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Introduction

1 Introduction

1.1 Chickpea: a world-wide important non-model crop

Chickpea (Cicer arietinum L.), a member of the Fabaceae, is the third most important
food legume world-wide with over 10 million hectares under cultivation (Millan et al., 2006).
It is mostly grown in arid and semi-arid regions, predominantly in undeveloped countries
(90% of its cultivated area). At present, the most important chickpea-producing countries
are India (64%), Turkey (8%), Pakistan (7%), Iran (3%), Mexico (3%), Myanmar (3%), Ethiopia
(2%), Australia (2%), and Canada (1%) (Figure 1-1).

Chickpea has one of the most balanced nutritional compositions, and its protein
digestibility is the best among the dry season food legumes. Apart from human
consumption, this crop has economical importance as animal feed as well as in herbal
medicine. Chickpea seeds contain 20-30% protein, and approximately 40% carbohydrates.
Additionally, they are a good source of calcium, magnesium, potassium, phosphorus, iron,
zinc, and manganese. This crop provides more beneficial carotenoids than the genetically
engineered “golden rice”, and, in comparison to other grain legumes, has almost no anti-
nutritive components (Hayriye lbrikci, 2003). Ecologically, chickpea is known as an efficient
N,-fixing system due to its capability of symbiotic nitrogen fixation (SNF), a process taking
place at the root nodules, specialized structures formed upon Rhizobium infection, a N,-
fixing bacteria (ICRISAT, www.icrisat.org).

Like every extensively cultivated crop, this legume is facing the consequences of the
continuously deteriorating environmental conditions on this planet , which are leading to
always more rigorous temperature regimes and dry soils (abiotic stress; Figure 1-2). To
counteract this global phenomenon, extensive artificial irrigation is required to achieve
acceptable harvest yields in many of the chickpea cultivating regions (Bakht et al., 2006).
However, on the long term this practice results in increased soil salinization and therefore in
a depression in productivity. One of the most affected processes influenced by abiotic
stresses in chickpea, and in legumes generally, concerns the SNF function. Although many of
the effects of abiotic stresses on nodulation, growth, and N,-fixation have been well studied
in this crop, little is known about the physiological, biochemical, and transcriptional stress-
responses as e.g. compatible osmolyte accumulation, ammonium assimilation,
photosynthesis, and active ion transport (Soussi et al., 1998). Apart from drought and salt

stress, many of the chickpea cultivated areas are subject to cold temperatures during
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wintertime, constraining the productivity even more drastically (Singh et al., 1992; Bakht et
al., 2006).

The above mentioned aspects emphasize the need of transferring chickpea from the
group of “under-researched crops” into a transition group, in which the molecular and
biochemical characterization of stress responses already started. In some of these fronts,
some advances have already been achieved. For example, Boominathan and collaborators
(2004) isolated around hundred drought-inducible transcripts from dehydrated chickpea
roots via SSH subtracted libraries. In a later study, Mantri and co-authors (2007) reported on
a deeper transcriptome analysis, for which 768 pre-selected genes were spotted onto
microarrays to track their behavior under salt, drought, and cold stresses. In that study, the
authors observed more than 2-fold transcriptional changes for 109, 210 and 386 genes after
drought, cold and high-salinity treatments, respectively. Despite these preliminary insights,
the amount of information is still at least 20-fold lower than in other legumes, as e.g.
Medicago truncatula, a legume model crop that profits from the massive EST sequencing of
more than 184,599 cDNAs (Cheung et al., 2006), and standardized microarrays originally
containing more than 16,000, now about 21,000 genes (Buitink et al., 2006).

