Biotechnology and Genetic Engineering Reviews - Vol. 25, 381-404 (2008)

Modulating Rice Stress Tolerance by
Transcription Factors

GIANG N. KHONG', FREDERIQUE RICHAUD!, YOAN COUDERT!, PRATAP
K. PATI>, CAROLE SANTI, CHRISTOPHE PERIN, JEAN-CHRISTOPHE
BREITLER, DONALDO MEYNARD, DO N. VINH?>, EMMANUEL
GUIDERDONI', PASCAL GANTET"*

TUMR 1098 DAP, Université Montpellier 2, CIRAD, TA A96/03, Avenue Agropolis,
34398, Montpellier Cedex 5, France, *Department of Botanical and Environmental
Sciences, Guru Nanak Dev University, Amritsar-143 005, India; *Institute of
Agricultural Genetics, Plant Cell Biotechnology Nat. Key Laboratory, Pham Vang
Dom Street, Tuliem, Hanoi, Vietnam

Abstract

Plants are non-mobile organisms and have to adapt to environmental stresses mostly
by modulating their growth and development in addition to physiological and
biochemical changes. Transcription factors (TFs) regulate genome expression in
response to environmental and physiological signals, and some of them switch on
plant adaptive developmental and physiological pathways. One TF is encoded by a
single gene but regulates the expression of several other genes leading to the activation
of complex adaptive mechanisms and hence represents major molecular targets to
genetically improve the tolerance of crop plants against different stresses. In this
review an updated account of the discovery of TFs involved in biotic and abiotic stress
tolerance in the model monocotyledonous plant, rice (Oryza sativa L.) is presented.
We illustrate how the elucidation of the function of these TFs can be used to set up
genetic engineering strategies and to rationalize molecular breeding using molecular
assisted selection towards enhancement of rice tolerance to various stresses. Attempts
have also been made to provide information on the molecular mechanisms involved in
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stress resistance or tolerance processes. We discuss how the comparison of the action
of TFs isolated from the dicotyledonous model plant Arabidopsis thaliana in rice and
vice versa can contribute to determine whether common or divergent mechanisms
underlie stress tolerance in the two plant species. Lastly, we discuss the necessity to
discover TFs controlling specifically the root adaptive development which constitutes
a major way for the plant to escape to several stresses such as water deficit or mineral
nutrient deficiency.

Introduction

Plants are fixed organisms that have no means to escape by mobility from the stochastic
fluctuations of environmental conditions. They have to adapt to these fluctuating
environmental conditions by producing protective molecules and by modulating their
growth and development. This phenotypic plasticity is driven by the activation of
specific genes encoding transcription factors (TFs). TFs are proteins able to specifically
bind with short DNA sequences located in the promoter of genes and to interact with
the preinitiation complex of transcription, conducting to activate or to inhibit the RNA
polymerase II. Then TFs modulate the transcription rate of their target genes. One TF can
modulate the transcription of several genes, including genes encoding TFs themselves,
and reorients the cell and organism activity for the adaptation to a particular external
condition. For this reason, TFs constitute key elements of the adaptation process of plants
to their environment and are preferred targets for selection or engineering of complex
agronomical traits of interest. For example, TFs have been used with success in the
recent past to control and increase the production of valuable metabolites in plant cells
(Gantet and Memelink, 2002). The evolution of many morphological traits during the
domestication of plants has been associated with changes in TFs, as many biological
processes in plants are regulated at the level of transcription. Any minor change in TF
regulation, their sequences or into their target DNA sequences can greatly alter gene
regulatory networks and plant physiology or morphology (Clark et al., 2006; Dias et al.,
2003; Guo and Moose, 2003). Hence TFs are given adequate emphasis while creating
varieties with a better tolerance to diverse stresses. The present review discusses recent
advances in engineering rice (Oryza sativa L.) by TF. Rice is considered as a model for
monocot plants because of its small genome size relative to other cereals (430 Mb), the
ease of transformation, the amount of molecular and genetic resources available, and
its economic importance. Rice is considered as the major source of carbohydrates for
human consumption. Following recent annotation release, the rice genome contains
32,000 predicted genes compared to the 27,000 genes predicted in Arabidopsis
thaliana, the model plant for dicotyledonous (Itoh ef al., 2007). Eighty percent of
the A. thaliana genes have a rice homolog whereas nearly 20% of the predicted rice
genes have no homolog in 4. thaliana (Itoh et al., 2007; Yu et al., 2002). On the other
hand, rice homologs of 98% of the genes identified in cereals can be found in the rice
genome, confirming the potential of this model cereal for deciphering the function of
genes in other cereals (Delseny, 2003). Comparison among gene families encoding
TFs in plant, animal and fungi genomes have revealed that this class of protein is more
diverse in plants due to the existence of plant-specific families of TFs. Moreover, the
number of genes inside TF families which are common to all organisms has been
expanding more in plants than in animals compared to the evolution of the number of
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genes encoding any other kind of proteins (Shiu et al., 2005). This shows that during
evolution land plants have probably employed TFs to modulate genome expression
in response to various environmental conditions in order to develop specific adaptive
responses. This is true for rice, and this review throws light on how the knowledge
on the function of regulatory genes encoding specific TFs can be used to improve the
tolerance of this cereal to various biotic and abiotic stresses, which involve complex
adaptation mechanisms, difficult to access through simple structural genes.

