of the endogenous ALDH7B4 protein accumulation. Leaves from 4 week-old
7B4-GUS plants were either treated by water (C), 5 umol trans-2-hexenal (H), 300 mM NaCl (N) for 48 h or
dehydrated (D) for 16 h. ALDH7B4 antibodies were used for the immunodetection.

Like MDA, trans-2-hexenal possesses a double carbon bond conjugated with the carbonyl
group, which is a characteristic feature of the compounds referenced as Michael acceptors.
Increasing evidence has suggested that these Michael acceptors are capable of triggering the
expression of some stress-responsive genes. Therefore, the aldehyde- and stress-induced
activation of the ALDH7B4 promoter was further monitored along with the MDA

accumulation in transgenic and wild-type plants.
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3.3.5 Comparison of the ALDH7B4 promoter activation and the MDA accumulation

To further understand the activation of the ALDH7B4 promoter by aldehydes the enzymatic
activity of the GUS protein in plant extracts was compared to the MDA accumulation pattern
in leaves of 4 week-old transgenic plants. Leaves were detached from soil-grown plants and
incubated in water (as control), 300 mM NaCl, 30 mM H,0,, 5 umol trans-2-hexenal or
50 uM Paraquat® for 8 h. Then, the leaves were divided into pools and used for the in situ
detection of reductive aldehydes, the quantification of the GUS activity and the determination
of the MDA content. As shown in Fig. 43 no GUS activity above the background was
detected in leaves treated with NaCl, H,O, and trans-2-hexenal after 8 h of stress treatments.
In contrast, the Paraquat® treatment led to a significant increase of the GUS activity.
Accordingly, high amounts of MDA and aldehydes were found in the Paraquat®-treated
leaves. Unlike the GUS activity, MDA significantly accumulated in NaCl-, H,O,- and trans-

2-hexenal-treated leaves after 8 h, as compared to the controls (Fig. 43).
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Fig. 43 Comparison of the ALDH7B4 promoter activation and the MDA accumulation. (a) Activity of the
ALDH7B4 promoter measured as the GUS activity from the ALDH7B4-GUS plant extracts. (b) Upper panel:
MDA contents measured in leaf samples from the ALDH7B4-GUS plants used for the GUS activity
measurement; lower panel: In situ detection of reductive aldehydes molecules in treated ALDH7B4-GUS leaf
samples by the use of the Schiff’s reagent. The series with different letters are significantly different (Student t
test, P < 0.05).
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Except for the Paraquat® treatment, no correlation was found between the GUS activity and
the MDA content for the other treatments. It is therefore difficult to infer a direct relationship
between the MDA accumulation and the activation of ALDH7B4 promoter. Nevertheless,
these results support the idea that a threshold of intra-cellular MDA contents, and in general
of lipid peroxidation-derived aldehydes, is required to trigger the expression of the target

genes. This threshold was probably reached after 8 h of Paraquat® treatment.

3.3.6 Analysis of the ALDH7B4 gene promoter sequence and effects of the mutation of
the DRE and ACGT-boxes

Previous findings along with the results described above suggested that the ALDH7B4 gene is
not only activated by aldehydes but also other abiotic stressors such as dehydration and salt.
Consistent with these observations, the in silico analysis of the ALDH7B4 promoter region
using PLACE Web Signal Scan (Prestridge 1991; Higo et al. 1999) revealed the presence of
numerous stress-related Cis-elements including one putative dehydration-responsive
element/C-repeat — low temperature-responsive element (DRE/CRT-box) (RYCGAC;
R=A/G, Y=C/T) and three ACGT-boxes (Table 8). The DRE/CRT- and ACGT-boxes
respectively form the core of G-boxes and ABA-responsive cis-elements (ABRE). Two
MYBI1 recognition sequences (WAACCA; W=A/T), three MYC recognition sequences
(CANNTG; N=A/T/G/C) and one “Elicitor Responsive Element” known as W-box
(TTGACC) were also found.
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Table 8 List of some cis-acting regulatory elements present in the ALDH7B4 promoter

Cis-elements Position Sequence Description References
(strand)

MYBIAT -615 (+) WAACCA MYB recognition site found in the Abe et al. 2003
-478 (+) promoters of the dehydration-

responsive gene rd22 and many
other genes in Arabidopsis; W=A/T.

MYCCONSENSUSAT =557 (+) CANNTG MYC recognition site found in the Abe et al
-322 (-) promoters of the dehydration- 2003;
=315 (+) responsive gene rd22 and many Chinnusamy et
other genes in Arabidopsis; Binding al. 2004.
site of ATMYC2 (previously known
as rd22BP1); N=A/T/G/C; MYC
recognition sequence in CBF3
promoter; Binding site of ICEl
(inducer of CBF expression 1) that
regulates the transcription of
CBF/DREBI1 genes in the cold in
Arabidopsis.

CBFHV -385(-) RYCGAC Binding site of barley (Hodeum Svensson et al.
vulgare) CBF1, and also of barley 2006.
CBF2; CBF = C-repeat (CRT)
binding factors; CBFs are also
known as dehydration-responsive
element (DRE) binding proteins
(DREBs); R=A/G; Y=C/T.

ELRECOREPCRP1 -348 (+) TTGACC ELRE (Elicitor Responsive Rushton et al.
Element) core of  parsley 1996;
(Petroselinum crispum) PRL genes; Eulgem et al.
consensus sequence of elements W1 2000.
and W2 of parsley PRL-1 and PRL-
2 promoters; Boxes W1 and W2 are
the binding site of WRKY1 and
WRKY?2, respectively.

ABRELATERDI -322 (-) ACGTG ACGT sequence required for Simpson et al.
etiolation-induced expression of 2003.
erdl early responsive to

dehydration) in Arabidopsis.

MYBCORE 213 (4) CNGTTR Binding site for all animal MYB Urao et al.
and at least two plant MYB proteins  1993.
ATMYB1 and ATMYB2, both
isolated from Arabidopsis;
ATMYB2 is involved in regulation
of genes that are responsive to water
stress in Arabidopsis.

ACGTATERDI -180 (+) ACGT Same as for ABRELATERDI. See above.
-174 (+)

98



Results

To study interactions between these stress-related cis-clements present in the ALDH7B4
promoter, point mutations were introduced in the ACGT-boxes and the unique putative
DRE/CRT-box by site-directed mutagenesis on the 79t plasmid that harbors the
ALDH7B4_promoter::GUS-nos_terminator cassette (Fig. 44). Four constructs with different
mutations were generated in which the ACGT-boxes were mutated in ATTT whereas the core
sequence ATCGAC of the single DRE/CRT-box was substituted to ATATTT. As shown in
Fig. 44 the constructs pA and pD respectively lack the ACGT1 and DRE boxes in comparison
to the parental construct 7gt. ACGT1 and DRE boxes were both mutated in the pAD construct
and the boxes ACGT2 and ACGT3 are simultaneously mutated in pAB. These gene
expression cassettes, MutALDH7B4_promoter::GUS-nos_terminator, were isolated and
subcloned into the pBIN19 as described above for the 7gt clone. Recombinant Agrobacterium
cells expressing either of these constructs were used to transiently transform Arabidopsis

seedlings by the FAST method.

ATG (+1)
7912 DRE ACGT1 ACGT2 || ACGT3
EcoRI (-385) (-322) (-180) EETIS
(£633) {-15)
p—
pA_ DRE ACGTZ H ACGT3 |
p—
pD ACGT1 ACGTZ2 H ACGT3 |—
p—(
pAD ACGT2 H ACGT3 |
p—
pAB— DRE ACGT1

Fig. 44 Schematic representation of the different plasmid constructs with intact (7gt) or mutated
(pA, pD, pAD, pAB) DRE and ACGT-boxes within the ALDH7B4 promoter. The locations of the cis-
elements within the gene promoter are put in brackets.
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The activities of the mutated promoters were compared to those of the non-mutated parental
promoter to deduct the effect of the mutations. The simultaneous deletion of the ACGT2 and
ACGT3 boxes (pAB) almost abolished the induction of the promoter upon NaCl treatment for
16 h (Fig. 45). But, when both ACGT1 and DRE boxes are mutated with ACGT2 and
ACGT3 remaining intact (pAD), only one-third of the promoter activity was lost. Single
mutation of either of the DRE and ACGT1 boxes also led to the loss of one-third of the
promoter activity. The observations indicate the complex interactions which exist between
these cis-elements in the salt responsiveness of the ALDH7B4 promoter. They also suggest
that the two proximal ACGT2 and ACGT3 boxes are the most influential ACGT-boxes

involved in the salt response of the promoter.
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Fig. 45 Effects of the mutation of the DRE and ACGT-boxes within the ALDH7B4 promoter. Residual
GUS activities driven by the mutated promoter in pA, pD, pAD and pAB constructs were compared to the
activity of the intact promoter in the 7gB construct. For that, the GUS activities of NaCl-treated samples were
divided by the activities of water-treated samples for each construct. The magnitude of the induction is given
by this ratio and reported here. The promoter induction by NaCl is weaker in pAB than in other constructs.
The mutated ACGT2 and ACGT3 boxes in pAB may be relevant to the salt response of the ALDH7B4
promoter.

3.3.7 Production and strategy of screening of the EMS-derived mutant population

The main goal of this project is to identify factors involved in the aldehyde-induced
expression of ALDH genes and to elucidate the regulation pattern. A genome-wide
mutagenesis approach has been chosen to identify genetic factors involved in this regulation.
Seeds from a homozygous transgenic B8 plant containing the ALDH7B4-GUS transgene
were treated by the mutagen ethyl methanesulphonate (EMS) to introduce random point
mutations in the genome. The EMS-treated seeds were sown on soil to yield the M1 plant

population. M2 seeds from M1 plants were harvested in bulks of 15 plants, with a total of
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45 bulks. Attempts to screen the M2 plants by aldehydes for any alteration in the GUS
expression in comparison to the non-mutated transgenic lines have proved challenging and
difficult to undertake. A direct exposure of plants to aldehydes did not work out as expected.
In fact, the aldehydes are volatile and spraying them on the plants did not lead to a
reproducible effect. An alternative strategy of treatment is the exposure of the plant to a
specific concentration of the aldehyde in a tightly closed container. This method has so far
been using with individual plants to study the promoter activity in different stress conditions.
Yet, the drawback is that many plants cannot be simultaneously treated in a single container.
This renders the method inappropriate for a large scale screening. Additionally, the induction
of the ALDH7B4 promoter by aldehydes was not found strong enough to allow a visible clear-
cut decision. Taken these together, an indirect approach of screening needs to be tested and
used. It may be worth screening the M2 seeds first by NaCl. Once putative mutants with
altered GUS expression have been identified, a second round of screening will be performed
using aldehydes. This should allow identifying mutants impaired in aldehyde-mediated gene
responses. Reasons for proposing such a screening method come from the observations made

throughout this study and are further discussed below.

In summary, the responsiveness of the ALDH7B4 promoter to aldehydes has been examined
in this chapter. Using transgenic plants expressing the ALDH7B4-promoter::GUS fusion
construct it was shown that both pentanal and trans-2-hexenal activated the promoter.
However, the induction by trans-2-hexenal was stronger than that by pentanal. Consistent
with the previous observations on the ALDH7B4 transcript and protein analyses, the results
confirmed that the promoter is inducible by sodium chloride, copper sulphate, hydrogen
peroxide and dehydration, but at different amplitudes. The comparison of the GUS activities
revealed that dehydration and NaCl induce the promoter stronger than trans-2-hexenal.
Moreover, the ALDH7B4 promoter was found constitutively active in naturally desiccation-
tolerant organs like seeds and pollen thus following the expression pattern of many LEA (late
embryogenesis abundant) genes. The difficulties for exclusively using the aldehyde-driven
GUS activity as the sole criterion to screen a large mutant population to detect plants
defective in the aldehyde-induced expression of ALDH genes were also presented. An

alternative screening method is proposed.
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4. DISCUSSION

Since completion of the sequencing of the Arabidopsis genome (The Arabidopsis Genome
Initiative [AGI] 2000), it has been adopted as a model plant of choice for biological and
biotechnology research. Its advantages include a small genome size, short life cycle, small
stature, prolific seed production. These features in addition to its easiness of transformation
have allowed the development of a plethora of genomic resources ranging from DNA stocks
(genomic and full-length cDNAs) to seed stocks (natural accessions or ecotypes, near
saturation insertion mutant collections, mapping lines, etc.). The importance of using
knowledge gained from research on Arabidopsis should facilitate the understanding of
biological phenomena in crops and other plant species. Arabidopsis has been important for
studying stress signal transduction and molecular mechanisms leading to stress adaptation or
tolerance. The use of forward genetics and the development of reverse genetic tools have been
essential to determine the function of numerous genes involved in plant growth, development
and stress tolerance acquisition. To date, significant advances have been made but much still
remains to be done for numerous gene families, where functional redundancy among closely
related genes often obscures their phenotypes. The aldehyde dehydrogenase gene family is
such an example and the molecular and functional characterization of some gene members
have been undertaken in this work. Namely, two gene members, ALDH10A8 and ALDH10A9,
from the ALDH protein family 10 were investigated with respect to their biochemical
properties and functions in Arabidopsis development and stress response. ALDH3H1, a gene
member of the protein family 3 has been analysed through the use of both T-DNA insertion
mutants and over-expressing lines. Although it is established that aldehyde dehydrogenases
primarily oxidize aliphatic and aromatic aldehyde molecules to their corresponding carboxylic
acids, their regulation pattern and what links them to plant stress responses is mainly not
understood. This aspect has been addressed with transgenic reporter lines expressing the GUS
gene driven by the stress responsive promoter of ALDH7B4 (Kirch et al. 2005). The
ALDH7B4 gene is described as a “tugor responsive” gene and codes for a protein of the

family 7 of aldehyde dehydrogenases (Kirch et al. 2004; Kotchoni et al. 2006).

4.1 Functional analysis of putative betaine dehydrogenase genes from
Arabidopsis

Many higher plants accumulate glycine betaine as a compatible solute under stress conditions

(Fitzgerald et al. 2009). The biosynthesis of glycine betaine involves two enzymatic reactions
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catalysed by choline monooxygenase and betaine aldehyde dehydrogenase. Like rice,
A. thaliana belongs to those higher plants, which do not accumulate glycine betaine. This has
been attributed to the absence of a functional choline monooxygenase that oxidizes choline to
betaine aldehyde (Hibino et al. 2002). However, two genes, ALDH10A8 and ALDH10A9,
were assigned to code for betaine aldehyde dehydrogenase in the Arabidopsis genome (Kirch
et al. 2004). Using a loss-of-function mutant, the biological function of the ALDH10A8 gene
has been investigated. The biochemical properties of ALDHI0A9 have also been analysed.

4.1.1 Arabidopsis BADH coding genes are stress inducible
The analyses revealed that ALDH10A8 and ALDH10A9 transcripts are detectable in the plant
and are slightly induced by stress treatments. Similar expression patterns have been described

for these genes at the GENEVESTIGATOR V3 (http:/www.genevestigator.com;

Zimmermann et al. 2004) database, where weak inductions of these genes were observed
upon various stress treatments. This indicates that ALDH10A8 and ALDH10A9 may have a
role in maintaining cellular homeostasis under stress conditions. Transcript analyses from
some other plant species have however shown a constitutive expression of the BADH coding
genes. A BADH homologue in Avicennia marina did not respond to salt in leaf or root tissues
(Hibino et al. 2001). Similarly, BADH from Amaranthus tricolor was not stimulated by salt,
drought, H,0,, Cu*", Hg" and high temperature, except for methyl viologen (Bhuiyan et al.
2007). In some plants the BADH genes are differentially expressed. For example in rice
BADH?2 is constitutively expressed in mature leaf tissue grown under salt stress conditions
(Chen et al. 2008; Fitzgerald et al. 2008), whereas BADH1 is inducible by salt (Nakamura et
al. 1997), although rice, like Arabidopsis, does not accumulate glycine betaine. The fact that
BADH homologues do not respond to stress treatments in the same way in all plant species
suggests that they may have different roles, which allow adaptation to a specific stressing
compound or environmental conditions. It was observed that young and old plants lacking
ALDH10AS8 transcripts were drought and salt sensitive. This indicates that ALDH10A8 might

be involved in other pathways than the biosynthesis of glycine betaine in Arabidopsis.