In an attempt to fill the big gap of missing information, and to profit from the massive
knowledge from other legumes (i.e. M. truncatula, Lotus japonicus, Glycine max, Phaseolus
vulgaris), the work in this thesis presents the expression profiles of more than 30,000 unique
transcripts under salt and drought stress in chickpea roots and nodules. For this purpose,
more than 270,000 cDNA fragments (in the form of 26bp cDNA tags) were massively
sequenced and statistically analyzed for stress differential expression. Additionally, the
results were confirmed by independent techniques such as gRT-PCR and microarray

hybridizations, proving that the extracted information can be transferred to other platforms.
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Figure 1-1 Main chickpea-growing regions in the world

Figure 1-2 Chickpea cultivation in desiccated areas on the Mediterranean basin
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1.2 Abiotic stress in plants

Plants, as sessile organisms, are exposed to changes in their environment, which they
cannot escape. Therefore, any new condition implicating a decrease in their performance,
or in the probability of survival of an individual, will be perceived as stress. As a
consequence, plants are obliged to deploy different physiological strategies to overcome any
adversity encountered on their surrounding (Albrecht et al., 2003).

In crop plants in particular, abiotic stresses account for the major part of the difference
between potential and real harvest yields in agricultural areas world-wide. Year after year,
high salinity, drought, heavy metal exposure, excess of radiation, heat, and cold
temperatures are responsible for uncountable losses with major economical and social
consequences, most of them in undeveloped countries (Yamaguchi-Shinozaki and Shinozaki,

2006).

1.2.1 Drought and salt stress

Among the abiotic stresses, the decrease on water availability (commonly known as
drought stress) is considered a major limiting factor for plant development and growth.
Severe changes of water potential in the environment and consequently in the plant may
lead to osmotic stress, disturbing the normal cellular functions, and eventually leading to cell
death. To counteract these effects, various molecular, cellular, and whole-plant responses
are triggered, as e.g. changes in life cycle, or morphological alterations in root and shoot
development, ionic re-adjustments, and modifications in the metabolism of carbohydrates
or synthesis of compatible osmolytes (Hasegawa et al., 2000).

In turn, high salt concentrations (commonly known as salt stress) cause in plants ionic
disequilibrium and hyperosmosis. The adverse effects of exposition to high salinity
conditions are manifested in the inhibition of germination, growth reduction, or even arrest,
and stop of development (Zhu, 2002). Due to the toxicity of high Na* concentrations, the
control of the cytosolic levels of this cation is of vital importance for the plant cell. The
principal mechanisms involved in this control involve prevention of uptake as well as an
increase of Na* export (Zhu, 2003).

In chickpea, and legumes in general, drought causes a 40-50% reduction in yield globally
(Ahmad et al., 2005). Additionally, most legumes are known to be salt-sensitive, a fact of
future concern, since the increasing use of artificial irrigation world-wide suggests that, by

the year 2050, 50% of all arable land will be salinized (Wang et al., 2003). Common for
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drought and high salinity, two major highways exist through which stress responses in
plants are processed (highways here referred to as “attributes”: i) an ionic-, and ii) an
osmotic-attribute (Xiong et al.,, 2002) (Figure 1-3). For both stresses, the specific
combination of these two attributes is directing the responses of the plant towards
activation of physiological processes aiming at alleviating the environmental pressure.
Additionally, the alterations on the plant metabolism caused by the osmotic- and ionic-
disequilibrium confront the plant with the overproduction of reactive oxygen species (ROS),
leading to oxidative stress, a disturbance that may also reach lethal levels (Figure 1-3) (Apel

and Hirt, 2004).

1.2.1.1 The osmotic attribute
Higher plants are exposed to different degrees of water stress at some stages in
their developmental process. The type and strength of water stress can vary from
atmospheric humidity changes and net radiation up to soil water deficits (drought) in arid
environments. In plants of more arid regions, tolerance to water stress usually involves low
osmotic potentials (high solute levels), which are a combination product of the differences in
the basal osmotic potential and the solute accumulation in response to water deficit. The
aim of this strategy is then to maintain the turgor and hence a steady plant growth rate
(Morgan, 1984). In plants under salt stress, alterations in the osmotic equilibrium are caused
by the high concentrations of Na* ions. Although there may be no water deficit in the
environment, the differential osmotic pressure will nevertheless lead to loss of water and
thus, dehydration of the plant tissues.
As general consequences in high salinity and dehydration, the plant’s altered water
status leads to initial growth reduction through inhibition of cell division and expansion,
membrane disorganization, reactive oxygen species production, metabolic toxicity,

photosynthesis inhibition, and attenuated nutrient acquisition (Hasegawa et al., 2000).