WRKY TFs are central elements for resistance of rice against pathogens

WRKY TFS CONSTITUTE A CLASS OF PLANT SPECIFIC TF MOSTLY INVOLVED IN THE
REGULATION OF THE EXPRESSION OF DEFENSE GENES

Damage caused to rice by disease and insects represent annually a loss of around 25%
of the total production and can induce locally dramatic loss of more than 80% (Khush,
2005). Plant defense against pathogens involves complex events of gene expression
leading to the production of defense molecules such as toxic secondary metabolites
(phytoalexins), pathogenesis related proteins (chitinases, glucanases) and cell wall
reinforcement (Durrant and Dong, 2004). A class of TF, specific to plants, has been
characterized to be more specifically involved in the regulation of various defense genes
in response to pathogen aggression (Eulgem, 2006). These TFs are called WRKY because
all of them possess a DNA binding domain consisting in 60 amino acids comprising a
conserved WRKY tetrad. In A. thaliana, the expression of most of the 74 WRKY genes
is induced in response to pathogen infection and other elicitation signals (Dong et al.,
2003; Kalde et al., 2003). Basal defense and systemic acquired resistance are mediated
by a plant hormone, Salicylic Acid (SA) (Pieterse and Van Loon, 2004). SA activates
the translocation to nucleus of the transcriptional cofactor Nonexpresser of Pathogenesis
Related genesl (NPR1) where it interacts with a basic leucine zipper TF, TGA, and
stimulates its binding to DNA target promoter sequences, resulting in the activation of
the expression of a set of defense related genes (Despres et al., 2000; Thibaud-Nissen
et al., 2006; Zhang et al., 1999; Zhou et al., 2000). This activation is relayed by the
induction of expression of several WRKY genes comprising AtWRKY18, AtWRKY53,
AtWRKY54 and AtWRKY70. These WRKY TFs act downstream of NPR1 to regulate the
expression of defense genes which results in the induction of resistance against different
fungal or bacterial plant pathogens (Chen and Chen, 2002; Wang ef al., 2006). In rice,
the SA level is twofold higher than in dicots and does not increase after an infection by
the bacterial pathogen Pseudomonas syringae, or the fungal pathogens Magnaporthe
grisea or Rhizoctonia solani (Silverman et al., 1995). Nevertheless, analysis of SA
concentrations in 28 rice cultivars suggested a correlation between SA levels and the
resistance against M. grisea (Silverman et al., 1995). In addition, overexpression in rice
of NPR1 or its rice ortholog NH1, results in an increase of the resistance to Xanthomonas
oryzae, the bacterial agent of bacterial blight, via the activation of a bZIP TF (Chern et
al.,2005; Chern et al., 2001). This shows that a pathway involving SA defense signaling,
mediated by NH1 and a bZIP TF is active in this species. It is now interesting to decrypt
the gene regulatory network acting downstream to the NH1/bZIP TF. To accomplish
this, the functions of rice WRKY TF have to be elucidated. In rice, 109 genes encoding
WRKY TF have been identified (Zhang and Wang, 2005).
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OSWRKY03 AND OSWRKY71 ACT UPSTREAM OF THE NPR1/NH1 REGULATORY PATHWAY