4.1.2 Arabidopsis BADHs are probably aminoaldehyde detoxifying enzymes

Previous findings suggested that some BADH enzymes could oxidize aminoaldehyde
molecules. Trossat et al. (1997) demonstrated that sugar beet (Beta vulgaris) BADH oxidized
3-dimethylsulfoniopropionaldehyde, APAL and ABAL. Similarly, BADH homologues from

oat, rice and barley were shown to oxidize a variety of aminoaldehydes including ABAL and
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APAL, which were converted to GABA and 3-aminopropionic acid, respectively (Livingstone
et al. 2003; Bradbury et al. 2008; Fujiwara et al. 2008; Fitzgerald et al. 2009). Also, pea
(Pisum sativum, cv Lantra) aminoaldehyde dehydrogenase was shown to oxidise APAL and
ABAL (Petrivalsky et al. 2007). Likewise, the ALDH10A9 protein possesses both betaine
aldehyde and aminoaldehyde dehydrogenase activities and could oxidize betaine aldehyde,
ABAL and APAL in vitro, as shown in this work. However, the affinity to the substrates was
low compared to data from the literature (Table 6). No enzymatic data was obtained for
ALDHI10AS as it was not possible to purify sufficient amounts of the enzyme in its active
form. But, the salt and drought sensitive phenotype developed by the ALDH10A8 knock-out
mutant suggests that this enzyme is active in the plant. It is possible that ALDH10A9 and
likely ALDH10A8 function as aminoaldehyde dehydrogenases and would therefore be
involved in the polyamine catabolism through the oxidation of aminoaldehydes resulting from
the activity of copper amine oxydase (CAO) and polyamine oxydase (PAO) (Cona et al.
2006). Supporting findings of this hypothesis are our data confirming the peroxisomal
localisation of ALDHI0A9 and those reporting the peroxisomal targeting of Arabidopsis
CAO (At2g42490, accession no. NM_129810) and PAOs (AtPAO3: At3g59050, accession no.
AY143905; AtPAO4: At1g65840, accession no. AF364953) (Moschou et al. 2008a; Kamada-
Nobusada et al. 2008; Eubel et al. 2008; Reuman et al. 2009). AtPAO3 is shown to catalyze
the back-conversion/oxidation of spermine to spermidine and spermidine to putrescine
whereas AtPAO4 only oxidizes spermine to spermidine (Kamada-Nobusada et al. 2008;
Moschou et al. 2008a). Although any concomitant aminoaldehyde production was not shown
for these substrates, it is still plausible that the oxidation of other substrates not tested in these
studies will lead to the production of aminoaldehydes, as it is the case in animal cells. The
plant polyamine content is shown to increase upon salt, water, cold stress (Bouchereau et al.
1999; Maiale et al. 2004; Yang et al. 2007; Cuevas et al. 2008). Recently, Moschou et al.
(2008a, 2008b) showed that AtPAO3 and AtPAO4 accumulated in Arabidopsis seedlings
upon ABA treatment or mechanical damage and they subsequently suggested that the
polyamine catabolism in the apoplast is a key factor that exerts a specific role in abiotic stress
responses. Similarly, Petrivalsky et al. (2007) reported that pea AMADH activity increased
during wound healing of mechanically injured etiolated seedlings and this was spatially
correlated with lignification, a physiological process that involves both CAO and PAO
activities. Simultaneous increase of diamine oxydase activity and GABA formation from
ABAL was also reported in soybean (Xing et al. 2007). Based on these observations, it is
plausible that Arabidopsis AMADHSs exert their biological effects by detoxifying cells from
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metabolism-derived aminoaldehydes, which are cytotoxic (Morgan et al. 1987; Yu et al.
2003). In that way, they would generate GABA that can be directed to the GABA-shunt
pathway or accumulate as compatible solute. Indeed, Petrivalsky et al. (2007) found that high
GABA accumulation occurred in roots of soybean [Glycine max (L.) Merr.] grown on salt;
and about 39% of the total GABA pool was derived from polyamine degradation. Smirnoff
and Cumbes (1989) reported that GABA possesses in vitro hydroxyl-radical-scavenging

activity, exceeding that of proline and glycine betaine at the same concentrations (16 mM).

4.1.3 The ALDH10A8 knock-out mutant is stress sensitive

In the light of what is discussed above the inactivation of ALDH10A8 might lead to an
increase of intracellular levels of toxic aminoaldehydes in KO8-2 plants. Indeed, our results
indicate that the inactivation of ALDH10A8 rendered Arabidopsis plants more sensitive to
drought and NaCl. Likewise, Niu et al. (2008) recently reported that transgenic rice RNAi-
lines with inhibited BADH2 expression had a decreased salt stress tolerance, as measured by
shoot and root length, weight and root number. Similar observations have also been published
on fragrant rice varieties which lack the functional BADH2 enzyme (Fritzgerald et al. 2010).
According to the authors, these lines showed greater than 99% inhibition of mature seed
production if exposed to 22mM NaCl solution. These findings along with our observations
support the idea that BADH coding genes play a role as yet to be clarified in GB non-
accumulating plants under drought and salt stress conditions. The enzymatic activities of
ALDHI10A9 on betaine aldehyde, APAL and ABAL suggest that Arabidopsis BADHs may
serve as detoxification enzymes controlling the level of aminoaldehydes under stress
conditions and during metabolism. The results also confirm that the non-accumulation of
glycine betaine in Arabidopsis is not due to the absence of a functional BADH protein, but is
related to the lack of a functional CMO enzyme as previously reported by Hibino et al.
(2002).

4.2 Molecular and functional analyses of the ALDH3H1 gene locus

4.2.1 What can one learn from over-expressing the ALDH3H1 protein?

One way to identify the biological function of a plant gene is to analyse transgenic lines that
are either knock-out mutants for the gene or that over-express the gene at high levels.
Compared to the knock-out mutants the over-expressing plants are especially interesting when

dealing with gene families with functional redundancy. Both types of transgenic plants have
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been used in this study to understand the role of the ALDH3H1 gene in the development and
the stress physiology of A. thaliana. From the family 3 of ALDHs only ALDH3I1 has been
functionally characterized (Sunkar et al. 2003; Kotchoni et al. 2006). The first evidence of the
ALDH involvement in Arabidopsis stress response was provided by Sunkar et al. (2003). It
was shown that the gene is inducible by NaCl, heavy metals (Cu®>” and Cd*") and chemicals
that induce oxidative stress (Paraquat® and H,05). Later, Kirch et al. (2005) reported on the
expression analysis of several ALDH genes including ALDH3H1. It was shown that
ALDH3H1, like ALDH3I1, is stress inducible and mainly up-regulated by NaCl in the roots of
young plants at the transcriptional level. Here, the expression analysis has been extended to
the protein level and in adult plants. As explained in the results, the up-regulation of the
ALDH3HI1 protein by salt stress mainly occurs in leaves of plants older than 4 weeks after
germination. In comparison with the previous findings, it appears that ALDH3H1 and
ALDH3I1 are differentially expressed in the plants. Sub-cellular localization experiments
have revealed that ALDH3HI1 is targeted to the cytosol whereas ALDH3I1 contains a plastid
signal that directs it to chloroplasts. This implies that these proteins although from the same
family could be functionally different. Indeed, transgenic plants constitutively expressing the
full-length coding sequence of ALDH3H1 under the control of the 35S promoter did not
develop a strong stress tolerance phenotype in contrast to the ALDH3I1 over-expressors.
Arabidopsis ALDH3I1 over-expressors showed improved tolerance to NaCl, heavy metals,
methyl viologen and H»O, (Sunkar et al. 2003). Consistent with these observations, the
ALDH3I1 knock-out mutants were more sensitive to dehydration and salt than the wild type
(Kotchoni et al. 2006). These phenotypes were explained by the detoxification of aldehydes,
given that the level of thiobarbituric acid reactive substances was decreased by the over-
expression of ALDH3I1 and increased in the case of enzyme deficiency. Similar observations
were made with ALDH over-expressing lines in other species. Transgenic tobacco (Nicotiana
tabacum) and Arabidopsis plants constitutively expressing the soybean gene GmTP55 that
encodes a dehydrogenase motif containing protein of the ALDH7 family have been shown to
be tolerant to salinity during germination and to water deficit during plant growth (Rodrigues
et al. 2006). These transgenic plants also exhibited enhanced tolerance to oxidative stress with
a lower concentration of lipid peroxidation-derived reactive aldehydes. Likewise, it has been
reported that transgenic tobacco plants over-expressing the ALDH22A1 gene from maize (Zea
mays) showed increased stress tolerance accompanied by a reduction of MDA derived from
the lipid peroxidation (Huang et al. 2008). By contrast, the ALDH3H1 over-expressors did
not significantly perform better than wild-type plants under stress. The ALDH3HI1 over-
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expressors showed a slightly improved germination rate and growth compared to the wild
type and the knock-down mutant 3h1-B. Similar observations were made with soil-grown
plants. Nevertheless, it is worth to notice the overall lower level of MDA that was found in
ALDH3HI1 over-expressing plants compared to the wild type and the knock-down mutant
3h1-B. This tendency is consistent with the findings from the above-cited literature as for that
the detoxification of reactive aldehydes derived from the cellular lipid peroxidation is
predominantly performed by ALDH gene members. As compared to the results from
ALDH3I1, the constitutive expression of the ALDH3H1 protein did not confer abiotic stress
tolerance to Arabidopsis. But this protein may take part to the detoxification of lipid
peroxidation-derived aldehydes, contributing therefore to the performance of the plant under
stress.

Further, the ALDH3H1 over-expressing plants accumulated less proline than the wild type
and 3h1-B under drought; its accumulation was correlated with the severity and the duration
of the stress. Proline is an amino acid that many higher plants accumulate in response to
drought, salinity and various environmental stresses (Kavi Kishore et al. 2005). Proline is
believed to function as an osmolyte for osmotic adjustment and to stabilize sub-cellular
structures such as membranes and proteins and to scavenge ROS. The accumulation of proline
in many plant species has been correlated with stress tolerance, and its concentration has been
shown to be higher in stress-tolerant than in stress-sensitive plants (Petrusa and Winicov
1997; Nanjo et al. 1999; Nayyar and Walia 2003). But, this correlation is not universal and
the toxic effect of proline at high concentrations has also been reported (Lutts et al. 1999;
Nanjo et al. 2003). Such contradictory findings could result from the differences in the
mechanisms that underlie proline accumulation and degradation or the signaling mechanisms
that lead to proline accumulation. But, it may also depend on the actual function of proline in
stressed plants. In fact, the proline content was increased, as expected, in wild-type and
ALDH3HI1 over-expressing plants upon stress, although there was no visible difference in
their phenotype. The level of proline after 7 days of salt and drought stress was significantly
lower than that found after 14 days, irrespectively of the genotype (data not shown). This
suggests that proline accumulation can be at some point understood as a signal to reflect the
physiological status of plants. The intracellular concentration of proline could be a
biochemical signature reflecting the severity of the stress endured by the plant. With regards
to this, one could interpret the lower levels of proline in ALDH3H1 over-expressing plants
under drought as a sign that they suffered less from the dehydration than did the wild type and
the knock-down mutant 3h1-B.
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Although ALDH3H1 expression is stress responsive, the study of the over-expressing plants
suggests that its function in the detoxification of lipid peroxidation-derived reactive aldehydes
is less important than for ALDH3I1. In the light of the observations made with transgenic
seedlings (Fig. 18-20) the ALDH3H]1 protein might be more functional in seedlings than adult
plants. Since the gene was found to be up-regulated by salt in seedling roots exclusively, it is
worth deepening the investigations in this organ. It is plausible that the ALDH3HI1 protein,
instead of having a primordial role in the stress tolerance acquisition, is involved in the
maintenance of the root architecture and the integrity of root tissues under stress conditions.
Alternatively, this protein may have another so far unknown biological function, as it has
been the case for some other ALDH gene members. For instance, it has been shown that Rf2a,
a maize gene coding for a mitochondrial family-2 ALDH, is a maize nuclear restorer gene
(Liu et al. 2001). The protein Rf2a is involved in the anther development and plays a critical
role in producing functional male gametes (Liu et al. 2001; Liu and Schnable 2002); although,
the molecular mechanisms associated with the restorer function of the Rf2a gene remain to be
clarified. Similarly, the Arabidopsis ALDH2C4 was shown to oxidize sinapaldehyde and
coniferaldehyde and thereby is involved in the production of ferulic acid and sinapic acid
during lignin biosynthesis (Nair et al. 2004). Recently, Wei et al. (2009) described the
ALDH2B4 as the main player among the ALDH2 protein family members involved in the
“pyruvate dehydrogenase bypass” pathway in Arabidopsis pollen. Indeed, “pyruvate
dehydrogenase bypass” pathway plant family 2 ALDHs oxidize acetaldehyde generated via
ethanol fermentation, producing acetate for acetyl-CoA biosynthesis via acetyl-CoA
synthetase (ACS), as it is the case in yeast. An additional example of the role that ALDH
could play in the plant development was provided by Shin et al. (2009). These authors
reported that a rice ALDH7 gene (OSALDHY7) plays an important role in maintaining seed
viability by detoxifying the aldehydes generated from lipid peroxidation. Based on these
observations, it will be worth to further investigate both ALDH3H1 over-expressors and
knock-out mutants in order to uncover any other features related to the function of

ALDH3HI.

4.2.2 ALDH3HI1 locus contains an alternative promoter directing the expression of an
alternative first exon (AFE) transcript

Since residual ALDH3H1 transcripts were detected in the 3h1-B mutant (Ditzer A.
unpublished data) it was considered that the absence of a stress phenotype in this line could be

due to the leakage of the mutation. I therefore sought to characterize additional T-DNA
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insertion mutants. The comparative analysis of ALDH3H1 transcripts in the mutants 3h1-A
and 3h1-C allowed to identify the presence of a short transcript (T3) different in its 5’end
sequence from the longer isoforms T1 and T2. As explained in the results, T3 originates from
the use of an alternative first exon (AFE). AFEs can be produced by alternative promoters,
alternative splicing of gene transcripts or through the combination of both mechanisms. Many
eukaryotes use AFEs to generate several transcripts from a single gene (Kornblihtt 2005;
Chen et al. 2007). Typically, an AFE is defined as the first exon of one splice variant of a
gene, but either located downstream of a corresponding AFE of other variants generated by
the same gene, or absent from other variants altogether (Luzi et al. 2000; Kimura et al. 2006).
Reports on AFEs are mainly based on mammalian genomes, especially mouse and human.
But recently a genome-scale analysis has been performed on rice and Arabidopsis (Chen et al.
2007). It was found that 5.9 and 5% respectively of the total expressed genes in rice and
Arabidopsis contain AFEs; and about 58% of AFE-containing gene structures derive from
alternative promoters. Consistent with these findings, our observations indicated the existence
of a second gene promoter within the 1* intron of the ALDH3H1 locus, which drives the
expression of the short AFE-transcript T3. The size of the 1% intron is about 1.2 kb and
represents the distance between the upstream exon and the 5’-end of the cryptic exon2’.
Accordingly, Chen et al. (2007) found that the average distance between the start sites of
alternative first exons was about 1.6 kb in Arabidopsis. The analysis of other Arabidopsis
ALDH gene sequences did not reveal any similar intron size, indicating that this feature is
unique for ALDH3H1. As discussed hereafter the necessity of such an alternative promoter
and the function of the deriving transcripts T3 are not fully understood. Chen et al (2007),
however, observed that genes involved in enzymatic reactions and cellular processes were
significantly enriched in AFEs in rice and Arabidopsis, indicating that the complex
transcription mediated by AFEs might be important for the plant cell adaptation to dynamic

internal and external environmental changes.

4.2.3 Influence of the use of AFE-transcripts on the protein sub-cellular localization

It is well documented that some AFE-transcripts contain different ATGs, which result in
protein isoforms with different N-termini. As consequence, these protein isoforms can be
targeted to different cellular compartments or have different functions (Wang et al. 2002;
Kitagawa et al. 2005). Unlikely, the ALDH3H1 protein from T3 was found to be localized in
the cytosol (Fig. 34). More frequently, AFEs lead to different transcripts that merely differ in

their 5’-untranslated region (5’-UTR). The shared downstream exons contain the same
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translation start codons (ATGs) and therefore produce identical proteins (Luzi et al. 2000). As
shown on the TAIR website and reported here in Fig. 24 three protein coding gene models
could derive from the ALDH3H1 locus. T1 and T2 only differ in their 5’UTR region and
would therefore code for a unique protein isoform targeted to the cytosol, as previously shown
(Ditzer A. unpublished data). Although the difference between T1 and T2 transcript isoforms
was not experimentally analysed in this study, it is plausible that they also represent AFE-
transcripts. Indeed, Tanaka et al. (2009), in a genome wide comparative study of transcription
start sites (TSS) mapping, found that every locus had 1.96 and 2.08 TSS clusters in rice and
Arabidopsis, respectively. The means of the distances between TSSs were shown 149 bp in
rice and 184 bp in Arabidopsis, suggesting that T1 and T2 could be generated from the use of

alternative TSSs located in the upstream promoter.