1.2.1.2 The ionic attribute

The excess of Na" ions in the vicinity of a plant cell under salt stress causes a major
disequilibrium in K" and H* transporter activities. Since many transport systems of the cell
membranes do not completely discriminate between K" and Na*, the plant cells are “forced”
to import Na* from the apoplastic space to satisfy the need of K* for several physiological
purposes. The increasing accumulation rate of Na® ions reaches then toxic intracellular

levels, that disrupt several cellular processes including active transport, protein biosynthesis,
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and various other metabolic pathways (Hasegawa et al., 2000). As a consequence of the
metabolic disequilibrium, plants experience growth rate reduction, oxidative stress, and cell
death in the end.

The Na® export process involves mainly two strategies, which are both dependent on
energy. The first general strategy consists of extruding Na* ions out of the cell via Na*-plasma
membrane antiporters, normally ATP-driven. In this case, the extruded Na® immediately
becomes a potential intake ion as soon as it enters the apoplastic space. The second strategy
consists of exporting Na* ions transiently into special compartments (e.g. vacuoles) for later
extrusion via exocytosis. This second strategy rests upon vacuolar proteins such as vacuolar
H*-ATPases, membrane proteins that catalyze the exclusion of the major part of the active

Na® out of the cell (Low et al., 1996; Gaxiola et al., 2002).

1.2.2 Reactive oxygen species and oxidative stress in plants

Superoxide- (O;), hydrogen peroxide- (H,0,), and hydroxyl-radicals (OH’), collectively
known as reactive oxygen species (ROS), are by-products of the plant cell metabolism. Under
normal conditions ROS are produced in only low quantities, in compartments like
mitochondria, chloroplasts, and/or peroxisomes, as derivates of processes like chloroplast
and mitochondrial respiration (Moller, 2001; Del Rio et al., 2003).

ROS interact with a broad array of bio-molecules inducing alterations in their functions,
therefore, they are considered as toxic at high concentrations (Apel and Hirt, 2004). In
parallel, ROS can function as signaling molecules by triggering several signal transduction
cascades. For these reasons, the ROS-generation and -scavenging machinery in plants is
tightly controlled by a redundant and complex network involving dismutase enzymes, and
cellular buffers, aside of the ROS generators (Gechev et al., 2006).

Salt and drought stresses induce a strong metabolic disequilibrium in the afflicted plant
cell, leading to ROS overproduction, which follows different routes in different plant organs.
In leaves, the major ROS production occurs in chloroplasts and peroxisomes, whereas in non-
photosynthetic tissues, ROS are mainly generated in mitochondria (Gadjev et al., 2006). ROS
overproduction under drought and salt stress conditions can rapidly reach toxic levels on the
cell, which, if not controlled, can lead to increased mitochondrial electron transport,
resulting in turn in ATP depletion, and even apoptosis (Tiwari et al., 2002).

As mentioned above, the various reactive oxygen species may also act as signaling

radicals/molecules. However, much about the ROS-triggered signaling cascade(s) in plants
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remains obscure, inspite of the reported interaction of these radicals with several

components of diverse pathways, as e.g. several RLKs, MAPKs, and proteins involved in Ca

2+

signaling (Dat et al., 2000; Samuel et al., 2005; Del Rio et al., 2006).
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Figure 1-3 General scheme of drought and salt stress attributes in plants