The transcriptome of rice seedlings treated by SA has been examined in order to identify
rice WRKY TFs implicated in the induction of plant defense against pathogens. A total
of 10 WRKY SA responsive TFs were characterized, and two of them, OsWRKY03 and
OsWRKY71 further functionally studied (Liu ez al., 2007; Liu et al., 2005b). OsWRKY03
has a sequence closely similar to that of AtWRKY?29 which is involved in the response
to bacterial and fungal pathogens in A. thaliana (Asai et al., 2002; Liu et al., 2005b).
The expression of OsWRKY03 is regulated by diverse stress-related signals such as SA,
Benzothiadiazole (BTH), a functional analog of SA, Methyl-Jasmonate (MelJa), a stress
and defense plant related hormone, 1-aminocyclo-propane-1-carboxylic acid (ACC),
a precursor of ethylene (EtOH) another plant hormone, wounding and infection by X.
oryzae. These regulations are all light-dependent. Expression of NH/ and PRIb, a rice
pathogenesis related protein, are also light-dependent (Agrawal et al., 2000; Chern et al.,
2005). Constitutive overexpression of OsWRKY03 leads to a dramatic dwarf phenotype
and most overexpressing lines were mostly unable to survive when transferred into soil.
The induction of plant defense mechanisms is very costly for plants and when they are
constitutively activated, plants often fail to develop normally (Durrant and Dong, 2004;
Zhang, 2003). In the OsWRKY03 plants NH1, PR1b, ZBS, encoding the Phenylalanine
ammonia-lyase, an enzyme involved in the synthesis of phenylpropanoid plant defense
molecules (Zhu et al., 1995) and POX22.3, encoding a peroxydase (Chittoor et al., 1997)
are constitutively induced. These data show that OsWRKY 03 is acting upstream of the NH/
defense regulatory gene and upstream of the other defense related genes (Figure!). This TF
regulates the expression of NH1, which itself regulates the expression of defense genes, in
response to pathogen attack and to plant stress signals. In this context, OsWRKY 03 is also
likely responsible of the light dependant expression of NH/ and PR1b. It is interesting to
note that in rice OsWRKY03 acts upstream of NH1 whereas in A. thaliana all WRKY TFs
implicated in the regulation of defense genes act downstream of NPR1.This suggests that
the gene regulatory networks involved in the activation of defense mechanisms in these
two species have evolved with common elements but that these elements display a distinct
organization between rice and A. thaliana. Similar information is available for OsWRKY71
(Figurel), with the exception that the expression of this gene is not light dependent and that
the effect of its overexpression on ZBS8, POX22.3 expression and on plant growth were not
reported (Liu ez al., 2007). OsWRKY71 is similar to the pathogen-inducible AtWRKY'18
TF (Chen and Chen, 2002).

OSWRKY45 DEFINES A NEW PATHWAY FOR THE INDUCTION OF DEFENSE GENES,
INDEPENDENT OF NPR1/NH1

OsWRKY45 was identified from a transcriptome analysis of leaves of BTH treated
rice plants (Shimono et al., 2007). The induction of expression of OsWRKY45
precedes the induction of defense related genes such as PR1b, PBZ1, a probenazole-
inducible protein (Midoh and Iwata, 1996), S4-GTase and RCI-1 a chloroplastic rice
lipoxygenase (Schaffrath et al., 2000). BTH treatment or OsWRKY45 overexpression
enhances resistance of rice against the fungal pathogens M. grisea whereas the BTH-
inducible resistance is compromised in OsWRKY45 RNA interfered plants. The
induction of the expression of OsWRKY45 or NH1 in response to BTH does not require
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NH1 or OsWRKY45 respectively. This suggests that OsWRKY45 define a new defense
transduction pathway acting independently of NH1 (Figurel). This is confirmed by
the fact that two BTH induced genes (GST encoding a glutathione S-transferase, and
P450 encoding a phytochrome P450) are under the control of OsWRKY45 but do
not require NHI whereas the expression of PR/b is mainly controlled by NH! but
can be influenced to some extent by OsWRKY45. In addition, the RCI-1 expression
in response to BTH is independent of OsWRKY45 and NH1. This revealed that the
mechanisms of induction of defense genes by BTH and SA are more complex in rice
than in A. thaliana.