4.2.4 What can one understand from the differential expression of ALDH3H1
transcript isoforms?

The analyses revealed that the transcript T3 has derived from the use of an alternative
promoter located within the 1.2 kb-first intron of the ALDH3H1 locus. Several eukaryotic
genes have been found with multiple promoters. Each promoter determines a specific TSS
with a first exon, and accordingly, generates a different transcript. The generation of
alternative transcripts by the use of multiple promoters was seen as an additional way of
generating regulatory diversity and provides a mechanism to synthesize functionally related
proteins acting together to mediate a specific biological response (Morello et al. 2002; Parsley
and Hibberd 2006; Qi et al. 2007). The expression pattern of the transcript T3 substantially
differs from that of T1 and T2 in roots of adult plants, which indicates that the two promoter
regions are differentially activated. It is well documented that alternative promoters are often
responsible for tissue- or developmental stage-specific gene expression. Besides the different
examples described in human genes, Koo et al. (2009) recently showed that the rice MAP
Kinase gene OSBWMK1 generates, by the use of alternative promoters, transcript variants that
show distinct expression patterns in response to environmental stresses. They found that one
promoter was constitutively active in most tissues at various developmental stages in rice and
Arabidopsis, whereas the activity of the second promoter was lower and, spatially and
temporally restricted. Similarly, Chen et al. (2007) identified a number of putative AFE-
containing gene clusters in Arabidopsis, which exhibit tissue- and/or development-specific
transcription. The diversification of TSSs and transcripts from a single locus were shown to

contribute to variations of gene expression patterns and regulation in rice and Arabidopsis
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(Tanaka et al. 2009). Whether these variations are either gene-specific or intrinsic to Cis- and
trans-elements involved in gene expression, is not yet fully elucidated and requires further
investigations. Nevertheless, findings suggest they could evolve from the discrepancy in
nucleotide features around upstream and downstream TSSs (Tanaka et al. 2009). According to
this hypothesis, the most upstream TSS would have retained canonical cis-elements, whereas
downstream TSSs contained atypical nucleotide features, resulting in the development of
novel gene expression patterns.

Despite the fact that T3 transcripts could be easily detected in 3hl-A mutants, no
corresponding protein was found in those plants. A possible explanation of this feature is that
the transcripts T3 are less stable and undergo a posttranscriptional degradation that prevents
their translation into protein. Another more plausible reason could be that the translation
efficiency of T3 transcripts is very poor. Indeed, some of the GC-rich leader exons generated
by alternative promoters were shown to be poorly translated (Kozak 1991). Also, the presence
of one or more upstream start codon AUGs in the 5’UTR region of AFEs were found to
inhibit cap-dependent translation (Kozak 1991). Three ATGs were found between the TATA-
Box of the ALDH3HL1 alternative promoter and the functional ATG of the cryptic exon2’. This
indicates that the presence of these upstream ATGs is not random, and the ATGs could
attenuate the translation of T3 transcripts.

Another more relevant question that arose is the absence of the transcript T3 in the wild type.
One cannot rule out the possibility that the transcript is produced in the wild type at a very
low level. Alternative promoters that were 100-fold different in their strength have been
documented for mammalian a-amylase genes (Schibler et al. 1983). It is nevertheless
intriguing that T3 transcripts could be detected in heterozygous 3h1-A mutants along with the
other variants. It is possible that the trans-acting factors required for the expression of T3,
although present in the wild type, do not have access to the promoter. It can be hypothesized
that the affinity of the trans-acting factors to the upstream promoter is much stronger than that
to the downstream alternative promoter; making thereby the upstream promoter control the
recruitment of the transcription factors and the gene expression. In that case the dominance of
the upstream promoter would have been suppressed by the T-DNA in 3h1-A. This is what
apparently happened. The insertion of the T-DNA in the exon close to the upstream promoter
(Fig. 24) could have affected its integrity or disrupted its native conformation or some
important Cis-elements. Interestingly, T3 was not detected in 3h1-B mutants, which have a T-
DNA insertion within the first intron at a position distant to the upstream promoter.

Nevertheless, the situation in 3h1-B could be explained by the fact that the T-DNA has
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actually disrupted the alternative promoter within the intron. The hypothesis of the dominance
of the upstream promoter over the alternative downstream promoter could be further
investigated by comparing, for example, the levels of the GUS gene activity driven by the
alternative promoter in transgenic plants generated in wild type and 3hl-A mutant

background.

4.2.5 Is the T3 transcript variant relevant for the plant viability?

The comparative analysis between the 3h1-A mutants, the wild type and the 3h1-C mutants
indicated that 3h1-A plants were as similarly affected as 3h1-C mutants in their root growth
under NaCl stress. This suggests that the transcript T3 did not functionally compensate for the
lack of T1 and T2 transcripts. This perhaps explains why the expression of T3 is suppressed or
inhibited in wild-type plants. However, the possibility cannot be discarded that the transcripts
function under certain conditions that were not explored in this study. Nevertheless, it is
interesting to understand why the nature has donated this gene an alternative promoter and
why the activity of that promoter is maintained low in the wild type. From the general point of
view, the alternative promoters provide additional flexibility in the control of expression and
function of a gene. But this is not in agreement with the absence of transcripts T3 in the wild
type as observed. The sequence comparison of the 1.2 kb-intron sequence to the genomic
sequence of various plant species did not show any significant homologues. Moreover, it has
appeared that ALDH3H1 is the single ALDH coding gene with an alternative promoter
identified so far in Arabidopsis. The generation of the alternative promoter may be an isolated
event that has occurred during evolution. Landry et al. (2003) proposed several events that
can explain the origin of alternative promoters. First, it may be through progressive mutations,
which eventually create over time a set of new functional motifs that can recruit the
transcriptional machinery and that are in a favourable genomic position to serve as a promoter
for the downstream gene. Alternatively, it can result from a recombination event duplicating a
promoter region and subsequent mutations would affect the strength and tissue specificities of
the promoters, or even the sequence depending on the age of the duplication and selective
pressures. Other possibilities are the insertion of a transposable element or genomic
rearrangements in the vicinity of the gene, creating thereby a novel promoter. Considering
that the occurrence of a novel promoter would be accompanied by the generation of new
TSSs, downstream promoters or TSSs might produce a truncated protein whose function is
deteriorated or lost. In contrast, the generation of upstream mutations would affect

downstream canonical transcriptional signals and gene function. Therefore, upstream
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mutations would have been negatively selected evolutionary. Regardless the mechanisms that
evolve the alternative promoter, such modifications would only persist if they can withstand
selective pressure and become beneficial or neutral to the host. Thus, it is more plausible that
a slow and gradual accumulation of mutations that result in a novel transcription unit would
be the most effective evolutionary path (Landry et al. 2003). Understanding how the
regulation of the novel promoter has evolved is another task that requires study of the AFE-
containing gene clusters in other species. An insight on this aspect has been brought in a study
that compared AFE-containing gene pairs from rice and Arabidopsis (Chen et al. 2007). It
was respectively found that only 1.4 and 2.9% of all AFE-containing gene clusters in rice and
Arabidopsis were classified as orthologous groups. By investigating which kinds of gene
categories were likely to use AFEs the authors did not find any bias. They therefore
concluded that evolutionary conservation of AFEs exists in functional categories instead of
individual genes in plant genomes. Mutations leading to novel promoters or TSSs might have
occurred to adapt the gene expression to changes over the time. Altogether, the alternative
promoter in ALDH3H1 gene would have independently occurred late after ALDH gene

diversification in Arabidopsis.

4.3 Study of the ALDH/B4 gene promoter
4.3.1 The Arabidopsis antiquitin-like protein ALDH7B4 is a good candidate to

investigate aldehyde dehydrogenase gene regulation

ALDH7B4 belongs to the family 7 of plant ALDH proteins that are also named antiquitins.
These proteins were given the name “antiquitin” to reflect their antique nature (Lee et al.
1994). The amino acid sequence identity among family 7 members is about 60-70%, making
them besides histone H2A proteins one of the most evolutionarily conserved eukaryotic
proteins (Lee et al. 1994; Fong et al. 2006). The high degree of sequence similarity between
species is probably indicating an essential conserved role within the cell. Plant ALDH7B
proteins are believed to function in the regulation of turgor pressure or more generally in plant
stress responses. In this regard, the garden pea (Pisum sativum) turgor protein 26g (now
referred to as ALDH7B1 according to the official nomenclature) was found to be induced by
dehydration, low temperature, heat shock and ABA (Guerrero et al. 1990). A similar increase
of the gene transcript under osmotic stress was reported in canola (Brassica napus) (Stroeher
et al. 1995). In Arabidopsis, the ALDH7B4 protein showed a strong induction by osmotic
stress and ABA (Kirch et al. 2005). Over-expression of ALDH7B4 in A. thaliana has

113



Discussion

conferred osmotic and oxidative stress tolerance to transgenic plants (Kotchoni et al. 2006).
Similarly, transgenic tobacco (Nicotiana tabacum) and Arabidospsis plants ectopically
expressing the soybean (Glycine max) antiquitin-like ALDH7 gene showed overall reduced
MDA levels associated with improved drought and high salinity tolerance in addition to
decreased sensitivity to hydrogen peroxide and methyl viologen (Rodrigues et al. 2006).
Seedlings of a rice T-DNA insertion mutant lacking the ALDH7 protein showed increased
sensitivity to cold, heat, salinity, dehydration and methyl viologen (Shin et al. 2009).

Reports on the physiological function of human antiquitin started in 2006 when it was
discovered that mutations of antiquitin are responsible for pyridoxine-dependent seizures
(Mills et al. 2006; Plecko et al. 2007). Human antiquitin catalyzes the oxidation of
a-aminoadipic semialdehyde (a-AASA) in the lysine catabolic pathway (Mills et al. 2006).
Mutations in the human antiquitin gene led to a deficiency of the enzymatic activity and the
accumulation of a-AASA and its equilibrium product A'-piperidine-6-carboxylate. The latter
will undergo Knoevenagel condensation with pyridoxal-5-phosphate, leading to a deficiency
of Vitamin B6 required for neurotransmission processes. More recently, the mammal
ALDH7A1, a homolog of pea ALDH7BI1, was shown for the first time to protect against
hyperosmotic stress by generating osmolytes and metabolizing toxic aldehydes (Brocker et al.
2010). Together with their evolutionarily conserved features it appears that ALDH7 proteins
play a pivotal role in cells in osmotic homeostasis.

Although ALDH7B4 is classified as aldehyde dehydrogenase, its physiological substrates are
still elusive. Functional studies of ALDH7B4 using knock-out and over-expressing lines
indicated that the protein is involved in the detoxification of lipid peroxidation-derived
aldehydes including MDA (Kotchoni et al. 2006). Enzymatic activities of the recombinant
rice ALDH?7 protein were reported using MDA, acetaldehyde or glyceraldehyde as substrates
(Shin et al. 2009). Similarly, purified recombinant mammalian ALDH7A1 efficiently
metabolized a number of aldehyde substrates, including betaine aldehyde, lipid peroxidation-
derived aldehydes, and the intermediate lysine degradation product, a-aminoadipic
semialdehyde (Brocker et al. 2010). This indicates that ALDH7 proteins can oxidize a wide
range of aldehyde substrates and this may predominantly account for their function in stress
tolerance.

As reported, ALDH7B genes are rapidly induced upon stress, indicating that a relatively short
or rapid signalling pathway may govern their expression. The induction of ALDH7B4 in
Arabidopsis ABA-deficient and ABA-insensitive mutants was impaired after dehydration, but

the expression was nearly unaltered upon NaCl treatment, indicating a divergence of the
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signalling pathways (Kirch et al. 2005). It was proposed that the dehydration stress response
may be ABA-dependent, whereas salt stress-induced expression is regulated in an ABA-
independent manner. In contrast to ALDH3I1 (another stress responsive ALDH gene), of
which the salt and dehydration responses were found to be mainly ABA-dependent, the
ALDH7B4 gene would offer the unique advantage of studying ALDH gene regulation in both
ABA-dependent and -independent situations. Moreover, ALDH7B4 could be detected in both
roots and aerial parts of the plant while this feature was absent in all three members of family
3 (ALDH3I1, ALDH3H1, ALDH3F1) and the ALDH22A1 (Kirch et al. 2005) in Arabidopsis.
All this makes ALDH7B4 a good candidate for studying the regulation of ALDH genes under
stress conditions. Transgenic reporter lines which expressed the GUS reporter protein under
the control of the ALDH7B4 promoter were generated. These plants were used to investigate
how plants sense the increase in lipid peroxidation-derived aldehydes and which signalling

mechanism(s) govern(s) the expression of ALDH proteins in the presence of aldehydes.

4.3.2 Induction patterns of the ALDH7B4 gene promoter

Transgenic 7B4-GUS lines were generated to study the regulation of ALDH genes under
stress and by aldehyde molecules. The ALDH7B4 promoter was found to be constitutively
active in mature seeds. The accumulation of the GUS reporter protein started during the
silique elongation and reached a peak in mature siliques. The levels of accumulated GUS
activity remained high in mature seeds but lower than the levels in mature siliques. The
observations were confirmed by protein-blot analysis of wild-type seed protein extracts
(Fig. 39). The results are consistent with data on the ALDH7B4 gene in the
GENEVESTIGATOR V3 database (http:/www.genevestigator.com; Zimmermann et al.

2004). Such an accumulation pattern of antiquitins in seeds has been reported for the rice
ALDH7 protein. Seeds from a T-DNA insertion mutant lacking the functional ALDH7
enzyme showed increased sensitivity to aging and accumulated more MDA than the wild-type
(Shin et al. 2009). Moreover, seeds of this knock-out mutant accumulated melanoidin as a
consequence of the lack of functional ALDH7 protein. Melanoidin is described as a product
of a Maillard reaction, where a carbonyl group (for example from aldehydes) is non-
enzymatically combined to an amine group (from amino-acid residues in proteins) (Adams et
al. 2005; Papetti et al. 2006; Niquet and Tessier 2007). As suggested by Shin et al. (2009) the
accumulation of ALDH?7 protein during seed maturation and storage may be required for the

detoxification of aldehydes, which could affect seed viability. Consistent with this, the
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ALDH7B4 gene promoter is also activated during seed desiccation. This suggests that plant
antiquitins may play a pivotal role in seed maturation and viability similar to LEA genes.

When the transgenic 7B4-GUS lines were treated with different stressors including aldehydes,
it was found that both the chromosomal and transgenic ALDH7B4 gene promoters were
equally activated. These observations are consistent with the previously reported analyses of
the ALDH7B4 gene at both mRNA and protein levels (Kirch et al. 2005; Kotchoni et al.
2006). This shows that the expression of the GUS reporter gene reflects the chromosomal
ALDH7B4 gene expression. Therefore, these reporter lines could be confidently used to study
the activation pattern of the chromosomal gene under different stress conditions or in the
presence of diverse effectors. In addition, these observations suggest that the aldehyde-
mediated ALDH7B4 promoter activation involves some trans-acting factors that can

specifically recognize and activate the promoter irrespective of its position in the genome.

4.3.3 Biological activities of a,f-unsaturated aldehydes and related oxilipins

Numerous examples of the bioactivity of aldehyde molecules have been reported. Trans-2-
hexenal was shown to inhibit root elongation in Arabidopsis seedlings. It was proposed that
trans-2-hexenal exerted its action through the synthesis and accumulation of GABA
(Mirabella et al. 2008). Tocopherol deficiency in the vitamin E2 mutant vte2-1 of Arabidopsis
led to enhanced lipid peroxidation and accumulation of MDA as well as stable phytoprostanes
shortly after germination. This correlated with the up-regulation of defense-related genes
(Sattler et al. 2006). Fujita and Hossain (2003) reported the induction of pumpkin (Cucurbita
maxima Duch.) glutathione S-transferase (GST) genes by crotonaldehyde and trans-2-hexenal
at both mRNA and protein levels. Likewise, many abiotic stress responsive genes were shown
to be induced by MDA (Weber et al. 2004). GST1 mRNA was strongly expressed in vte2-1
mutant seedlings and in response to direct MDA application (Weber et al. 2004; Sattler et al.
2006). Other GST coding genes have been shown to be induced by MDA or oxilipins derived
from non-enzymatic lipid peroxidation (Mene-Safrané et al. 2007; Mueller et al. 2008).
Dueckershoff et al. (2008) showed that cyclopentenone-oxylipins spontaneously react with
several proteins and glutathione in vitro and in vivo. The conjugation with glutathione could
be reversibly catalysed by GSTs and the binding of glutathione to o,f-unsaturated lipid
peroxidation products was proposed as a mechanism of detoxification (Farmer and Davoine
2007).