In the above general scheme, water and salt stresses in plants are perceived through
two main highways or “attributes”: i) the ionic, and ii) osmotic stress components.
Both components are activating signaling cascades which have specific as well as
shared events. The last component of such cascades induces whole batteries of
different effector genes acting on different physiological sceneries, and thereby
overcoming the environmental adversity. In parallel and as a consequence of
metabolic disturbances by both osmotic and ionic attributes, reactive oxygen species
(ROS) production increases. ROS themselves are highly toxic for the cell and impose
additional stress onto the plant. Therefore, ROS-scavenging machineries play a
crucial role for the stressed plant. Apart from being highly toxic, ROS are also known
to function as signaling molecules, triggering diverse cascades with several
components shared with other stress-related pathways.
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1.3 Legumes and symbiotic nitrogen fixation

As previously mentioned, nutritionally and ecologically, SNF makes of chickpea (and
legumes in general) an important object of study. In these plants, all the processes
downstream the conversion of atmospheric nitrogen (N,, di-nitrogen) into its organic form

(ammonia) turn around a single structure: the root nodules.

1.3.1 Legume nodules as the nitrogen-fixing organs in roots

Nitrogen (N,) is one of the rate-limiting elements in plant growth processes. Therefore,
it is the mineral nutrient needed in greatest abundance by higher plants (Crawford, 1995).
Normally, the N, available in the biosphere is continuously depleted by de-nitrification
processes. Only some prokaryotes reduce di-nitrogen to an organic form (ammonia) and fix
it in the biosphere through a quite complex and oxygen-sensitive process. Among these
prokaryotes, Rhizobia, a class of nitrogen-fixing bacteria, establishes symbiotic partnerships
with higher plants, which supply them with energy and protect the N, fixation machinery
from deleterious oxygen. In the framework of SNF, leguminous plants evolved the capability
to form new organs, the root nodules, in response to Rhizobia invasion (Mylona et al., 1995).

The symbiotic interaction between legumes and Rhizobia begins with signals recognition
by both partners, integrating the bacterial invasion at the root-hairs epidermis and the
initiation of cell division in the root cortex cells, several cell layers away from the bacteria
primary attachment sites (Oldroyd and Downie, 2008). Subsequently, the root hairs start
curling, and the bacteria invade the plant by a newly formed infection thread growing
through it. In parallel, a nodule primordium is shaped by cortical cells. When the infection
thread reaches the primordium, the bacteria are released into the cytoplasm of the host
cells and surrounded by a plant-derived peribacteroid membrane (PBM). At this stage, the
bacteria are already differentiated into their symbiotic form, known as bacteroids (Mylona
et al.,, 1995).

The PBM biogenesis is regulated through differential expression of genes of both the
host legume and Rhizobia, inducing the synthesis of nodulins, bacteroidines, fatty acids,
polysaccharides, and other components. At N,-fixing stage, the PBM provides selectivity for
metabolite and ion transport, and facilitates the signaling between both the prokaryotic
(bacteria) and eukaryotic (host plant) cell (Krylova et al., 2007). In a general scheme, legume
nodules consist of five distinct regions as shown in Figure 1-4: i) nodule meristem, ii)

prefixation zone, iii) interzone, iv) N,-fixation zone, and v) senescence zone. The
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conformation of the mature nodules offers physical barriers (nodule parenchyma) as well as
enzymatic mechanisms (leghemoglobin activity), that keep the nitrogen fixation zone in an
O,-free state. In this way the plant secures the protection the extremely O,-sensitive

bacterial nitrogenase.

Nodule parenchyma

Vascular bundle

Figure 1-4 A schematic view on a legume’s nodule

Five different regions can be distinguished in a functional nodule:

i) nodule meristem, ii) prefixation zone, iii) interzone, iv) N,-fixation zone, and v)
senescence zone. The nodular parenchyma (represented in light blue colors) builds
up an oxygen barrier which efficiently isolates the N,-fixation region. However, since
this barrier is interrupted at the nodule meristem (i), the activity of leghemoglobin
(Lb), an oxygen quenching enzyme, is needed to constantly protect the extremely
oxygen-sensitive bacteroid nitrogenases

