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ABSTRACT

Regions traditionally destined to agriculture report an ever increasing exposure to cold and drought conditions.
This is especially important in countries like Chile where crop management options are limited. The development
of new cultivars with better yields under adverse conditions is fundamental if the ever increasing demand for food
is to be matched; however, improving tolerance to abiotic stresses has proved to be a complex task. In this regard,
development in plant physiology and genomics in the last 20 years has led to a deeper understanding of how
plants respond to stress and mechanisms responsible for different ranges of tolerance observed in nature. This
review discusses the techniques currently most in use in gene expression analysis, together with some important
experimental design variables, such as the developmental stage of the plant, stress intensity and duration, and how
different stresses may interact when performing assays. On the other hand, it is fundamental to properly select gene
expression techniques according to the available information on the genome, the crop and the final objective of
the research. All these points must be considered to ease transition from genomics to practical applications to crop
species in order to increase their tolerance to stress. In this regard, the rapid development of new techniques in gene
expression analysis with lower costs will determine a new revolution in crop research in coming decades. Therefore,
Chile needs to be prepared in this area to continue its development as a major food producer worldwide.
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INTRODUCTION

Episodes of low or high temperature and drought are
among the environmental conditions that most plants
experience on a daily basis. In crops, this variation from
ideal growth conditions often results in lower yields and a
high economic impact for producers and consumers.

Understanding the mechanisms involved in the
response of plants to adverse environmental conditions
is, without a doubt, the first step in the generation
of crops with higher tolerance to stress. Research at
the level of genes (genomics), proteins (proteomics),
metabolites (metabolomics), individuals (physiology,
systemic- biology) and communities (ecology) has been
fundamental in the current understanding of the response
of plants to stress. In particular, a huge development in the
field of genomics in the last 20 years has led to a deeper
understanding in areas such as gene expression, organization
and its relationship to stress tolerance. Functional genomics
studies the function of genes of an organism and focuses
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on dynamic processes such as transcription, translation,
interaction of genes and how they are related to different
phenotypes. Connecting gene function and traits relevant
to agriculture, such as yield, plant structure and tolerance
to adverse environmental conditions has become of utmost
interest considering global warming, urban development
and an ever increasing population demand for food.
Genome analysis has been mostly limited to model
plants that fulfil some specific requirements such as: (1)
small genome size, (2) short generation time, (3) small
size to enable growth in limited space, and (4) availability
of gene manipulation technologies (Tabata, 2002). In
particular, two of the most important model species
are Arabidopsis thaliana and rice (Oryza sativa L.) for
dicotyledonous and monocotyledoneous plant species,
respectively. Besides its importance as a crop, rice has
a high degree of synteny with genomes of other cereals
plants, such as maize, wheat, barley and other grasses
because their genomes share a considerable similarity in
their organization, as well as sequence similarity (Gale
and Devos, 1998; Bowers et al., 2005; Paterson et al.,
2005). Great advances in the comparison of genomes and
transcriptomes of different organisms have contributed to
the development of comparative genomics as one of the
most promising fields in the area (Gale and Devos, 1998;
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Caicedo and Purugganan, 2005). In this way, finding
variations in the genome or the transcriptome from the
current model species related to interesting agronomic
traits is of the highest importance for crop biotechnology
(van de Mortel and Aarts, 2006).

The objective of this review is to summarize current
techniques used in gene expression analysis in plants and
their relevance to abiotic stress research. Special emphasis is
given to issues to be considered when comparing performance
of crops in controlled conditions and in the field.

Techniques used for evaluating gene expression in
functional genomics studies

A fundamental step in any functional genomics study
is the analysis of gene expression. One of the greatest
strengths of genomics compared to other disciplines is
the prospect of analyzing the expression of thousands of
genes simultaneously, resulting in a more comprehensive
picture of changes occurring in the transcriptome across
different conditions (Green et al., 2001).