OSWRKY31 LINKS DEFENSE ACTIVATION AND INHIBITION OF PLANT GROWTH

OsWRKY31 has been isolated from a rice cDNA library generated with elicitor-treated
suspension cells (Zhang et al., 2008). The expression of OsWRKY31 is induced by
M. grisea inoculation, wounding and MeJa. Overexpression of OsWRKY31 enhances
resistance to M. grisea and the expression of PBZI and OsSci2. OsSci2 belongs to
the subtilisin chymotrypsin inhibitor gene family. In this case it was not evaluated if
the regulation of the expression by OsWRKY31 of the defense genes involves NH1.
Interestingly, the plants overexpressing OsWRKY31 exhibit a reduced number and
a reduced growth of their lateral roots. OsWRKY31 is also auxin inducible and its
overexpression induces a resistance against TIBA an inhibitor of auxin transport. Auxin
inducible and constitutive expression of OsWRKY31 correlates with OsI4A44, a member
of the early auxin response Aux/IAA gene family, and ARLI/CRLI, a gene involved in
the control of adventitious and lateral root development (Inukai ez al., 2005; Liu et al.,
2005a). This suggests that this WRKY TF probably participates in the integration of
the induction of defense and of a reduction of the growth. Studies of overexpressing
or RNA interfered lines for OsWRKYS89, a wound, MeJa, UV-B and ABA inducible
gene, have revealed that this gene is involved in the regulation of the biosynthesis
of wax, lignin and SA (Wang et al., 2007). Overexpression of OsWRKY89 in rice
confers a reduced growth but an increased resistance to M. grisea, the white-backed
planthopper insect pest and an enhanced tolerance to UV-B irradiation.

These data shows that WRKY TF play a central role in defense gene activation in
plants, but that they act on different regulatory pathways in rice in comparison with
what is known in A. thaliana.

Specific single TF of the AP2/ERF or NAC families are sufficient to confer rice
tolerance to submergence, water deficit or salt stresses

SUB1-Al, A TF DISCOVERED IN LOWLAND RICE VARIETIES WHICH CONFERS
RESISTANCE TO SUBMERGENCE

Abiotic stresses are diverse, often linked to a defect or excess of water, a defect in
nutrients, an excess of salt or temperatures change. Because plants cannot move they
have to adapt their physiology and development and change their metabolism to survive
when they are submitted to these stresses. Some TF that integrate external signals and
induce a complex adaptative response in plants have been characterized. This is the
case of a particular Apetala 2 Ethylene Responsive Factor (AP2/ERF) TF, Subl-Al
which confers submergence tolerance to rice. The root system of rice is adapted to
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immersion and hypoxic conditions, by the development of a particular porous tissue,
aerenchyma, which facilitates gas exchanges between shoot and the submerged roots.
Nevertheless, most of the rice varieties are susceptible to a complete submergence and
die in a few days. This is a major constraint for rice cultured in lowland, frequently
sporadically inundated, in South and Southeast Asia. In these areas, some varieties
have been selected from a long time, which can survive to a complete submergence
during at least two weeks. Genetic analysis has revealed that this submergence tolerance
correlate with a major Quantitative Trait Locus (QTL) located in the Sub! locus (Xu et
al., 2000). The Subl locus is characterized by the presence of 3 genes encoding AP2/
ERF TF: Subl-A, Sub1-B and Sub1-C (Fukao et al., 2006; Xu et al., 2006). All varieties
tolerant to submergence possess the Subl-A1 allele whereas varieties susceptible to
submergence either possess the Sub1-42 allele or in most cases the Sub/-A gene is absent.
This suggests that Subl-A1 is responsible for submergence tolerance. This point was
confirmed by the fact that transgenic overexpression or genetic introgression of Sub/-A1
is sufficient to confer submergence tolerance. Sub/-A1 and Subl-C expressions are
induced by submergence suggesting that these two genes of the Sub/ locus are involved
in the submergence response. Further functional studies were conducted using two near
isogenic lines differing for the Sub-A1 gene. When Sub-A is absent the induction of
Sub1-C by submergence is increased, suggesting that Subi-C expression is negatively
controlled by Subl-A1 and that Subi-C participates to submergence susceptibility.
Similar data were obtained in response to exogenous EtOH treatment. EtOH is an
essential hormonal signal for acclimation to hypoxia conditions (Fukao and Bailey-
Serres, 2004). In rice, after submergence, the EtOH level dramatically increases from
one day of inundation and after 3 days the ethylene level is 1.6 lower in the Sub-A41 line.
Sub1-A1 reduces the expression of expansin genes (EXPA), which are markers of cell
elongation (Li et al., 2003). These data correlate with a reduction of plant growth under
submergence observed in the Subl-A1 line. By contrast, in the lines where Subl-A1 is
absent there is increase in growth in submergence conditions. During submergence, in
the Subi-A1 line, the consumption of starch and soluble carbohydrate is slower as well
as the induction of the expression of a-amylase genes (R4my3) and sucrose synthase
genes (Sus). Most RAmy3 and Sus genes are EtOH inducible. By contrast genes encoding
enzymes involved in fermentation such as PDC (pyruvate decarboxylase) and ADH
(alcohol dehydrogenase) increase dramatically in the Sub/-A1 line under submergence
whereas their induction is limited in the line where Subi-A41 is absent. PDC and ADH
genes are induced by EtOH. In addition, it was observed that chlorophyll breakdown
induced by submergence was limited in the sub/-A1 line. Taken together, these data show
that Sub1-A1 TF regulates a set of adaptive mechanisms in condition of submergence
such as chlorophyll protection, reduction of plant growth and carbohydrate catabolism
as well as an increase in the ethanol fermentation pathway, resulting in plant surviving
in submergence conditions (Figure 2). The Subl locus, carrying Subl-A, has been
successfully introgressed by molecular assisted breeding in productive varieties, and
protect these varieties against submergence.