1.3.2 Legume nodules and abiotic stresses

One of the major bottlenecks in SNF in plants is the sensitivity of the interaction
between both partners to abiotic stresses. In many legume species, particularly under high
salt conditions, the ability of the plants to keep functional nodules has been directly related
to stress tolerance. Studies in other legume genera (e.g. Vicia sp.) proved, that the activity of
enzymes directly involved in SNF, such as glutamine synthetase (GS) and glutamate synthase
(GOGAT), is drastically decreased under high Na* concentrations (Cordovilla et al., 1994). In

general, most of the explanations for the negative effect of salt and drought on SNF are
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turning around the diminished photosynthate production and its supply into the nodules, a
reduced flux of respiratory substrates into the bacteroid, and alterations of the oxygen
diffusion barrier protecting the nitrogenases (Soussi et al., 1998). In studies evaluating
physiological parameters in the salt- tolerant chickpea variety INRAT-93 (the same variety
used for the present work), O,-conductance values were lower than in varieties known to be
salt-sensitive, such as Amdoun (L'Taief et al., 2007). This relatively low O, conductance may
well directly govern the ability to keep functional nodules and therefore could be related to
salt tolerance.

A further aspect playing a very important role in the physiology of nodules concerns the
generation of ROS, which represent a ubiquitous danger for aerobic organisms. This risk is
especially elevated in legume root nodules due to the strongly reducing conditions, the high
rates of respiration, the tendency of leghemoglobin to autoxidize, the abundance of non-
protein Fe ions and the presence of several redox proteins that leak electrons to O, (Becana
et al.,, 2000). Consequently, nodules are particularly rich in both quantity and diversity of
antioxidant defenses. These include enzymes such as superoxide dismutase (SOD), ascorbate
peroxidase (APX), monodehydroascorbate reductase (MDAR), dehydroascorbate reductase ,
glutathione reductase (GR), and metabolites such as ascorbate, glutathione, and other thiol
tripeptides (lturbe-Ormaetxe et al., 2001).

Abiotic stresses, especially salt stress, enhance the generation of ROS in root nodules,
thereby introducing even more destabilizing pressure on the N,-fixation machinery. In
essence, the knowledge of how plants manage this situation on the molecular level may

increase our understanding of general responses to abiotic stresses.

1.4 Expression profiling as an important tool in molecular biology

Genome-wide expression profiling techniques became some of the most frequently
used analytical tools for the understanding of many biological systems over the past 20
years. Starting in the eighties and early nineties with nylon membranes as ancestors of
today’s micro-arrays, the term “expression profiling” has been inflated exponentially, as has
the number of publications and related methods (Stoughton, 2005). In a very general view,
expression profiling techniques can be divided into two categories: i) closed- and ii) open-

architecture methods.
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1.4.1 Hybridization-based “closed architecture” gene expression profiling

Closed architecture methods are based on spotting a determinate number of cDNAs or
oligonucleotide probes onto a solid surface (e. g. micro- and macro-arrays) and their
hybridization to target nucleic acids. Microarrays constitute the most efficient and advanced
example for this kind of approach (Schena et al., 1995). Since the early days of this
technique, considerable efforts have been made to reduce costs, to avoid bias, to simplify
the procedures, and to establish standard rules for experimental design and evaluation (e.g.
MIAME). Additionally, thanks to major efforts dedicated to the continuous sequencing of
transcriptomes of model and non-model organisms (e. g. the Arabidopsis CATMA project,
Aubourg et al., 2007 ; and the cancer genome anatomy project, Krizman et al., 1999), the
supply of sequence information for microarray platforms has continuously increased at high
rates. Consequently, especially during the last decade, the growing number of publications
and research groups involved in expression profiling have allowed large projects, that
contributed to create large gene-expression databases publicly available, e. g. ArrayExpress
(Brazma et al., 2006), gene expression omnibus GEO (Edgar et al., 2002), Arabidopsis gene
expression database AtGenExpress (Kilian et al., 2007), and GeneBins (Goffard and Weiller,

2007), among others.