An important feature of the aldehydes with biological activity is the presence of an

a,B-unsaturated carbonyl group. It was shown that electrophilic aldehydes containing an
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a,B-unsaturated carbonyl were more efficient in gene activation than their aliphatic
counterparts (Weber et al. 2004). Consistent with this, trans-2-hexenal induced the ALDH7B4
promoter stronger than pentanal (Fig. 41) and other short-chain aliphatic aldehydes (data not
shown).

In 2004, Weber et al. demonstrated that MDA could up-regulate the expression of an array of
genes, most of which are related to abiotic stress. The authors postulated that the
concentration and the localisation of unbound MDA would be key factors directing its
biological activities in vivo. About 75% of total MDA content in expanded leaves was shown
to originate from trienoic fatty acids while the source of the second pool is so far unknown
(Weber et al. 2004). Using triple fatty acid desaturase (fad3-2fad7-2fad8) mutants deficient in
the accumulation of the trienoic fatty acid, it was found that a basal MDA level is kept in
plant tissues in physiological conditions. The biological activity of MDA is mostly derived
from changes in the free MDA pool that is dynamic and increases upon stress (Farmer and
Davoine 2007). Treating Arabidopsis leaves with Diquat (a structural analogue of methyl
viologen that causes oxidative burst) Weber et al. 2004 observed 2.7-fold increase of the free
MDA content. Similar to these observations, methyl viologen led to a significant
accumulation of MDA associated with high ALDH7B4 promoter activity, as shown here. This
underlines the correlation between oxidative stress, MDA accumulation and gene expression.
However, the comparison of the promoter activity and MDA accumulation has demonstrated
that this correlation is not always true for some stressors, as shown in Fig 43. This suggests
that other factors besides MDA may be required for ALDH7B4 promoter activation. The
results presented here do support the idea that a threshold of intra-cellular MDA contents, and
in general of lipid peroxidation-derived aldehydes, is required to trigger the expression of the
target genes. Additional transcription factors may be necessary for a full induction of the

target promoters.

4.3.4 How could bioactive aldehydes function as signal compounds?

It is unlikely that MDA or other lipid peroxidation-derived aldehydes directly interact with the
target gene promoters in the nucleus. A more plausible mechanism would involve other
effectors located in the cytosol or the chloroplasts, where these molecules are predominantly
generated under stress conditions. Any significant response over the background expression
could not be detected within the first 4 h of treatment, indicating that the induction of the
ALDH7B4 promoter by aldehydes requires intermediate factors that are probably synthesized

de novo. The fact that the promoter activity increased with the incubation time did support
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this idea (Fig. 41a). As explained in the previous paragraph, the signalling event is probably
triggered as aldehydes accumulate to a certain level that is sufficient to promote their
interactions with the target factors. Reactive electrophile species (RES) including MDA and
other o,B-unsaturated aldehydes possess a thiol-reactivity that allows them to covalently
modify proteins in vivo (Mueller and Berger 2009). Such a covalent interaction is proposed to
be a determinant for their signalling function. Recent data indicated that MDA and other
oxilipin-mediated signalling could first lead to the induction of genes coding for transcription
factors, which in turn will trigger the expression of further target genes in a latter phase of the
response. A DREB2A encoding gene (At5g05410) transcript was found highly up-regulated
upon 4 h of MDA treatment (Weber et al. 2004). A parallel between high MDA or
phytoprostanes levels and significant up-regulation of a DREB-like AP2 transcription factor
(At2g38340) was reported in vte2 mutants (Sattler et al. 2006). The implication of the TGA
transcription factors TGA2, TGAS and TGAG6 in cyclopentenone oxylipins-mediated gene
expression has also been described (Mueller et al. 2008). Thirty percent of gene induction by
12-oxo-phytodienoic acid (OPDA) and 60% of gene induction by Al-phytoprostanes were
absent in the tga2,5,6 triple knock-out mutant. As MDA and some other alkenals are
generated along with these phytoprostanes, the implication of these TGA transcription factors
in MDA signalling cannot be excluded. Based on the irreversible feature of RES bounds with
thiol residues in proteins, the most obvious signalling pathway is the covalent modification of
trans-acting factors. This may lead to the direct activation of the transcription factor or its
release from a partner that in the absence of signal prevents its access to the promoter. The
genetic screening of mutants with altered ALDH7B4 promoter activation may lead to uncover

trans-acting factors implicated in a,p-unsatured aldehyde signalling.

4.3.4.1.1 Functional analysis of the cis-acting elements in the ALDH7B4 promoter

Our results from mutated ALDH7B4 promoter constructs indicated that only the most
downstream ACGT-containing motifs (ACGT2 and ACGT3 boxes) are relevant for the salt
stress response (Fig. 44). By contrast, Kirch et al. (2005) showed that the salt responsiveness
of the ALDH7B4 gene is more likely to occur in ABA-independent manner. This discrepancy
may be indicating that these ACGT-containing boxes are not real ABREs. Mehrotra and
Mehrotra (2010) recently described that two copies of ACGT element separated by
5 nucleotides imparted salicylic acid induction to a basal promoter whereas ABA-
responsiveness was obtained when the distance between both ACGT elements were at least

25 nucleotides. Many plant cCis-acting elements actually contain the core ACGT-sequence and
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the flanking sequence is the key factor determining the function (Guiltinan et al. 1990; Salinas
et al. 1992; Busk et al. 1997). ACGT-containing sequences that do not function as ABREs
even in ABA inducible promoters were also reported (Kao et al. 1996; Busk et al. 1997).
Reports on identical cis-acting sequences but with different functions have been documented
as well (Busk and Pageés 1998); who suggested that the ABRE is a subset of ACGT-
containing elements that is defined by the function rather than by the flanking sequence.
Further analyses of the different ALDH7B4 promoter constructs with respect to ABA
treatment are required to uncover the nature and the function of the ACGT2 and ACGT3
boxes. By now, it is also impossible to decide which cis-elements in the ALDH7B4 promoter
are involved in the response to aldehyde treatments. The functional analysis of the mutated
promoter constructs should be extended to aldehyde molecules to better understand the
mechanism of the promoter activation. It is important that these analyses are performed on
stably transformed Arabidopsis plants. In fact, the co-cultivation method used in this study
has some substantial drawbacks as for the important number of replications required for
getting meaningful results. The method may not be appropriate for studying gene stress
response, as the procedure for the co-cultivation can itself be a stress to the plantlets,
compromising the interpretation of the results. Seedlings also fail sometime to resist for 24 h
stress application after co-cultivation and die by losing their chlorophyll before the

experiments is terminated.

4.3.5 Generation of the EMS-mutagenized seed population and screening strategy

In order to identify signalling proteins involved in the aldehyde-mediated activation of the
ALDH7B4 promoter a forward genetic approach was undertaken in this study. Homozygous
seeds from 7B4-GUS reporter plants were treated with EMS and cultivated on soil until the
seeds from the next generation (M2) were obtained. The approach is based on the unique
feature of EMS to introduce random point mutations throughout the genome. This results in
nonsense or mis-sense mutations in the gene promoter or coding regions that can alter gene
expression. As such, any mutation in a trans-acting factor gene involved in the activation of
ALDH7B4 promoter could result in the alteration of the GUS gene expression. Such an
alteration can be seen through the absence, down-regulation or up-regulation of the GUS
enzymatic activity. Plants with such mutations could be identified from screening the M2
mutant population and further characterized. This approach has been widely used in the past
and led to the identification of various protein functions or gene expression pathways

(Jackson et al. 1995; Oono et al. 1998; Heiber et al. 2007). Although the use of an EMS-based
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mutagenesis approach generally allows finding a mutation in any given gene by screening
fewer than 5,000 Arabidopsis plants (Feldman et al. 1994), it is clear that the success and the
efficiency of this approach are mainly dependent on the screening procedure used. Here, it has
appeared that a direct exposure of plants to aldehydes did not work out as expected. In fact,
the aldehydes are volatile enough and spraying them on the plants did not lead to a
reproducible effect. But, this could be overcome by exposing the whole plant or organs to a
specific concentration of aldehyde in a tightly closed container, as described by Weber et al.
(2004). This method was used with individual plants to study the promoter activity in
different stress conditions. Yet, many plants could not be simultaneously treated in a single
container, rendering the method inadequate for a large scale screening. Additionally, the
activity of the promoter did not appear to be strong enough induced by aldehydes, as
compared to dehydration or salt. As consequence, it was not possible to make a clear-cut
decision. An indirect approach of screening may prove useful to overcome the problem. In the
light of the results obtained from this work it may consist of screening the M2 plants first by
methyl viologen. Once putative mutants with altered GUS expression have been identified, a
second round of screening will be performed on those mutant lines using aldehydes. This

should allow identifying mutants impaired in aldehyde-mediated gene responses.

4.4 Conclusions and future perspectives

The data presented here contribute to the understanding of the function and regulation of
aldehyde dehydrogenases in Arabidopsis. Broadening the previous findings, this work
provides important data for the so far unknown function of members of family 10, 3 and 7 of
ALDH proteins in Arabidopsis. Similar to rice, the data showed that Arabidopsis BADH
homologous genes are involved in the plant stress response but in a way that is still elusive.
Additional work is required to shed light on that feature. Functional analyses of BADH over-
expressing lines would be a good starting point for investigations. On the other hand, data
also pointed out to the aminoaldehyde dehydrogenase activity of ALDHIOAS8 and
ALDHI10A9 and their probable contribution to the intracellular GABA content. Considering
that the major source of GABA is believed to derive from the decarboxylation of glutamate,
the importance of the aminoaldehyde dehydrogenase route could be pharmacologically
accessed with inhibitors of glutamate decarboxylase. Moreover, genetic and phenotypic
studies can be carried out in association with mutants defective in glutamate decarboxylase

activity to better understand the interaction between these metabolic pathways. If the
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aminoaldehyde dehydrogenase-mediated GABA synthesis is of any importance, growth of
plants on polyamine-enriched media should enhance the polyamine catabolism and stimulate
GABA formation. Combined use of the available mutant tools for both the polyamine
catabolism and glutamate decarboxylase pathways in association with ALDH10A8/A9 knock-
out and over-expressing lines represent a range of research opportunities to consider in order
to further clarify functions of Arabidopsis BADH coding genes.

Another point addressed in this work is the functional characterization of the ALDH3H1 gene.
The results indicate that unlike ALDH3I1, ALDH3H1 does not significantly contribute to the
plant resistance to abiotic stress. It is probable that ALDH3H1 functions in the normal plant
metabolism with minor influences under adverse conditions. Another intriguing feature of the
ALDH3H1 gene uncovered in this study is the existence of an alternative promoter within the
upstream intron, which directs the expression of an alternative first exon transcript. Although,
the data indicated the absence of this transcript in the wild type, it is more likely that this
novel transcript variant is expressed at a very low level. A nested RT-PCR approach should
help to solve this issue. On the other hand, further experiments are required to deepen the
functional relevance of the ALDH3H1 transcript variants. It would be worth to screen organ
development of the different ALDH3H1 mutant lines with different transcript variants that
could not be seen through the experimental approach used in this study.

Finally, the results in agreement with previous reports confirmed the bioactivity of
a,B-unsaturated aldehydes in gene induction. The screening of the generated M2 mutant
population from the EMS-treated 7B4-GUS seeds will lead to the identification of interesting
mutants affected in the ALDH7B4 promoter response to aldehydes. As discussed above, the
use of methyl viologen as a first alternative to a direct application of aldehyde molecules
could be more time-saving and efficient for the screening procedure. Considering that the
regulation of the promoter by aldehydes involves some trans-acting factors, another approach
would be to establish a yeast one-hybrid system to isolate direct interacting proteins of the

ALDH7B4 promoter upon treatment of aldehydes or analogue effectors.
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5. APPENDICES
5.1 Accession numbers of the ALDH genes

Genes TAIR Gene name NCBI GenBank accession References
ALDHI10A8 AT1G74920 AY093071 Kirch et al. 2004
ALDHI10A9 AT3G48170 AF370333 Kirch et al. 2004
ALDH3H1 AT1G44170 AY072122 Kirch et al. 2004
ALDH7B4  AT1G54100 AJ584645 Kirch et al. 2004
ACTIN2 AT3G18780 AF428330 An et al. 1996

5.2 Gene sequences

The sequences of the ALDH genes characterized in this work are shown here using the Vector
NTI™ Suite program. The exons are shaded in yellow. Regions between exons are introns.
Primers are indicated by their name and their locations are showed with a red line. Restriction
sites of commonly used restriction enzymes are indicated as well. The exon2’ of ALDH3HL1 is

shaded in turquoise.
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5.2.1 ALDHI10AS gene sequence

1 TCTCTATTTRA TAARGETTTRAC GEARCCTAAT CCOTTEOCGGT TTAGEATIIT RCTCARCETT TGGARTATAT
AGARGATARAT ATTOCAAATG CCTTEFATTA GERAADEFCCA RATOCTRAAAR TGAGTTECAR ACCTTATATA

71 TACATGTTTA TTTCCTTTTT CAATTITGAT TCACCTCTTRA TOTTECAARN RAACAARACE RRARAGTEAC
ATGTACARAT AAAGGAARAR GTTAAAACTA AGTSCAGAAT AGAACSTTIT TTTSTTTIST TTTTTCACTS
Byl

141 GITTAARGAT CTCTAATCCT TTICTAATTA ACTTTEIGTA TGRATTITITTAG TTCTTCTAAT TTCTATATAT
o TTTCTA GAGATTAGER AAAGATTAAT TEAAACACAT ACTAAAAATC RAGARAGATTA ARGATATATA

211 TITTETTCAT AATATGRARR TTTEATCTCT SGTTTTAATTA TTTTEEAACT RAATACACAT TTTTAATTAS
ARAACAAGTR TTATACTTTT AARARCTAGAGA CARAATTAAT RRARARCCTTGA TTTATSTETA AAAATTRATC

281 ATTASTRARAA GAGTTATRAT TAARARAAAAST TGEATCTEETT GGETETCAGCA GRACAAGGAA ARRRGAGAGSE
TAATCATTTT CTCRATATTA ATTTITITICA ACTAGACCAA CCRDAGTOFT CTTGTTCCIT TTTTOTOTOC

351 CTITITCGTT TTEATCCTOC TACTOITCTT CATTAGTGAMR RGCTACTTAT ARAGTCCAMA TCTTGERRETS
GARAARGCAR RACTAGGRGGE ATGRGAAGAAR GTRAATCACTT TCGATERATAR TTTCAGGTIIT AGRRCTTCAC
Kbl
AT
421 CETECACGET GCAODCACGAR TCOCROEATCC RASTEAGCAGC RGCARACTOCA TCTCOSERES TCTAGRTTCA

FOACGTOACCR CETEFGTOACTT AGGTECTAGT TCACTOGTCOS TCGTTEAGHET
Abdbd-ferd 100.0%

491 GATAAGARCR ATEFECGATTC CEATECCTAC TCEOCAGCTA TTCATOGROE GCGRAATEGEAE AGRRCCCATO

CTATTCTTET TAROOGCTAMG GCTAOGGATGE ASCGETOGAT RAGTRECTES CGCTTRCOCTC TCTTGEESTAG

RGRGECCTOF AGATCTRAGT

561 TTPAAGRAGE GAATCCCGAT CETTAATCCA GLTACTGAAD AGGTCATTES TRAGUGLTTT TCTCAARATE
ARCTTCTTCE CTTAGGGCTA GCAATTAGST CEATEACTTC TCCAGTRAARCC ATTCECSAAR AGAGTTTTRSE

631 CEOCACAGCT CEATTMGATC CARGTAMAAA TSETATACTIT TGETTTACITC TTAGTTOGAT GTGGAGRTAT
FOFEFTETCGR GCTRATCTAG GTTCATITIT ACATATGAARA RCRAATEAAG RARTCARGCTR CACCTCTATA
701 TACTTGCTCC TARACTCTATT CATGACTATC TTTTECISTA TCGACTACIT TCTTTOCATS AATTTTRAGTT
ATGRACGRGE ATTEAGATARR GTACTEATAG RAAACGACAT RGCTEATEAR RGARAGETAC TTAARRATCAR
771 GAAGTTGATC CARGEATTTG TATETETTGEE ATGAGATAGE TGATATTOCT GCAGCTACAR CGGAGGERCET
CITCAACTAG GTTOCTARMC ATARCACAACC TACTOTATOC RCTATRAGEA CGTCGATETT GCCTCCTGECA
B41 GEATETTEGCT GTCAACGCTGE CTOFAAGAGC ATTATCAAGE RATAARGEGA RARGATTEEES CARRGCRCCT