NAC TF WHICH CONFER DROUGHT TOLERANCE IN RICE

SNAC1 (STRESS-RESPONSIVE NACT) is another TF involved in stress resistance
in rice (Hu et al., 2006). It corresponds to the ONAC044 gene in rice (Ooka et al.,
2003). NAC are TF specific of plants that are involved in stress response and in the
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control of development (Ooka et al., 2003). A rice transcriptome analysis in response
to drought stress revealed that OsNAC1 is highly up regulated in response to this stress.
Its expression is also induced by salt and cold stresses and by the stress hormone
abscissic acid (ABA) involved in the induction of dehydration protective mechanisms
in plants. Expression study of green fluorescent protein (GFP) placed under the control
of OsNAC1 promoter in plant, shows that this gene is normally expressed in ligulae,
stamen and pistil and drop in leaves, predominantly in guard cells of stomata, when
plants are subjected to drought stress. OsNAC1 overexpression, has no visible effect in
normal conditions but allows protection of plants against drought stress. All SNACI-
overexpressing plants produce more fertile spikelets under drought stress conditions
than the WT plants. SNACI-overexpression is associated to a better capacity of
water retention in leaves linked to a higher rate of stomata closure without affecting
the photosynthetic rate. This can be partially explained by the fact that SNACI-
overexpression seedlings have a greater sensitivity to ABA. SNACI-overexpression
allows also a better recovery of plants after rewatering. An enhanced tolerance of
SNACI-overexpressing plants against salt stress is also observed. A comparative
transcriptome analysis between SNACI-overexpressing plants and WT suggested
that a set of 80 genes are upregulated in SNAC-overexpressing plants. Forty of these
genes are related to drought stress protection mechanisms such as specific signal
transduction pathway, osmolyte production, detoxification and redox homeostasis,
protection of macromolecules and stomatal closure. These data show that SNAC1
control a complex gene regulatory network leading to drought and salt stress tolerance
inrice (Figure 2B). Interestingly SNAC1 overexpression does not affect plant growth
and reproduction when cultured in well watered conditions. This is not the case for
OsNAC6 TF. OsNACE6 is inducible by different abiotic stresses including cold, drought
and hight salinity and by biotic stresses such as wounding and M. grisea (Nakashima
etal.,2007). When overexpressed in plants it improves tolerance against dehydration,
salt and M. grisea. Nevertheless OsNACG6 overexpression also affects plant growth
which is reduced in control culture condition. This disadvantage can be overcome if
OsNACG is expressed in plants under the control of its own promoter or with the stress
inducible promoter of the LIP9 gene (Rabbani et al., 2003) which encodes a low-
temperature-induced protein. In these conditions plants present an increased tolerance
to stresses but their growth is not affected in normal culture conditions (Nakashima
et al., 2007). Trancriptome analysis has revealed that OsNAC6 controls a set of 163
genes, among which 58 are inducible by drought, cold or salt stresses.

KNOWLEDGE OF 4. THALIANA FACILITATES THE DISCOVERY AND THE ELUCIDATION OF
THE FUNCTION OF NEW WATER-STRESS PROTECTIVE AP2/ERF TF ACTING IN RICE