1.4.2 Sequence-based “open architecture” gene expression profiling
In parallel to microarray-based techniques, quantitative expression profiling
procedures emerged, based on the sequencing of a representative sample of an mRNA
population. These “open-architecture” techniques do not require previous cDNA or
oligonucleotide spotting, and therefore the number of analyzed probes and genes is
variable. A specific type of open-architecture technology requires sequencing of small
discrete fragments (so called “tags”) derived from mRNA populations by the use of special
restriction endonucleases. The most representative example for such a method is the
procedure known as serial analysis of gene expression (SAGE) (Velculescu et al., 2000).
Despite the good performance of SAGE, especially as far as the number of analyzed
transcripts is concerned, this technique has drawbacks for the annotation of the small tags,
restrictions in multiplexing and the amount of starting material, and difficulties in
reproducibility (Anisimov and Sharov, 2004; Maillard et al., 2005). More recently, a broad
palette of SAGE-derived sub-techniques emerged, and a few of them have partially
overcome some of the above mentioned drawbacks, whereas others only added minor

improvements.
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As examples, procedures like SADE, a SAGE adaptation for downsized extracts (Virlon et
al., 1999); SAGE-lite, a SAGE variant starting from small mMRNA amounts (Peters et al., 1999);
gene expression fingerprinting (GIF), a SAGE variant using a different set of restriction
enzymes (Zajchowski et al., 2000); gene identification signature (GIS), a SAGE variant which
also samples 5’-cDNA ends (Ng et al., 2005); LongSAGE, a SAGE variant producing a bigger
tag size (Wahl et al.,, 2005); TOGA total analysis of gene expression (Lo et al., 2001);
MiniSAGE, another SAGE variant developed for small samples (Ye et al., 2000); PCR-SAGE
(Neilson et al., 2000); rapid analysis of gene expression (Margulies et al.), a SAGE variant
using a still different set of restriction enzymes (Wang et al., 1999); and massively parallel

signature sequencing (MPSS; Reinartz et al., 2002), can be highlighted.

1.4.3 SuperSAGE and its application in a non-model organism

SuperSAGE, one of the many variants of the SAGE technique, is a procedure originally
described by Matsumura and co-authors (2003). This technique substantially improves the
tag size to 26 bp, in comparison to the original SAGE (14 bp) and LongSAGE tag length (20
bp). Therefore, one of the main advantages of this procedure is the more accurate tag
annotation in public EST databases, thanks to the longer sequence information. Apart from
the original work in which this technique was tested in rice leaves infected with the rice
pathogen Magnaporthe grisea, this procedure has also been proved successfully in banana
(Musa acuminata), where the expression of more than 10,000 tags representing more than
5,000 transcripts was monitored (Coemans et al., 2005).

Methodologically, the SuperSAGE method relies on the class lll restriction endonuclease
EcoP15l. This enzyme cleaves a DNA molecule 26 bp away from its recognition site, which
consists of two 5-GACGAC-3’ repeats in head-to-head orientation (Mucke et al., 2001). The
use of this endonuclease in combination with the frequent cutter Nlalll allows retrieving a 26
bp cDNA fragment from about 98.0% of the cDNAs represented in a poly(A)" mRNA
population (proportion theoretically calculated in Arabidopsis; Robinson et al., 2004). A
detailed step-by-step procedure of the SuperSAGE technique is portrayed in section 2.3
under Materials and Methods. After massive amplification and sequencing, the obtained 26
bp tags are grouped in silico in unique tags categories (UniTags) and annotated in public EST
databases. Quantitatively, the number of copies (counts) of each retrieved UniTag is used to
estimate its expression ratio. A general scheme of the SuperSAGE data-generation is shown

in Figure 1-5.
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For the present work, SuperSAGE has been chosen to analyze the whole transcriptome

changes in chickpea roots and nodules upon salt and drought stress. By further

improvements in the methodology, such as the introduction of massive parallel

pyrosequencing via the 454-technology (Margulies et al., 2005), the amount of sequenced

information has been up-scaled at least 20-fold.
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Figure 1-5 General scheme of the SuperSAGE data generation process