CCTACARRCGR CAGTTGCGAC FAGCTICTCS TAATAGITCOC TTATTTLOCT TTCTARCODDE GTTTCGETEGA

911 GOAGCTOTTC GTECTAAGTA TTTADGIOGCT ATTECTECTA AGGTATTCAT TTTATGTITTE TCGATTGETGAT
CCTCEACRAG CARAOGATTCAT AAATGCACGA TAARCEACGAT TCCATRAGTA ARATACAAAC ACTAACHCTA

agl GCTETETTER CARRGCCTCA GETTITTETTTE GECTTTITGTE TRATCAGTIT TRGTCTTOTSE TTATCTEATS
CEACACARCT GTTTCGGAGT CRARARCAAAC CCOGRAAACAC ATTAGTCAAR ATCAGRAGAC AATAGRCTAC

Khal
1051 TETAGGTRAAL TEAAMGAAMG ACGEATCTGE CRARGCTCOGHA GGECECTTEAT TETGGETAARS CATTGERTGER

ACATCCATTT ACTTICTTTC TEOCTAGACC GTTTOFRAGCT CCELGEAARCTA RCACCATITG GTARCCTACT

1121 AFTAGTATGE GATATGETAC TETTEITTCC ATTTTEITIT TETSARAATSET AGGETTTTICT TTGETAGETTT
TOGTCATRCE CTATACCATG ACAACGARASGE TAAAACAARR ACACTTTACA TOCCARAAGA ARCATGCCAAR
L1121 GATCTTRARAT STSETTTETTT GATOTTTTESS AGGATEATGT TGOTEHGEATGT TTTSEAATTTT ATGOTSACCT
CTAGAATTTA CRCAAACAMR CTRGAAAAMCS TCCTACTACA ACGACCTARCA ARACTTAAARR TRACGACTGGR

ool

e e

1261 TEOTEARGER TTAGATGCTRA AGCAGAMAGC RCCH ToE CTTOCCATSE AGAGTTTTAR GRGTTATETT

ACGACTTCCT AATCTACGAT TCETCOITTCGS TEETCAGAGS GAAGSEETAOZ TCTCARARATT CTCARTACAR
Mial
POPTR

1331 CTEGAMGCRARC CTOTCGGAGT TEDESEACTT ATTACACCAT GETAGCTITC CTTTTSTEET TAACTTSTTT
GACTTCGTTE GAGAGCCTCA ACARCOCIGAA TAATEIEETA CCATOGRAAG GRARARCACCAR ATTGRACRARR

1401 GAGTCTATAT GECACCTATT CTATTITATA TGAROCAGAAA CTGACTCATE GRATCTGETIIT GATGTTGRAS
CTCAGATATA COGTGEGATAR GATAAAATAT ACTEETCTTT GACTGAGTAC CTAGACCAARAR CTACRACTTL

1471 GAATTRCCCE CTTTTGATGS CTGTTTGGAR GETEGCTOCT TOCOTTECTS CAGGETGCAC TGUGATTOTC
CITAATGEEE CGAAAACTACC GACAAACCTT CCACCOEAGEA AGGEEARCEAC GTCCCROGTE ACGCTRREASE

1541 ARGCCATCAG RAGCTGEGCATC AGTETACGTA ATTSTETATA ATCTGSTTITE® CTCTTATECT TCTSTATTGS
TICEETAGTC TCOGACCGETAG TCATATECAT TAACACATAT TAGACRARAAT GRAGRAATACGAR AGRCATRRACT
10A8-mikl-seq 1000

e r—

1611 TCCTTATTTGE ARARCACGTCTC ATGEITCTAA ATTCAGTACT TETTTEEAGCS TTGCTGATAT TTGTCGRGAA
AFFAATARAC TTFTGCAGAG TADTAAGATT TAARGTCATGA ACRAACCTOF ARCGACTATA AARCRGUTCTT
T Fmeelneme ATA 7T A EMa T Teeerm 1
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10A8-mid-seq 100.0%

leB1 GTTGGTCTTC CTCCTGGGGT CCTCAATGTT TTGACTGGTT TCGGTTCGGA AGCTGGTGCT CCTTTGGCAT
CARCCAGAAG GAGGACCCCA GGAGTTACARA AACTGACCARA AGCCAAGCCT TCGACCACGA GGARACCGTA

1751 CACATCCTGEGE CGTGGACRAG GTATTGGETCT TTGAGAATAC AGTARACATA AGTCCCAACR AAATTARCTC
GTGTAGGACC GCACCTGTTC CATRAACCAGA AACTCTTATG TCATTTGTAT TCAGGGETIGT TTTAATTGAG

1821 TARAGGCTAT GATTAARCAT TCAGTTTAAC GTCTGCGTTT CTTRAACGCT TCAATGCTAR GTTATGATTT
ATTTCCGATA CTRATTTGTA AGTCRAATTG CAGRCGCARA GAATTTGCGA AGTTACGATT CAATACTAAR

1891 CGTTGCAGAT TGCATTTACT GGAAGTTTCG CCACAGGARAAG TAAGGTCATG ACAGCCGCTG CTCAGTTGGT
GCAACGTCTA ACGTAARATGA CCTTCARAGC GGTGTCCTTC ATTCCAGTAC TGTCGGCGAC GAGTCAACCA

19¢1 GRAGGTARTT CCAATTTTTG AACTTTCTGC TGTATATTICC TTCTCOCTCCT TTTGTITTCAT CACCRATGETC
CTTCCATTAA GGTTAARARAC TTGRAAGACG ACATATARGE AAGAGZAGGA ARACRRAGTA GTGEGTTACAG

2031 ARTGACACAT TACTCATGGC ATTGTTGCAG CCTGTTTCTA TGGRACTTGG TGGGRAGAGC CCTCTCATTG
TTACTGTGTA ATGAGTACCE TAACAACGTC GGACRAAGAT ACCTTGAACC ACCCTTCTCG GGAGAGTARC

2101 TGTTTGATGA CGTTGATCTT GATARAGGTG ARATGTCACAR AAAGTAGTTT AGTGGATTTG GAGTTTTTTT
ACRARCTACT GCARACTAGRA CTATTTCCAC TTACAGTGTIT TTTCATCAAR TCACCTARAC CTCARARAAR

2171 ATRATRACTT CTTCTTGTGC TATATTCAAG ATAGTACTAR TCGCTTTTGTT GCTTTGAGAC GAGTAGACAT
TATTATTGAZA GAARGARACACG ATATAAGTTC TATCATGATT ACGARAACAR CGRAARCTCTG CTCATCTGTA

2241 GACTTAAATT TGCTTAATCT TAARRATTAAR CTCTTTGTAT GTTTTZACGC CEGCARAATGA TAGCTGCTGA
CTGRAATTTAR ACGARATTAGA ATTTTAATTT GAGRRACATA CARARACTGCG GCCGTITTACT ATCGACGACT

2311 ATGGGCTCTT TTCGGTTGCT TCTGGACAAA TGGTCAAATC TGCAGTGCAA CTTCCCGCCT TCTTGTTCAC
TACCCGAGAA AAGCCAACGA AGACCTGTTT ACCAGTTTAG ACGTCACGTT GAAGGGCGGA AGAACAAGTG

2381 GTRAGTCCCA ATCTTCTACT TGCTTTAAGS TTTTACCTGA TCTTCCCAAT ATGACATGCG AATATTTATT
CATTCAGGGT TAGRAGATGA ACGRAATTCC ARARTGGRACT AGARGGGTTA TACTGTACGC TTATARATAR

2451 ACTGGAGRAG TGRATGTTCC AAGTCATACE GGARGATGTT TCCATTAAGG TCARATGACAR TGACATTTAT
TGACCTCTTC ACTTACRAGGE TTCAGTATGC CCTTCTACAR AGGTAATTCC AGTTACTGTIT ACTGTAAATA

2521 TTCAGATCAR ACCTTICTGGT GGEATATGCCA ACAGGGATAC AATTGCTGAC TCTCTITGICT AARATTTTTTT
ARGTCTAGTT TGGARAGACCA CCTATACGGT TGTCCCTATG TTARCGACTG AGAGRACAGR TTTARARRAAR

Hindlll
AARAAAAAAS
2591 ATTTTATATC TTAGGRAAAGC ATCGCATCTG AGTTCATAGA GAAGCTTGTA AAATGGAGCA AGAACATTAR
TARAATATAG AATCCTTTCG TAGCGTAGAC TCAAGTATCT CTTCGAACAT TTTACCTCGT TCTTGTAATT
Ncol
66l ARTTTCAGAC CCCATGGARG AAGGATGCAG GCTTGGTCCT GTAGTTAGCA AAGGACAGGT AARAATCCCAG
TTAAAGTCTG GGGTACCTTC TTCCTACGTC CGAACCAGGA CATCAATCGT TTCCTGTCCR TTTTAGGGETC
10A8_RT2_rev 100.0%

2731 TGATCGTTTT TTCTGTCTTC ATATTATTTS TCAATTTCCC ATCAGSTTGC AATACRAACRAR CCAGGARCTAR
ACTAGCARADN AAGACAGARG TATAATARAT AGTTAAAGGE TAGTCCARACG TTATGTTGTIT GGTCCTGATT

2801 ARRAGGAARAG AGRATTGAGT TCTGTAGTAT AGTGATTAAC TTTTGTCCCT CTAATTCTGA ACCGTTTAGC
TTTCCTTTTC TCTTAACTCA AGACATCATA TCACTAATTG AARARCAGGGA GATTRAGACT TGGCARRATCG

2871 TTTTAGAGCA TCRATCAAAT CACATCTAGC ATATGATATT TCATCACGECT TATCATGTTC TTACTTGGTA
ARRATCTCGT AGTTAGTTTA GTGTAGATCE TATRACTATAR AGTAGTGCGA ATAGTACAAG AATGRACCAT

2941 GETGTGCTTT TCTTCTATGA TCATATAATC TGATTGAGCT GACRAATGTA AATATTACAG TACGAGRAGR
CCRACACGARD AGRAGATACT AGTATATTAG ACTAACTCGA CTGTTTACAT TTATRATGTC ATGCTCTTCT

AY093071 RT fwd 100.0%

3011 TATTGAAGTT TATCTCAACG GCCAAGAGTG AAGGAGCRAC GATCTTGCAT GGTGGTITCCC GACCTGAGGT
ATAACTTCAA ATAGAGTTGC CGGTTCTCAC TTCCTCGTTG CTAGAACGTA CCACCAAGGG CTGGACTCCA

3081 ATTACATCTC CCTCCCTTAC CTATCCTTGA TGCAGTTTCT TCCAGACTAT GATGATGACC TTTTATATCA
TARTGTAGAG GGAGGGRATG GATAGGAACT ACGTCAARGA AGGTCTGATA CTACTACTGG AARATATAGT

3151 TATCTATATT TCACAGCATC TGGAAAAGGSG CTTCTTCATT GAACCAACCA TCATAACTGA TGTAACCACT
ATAGATATAA AGTGTCGTAG ACCTTTTCCC GAAGAAGTAA CTTGGTTGGT AGTATTGACT ACATTGGTGA

3221 TCRAATGCARA TATGGAGAGA AGAAGTTTTC GGGCCTGTTC TTTGCGETGAA AACATTTGCC AGTGAGGACG
AGTTACGTTT ATACCTCTCT TCTTCAAAAG CCCGGACAAG AAACGCACTT TTGTAAACGG TCACTCCTGC

3291 AGGCAATTGA GCTAGCRART GACTCTCAGT AAGTTAACGT TTCTCCAGRR AGTGARAARATCT GATCARATCC
TCCGTTAACT CGATCGTTTA CTGAGAGTCA TTCAATTGCA AAGAGGTCTT TCACTTTAGA CTAGTTTAGG
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Atlg74920 genomic sequences

Bglll

336l CATCCGCTGA CACTGGTGTT TAAATCAAAT TTATCATTTA AGATCTTATG TGGCTGAAAR TTATTCATTG
GTAGGCGACT GTGACCACAA ATTTAGTTTA ARATAGTAARAT TCTAGAATAC ACCGACTTTT AATAAGTAAC

3431 ATTRAATGACA GTTACGGACT AGGAGCTGCA GTGATATCTA ATGACACAGA AAGATGTGAC CGTATAAGCG
TRAATTACTGT CAATGCCTGA TCCTCGACGT CACTATAGAT TACTGTGTCT TTCTACACTG GCATATTCGC

3501 AGGTTAGTAC CGGTTTCTTG AACCATTCAG ATTTGTTTTT AATGCCTAGC AAGTGARAAATA ACAATACCAT
CCRAATCATG GCCARAAGAAC TTGGTAAGTC TAARACAARAR TTACGGATCG TTCACTTTAT TGTTATGGTA

3571 CRAAATAACAC AAACAATTGG TGTCTACTTT GTTAGGCCTT TGAAGCTGGG ATTGTCTGGA TTAACTGCTC
GTTTATTGTG TTTGTTAACC ACAGATGAAA CAATCCGGAARA ACTTCGACCC TAACAGACCT AATTGACGAG

Ncol
AR

3641 GCAGCCTTGC TTTACCCAAG CCCCATGGGG TGGTGTCAAA CGCAGTGGGT TTGGACGAGA ACTTGGAGAA
CGTCGGAACG AAATGGGTTC GGGGTACCCC ACCACAGTTT GCGTCACCCA ARAACCTGCTCT TGAACCTCTT

3711 TGGTACATTT CTTTTTCTAT CTCGARAATCTT GTTTTTAAAR GACTATATCT TGATGGCTTG TACTGAARCAR
CCATGTARA GARARAGATA GAGCTTAGAA CARAARATTTT CTGATATAGA ACTACCGAAC ATGACTTGTT

3781 ATCTTGGTTA TGGCTGGTTT CTTGCGTGCT TCAGGGGACT TGATAACTAC TTGAGTGTGA AGCAAGTGAC
TAGAACCAAT ACCGACCAAA GAACGCACGA AGTCCCCTGA ACTATTGATG AACTCACACT TCGTTCACTG

3851 TCTCTACACT TCAARACGATC CCTGGGGATG GTACAAATCT CCCAACTAAG TAATGARATAC ATTGTCATGG
AGAGATGTGA AGTTTGCTAG GGACCCCTAC CATGTTTAGA GGGTTGATTC ATTACTTATG TAACAGTACC

3921 ARATGGAAAC CAARACCARAT GUTGTCTGTT CAAATCTTTG TGCTTTTATT ATCAGTCTGT CTAGTTCGGT
TTTACCTTTG GTTTGGTTTA CGACAGACAA GTTTAGARAC ACGAAAATAA TAGTCAGACA GATCAAGCCA
AY093071_RT_rev 100.0% Aldh9-rev 100.0%

3991 CCTGARACTC TTTTGTAARA CCTGTTGAAT TTATAATGAA TAARAGATGC TTTGCTGATA ATTATTGGTT
GGACTTTGAG AAAACATTTT GGACAACTTA AATATTACTT ATTTTCTACG AAACGACTAT TAATARCCAR
PrvvrIvevIvrevy

Aldh9-rev 100.0

4061 GTTCTATARAA GGCCAGTATT GAGGCACCAT TTTAGGCTCT GGTGCAGCAG TATCAAGAAC ATGAACCATT
CAAGATATTT CCGGTCATAA CTCCGTGGTA AAATCCGAGA CCACGTCGTC ATAGTTCTTG TACTTGGTAA

4131 TTATGTCACC TTCAAGTCAC ATCARAGTTA ARACTCACAT GGCAATCAAT TCCARATCAT AACTTTTTTT
AATACAGTGG AAGTTCAGTG TAGTTTCAAT TTTGAGTGTA CCGTTAGTTA AGGTTTAGTA TTGARAAARA

Balll
AR

4201 TTTACTATAA TTGCTTGAARA TAAACATTTT ATGAGATCTG AAGATTTGTG GATTTTTTTT CCATTTTTTA
ARATGATATT AACGAACTTT ATTTGTAAAA TACTCTAGAC TTCTAAACAC CTAARRAARR GGTARAAAAT

4271 ARTAGTRRRAR TGTTTGGCRA CCAAATCTGA ARARARGAGGTA AAGACGAGAG GTCTCGCGCT TATCCTTAAA
TTATCATTTT ACAARACCGTT GGTTTAGACT TTTTCTCCAT TTCTGCTCTC CAGAGCGCGA ATAGGARATTT

4341 GGACTGTGGT GAATGGTGAG TGTGACTTGGE AGGGACCCCA TCACCGCAAC AATACAGCT
CCTGACACCA CTTACCACTC ACACTGAACC TCCCTGGGGT AGTGGCGTTG TTATGTCGA
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5.2.2 ALDHI10A9 gene sequence

KO10A9 fwd 100.0%

1 ATTGTTCCGT GGAAATGGGG TGRATCGTTT GGTTTGTGAA TAATTTTACT AATCATTTTA TATAGTTCGA
TRACRRAGGCA CCTTTACCCC ACTTAGCRAR CCARACACTT ATTAAARATGA TTAGTAARAT ATATCAAGCT