The technology available for the analysis of gene
expression can be divided into two categories: closed and
open systems (Table 1). Closed systems are characterized
by a finite number of genes that can be assessed by virtue
of their inclusion by selection. Therefore, the coverage of
genes will be related to the completeness of the knowledge
of the genome being studied, limiting this kind of analysis
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to the most well characterized species or systems (Green et
al., 2001). Typically, closed systems such as microarrays
(Table 2) and real-time polymerase chain reaction (PCR)
have been extensively used in gene expression analysis in
plants (Ma et al., 2005; Rensink et al., 2005; Oono et al.,
2006; Xu and Shi, 2006; Mantri et al., 2007; Monroy et
al., 2007; Fernandez et al., 2008; Remans et al., 2008).
On the other hand, with open systems there is no need for
previous knowledge of the genome or transcriptome of
the organism. cDNA-AFLP (cDNA-Amplified fragment
length polymorphism), MPSS (massively parallel
signature sequencing), and specially SAGE (serial
analysis of gene expression) have been successfully used
to quantify transcript abundance and generate expression
data across different tissue types or developmental stages
in higher plants ( Fizames et al., 2004; Meyers et al., 2004;
Calsa and Figueira, 2007; Chen et al., 2007; Leymarie et
al., 2007; Mclntosh et al., 2007; Song et al., 2007; Ritter
et al, 2008). Worth mentioning are 454-sequencing
technology and digital gene expression (DGE) that have
recently been used to study the transcriptome of different
organisms and promise to become an efficient and cost-
effective alternative with high potential in crop research
(Mikkilineni et al., 2004; Margulies et al., 2005; Velculescu
and Kinzler, 2007; Weber et al., 2007; Torres et al., 2008).
Open and closed systems should not be considered as
competitors, but rather as complementary technologies to

Table 1. Most commonly used techniques for gene expression analysis in plants.

Open systems

c¢DNA-AFLP. RNA is converted into double stranded cDNA and then digested with two restriction enzymes: a fre-
quent-cutter and a rare-cutter. Synthetic adapters are ligated to the cDNA ends and primers complementary to the
adapter sequences (plus small extensions of 1, 2, or 3 nucleotides) are used to amplify fragments with asymmetric
ends. These fragments are displayed on sequencing gels and compared. Specific fragments can be eluted from gels
and sequenced to identify genes with differential expression (Bachem et al., 1996).

SAGE. RNA is converted to double-stranded cDNA with a biotin attached to the oligo(dT) first strand synthesis
primer and cleaved with a restriction enzyme, leaving 3’-most fragments immobilized onto streptavidin beads. Af-
ter ligation with linkers onto the non-biotinylated end cDNAs are released, ligated together and amplified by PCR.
Primer regions are removed from PCR products and the resulting fragments are ligated together into concatemers,
cloned and sequenced. Finally, a software package identifies and counts the relative frequency of the sequences in
the samples (Velculescu et al., 1995; Yamamoto et al., 2001).

MPSS. Individual 3" restriction fragments from a cDNA library are coupled to one of a million beads, amplified,
arrayed and sequenced simultaneously for 20 residues to provide a million signature sequences. Transcripts can
then be identified and the corresponding transcriptome quantitatively characterized (Brenner et al., 2000).

Closed systems

Microarrays. Marked samples are tested against sequences from thousands of different genes fixed on small solid
supports (usually glass microscope slides). Depending on their sequence, the samples will hybridize with different
spots in the array, which is analyzed by specialized image software (Schena et al., 1995).

Real-time PCR. A variant from conventional PCR based on the detection and quantification of the fluorescence
emitted by PCR products accumulated through the amplification process (Higuchi et al., 1993).
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be used depending on the subject to be analyzed and the
objectives of the research.

The amount of material available is an important
variable to be considered in the selection of a technology
for gene expression analysis. In particular, the sensitivity
and coverage of the method will be determinant
considering that 90-95% of all mRNA species are present
at five or fewer copies per cell (Green et al., 2001).
When insufficient quantities of RNA are obtained, cDNA
generated from RNA can be amplified exponentially
by PCR, or linearly with T7 RNA polymerase to avoid
differential amplification (Brady et al., 2006).

Another variable to keep in mind is the selection of the
sample to be analyzed. In this regard, the latest advances
in microdissection techniques allow extraction of RNA
from specific tissues and individual cells, opening the
possibility of a highly detailed analysis and a considerable
reduction of noise generated by the natural heterogeneity
of plant organs (Brandt, 2005; Lee et al., 2005; Ohtsu et
al.,2007).