SuperSAGE libraries consist of 26bp tags generated from a discreet position within
each cDNA in a population. To be massively amplified and sequenced, tags are
randomly coupled into “ditags”. After sequencing, the resulting tags are grouped into
UniTags, counted, and annotated. Subsequently, normalized counts are used to
calculate the expression ratio of each UniTag. A detailed step-by-step description of
the SuperSAGE methodology is deposited on section 2.3 (Materials and Methods).
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1.5 Large-scale transcriptome profiling studies of drought- and salt-stressed plants

With the advent of massively parallel sequencing of model organisms and the use of
expression profiling techniques like microarrays (Schena et al., 1995), the number of studies
on the plant transcriptome responses upon abiotic stresses has substantially increased. In
the last decade, at least 37 publications on large-scale expression profiling in plants under
salt or water stress appeared, not including sub-transcriptome analyses. Logically, most
experiments have been carried out for model organisms such as Arabidopsis and rice. A
compilation of the organisms, number of analyzed elements and references is deposited in
Table 1-1.

For example, during the last decade, the amount of analyzed information in Arabidopsis
has gradually increased more than 10-fold in comparison to the first published salt and
drought transcriptome analyses. By using microarrays, Seki and co-workers (2001) analyzed
the expression of 1,300 full- length cDNAs to identify drought- and cold-inducible genes, and
targets of the DREB1A/CBF3 transcription factors, known to control stress-inducible gene
expression. One year later, the same authors reported on a higher density microarray, in
which 7,000 full- length cDNAs were characterized under drought, cold, and salinity stress
(Seki et al., 2002). In parallel, characterization works carried out by Kreps and co-authors
(2002) increased the numbers of analyzed full-length cDNAs up to 8,300. In the last four
years, the number of analyzed full-length unique cDNAs (or genes) increased at least 3-fold.
Using microarrays, Jiang and Deyholos (2006) and Kilian and co-authors (2007), respectively,
reported on the characterization of 23,686 and 24,000 Arabidopsis genes under diverse
abiotic stresses.

In rice, the same tendency has been observed. For example, the characterization upon
salt stress of 1,728 full-length cDNAs derived from root EST libraries was carried out by
Kawasaki and co-authors (2001) by microarray analysis. This initial amount of information
has been more than 20-fold expanded in the past few years. Zhou and co-authors (2007)
reported on the expression profile of 37,000 unique rice genes in response to drought and
high salinity, also by the use of microarrays.

In legumes, the tendency towards an increased amount of analyzed sequence
information is less notorious. The maximum number of analyzed elements has been
reported by Buitink and co-authors (2006) in a microarray-based expression profile of 16,086
cDNAs in response to drought stress in the model legume Medicago truncatula. In Lotus

japonicus, also a widely characterized and sequenced legume, Sanchez and co-authors
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(2008) described an integrative approach, in which more than 10,000 full-length cDNAs
were analyzed via the construction of an Affymetrix' gene chip. For chickpea, a non-model
legume, the panorama looks much less promising up to now. Only two “large-scale”
transcription profiling papers on responses to water or salt stress have been published
(Boominathan et al., 2004; Mantri et al., 2007), together covering less than 1,000 unique

transcripts.
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Table 1-1 Large-scale transcription profiling in water- or salt-stressed plants during the last decade

Main features of each work such as organism, authors and number of analyzed genes are
shown. Publications on salt or drought stress in legumes are denoted at the bottom of
the table in a separate section.