71 ATCARRAGTT GAAAARCTCA AARARARAAGAA TCTGGATAGT TTGATCTTGT GCGGAATATT ARACTGTGAT
TAGTTTTCRAA CTTTTTGAGT TTTTTTTCTT AGACCTATCA AACTAGAACA CGCCTTATAA TTTGACACTA
Xbal

VAAAAAAAAAANS
141 GARAGRAATTGG ABATCGAGTCT AGATTCTTGA TGACTCTTTA AGTTTAARRAC CGGTTTAGCT ARAAATCTGC
CTTCTTAACC TTAGCTCAGR TCTAAGRACT ACTGAGARAT TCARATTTTG GCCARATCGA TTTTTAGACG

211 AATTTTGTTG AATGTCCCTT TTGATTAAAC ABRATTTTTACA AGARAGRAAR ARAAGACAGC CTCGTATAGG
TTRRARRACARC TTACAGGGAR ARCTAATTTG TTARARATGT TCTTTCTTTT TTTITCTGTICG GAGCATATCC

(5]
w
H

ATGTATATRAA AARARATGATG TAARAATGGT TAGRAATCCA AATRAATGTAR AATATCCATG AARTTRAATCA
TACATATATT TTTTTACTAC ATTTTTACCA ATCTTTAGGT TTATTTACAT TTATAGGTAC TTRATTTAGT

351 ATCTTATTTT TTAARAGGTA AARRAACTATT TTATATGAGC AGCTATCAGA ARRATGGGTC AGATATCATT
TAGRATRARER AATTTTCCAT TTTTTGATAR RATATACTCG TCGATAGTCT TTTTACCCAG TCTATAGTAR

Aldh8-fwd 100.0%

421 CTTAGRAACCA AARCGGAAAG TCCCAACGAT CCCATTTTAC TCCTTTTCAC CACCTCTAGT AGCAGAGAGAR
GRATCTTGGT TTTGCCTTTC AGGGTTGCTA GGGTARARTG AGGRAARAGTG GTGGAGATCA TCGTCTCTCT

KO10A9_rev 100.0%

Aldh8-fwd 100.0

491 GAGAGAGAGT ATGGCGATTA CGGTGCCGAG ACGGCAACTC TTCATCGGCG GTCAATGGAC TGAGCCCGTT
CTCTCTCTCA TACCGCTAAT GCCACGGCTC TGCCGTTGAG AAGTAGCCGC CAGTTACCTG ACTCGGGCAA

5el CTCCGTARAA CTCTCCCTGT TGTCAATCCC GCCACCGAAG ACATCATCGG TACTTTTTAT TTTTTCCAAT
GAGGCATTTT GAGAGGGACA ACAGTTAGGG CGGTGGCTTC TGTAGTAGCC ATGARAMATA ARAAAGGTTA

631 CATATCTTGT GTTACTCACT TTTTGAACTT GATCACTCGA TTTTCGCGAG TTTCGATTCA ATCTATCGTT
GTATAGRACA CAATGAGTGAR ARAACTTGAR CTAGTGAGCT ARARRAGCGCTC ALAGCTARGT TAGATAGCAR

701 ATCGGRARCTA CGCATTTCCC GATTTGCTGT ATACTTARAGTT CGCUGAARATTGA AAGAGCTTTG AACTTTTGTC
TAGCCTTGAT GCGTRAAGGG CTARACGACAE TATGRATCAR GCGCTTARCT TTOTCGRAEAC TTGAARACAG
Bglll
Ead
771 TGTTTGAGAC GATCGTCATT TCTTCTGTGA TTATTGTCTA TGRACGGGAG CGGRAGTTGT TTTTGCGTTA
ACRARCTCTG CTAGCAGTAR AGRAGACACT AATAACAGAT ACTTGCCCTC GCCTTCAACA AARACGCAAT
Balll
WAAAAAAANT

841 GATCTGTGGG ATTATATAGG AGGAGAATAG ATAGATATGT AGTTGAATGA TTGGATTGGA TCTCTTCTCC
CTAGACACCC TAATATATCC TCCTCTTATC TATCTATACA TCAACTTACT ARCCTAACCT AGAGAAGAGG

911 TGCTGATGGA GTTCTTTGTA GTGTTTTTTA AACTGGGATT GGTGGTGGTT TTAGGTTATA TTCCAGCTGC
BCGACTACCT CAAGARACAT CACARRRRAT TTGACCCTAAR CCACCACCAR AATCCAATAT AAGGTCGACG

981 AACTTCTGRA GATGTGGAGC TTGCTGTGGA AGCTGCTAGG AAAGCATTTA CTAGGAACAA CGGARAGGAT
TTGRAAGACTT CTACACCTCG AACGACACCT TCGACGATCC TTTCGTAAAT GATCCTTGTT GCCTTTCCTA

1051 TGGGCTAGAG CAACTGGTGC TGTTCGTGCC AAATACTTGC GCGCTATTGC AGCTAAGGTA ACRACAATGA
BACCCGATCTC GTTGACCACG ACAAGCACGG TTTATGARACG CGCGATAACG TCGATTCCAT TGTTGTTACT

1121 GTTRATCARA TCTATGTTCC TCTCATGTTT CATTCTCTGT TAGCTGTTTT GCCTGGUCRAT AACATAATGG
CRATTAGTTT AGATACAAGG AGAGTACAAR GTAAGAGRCAR ATCGACAARR CGGACCGTTA TTGTATTACC
Xbal

SAANAAA
1191 BRATATCCAG GTAATAGAGA GGARAGTCTGA ACTAGCTRAT CTTGAGGCTA TTGATTGCGG TARACCTCTA
TTTATAGGTC CATTATCTCT CCTTCAGACT TGATCGATTA GAACTCCGAT AACTAACGCC ATTTGGAGAT

Xba
A

126l GATGAAGCAG CATGGGACAT GGTATTCTCA ATTTGCTTTT GTGAACATTT GGCAGTTTTG TGATTCATAT
CTACTTCGTC GTACCCTGTA CCATAAGAGT TAAACGARAA CACTTGTAAR CCGTCAARAC ACTAARGTATA

1331 GTCACATGTG GTTGCTTGTA ACCTTTGCAG GATGATGTTG CTGGATGTTT TGAATATTAT GCTGACCTAG
CAGTGTACAC CAARCGRACAT TGGARACGTC CTACTACRAC GACCTACAAAR ACTTATARTA CGACTGGATC

1401 CTGAAGGCTT GGATGCAAAG CAGAAGACTC CTCTTTCTCT TCCGATGGAT ACTTTTAAGG GTTATATTCT
GACTTCCGAR CCTACGTTTC GTCTTCTGAG GAGARAGAGRA AGGCTACCTA TGARAABRATTCC CAATATAAGA
Ncol

1471 CAAGGAACCC ATTGGCGTAG TTGGCATGAT TACTCCATGG TACTATATTT CATTGACAGA TTTGAATCTA
GTTCCTTGGG TAACCGCATC ARCCGTACTA ATGAGGTACC ATGATATAAAR GTRAACTGTCT AAARCTTAGAT

1541 ACCGATCCCT CAGATCGTTG TGTATTATCC TTTGTCAAGT TCGCGGATTT ARATTTTACA TATTCAGATC
GGCTAGGGA GTCTAGCAAC ACATAATAGG ARACAGTTCA AGCGCCTAARA TTTARAATGT ATAAGTCTAG
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At3gd48170 genomic sequences

lell RCRATTGGTCT TCARAGTGTTC TATCTTCCTT TTTAGRACRAR CCGTATSTTA TTAGGCRGCT ARTRARTCTAT
TGTRACCAGR AGTTCRCAAG ATAGARGGAR ARATCTGTTIT GGCATACRAAT AARTCCGTCGA TTATTARGATAR
1681 ATTTGCATTC AAGGARCTAT CCGTTATTGA TGGCTGTCTG GAARAGTCGCT CCTITCACTTG CTGCTGGGTG
TARACGTRAG TTCCTTGATA GGCAATRACT ACCGACAGAC CTTTCAGCGA GGARGTGARC GACGACCCARC
1751 CACGGCTATA CTGARRACCTT CAGAGTTGGC CTCCCTGTGR GTTTTTGATT TCTGTTGACA TCATAGCTARAG
GTGCCGATAT GACTTTGGARAR GTCTCRRCCG GAGGGACACT CRRARACTAR AGRACRACTGT AGTATCGATC
1821 CCACTTCAARC TATTAGTTCA TTAACTCGCC AATCTGATGT TGTTTTATTC CARAGGACATGT TTGGAGCTCG
GGETGARGTTGE ATAATCARAGT ARATTGAGCGE TTAGACTACG ACARAATAAG GTCCTGTACA AACCTCGAGC
10A8-mid-seq 100.0%
1891 CTGATATTTG CCGCGAGGTG GGTCTACCAC CTGGTGTTCT TAATATTCTG ACTGGTTTAG GAACTGAAGC
GACTATAAAC GGCGCTCCAC CCAGATGGTG GACCACAAGA ATTATAAGAC TGACCAAATC CTTGACTTCG
10AS-mid-seq 100 (
ey
186l AGGTGCTCCA CTGGCATCGC ATCCACATGT TGACAAGGTC TGATCACTTG TATACCACTA CCAGTGTCCT
TCCACGAGGT GACCGTAGCG TAGGTGTACA ACTGTTCCAG ACTAGTGAAC ATATGGTGAT GGTCACAGGA
2031 GRRAGTCARE CARCTTATAGR TAGAGCRCTT ATTTCCTTTT TATGGGTTAG TTGRAGTATT GATATTTTRAG
CTTTCRGTTT GTGARRTATCT ATCTCGTGAR TARAGGARRAR ATACCCRATC ARCTTCATRAR CTATRARRLATC
2101 CCTTTACCAG ATTGTATTCA CTGGAAGCAC AGCAGCATTA TGACTTCCGC TGCCAAATTG
GGRRATGGTC TAACATRAGT GACCTTCGTG TTGTTGACCT TCGTCGTAAT ACTGRAGGCG ACGGTTTARC
2171 GTGRARGTRAR GTCTARAGTGT CCTTGTTRCT CTCCTTT ACTAGTAGTT ATCTTGGCTT GTTTATTCGAR
CACTTTCATT CARAGATTCACR GGARCRRTGAR GRGGRA TGATCATCAR TARAGRARCCGRA CARRATRAGCT
2241 CCTATGATTT TTCGGGGTCT GTACATGAAT CTTGTTTTAT GTTTCATTCC TCCTTGGAGC
GGATACTARR ARAGUCCCAGR CATGTACTTA GARACARAARRTA CRRRGTRAGG AGGARCCTCG
2311 TTGGGGGTAR ARAGCCCTATC ATTGTCTTTG ATGATGTCGA TATTGATAAR GGTGGGTACT TTTGGRACCT
BACCCCCATT TTCGGGATAG TAACAGRARC TACTACAGCT ATRACTATTT CCACCCATGA ARRCCTTGGA
2381 TRAAGRRRRCT ATGCTATATA TTTGTATTCT ARRATGCTGG TTTRATTTGT GACTRAATATT TIGCTCTARRE
ATTCTTTITGE TACGATATAT ARRCATRAGA TTTTACGACC ARRTTARACHE CTGATTATAR AACGAGATTT
2451 CAGCTGTGGA ATGGACTATG TTTGGTTGTT TCTGGACGAR TGGGCAGATT TGTAGTGCCA CATCTCGACT
GTCGACACCT TACCTGATAC ARARACCARCAR AGACCTGCTT ACCCGTCTAR ACATCACGGT GTAGAGCTGA
2521 TCTTGTGCAT GTAAGTGAGC CTATAATCTA CAGTACCTCT GATTTTARAT TCTGCACCGA ACTGTTCATG
RGRACRCGTR CATTCRCTCG GATATTRGAT GTCRTGGAGR CTRRAARTTTA AGACGTGGCT TGACRAGTRC
2591 ATATGTGTTA TCCGTTAACRE CATATRRRARC RAGTTATGTG TTATCCGTTA ACACATATAR ARCAAGTTAT
TATRCRCART AGGCRATTGT GTATATTTTG TTCARATACAC AARTAGGCRAAT TGTGTATATT TTGTTCRATAR
2eel GTGTTATCCG TTAACACAAT TATATGTTGT ARRATTAAAG GTTACCTTTG GARATTAAGT TATAATTATG
CACAATRGGC RATTGTGTTA ATATACRACZ TTTTRATTTC CRATGGRARAC CTTTAATTCA ATATTRATRC
2731 TAGGCTACTC TAGTCATAAR RCARGTRGAR TATATAARCTT ATCTTTTACA GATGCRRRGS
ATCCGATGAG ATCAGTATTT TGTITCATCTT ATATATTGAR TAGRARATGT ACTTTGGTGS CTRACGTTTCC
2801 TACRAGAGTTT CAGTATATGT TTATCTGTAAR GACTGGTCAT CAGCAATTCG GATAGATTGA TARGTATCAG
ATEGTCTCRAR GTCATATACAR RATAGRCATT CTGRCCARGTR GTCGETTRAGC CTATCTRRCT ATTCATAGTC
HindIll
MAAAAAAAAN
2871 TTGTCGTAGE ACCTTGGGAR CCCTTGATAAR AARGTAGGATARA GUGRAGCTTT ACTATACTIC TTGTGTACTG
RACAGCRATCC TGGRACCCTT GGGRACTATT TTCATCCTAT CGCTTCGRARAR TGATATGRAG ARCRCATGRC
2941 TTGTTTTCAT GARRAGRATCT GGTGRARARTGT TTGCTGACGAR GTTTTTGGAC ARGCTGGTAA
ARACARRAGTRA CTTTCTTAGAR CCACTTTACA AACGACTGCT CARRAACCTG TTCGACCATT
3011 AGTGGACCARAR GARACATTAAG ATTTCAGATC CTTTTGAAGR AGGCTGTAGSE CTTIGGTCCTG TTGTCAGTAA
TCACCTGGTT CTTGTAATTC TAAAGTCTAG GARARAACTTCT TCCGACATCC GRACCAGGAC AARCAGTCATT
3081 ARATTGCTAAR ACAGRATTGR CATTCTCARG TCRATCCTCC ARRACCCTCT
TTTRACGATT TGTCTTRARCT GTRAGAGITC TTATTTGTGS AGTTAGGAGG TTTTGGGAGAR
3151 TATCTATCRR TTTGGGTTAR TGACGAAAGA TTTCTAGTCR AGTCTTACAT ATTTATCCTC CTGTGCAGTA
ATRAGATRGTT ARARCCCRATT ACTGCTTTCT ARRGATCAGT TCARGAATGTR TARRTAGGAG GACRACGTCAT
AF370333_RT fwd 100.0%
3221 CGAGAGAGTT CTAARAGTTTG TCTCRAACGC TAGGAATGAR GGTGCAACTG TTCTTTGTGG AGGAGTTCGT
GCTCTCTCRR GATTTCAAAC AGAGTTTGCG ATCCTTACTT CCACGTTGAC AAGRAACACC TCCTCAAGCA
AF370332_RT_fwd 100.C Xbal
i SAAAAAAAAAAAS
3291 CCTGAGGTAC ATTATATTGAR CTARATCTTCT ATGTATGTGC CARATACTAT CTAGAGCCCG TAGCACTTAC
GGACTCCATG TAATATRACT GATTAGRAGEZ TACATACACG GTTTATGATA GATCTCGGGC ATCGTGRATE
3361 RAATATTTTAT TTATGTTCTG CAGCATTTAZ AGRAGGGATA CTTTGTTGAR CCTGCGATTG TTTCRARATGT
TTATRARRATE ARATACRAGAC GTCGTRRATT TCTTCCCTAT GRRACARCTT GGRCGCTRAC ARRGTTTACH
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3431 GACTACTTCA ATGGRRATCT GGAGRGAGGE AGTCTTTGGT CCTGCTCTGT GTGTGRARAC ATTCTCCACC
CTGATGAAGT TACCTTTAGA CCTCTCTCCT TCAGARACCA GGACGAGACA CACACTTTTG TAAGAGGTGG
3501 GRGGATGAGG CBATTCAGCT TGCARATGAC TCTCAGTGAG TGTAGATTTC TCTTCTTATC TTGARGTAGAR
CTCCTACTCC GTTARGTCGA ACGTTTACTG AGAGTCACTC ACATCTARRG AGRRGRATAG AACTTCATCT
3571 ACTCCACTGRE TGACGTGTTA GATCATATGC CTGACTTTAT TTGTATTTGC AGATATGGAT TAGCAGGCGC
TGAGGTGACT ACTGCACAAT CTAGTATACG GACTGARRATA AACATAAACG TCTATACCTA ATCGTCCGCG
3641 AGTATTATCE BATGATCTGG AGCGGTGTGA TCGTGTTAGT BAGGTGTGTA TCTREACTTTT ACTATCAACAE
TCATREATAGT TTACTAGACC TCGCCACACT AGCACBATCAE TTCCACACAT AGATTGARAR TGATAGTTGT
3711 ATARCRATCE ATAACCTCAT GATTGRACTT AATCTCTAAR GTTTTATGAAR TCGTARTCAT TGTGTGTTTC
TATTGTTAGT TATTGGAGTA CTAACTTGAZ TTAGAGATTT CARARATACTT AGCATTAGTA ACACACAARG
Ncol
3781 RGGCTTTCCA GGCGGGAATE GTGTGGGTCE ACTGCTCTCRER GCCATGCTTC TGCCARGCTC CATGGGGTGGE
GRRAGGT CCGCCCTTAT CACACCCAGT TGACGAGAGT CGGTACGAAG ACGGTTCGAG GTACCCCACC
3851 BRACGC AGTGGATTTG GCCGTGREATT GGGAGRATGG TTAGTCTCTT TCGTTAGCTA TARGTATTEA
TTGGTTTGCG TCACCTAAAC CGGCACTTAR CCCTCTTACC AATCAGAGRA AGCRATCGAT ATTCATAATT
3921 GATTATCAAR CCATTAGAAA ARGACACTCT CCARACTAGAT GGRATTGTGT CCATAGTRAC TTAAACCGTA
CTRATAGTTT GGTAATCTTT TTCTGTGAGA GGTTGATCTA CCTTAACACA GGTATCATTG AATTTGGCAT
3991 ATAGATTACC BARCABBATTT GEATTGARAC ATATTTTCTT CGTCGCAGGG GACTTGAGAR CTACTTGAGT
TATCTRAATGG TTGTTTTARE CTTRACTTTG TATARBRRGAR GUAGCGTCCC CTGRACTCTT GATGRACTCA
4061 GTGRAGCAGG TGACTCAGTAE TATCTCTGAT GRAC GATGGTACRA ACCTCCTTCC AAGCTCTGAG
CACTTCGTCC ACTGAGTCAT ATAGAGACTA CTTGGTACCC CTACCATGTT TGGAGGAAGG TTCGAGACTC
Aldh8-rev 100.0%
4131 BLACACTAE GTTCCTGATA TTTCCTTREAE ACATGTACTC ATGAGAATAT ACCRATARAG CAARGAGACCC
TTGTGAT CRAGGACTAT RARGGAARTTT TGTRACATGAG TACTCTTATA TGGTTATTITC GTTCTCTGGE
Aldhg-rev 100.0 AF370333_RT_rev 100.0%
4201 TTCTGTRAAGE GBRRATGGTAT TGCTACTTTEZ AARTTCTTGAR ABRAATGARA ARTAAGATGAE GATGATATTT
CTTTACCATA ACGATGARAT TTARGRACTT TTTTTACTTT TTATTCTACT CTACTATARR
AF370333_RT_rev 100.C
4271 CTTTTTGTTT TTCTCRAAAC BAECATGCCAT ACRRARGTAG CARRRBACTG GCGRAAGATG ARATGCTCTTA
GRRBRRACARE BAGAGTTTTG TTGTACGGTA TGTTTTCATC GTTTTTTGAC CGCTTTCTAC TTACGAGAART
4341 TATGTRACAT ACAARAGTTA CAGCCTACAG TARACTTCAG GGGTATGCGA TCTGTGAATT
BTACATTGTA TGTTTTCAAT GTCGGATGTC ATTTGRAGTC CCCATACGCT AGACACTTARA
4411  BATGTCGGAT TCTTGCAGTT ACRATTGTGT GGAGABACTAE BACCACATTG ATCAARAGAR ATGACTCTTG
TTRCREGCCTE AGRACGTCREA TGTTRRCRECE CCTCTTTGAT TTGGTGTAAC TAGTTTTCTT TACTGAGAARC
4481 RAGCTCTCTAE CACGRATGAT GATTGATGTT CACAGGTAAG AGRAGAAGAA GAAGAAGRAG AAGAAGAAGA
TTCGRGAGAT GTGCTTACTA CTARCTACAR GTGTCCATTC TCTTCTTCTT CTTCTTCTTIC TTCTTCTTCT
Bglll
MAAAAAAAAANS
4551 AGAAGRAGAR GAAARAGAAG ATCTAACGGT GTTGTGATGT ATTAGGTAAT GGATTCTCCT GGGTGACTTC
TCTTCTTCTT CTTTTTCTTC TAGATTGCCA CRACACTACAE TRATCCATTA CCTAAGRGGR CCCACTGARG
4621  GCTGRRCCAR
CGRCTTGGET
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5.2.3 ALDH3H1 gene sequence