Abiotic stress variables to be considered in functional
genomics studies

The aim of most functional genomics studies concerned
with abiotic stress is to relate gene function to traits of plant
performance under adverse environmental conditions.
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A recurring question is how representative are growth
chamber studies compared to field studies. In this respect
there is a lack of studies that comprehensively evaluate
correlations between growth chambers and the field in terms
of plant performance. The issues in what follows should
be considered when designing an experiment in controlled
conditions with possible applications in the field:

Combination of stresses. Most studies so far have been
focused on the response to just one kind of stress. This
strategy has led to key discoveries that otherwise would not
have been possible and that have helped us to understand in
greater depth the way plants respond to stress. However, it
should be noted that plants in the field are usually exposed
to more than one stress simultaneously. This combination
of stresses is fundamental to understand differences
between the performance of crops in controlled growth
chambers and in the field (Knight and Knight, 2001;
Mittler, 2006).

Length of the treatment. Despite the fact that valuable
data can be obtained from short term experiments, it is
longer term plant performance with respect to biomass,
yield data and the degree of recovery from stress that
has the most value in agriculture (Vinocur and Altman,
2005).

Table 2. Gene expression analysis through microarrays in some crops.

Plant Stress

Reference

Cold stress
Drought and salinity

Capsicum annuum

Hordeum vulgare

Oryza sativa
Chilling stress
Drought stress
Drought stress
Drought stress

Drought and high salinity

Cold, heat and salt stress
Dehydration, salt and ABA treatment
Low-temperature stress

Solanum tuberosum
Sorghum bicolor
Triticum aestivum

Drought
Helianthus annuus Chilling stress
Zea mays Salinity
Manihot esculenta Heat and drought

Cold, drought, salinity and ABA' treatment

Hwang et al., 2005
Ozturk et al., 2002
Rabbani et al., 2003
Yamaguchi et al., 2004
Hazen et al., 2005

Lan et al., 2005

Wang et al., 2007
Zhou et al., 2007
Rensink et al., 2005
Buchanan et al., 2005
Gulick et al., 2005
Mohammadi ef al., 2007
Fernandez et al., 2008
Wang et al., 2003
Sakurai et al., 2007

'ABA: amino butyric acid.
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Intensity of the treatment. Plants respond in different
manners to variable degrees of stress, as different
protection/repair mechanisms will be engaged accordingly.
For example, the response of a plant to chilling stress
will be different from the response to freezing stress,
considering that the latter can lead to ice formation.
The intensity of the treatment will also be of the utmost
importance for screening purposes, especially when a
ranking of tolerance to stress is to be established.

Stage of crop development. Clearly, tolerance to stress
is different throughout the lifecycle of any plant and the
consequences of exposure to stress may also vary. As an
example, rice is especially susceptible to low temperature
during the germination and reproductive stages (Board et
al., 1980; Jacobs and Pearson, 1994) In the first, a possible
consequence is the failure to germinate. Exposure to cold
during the reproductive stage will induce sterility rather
than have an effect on plant survival. In this regard, it is
important to have plants in similar stages of development
when screening for tolerance to stress, especially with
cultivars that complete their lifecycle at different times.
Designing experiments in functional crop genomics
must consider all these recommendations in order to
successfully extrapolate results to the field. As well, it
is important to keep in mind genotype X environment
interactions (G x E) when evaluating the performance
of any genotype in the field by including the range of
adaptation of new varieties to different environments and
the consistency of their performance over time. In order
to effectively recognize G x E in any breeding program,
there must be a comprehensive characterization of the
genotypes and environments being assayed, and these
considerations are valid for genomics as well.