Analyzed unique

Organism Authors Year Technique transcripts
Arabidopsis Seki et al. 2001 microarray 1'300
Arabidopsis Kreps et al. 2002 microarray 8'300
Arabidopsis Seki et al.. 2002 microarray 7'000
Arabidopsis Rizhsky et al. 2004 microarray nd*
Arabidopsis Kawaguchi et al. 2004 EST sequencing 2'000
Arabidopsis Sunkar and Zhu 2004 miRNA sequencing nd*
Arabidopsis Jiang et al. 2006 microarray 23'700
Arabidopsis Kilian 2007 microarray 24'000
Rice Kawasaki et al. 2001 microarray 1'700
Rice Reddy et al. 2002 SSHs 1'000
Rice Rabbani et al. 2003 microarray 1'700
Rice Sahi et al. 2003 SSHs 1'260
Rice Shiozaki et al. 2005 PCR-SSHs 384
Rice Zhou et al. 2007 microarray 37'000
Rice Gorantla et al. 2007 EST sequencing 5'800
Maize Yu and Setter 2003 microarray 2'500
Maize Poroyko et al. 2007 EST sequencing 15'700
Barley Talame et al. 2006 microarray 1'600
Barley Oztur et al. 2002 microarray 1'400
Populus Street et al. 2006 microarray 13'500
Populus euphratica Brosché et al. 2005 EST sequencing 14'000
Thellungiella halophila Wong et al. 2005 EST sequencing 6'600
Thellungiella halophila Wong et al. 2006 microarray 3'600
Sorghum Buchanan et al. 2005 microarray 12'900
Sorghum Pratt et al. 2005 EST sequencing 55'800
Tobacco Rizhsky et al. 2002 macroarrays nd*
Tomato Ouyang et al. 2007 SSHs / microarray 2'500
Potato Rensink et al. 2005 EST sequencing 20'700
Citrus Terol et al. 2007 EST sequencing 54'000
Sunflower Fernandez et al 2008 microarray 317
Glycine soja Jietal. 2006 EST sequencing 2'000
Lotus japonicus Sanchez et al. 2008 microarray >10'000
Medicago truncatula Buitink et al. 2006 microarray 16'000
Medicago Merchan et al. 2007 SSHs / macroarray 384
Glycine max Irsigler et al. 2007 microarray 5'700
Chickpea Boominathan et al. 2004 SSHs / macroarray 100
Chickpea Mantri et al. 2007 microarray 768
Chickpea Present work 2008 SuperSAGE 30’000

*number of analyzed unique transcripts (or genes) not defined in the cited publication
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1.6 Contribution of genome-wide expression profiling and transgenic approaches to the

understanding of water and salt stress in plants

Large-scale transcript profiling shows, that water- and salt-stress responses in plants
involve up- and down-regulation of a large number of genes. In general, apart from the
transcripts involved in physiological adaptation (encoding e.g. enzymes for the synthesis of
osmolytes, ion transporters, and ROS-scavengers), transcripts encoding proteins regulating
transcriptional and translational machineries revealed to play major roles in water and salt
stress responses in plants (Sahi et al.,, 2006). In the following sub-sections, relevant
achievements in the search for genes involved in water- and salt-stress responses made
through transgenic approaches and large-scale expression profiling will be shortly
highlighted. However, these sections will be restricted to some relevant functional
categories of genes, such as those encoding proteins working in ABA-related pathways,
signal transduction, transcriptional regulation, and the SOS pathway for ionic detoxification
in plants (Qiu et al., 2002). Additionally a more general summary of functional categories,
genes, and the probable role of these genes in the salt and drought stress context is
deposited in Table 1-2, following the review work of Sahi and co-authors (2006).

Up to now, information about the expression dynamics of most of the genes and gene-
categories mentioned above is totally missing in chickpea. The use of the knowledge
accumulated in other plant species and its transfer to this crop would, therefore, represent a

great advance in the basic understanding of the stress responses of this important legume.

1.6.1 ABA: the most important drought and salt stress signaling hormone in plants
The important role of abscisic acid (ABA) as a signaling compound in plants under
drought and salt stress is an obligatory topic. This hormone, which is involved in processes
like germination, seed dormancy, plant development, cell division, and control of stomata
closure, is also a key regulator for the integration of the various signals triggered by ionic-
and osmotic-disequilibrium in plants (Knight and Knight, 2001). In drought- and salt-stressed
plants, ABA levels rise significantly within hours after