1 TTTATGATTIT TTTAATATGT ATGTACARAC TTTAAATTAC AACTAATATG AARRCTGAAGA ARTATATAGA
RRATACTARR RAATTATACA TACATGTTTG ARATTTAATG TTGATTATAC TTTGACTTCT TTATATATCT

gt BATRRARATAT TTTATTCTTA CTTTGTTGTA ATCAAATTAT TTGTTTTGTT AARRATTATC AARARARRAR
TTATTTTATA AAARTAAGAAT GRARAACARCAT TAGTTTAATA AACARAAACAR TTTTTAATAG TTTTTTTTTT

141 TCTTTCTTGA TATTCTCTTT TTGACGTTTC TTCATCTCTA TARATATTGT AACGCATGCT TTTTTTTATT
ATRAGAGAARR ARCTGCAAAG AAGTAGAGAT ATTTATAACA TTGCGTACGA ARARRRARTAR

211 ATCRATTTCG AGGAATAAAL GTRAGARRCE
TAGTTRERAGC TCCTTATTTT CATTCTTTGT

ARRRRAARARR GTRAAGAARCA TTTTTTTTCT
TTTTTTTTTT CATTCTTTGT AAARARALGA

ARCGCTGTTT

281 TCTTTTTATG TGTTTTTAAR GARACTTATC ACTTTTTATT TGGCACGAGC AACGTCAATA TCTACGARRR
LAGRARRRATAC ACAARRATTT CTTTGAATAG TGAARRATAR ACCGTGCTCG TTGCAGTTAT AGATGCTTTT

EcoRl BamHlI
AAANAANANAN AAAARAAAAAANS

351 GRATATTTAT TTTCTTGAAT TCAAGARRAAR TTCTCGGGAT CCGRACTCAAR TATTTGTTCT CTTCTCTTCT
CTTATARATA AAAGRACTTR AGTTCTTTTT AAGAGCCCTAR GGCTTGAGTT ATARACLARGA GAARGAGRAGAR

421  CTCTCTCTTIT GCCCGTGATT ACTGATTACT GTGTTAARTTA TTTTTATTCT GCGTACGTTA CGTARGAGAG
GAGAGRGRRL CGGGCACTRA TGACTRATGR CACAATTAAT ARARATAARGA CGCATGCRAT GCATTCTCTC
Ath-ALDH2-sense 100.0%
Ath-ALDH1a_sense 100.0%
491 ATATTGRAGGR ATGGCTGCGRA AGRAGGTTTT
TATRRCTCCT TARCCGARCGCT TCTTCCRRRR

ATTTGGTGAC GGAGCTTCGT
TRARCCACTG CCTCGRAGCA

561 CGGAGTTTTG ATGATGGTGT GACACGTGGT TATGAATGGA GAGTGACTCA GCTTAAGRAA CTGATGATTA
GCCTCAARAC TACTACCACA CTGTGCACCA ATACTTACCT CTCACTGAGT CGAATTCTTT GACTACTAAT

631 TTTGTGATAA TCATGAGCCT GAGATCGTCG CGGCTCTTCG CGATGATCTT GGTAAGCCTG AGCTTGAATC
BARACACTATT AGTACTCGGA CTCTAGCAGC GCCGAGRARAGC GCTACTAGAAR CCATTCGGAC TCGAACTTAG

701 TTCTGTTTAT GAGGTTAGGA TTCTTTTTTC TCTCTTTATG ATCTCGCTTT CCCTCAGATT GTTTTTTTTA
AAGACAAATA CTCCAATCCT AAGARARAAG AGAGARATAC TAGAG GGGAGTCTRAA CAARARARAT

771 BRAAGAGTTTT TTAGGATTGAR TTGTGATTGG TCARAATTCTTA ATTTGAATCT TTGAATTTTA ATTGRAGATT
TTTCTCRARA AATCCTAACT ARCACTRACC AGTTAAGRAT TAARACTTAGA AACTTAARRAT TAACTTCTAA

841 CAGTTTCTTG TTATGGTTTA ATCTGTTTGT GTAGTGGCAT AGGATAGATG
GTCRRARGARC AATACCAAAT TAGACARACA CATCACCGTA ACACCATATA TCCTATCTAC

911 CTCCAAGTTC GATTTTACGG TGTATGATTA GAGTTATGTG GTTATTCATA GARACTTTTT AGCCTTTTTA
GAGGTTCAAG CTARARATGCC ACATACTAAT CTCARATACAC CAATAAGTAT CTTTGAARARR TCGGRAARAT

[al
[o=]
—

CCCGARATTA GACTCAATCT TTTTAGTCGA AGTAGATTTA AGTTCATAGT TCGGATGTTT TTTTATAGTG
GGGCTTTAAT CTGAGTTAGR ARAATCAGCT TCATCTARAT TCAAGTATCA AGCCTACRAA AARATATCAC

1051 GTAGACTTGC AGARARARCATC CGAGCTATGA ATTTATATCG CTTTTATGAT TAGTTAGRAG TTTTGGAGAR
CATCTGRACG TCTTTTGTAG GCTCGATACT TAAATATAGC GAARRATACTA ATCAATCTTC AARACCTCTT

1121 ATTTGATATC CAAGTAATAAR AGTATTTGAG TTTATTGTAR TTTTAAGAAG CATGATTGCT TCCGTGATTA
TRRRACTATAG GTTCATTATT TCATAAARCTC AARATARCATT AARARATTCTTC GTACTAACGA AGGCACTARAT

1191 CTCAGRAGTT TTGARRAAAT CCGATTATCA AGTRATAATA CATTTGAGCT ACGARACTTAT AGTARATTAR
GAGTCTTCARA AACTTTTTTA GGCTAATAGT TCATTATTAT GTARACTCGA TGCTTGAATA TCATTTAATT

1261 ARRRRRARRARAR CTTGATCACT TCTCTAACTA CTTAGRAATT TGGAGARATT CCGAATATTT GAGTAATARA
TTTTTTTTTIT GRACTRAGTGR AGAGATTGAT GAATCTTTAR ACCTCTTTAA GGCTTATARA CTCATTATTT

1331 ACATCCGARAC TATGAATTTA TAGGRAGTTC ARATRACATG ATCACTTCCAR TGATTACTTR RAAGTTTTAG
TGTAGGCTTIG ATACTTAAAT ATCCTTCRAG TTTATTGTAC TAGTGAAGGT ACTAATGAAT TTTCARAATC

1401 RAGRAATCCAG ATATTCGATG CCRATCTATC ATTTGARAARAC CARAATTATTGG TATGGTTATG AGTCAGAATC
TCTTTAGGTC TATARGCTAC GGTTAGATAG TAARACTTTTG GTTAATAACC ATACCAATAC TCAGTCTTAG

1471 ACTAATATTT GUGGCTGATA GAATTTGCTT AGTGATGATA TTTCTTTAAT TAGTGGCTGT

TGATTATAAA CGCCGACTAT CTTARACGAR TCACTACTAT AAAGRAATTA ATCAC

1541 TTRRACACATA AGCCRRACCT CTATAATTGG ATTAACATAT CCCCCTACTT GGTCGGTCTC ATTATTGTCT
BATTGTGTAT TCGGTTTGGR GATATTAACC TRAATTGTATR GGGGGATGAR CCAGCCAGAG TAARTRACAGAR

lell ATGACCTTAG TTGCTACGTA AATGATGTAG TTTGTCGACA CATGTAACCA ACACTGTCTT CAATGCTARAC
TACTGGAATC AACGATGCAT TTACTACATC AAACAGCTGT GTACATTGGT TGTGACAGARA GTTACGATTG

legl TTTTTCACRAAR GTTAATACTA GTATCCATCA GCATAGAATG CAGGTAACTT TATGTTATGT AGGARCCRAT
BRARRAGTGTT CAATTATGAT CATAGGTAGT CGTATCTTAC GTCCATTGAR ATACRATACA TCCTTGGTTA

1751 ACTATRARAAR TGTTGGGTCC TATATTGRAAR GCARATATAC ATTARAAATTTT TCCTTCTCCT ACTGTTARAC
TGATATTTTT ACARACCCAGG ATATAACTTT CGTTTATATG TAATTTAARAR AGGRAGAGGA TGACRATTTG