Functional genomics and stress response in crops
Abiotic stresses are estimated to reduce yield to less
than half compared to the potential under ideal growing
conditions (Boyer, 1982). Unlike plant resistance to biotic
stresses, which is mostly monogenic, tolerance to abiotic
stresses are generally multigenic, quantitative and complex
traits controlled by quantitative trait loci (QTL). This has
clear consequences for the development of plants that are
more tolerant to abiotic stresses by genetic engineering
(Vinocur and Altman, 2005). A further complication is
that some genes may exert control over different traits,
resulting in unwanted changes in agronomic plant traits.
Cold and drought tolerance in crops constitute highly
desired traits in Chile given the economic consequences
of the current climatic trend of very low temperatures in
winters and severe drought in summers. Cold stress in
plants causes a reduction in enzyme activities, reaction
rates, energy imbalance and is accompanied by changes
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in the transcriptome, proteome and metabolome (Guy et
al., 2008). On the other hand, when plants are exposed
to drought, there is a characteristic response of a partial-
to-total stomatal closure, resulting in a reduction of CO,
uptake, transpiration and a major impact for photosynthesis
and source-sink relationships (Chaves et al., 2002).

The consequences of any stress will depend on its
intensity. As an example, chilling temperatures will
be responsible for lower metabolic rates and energy
imbalance, while freezing temperatures will additionally
cause membrane injury and severe dehydration when ice
forms (Graham and Patterson, 1982; Thomashow, 1998;
Pearce, 2001).

Drought and temperature stress might occur alone or
in combination at any stage in plant development, causing
reduced grain weight and yield loss (Sreenivasulu et al.,
2007). It is known that exposure to one kind of stress
usually involves an increased tolerance to other stresses
given that similar effects are shared at the cellular
level. As an example, freezing temperatures, low water
availability and high salinity can all cause lowering
of the cellular osmotic potential and thereby activate
osmotic stress responses (Langridge et al., 2006). In this
regard, it is not unexpected to find promoters that have
sequences for transcription factors involved in drought,
salt and cold response, suggesting points of convergence
at the molecular level (Knight and Knight, 2001). These
results, added to a high overlapping of genes involved in
the response to cold, drought and high salinity, suggest an
intricate coordination of the response to multiple stresses
in plants at molecular level (Kreps et al., 2002; Seki et al.,
2002; Seki et al., 2004; Matsui et al., 2008).

At first glance, a shared regulatory network involved
in the response to multiple stresses opens possibilities
for the development of multiple-stress-tolerant plants.
However, it must not be forgotten that the combination
of some stresses might require conflicting or antagonistic
responses. In this way, the acclimation of plants to this
combination would require an appropriate response
to each individual stress, as well as compensation and
adjustment for some of the antagonistic aspects involved
(Mittler, 2006; Rizhsky et al., 2004). As an example, when
plants are exposed to drought, their stomata are closed,
which is clearly an antagonistic response if the plant is
simultancously exposed to heat, when transpiration is
necessary to reduce leaf temperature.

Higher tolerance to abiotic stress could be achieved
by increasing protective mechanisms (antioxidants, non-
photochemical quenching, etc.) or by increasing the
capacity to repair the damage caused by stress. In this
matter, the capacity of recovery from stress is usually
overlooked, despite its relevance considering that
cycles of stress and recovery are common under natural
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conditions and may have a major impact in yield (Vinocur
and Altman, 2005).

In model species, such as Arabidopsis, more than
40-50% of identified stress-responsive gene functions
remains to be characterized (Sreenivasulu et al., 2007).
In this regard, a successful approach in determining gene
function comes from sequence comparison with databases
and, more recently, the use of coexpression modules with
promising results (Subramanian et al., 2005).

Comparative genomics constitute an increasingly
important field in order to understand how similar model
species and crops are, and how to transfer knowledge
obtained from model species to applications in agriculture
(Paterson et al., 2005; van de Mortel and Aarts, 2006).
In this matter, the choice of putative candidate genes is
facilitated by the conservation of gene sequences, order
and distribution among species and the existence of
similar functional gene categories in morphologically
similar organs (Brady et al., 2006; Pflieger et al., 2001).