1821 TACCATATRA CATTRRATTT CATCACCRAC CTTGTGGGGAR TTCCCACGTT TTTCATCACT TGTGTTCCTT
ATGGTATATT GTAATTTRAAA GTAGTGGTTG GRACACCCCT AAGGGTGCAR AAAGTAGTGA ACACRAGGAR
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Balll putExon2-ALDH3H1_fwd 100
1891 AACTATGTGA CCATGTTTTT ATCCRATGAC ARCACAGATC TTTTGRARCAC TGACCTTITCC TCATTTLAATE
TTGATACACT GGTACARRAL TAGGTTACTG TTGIGTCTAG AARRCTTGTG ACTGGABAGG AGTARATTAC
putExon2-ALDH3H1 fwd 100 0%
1%¢]1 |TTTTACCARC AGAGAGTACT AGTGAGTAAL GTGGTTTTGT GRACTTTGTCT TTGGCTTGTT TATAGTTGTT
AAAATEGTTG TCTCTCATGA TCACTCATTT CACCARARCA CTGAAACAGA ARCCGAACRA ATATCAARCAR
2031 TTTGTTTTTA ATCAGTATTT GATTAGTATE ATTTGATTAT GATGGTTGAT TTARATTATGT AGGTATCTCT
AARCRAARRT TAGTCATARA CTARTCATAT TAARACTAATAER CTACCAARCTA AATTAARTACA TCCATAGAGA
Exon3-ALDH3H1_fwd 100.0%
2101 RCTGRGRAARC TCTATCRAGT TGGCTCTTAER GCAGCTARAG BAACTGGATGSG CTCCGGAGAR GGTTTGTGCT
TGACTCTTTG AGATAGTTCE ACCGAGRRTT CGTCGATTTC TTGRCCTACT CTCTT CCRARCACGR
2171 TTIGAGTAGAG TTTGTTTTCA TCATATATGT TATTAAGTTG CTARATCATTG TTCTGTTITTT CGGTTCAGGC
BACTCATCTC BAARCARBAGT AGTATATACE ATAATTCAAC GATTAGTAAC ARGACRREAR GCCRAGTCCG
2241 RRAGACTTCT CTAACAARCGT TTCCTGCRTC GTGTCTGAGC CTCTTGGTGT TGTGCTAGTE
TTTCTGRAGR GATTGTTGCE RAGGACGTAG CACRGRCTCG GAGARCCACE ACACGATCAC
2311 ARTCTCGGCTT GGAACTATCC TTTTCGTATG TGATTAAGTT TTARACTATAR GTTATATTAC
TAGAGCCGRA CCTTGATAGG BRRAGCATAC BARGGCTAGTG ACTRATTCAR AATTGATATT CAATATAATG
2381 ATTTTGTATG BAGTGTGACE CTTTTTTTTT TTTITGCAAG TGTTGTCTAT TGATCCTGTT ATTGGTGCAR
TRABACATAC TTCACACTGT GARAARAARAR AARARRACGTTC ACARCAGATA ACTAGGACAR TAACCACGTT
2451 TTTCTGCTGG GRATGCTGTT GTTTTARAGC CATCAGRATT GGCTCCAGCT TCGTCAGCTC TGCTCACTAR
AARGACGRCC CTTACGACRA CARRATTTCG GTAGTCTTAR CCGAGGTCGA AGCAGTCGAG ACGAGTGATT
2521 GTTACTGGBA CAGTATCTTG ATCCTTCTGC GTCGRRAGGAG CTGTTACCGRE AACARGTGCT
CRATGRCCTT GTCATAGRAC TAGGRAGRCG CAGCTTCCTC GACAATGGCT TTGTTCACGR
2591 CTGCTRAGAGC AGAAGTGGGE CRRGATATTC TACACAGGTT CTTRTTRACT CGARCTTRATG TGTTTCCTTT
TCTTCACCCT GTTCTATAAG ATGTGTCCAR GRATAATTGA GCTGAATTAC ACRAAGGARRL
2661 CRARTATCRA CATGTGACAT TTCCCGCTAT TGTGTGGTTAE GGTAGTTCAA BABATCGGACG TGTCATAATG
GTTTATAGTT GTACACTGTA BAGGGCGATA ACACACCAAT CCATCAAGTT TTTAGCCTGC ACAGTATTAC
Xbal
2731 CGAAGCATCT CACACCGGTT TTGGAGGARL ATCTCCTGTC GTTGTAGACT
GCTTCGTAGE GTGTGGCCAR BAACCTCCTTT TAGAGGACAG CAARCATCTGA
Xbal
2801 TTTGRRAGTE CTGRATTAAT ACTTCTTTAT CTRAGACTCAT GCRATGTGTT TTTGTTTGTA
GCCTATGGCT BRACTTTCAT GRCTTAATTE TGRAGRAATE GATCTGAGTA CGTTACACAR AAARCAAACAT
2871 TTGTGGCTEE TGTAATTTGC TCCTTTGGETC TR CAGG CGGATRATCG TAGGCAAATG
BACACCGATT ACATTAARACG AGGRRRACCAG ATGGCAGTCC GCCUTATTAGC ATCCGTTTAC
ALDH4-RT-fwd 100.0%
2941  GGGTTGTRAC BAACGGACAGG CGTGCGTTTC GCCGGACTAT ATCTTGACGA CRAAAGRATE TGCTCCTAARR
CCCRACATTG TTGCCTGTCC GCACGCARAG CGGCCTGATA TAGRACTGCT GTTTTCTTAT ACGAGGATTT
3011 TTGGTRACGT TRAGBACTTA AGATTAGATT CTTGATGEAT TTTTTGTATT TGACATTCTC TTTTCTCTTC
AACCATTGCE ATTCTTGAAT TCTRATCTAL GAACTACTTAER ARRRACATAR ACTGTRRGAG AARAGAGRLG
Hindlll
3081 TTALRGATTGA TGCCATGRAG CTTGRATTGG AGRRATTTTE TGGGARGAAC CCTATAGAGT CGRARGATAT
BATTCTAACT ACGGTACTTC GAACTTAACT TCTTTARAAT ACCCTTCTTG GGATATCTCA GCTTTCTATA
3151 GTCACGTATC GTAARACTCGA ATCACTTTGA TCGCTTGTCT AAGTTGTTAG ACGAGAAGGR AGTTTCTGAC
CARGTGCATAG CATTTGAGCT TAGTGARARCT AGCGAACAGE TTCRACBATC TGCTCTTCCT TCARARGACTG
3221 RRAATTGTCT ATGGTGGTGAE ARRGGACAGAE GAARACTTGT AAGTTCCTCT CTTTATATTC TCATCATCAC
TTTTAACAGA TACCACCACT TTTCCTGTCT CTTTTGAACA TTCRAGGAGA GARATATARG AGTAGTAGTG
3291 ATTTTTCACT TATGCTAATC TTTTGCCTCC ATTTATAAGG ARBATTGCTC CGACRATCTT GCTCGATGTA
TRARBRGTGA ATACGATTAG BRRACGGAGS TARATATTCC TTTTAACGAG GCTGTTAGRR CGAGCTACAT
336l CCATTAGATT CTCTGATCAT GAGTGAAGRAA ATATTTGGCC CTCTCCTTCC AATCCTCACG GTAGGRACTR
GGTAATCTAR GAGACTAGTA CTCACTTCTT TATRAACCGG GAGAGGAAGG TTAGGAGTGC CATCCTTGAT
3431 TTTTTCATTC TATGTAAGCT CTGCTTCATC BRRTTTTRAC TCTCTTTTGT TATTTTCAGC
AARRRGTRRG ATACATTCGA GACGRAGTAG TTTRARATTG AGAGRARACE ATRARAGTCG
3501 TTRBCRRCTT GGAAGAGAGC TTTGACGTGA TTCGTTCTCG ACCTAAGCCA CTTGCGGCAT ACTTGTTTAC
BATTGTTGREE CCTTCTCTCG BARACTGCACT ARGCRRGAGC TGGATTCGGT GRACGCCGTA TGRACRARTG
3571 RCATARCRARG ARAGTTGARAG AGRGATTCGC AGCGACAGTC TCCGCTGGAG GCATAGTAGT CAATGACATR
TGTATTGTTC TTCAACTTTC TCTCTAAGCG TCGCTGTCAG AGGCGACCTC CGTATCATCE GTTACTGTAT
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3641

GCTGTTCATG
CGRCRAGTAC

TAAGARAGAC ACTAGCTARA
ATTCTTTCTG TGATCGRTTT

ATACATTGCA CTAGTAGCAT
TATGTAARCGT GATCATCGTA

TTTATCATTA
LARTRGTRRT

CACARRAGCG
GTGTTTTCGC

3711

TTATCATCAT
BATAGTAGTA

CCGATATTTT GCAGCTTGCRA
GGCTATARRLA CGTCGRACGT

CTTCACACAT TGCCATTCGG
GRAGTGTGTA ACGGTRAGCC

AGGAGTTGGT
TCCTCAACCA

GARAGTGGAR

Ncal

SAAAAANAAAS

CCATGGTAARA TTCTCATTTG
GGTACCATTT AAGAGTARAC

ATGCTTTTAG TCACAAGARAG
TACGARARATC AGTGTTCTTC

GCGGTTCTCT
CGCCAAGRAGA

ACRGRAGCCT
TGTCTTCGGA

TTTCGGTGAT
AAAGCCACTA

TCAGCCGTCA GGTATCCGCC
AGTCGGCAGT CCATAGGCGG

Xhol Hindlll

ATACTCGAGA GGARAGCTTA
TATGAGCTCT CCTTTCGAAT

Ath-ALDHZ-anti 100.0%

GATTGTTARRA
CTAACAATTT

AGCCCTTGTC
TCGGGAACAG

GACRAGCRATA
CTGTCGTTAT

TATTCGATTT ATTCARAGTC
ATRAGCTAARA TRAAGTTTCAG

CTTCTCGGTT TAGCTTAARAC
GAAGAGCCAA ATCGAATTTG

GGTRRARAGA
CCATTTTTICT

CCGAGGACAC
GGCTCCTGTG

TTCCCTTIGT
RAAGGGRAACA

BCCTTATTTA CTTGTTTTAT
TGGAATRAAT GAACARARATA

TTTTCAAACA TGGACTTAGT
ARRAGTTTGT ACCTGAATCA

TGGTTGATAT
ACCRACTATA

Ath-ALDH1c_anti 100.0%

GTTTTGGTTT
CRARARCCARA

40el

GGTGTTGATT
CCRACARCTAR

CTATGAATAT TGRAGTTGAT
GATACTTATA ACTTCRACTA

ARARTRARARGR TTTTCGGTTG
TTTATTTTCT ARRAGCCARAC

ATTATGGRRA
TRATACCTTT

CCGEGETTTCTT
GGCCAAAGAR

4131

CATTCCRACT
GTRRAGGTTGA

TGGTTGTTTA CARRACARAG
LCCARCAAAT GTTTTGTTTC

AAGACACRAR AGAGTARGARR
TTCTGTGTTT TCTCATTCTT

TCTCTTTGAT
AGAGRARCTA

TTTTTTTATC
AARARRATAG

4201

TRRACCATGT
ATTTGGTACE

TGTTAAAGCT CCCCTATARAT
LCAATTTCGR GGGGATATTA

GGGRAAGRAA ATCTGTAGCA
CCCTTTCTTT TAGACATCGT

ACRRR
TGTTT
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5.2.4 ALDH7B4 gene promoter sequence

The promoter sequence is shown here with some putative cis-elements. The nucleotide pair T-

A in bold red was mutated in C-G so as to introduce an ECORI site with the primer ALDH7B4

prom 3’°. The resulting ECORI/ECORI region was used as the promoter. Region in black bold

indicates the intergenic region between ALDH7B4 (AT1G54100) and the 5’-adjacent gene.

Red-shaded: MYB recognition site (WAACCA; W=A/T)

Pink-shaded: MYC recognition site (CANNTG; N=A/T/G/C)
Teal-shade: putative ASF-1 binding site

Turquoise-shaded: Putative DRE (RYCGAC; R=A/G; Y=C/T)
Gray-shaded: Elicitor Responsive Element (Core of W1 and W2 boxes)
Yellow-shaded: ACGT-Box

EcoRI
1 GARRTTCTATC BAACACAATCA TGCGE CRATGBACTE GABACCHCGR ACCAGRABATT GTTGGTAAT
CTTRRGATAG TTGTGTTAGT CTAGTACGCT GTTACTTGAT CEEEGETGCT TGGTCTTTRAE CAACCATTAG
71 GTTTAGTGGRE CGAGATTGRE TCARAGGTTC AAGTGGTAAT CGTTTTCTCC TGACGCAAAA TCGARAGARA
CRARTCRCCT GCTCTRACTT AGTTTCCRAG TTCACCATTA GCARRAGAGG ACTGCGTTTT AGCTTTCTTT
1417 ABAGATCGGT AGCGTCGCAT CCTAATCGGG TGACCCGGAA ACCAATAGTT GATTCGTTTT AGTGGCGGTA
TTTCTAGCCA TCGCAGCGTA GGATTAGCCC ACTGGGCCTT TGGTTATCAA CTAAGCARRR TCACCGCCAT
211 ARACCCGGTT TGATGAACAR ATATTAATGG GCCTGGCCCA TACGAGGATG ATCGTGGCAA TGTCGATGAT
TTTGGGCCAA ACTACTTGTT TATAATTACC CGGACCGGGT ATGCTCCTAC TAGCACCGTT ACAGCTACTA
281  AACAACAACT CCTCTATTCG GGTTTATGTT GACCCGGAAA ACGAAAGCAT AGGACACGTG ACACATGTGA
TTGTTGTTGA GGAGATAAGC CCAAATACAR CTGGGCCTTT TGCTTTCGTA TCCTGTGCAC TGTGTACACT
351 TGTGAGTGRA GCCAARAATA ATAATATTGS © TCRAGCTTTCG TCTTCTCEGE
ACACTCACTT CGGTTTTTAT TATTATAACT AGTCGREAGC GAGGCA
421 |@BATCCRATA ARAARATCAG CRAEEGEEGET TTGTTTTTRA CRRRAGACGT ACACGTCTCT
ETTLGGTTAT TTTTTTAGTC GTTEGCAACL ALCALRRLRATT GTTTTCTGCA TGTGCAGAGA
491 TCATTTCTTC LCCATTAGGT GATTTTTTTC
; AGTAARLGRAG CTE TGGTRATCCE CTAARARRAAG
561 TTTTCTCTGG CTT C GATBATTTCT CTGGATTTTC
CTRTTARAGE GACCTARALG
+3 Glu Phe Leu Ser Glu lle Gly
631 TTTCTGGGGT GRATTTTTGC GCAGAGATGG GTTCGGCGRR © GTGAGATTGG
AARGACCCCAE CTTARARACG CGTCTCTACT CRAGCCGCTT GTTGCTCATG CTCARRGACT CACTCTAACC
ALDHT7B4 prom 3' 95 5%
+3 -GhlLeu Thr Ser His Asn Leu Gly Ser Tyr Val Ala Gly Lys Trp Gln Ala Asn Gly Pra Leu Val Ser Thr
701 GCTGRCTTCT CACARCTTGG GATCTTACS ele 3 S C 5 “TCT TGTTTCAACT
CGACTGRAGAR GTGTTGARACC LGA ACRRAGTTGA
+3 Leu Asn Pro Ala Asn Asn Gin
771
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5.3 Vector maps

e
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EcolR)
— el

—_ Peaxl

G CTC GAG TTT TIC
C GAG CTC ARA AAG

Ghs  Lew

lys Ghs

CGC CGE CGG

Ma Tyr Ty Ser Ghu Ser Tyr Pro Ser A Gly Gy

TCT

AGR AGG CCT

AC

Ser Arg Gy Ser Pro

TTC TAG AMG ATC TCC

TTC TAG AGG

Lew Leu Msp iy
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Val B A Gl

w w
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Al Leu Arg  Gu
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a1 30
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Al Mb Mel Ser Phe Arg Hia G Gl
BT revenie prgiening prnar Temer
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Xho l(158)
Mot li166)
Eag li166)
Hind I173)
Sal 79y
Sac lj19n)
EcoR l[192)
BamH l{198)

w1102 120y Nhe {231}
Bp Nde l[238)
Meo l(296)

Xba lf23s5)

Bgl llja01)
< - Sgra lia42)

- .,:,Sph lisaa)

Dra llis127)

Pvu 114426) A
Saf li4426) J‘:‘-’
Sma 1i4300) & A o
\n_:'_ . '._ './ u 11123]
I~ @ 1) ™~Bd li112n
Cla lf£117) 3 —
Nru l4023) =1 | i BstE lli1304)
w
pET-28a(+) L \apa tr3se
(5369bp) @ )
ey

/BssH [li1534)
AEcoR Wi1573)
““Hpa l(1629)

Ecob¥ (3772

s

AlwM (3640

BssS l3aom PshA li1968)

BspLU11 li3224) Bgl ;2187
Sap li3108) Fsp l{2205)
Bst1107 1(2055) Pspb Ili2230)
Tth111 l2969) f
T7 promater primer #69348-3
_ =
ﬁ_TﬂﬁsﬂeBgam[ primer #63214-3 T7 promoter lac operator Xl hs
AGATCTCGATCCCRCGAAATTAATACGAL TCAC TATAGGGGAAT TETGAGCGGATAACAATTCLCCTCTAGAAATAATTTTGT TTAAC TTTAAGARGGAGA
Neol His~ Tnn _Nge| Nhel T7-Tag
TATACCATGGGCAGCAGCCATCATCAT ACAGCAGCGGCCTGETGCCGCGCGRCAGCLATATEGCTARCATG GTGGACA

FethlySerSerHiskisHisHisH ligSarSoerGlyleuVal AralblvSerdi sMetl laSerH .' G
thrombin
BamH | EcoRt | Sacl Sall _ Hind 1l Ncll’l Xhol His-Tag

ATGEETCGEGEATCCGAAT TCOAGETCCATCEAC ARG TTOCGGLCOCACTCEAGCACCACCALCACCACCAC TRAGATCCOGETGETAACARAGLECE

pET=28al -«
Matl lyArghlySerGluPhaGlulecArghrgGindlaCyaGlyArgThrirghloPreProProProProlevhrgSerGlyCysEnd

CLRTCGGGATC

CGAGCTCCGTCGACAACC T TRCOGCCGC ACTCGAGCACCACCACCACCACCACTRGAGATCCGLGC TRCTAACAAAGELC pET=28k 1+
GlyArghspP

.?s'-Se SerSerVolisplysl ".Jl'llu afloLeuGluHisH isHisHisHisHisEnd

GRTCGEG TCGRAGC TG TR A RARC TTRC GO L LR A TOGAGCACCAC CACCACCACCACTCAGATCCGGCTRC TAAC ARAGLCL pET=28c 7]
GlvArgl ledrgl laArghlaProSer ThrSerLaulrgPradi sSarSer The The The TheTarThrGlul leArgleules ThrliyaPra. ..
Bpui102 1 T7 terminator
AR R AR T AR TT G TR TR CAC LR TCARC AATAAC TAGCATAACCCCTTGGERCCTE TARACGRGTCTTCAGRGRTTTTTTG

-
TT7 terminator primer #59337-3
pET-28a-c(+) cloning/expression region
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Hindl1I (2)

pGJ280
4498 bp

CDE{amp) 2

EcR1(1)

RB Ned (317)

| ey

p35S-pROK2 (681-701)
Xhol (7609)
EcoRI (776)
“\4—_PGJ280-fwd (804-825)
‘/Translation enhancer [TEV)

Neol (g11)
pGJ280-rev (987-968)

CDS(LT-GFP) 1

BamHI (1630)
Xbd (1636)
HindI1I (1862)

358

BamiH1(1593)
7

(pPG-Tkan)
11797 bp

P (1667)
_—_ RBCSterm
Hind1II (2300
) Mas

EccR1(3184)
Nedl (3503)
Nptl

EecR1(4174)
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Neal(zizo)
Xholiz108)
TATA-25S [2076-2130)

Sall(zo5o)

Xbal(zodq)

Pstl(zogqz)

Spelizoza)

EFeoRI(z012)

Clalizoo7)

Bam HI (zooo)

HindIII (1994)

5' fwd pBT10-GUS {1939-1956)
Amp (r) ColE1 origin

> 4

Gus-start (2147-2127)

Gus-sense [2127-2147)

nes polyA

Gus-rev [2549-2528) Bglll{qzg3)
GUS/uidA-ORF Whel (4209)

pBT10-GUS
4303bp
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Primer pBIN-direction-EcoRI
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