Changes in the transcriptome among related species
under stress reported by different groups are usually hard
to compare since treatments are usually performed with
different tissues, exposure times, intensities, and using

Table 3. Maize and rice transgenics and stress tolerance.
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different technologies. In this way, a careful experimental
design with related plants that present different degrees
of tolerance to stress can be extremely informative. A
successful example is the comparison of the transcriptome
of winter and spring wheat, cultivars with different
tolerance to cold, exposed to low temperature. This study
reports the correlation of gene expression kinetics with
tolerance to low temperature, a subject usually overlooked
that emphasizes the importance of sampling in functional
genomics studies (Gulick et al., 2005; Monroy et al.,
2007).

Geneexpression profiling has allowed the identification
of hundreds of genes induced when plants are exposed to
stress ( Kreps et al., 2002; Oono et al., 2006; Jianping and
Suleiman, 2007; Mantri et al., 2007). The availability of
the complete genome sequence of some model plants, such
as O. sativa and A. thaliana, has allowed the development
of whole genome tiling microarrays. This constitutes a
new powerful technology that has already made possible
the identification of several unannotated transcripts
responsive to abiotic stress (Gregory et al., 2008; Matsui
et al, 2008). However, finding a gene responsive to
stress does not necessarily guarantee its participation in

Plant Gene

Result Reference

Maize NPKI (tobacco MAPKKK)
ZmNF-YB2 (maize nuclear factor YB2)
ZmPLC1 (phospholipase C 1)

TsVP (vacuolar-H+-pyrophosphatase)

Rice  HVAI (Barley group 3 LEA protein)
GPAT (Arabidopsis glycerol-3P-acyltransferase)

OsCDPK7 (rice calcium-dependent protein kinase)

Dadc (D. stramonium arginine decarboxylase)
ABF3 (Arabidopsis ABRE-binding factor 3)
DREBIA (Arabidopsis DRE-binding protein 1)
MnSOD (pea Mn superoxide dismutase)
SNACI (rice stress responsive NAC1)
OsDREBI (rice DRE-binding protein 1)

HvCBF4 (barley C-repeat binding factor)

OsCIPKO03 (rice calcineurin B-like protein-
interacting protein kinase 03)

OsCIPK 12 (rice calcineurin B-like protein-
interacting protein kinase 12)

OsTPP1 (trehalose-6-phosphate phosphatase)

ZFP252 (rice TFIIIA-type zinc finger protein)

Drought and freezing tolerance ~ Shou et al., 2004

Drought tolerance
Drought tolerance
Drought tolerance

Drought and salt tolerance

Chilling tolerance

Cold, drought and salt
tolerance

Drought tolerance

Drought tolerance

Drought and salt tolerance

Drought tolerance

Drought and salt tolerance

Drought, salt and cold stress
tolerance

Drought, salt and cold stress
tolerance

Cold tolerance

Drought tolerance

Salinity and cold tolerance
Drought and salt tolerance

Nelson et al., 2007
Wang et al., 2008
Liet al., 2008

Xu et al., 1996
Yokoi et al., 1998
Saijo et al., 2000

Capell et al., 2004
Oh et al., 2005
Oh et al., 2005
Wang et al., 2005
Hu et al., 2006

Ito et al., 2006

Oh et al., 2007
Xiang et al., 2007
Xiang et al., 2007

Geetal., 2008
Xu et al., 2008
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tolerance to this condition. Identification and sequencing
allow assigning a putative function to a sequence when
a significant homology with genes of known function
is found. These results are then usually complemented
with a proper validation by the use of transgenics. This
approach has been especially important in the discovery
of several candidate genes in crops in the last decade
and, in some cases, it has led to significant improvements
in tolerance to stress (Table 3). As an example, the
relevance of membrane lipids in tolerance to cold was
shown in rice transformed with Arabidopsis glycerol-
3P-acyltransferase (GPAT) that increased the levels of
unsaturated fatty acids in the phosphatidylglycerol by
28% and resulted in a 20% increase in the photosynthetic
rates at 17 °C (Yokoi et al., 1998). An example showing
the importance of transcription factors in the response to
stress was observed in transgenic rice for the transcription
factor ABF3 (Arabidopsis ABRE-binding factor 3), which
showed increased tolerance to drought (Oh et al., 2005).
It is also interesting that different responses are
obtained by manipulation of genes within the same family.
A good example are calcineurin B-like protein-interacting
protein kinases: OsCIPKO03, OsCIPK12, and OsCIPK15,
whose over-expression in japonica rice Zhonghua, led
to specific improved tolerance to cold, drought, and salt
stress respectively (Xiang et al., 2007). These results
demonstrate the participation of single genes in tolerance
to a particular stress. However, it has also been shown
that manipulation of single genes can lead to increased
tolerance to more than one kind of stress. As an example,
the constitutive expression of the transcription factor
DREBIA (Arabidopsis DRE-binding protein 1) in rice
determined increased tolerance to drought and salt stress.
Interestingly, when OsDREBI (rice DRE-binding protein
1) was over-expressed in rice it resulted in increased
tolerance for drought, salt and cold stress (Ito et al.,
2006). Similar multi-tolerance effects were observed by
over-expressing genes such as OsCDPK7, a calcium-
dependent protein kinase, which resulted in rice with
increased tolerance to cold, salt and drought stress (Saijo
et al., 2000). Manipulation of genes with roles other than
regulation, such as detoxification, protection and osmotic
regulation, has also resulted in increased tolerance to
stress in plants (Xu et al., 1996; Capell et al., 2004; Ge
et al., 2008; Li et al., 2008; Wang et al., 2008). Targeting
effector, rather than regulatory genes, may result in
fewer side effects considering the unwanted activation of
responsive genes involved in other metabolic pathways.
Despite similarities among different plants, it must
not be forgotten that species such as wheat and barley,
with far less characterized genomes compared to model
plants, may offer unique and interesting features. Their
high level of abiotic tolerance and diversity may provide
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important resources for validation of candidate genes and
accelerate important breeding programs (Langridge et al.,
2006). Performance in the field of these species suggests
that greater tolerance to abiotic stress is still achievable
for other crops if proper research is conducted and
should stimulate the exploration of new technologies and
alliances between scientists and farmers.

CONCLUSIONS

Gene expression profiling constitutes an exciting
tool to unveil mechanisms involved in the response of
plants to environmental stress. Its application in crop
research is just starting as technologies are becoming
more accessible and cost-effective and are expected to
fuel huge advances in agriculture in the coming decades.
Currently, the importance of biotechnology is being
acknowledged by breeding programs around the world
and is resulting in the development of new techniques and
approaches to increase crop tolerance to stress. Whether
Chile will continue to increase its share in the food market
worldwide will depend on its ability to develop sustainable
and cutting-edge crop research in the future.

RESUMEN

Analisis de la expresion génica: Una forma de estudiar
latolerancia a estreses abioticos en cultivos. Lasregiones
agricolas estan cada vez mas expuestas a condiciones de
frio y sequia, algo especialmente importante en paises con
opciones limitadas de manejo de cultivos como Chile. Si
la creciente demanda por alimento ha de ser cubierta,
es necesaria la compleja tarea del desarrollo de nuevos
cultivares con mejores rendimientos bajo condiciones de
estrés. El desarrollo de lafisiologia vegetal y la genémicaen
los ultimos 20 afios ha permitido entender mejor como las
plantas responden al estrés y los mecanismos responsables
de los distintos rangos de tolerancia observados en la
naturaleza. En esta revision, se discuten las técnicas
mas usadas actualmente en andlisis de expresion génica
y algunas variables que deben ser consideradas en el
disefio experimental tales como el estado de desarrollo
de la planta y la intensidad, duracién e interaccion de
distintos tipos de estrés, ademas de la eleccion de técnicas
apropiadas de acuerdo a la informacién disponible del
genoma del cultivo y el objetivo final de la investigacion.
Todos estos puntos son fundamentales para facilitar la
transicion desde la gendmica a aplicaciones practicas en
el aumento de la tolerancia al estrés de los cultivos. En
este sentido, el rapido desarrollo de nuevas técnicas para
estudiar la expresion de genes a menor costo determinara
una nueva revolucion en la investigacion de cultivos en
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las proximas décadas. En este sentido, Chile necesita estar
preparado en esta area para continuar su desarrollo como
un importante productor de alimentos a nivel mundial.

Palabras clave: frio, sequia, cultivos, expresion génica.
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