Another important class of TFs involved in stress response and adaptation is the
Dehydratation-Responsive Element-Binding protein (DREB1)/C-RepeaT (CRT)-
Binding Factor (CBF). DREB1/CBF are members of the AP2/ERF family of TFs and
bind Drought Responsive (DRE) and Cold Responsive CRE Elements and regulate plant
response to stresses via a pathway independent of ABA. In 4. thaliana several DREB/
CBF TFs regulate the expression of genes related to cold, drought and salt resistance
(Nakashima and Yamaguchi-Shinozaki, 2006). The activities of these TFs have yet
to be studied in rice. Overexpression experiments in A. thaliana of OsDREBI1A have
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shown that this rice TF has a function similar of its A. thaliana homolog in the regulation
of stress responsive gene expression and confers tolerance to drought, high-salt, and
freezing stresses (Dubouzet et al., 2003). Similarly, two stress related A. thaliana TFs
were overexpressed in rice: DREB1A/CBF3 and ABF3 (Oh ef al., 2005). ABF3 is a
bZIP TF which processes through a ABA dependent signal transduction pathway. It
binds ABA-responsive elements to induce the expression of stress protection related
genes. DREB1A/CBF3 enhanced tolerance to drought and to high salinity stresses
in rice, whereas in A. thaliana this TF is mainly known to control a gene regulatory
network involved in tolerance to freezing (Maruyama et al., 2004). ABF3 induce
drought stress tolerance in rice and A. thaliana (Kang et al., 2002). These data have
shown that the general function of stress related 4. thaliana TFs is conserved in rice;
however the function of DREB1A/CBF3 has differentially evolved in regard to the
stress considered. As in these experiments the same TF has been overexpressed in A.
thaliana or in rice, it is likely that the evolution has affected the target gene sequences
of'this TF leading to a regulation of gene regulatory networks related to the response to
different stresses in each species. In addition, these data show that the ABA-dependent
and ABA-independent stress signal transduction pathways are also conserved in rice
and further that these transduction pathways have been used during the process of
evolution to control the specific response and adaptation to different stress in these two
species. Screening of an activation tagged mutant collection in A. thaliana has allowed
the identification of HARDY, a gene encoding an AP2/ERF TF involved in drought
and stress tolerance (Karaba et al., 2007b). When overexpressed in A. thaliana this
gene promotes the mesophyll cell multiplication in leaves and root proliferation. This
is associated with an increase of drought and salt stress tolerance. Similar phenotypes
are observed in rice where HARDY overexpression increases the number of bundle
sheath cells in leaves, root development in stress condition and enhances drasmatically
the tolerance to drought stress. Physiologically these HARDY overexpressing lines
are characterized by a better rate of photosynthesis carbon assimilation under stress
condition, associated with higher efficiency of the photosystem II and lower levels of
transpiration. In conclusion, the function of HARDY is mainly conserved in rice, and
it is interesting to note that this TF seems to regulate drought and salt stresses tolerance
in plants by acting both on tolerance (water use efficiency) and on escape (water uptake
increase linked to an increased root development) strategies.

bHLH and other TFs control the adaptation to mineral nutrient deficiency

OSPTF1 AND OSPHR2 ENHANCE THE EFFICIENCY OF PHOSPHORUS UTILIZATION AND
UPTAKE

Mineral nutrition of plants is one of the most limiting steps for their growth. Among the
major mineral nutriment, phosphorus, absorbed by plants in the inorganic phosphate
form (Pi), is required for growth, development and reproduction. In 4. thaliana, a Myb
transcription factor encoded by PHR participates in the Pi starvation signaling system
(Rubio et al., 2001) and Pi starvation induces complex transcriptional regulation
responses that affect several genes encoding TF (Hammond et al., 2003; Wu et al.,
2003). Nevertheless their functional roles in Pi starvation adaptation remain limited. In
rice a cDNA encoding a bHLH TF, OsPTF I has been isolated from a cDNA subtracted
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library obtained from roots of plant cultured in normal or Pi-deficient conditions (Yi
etal., 2005). This TF possesses a DNA binding domain with residues typical of Gbox
binding domains. G-box (CACGTG) is one type of E-box (CANNTG) recognized by
bHLH TF. OsPTF I expression is constitutive in shoot but is induced in response to Pi
starvation in all tissues of lateral roots and in the phloem cells of the elongation zone
ofthe primary root. When OsPTF I is overexpressed, it does not change the phenotype
of plants developing in high-Pi level condition. Whereas OsPTF1 overexpression
stimulates, in comparison with control plants, tillering, biomass accumulation, panicle
weight and Pi content when plants are cultured in low-Pi condition. Further studies
indicate that OsPTF I acts on the stimulation of Pi uptake rate by stimulating root
growth resulting in an increase of the root surface area. A transcriptome analysis has
revealed that OsPTF1 overexpression has an impact on the expression rate of 158
genes most of them possessing an E-box element in their promoters and 20% of them a
G-box, suggesting that at least these last ones could be direct target genes for OsPTF1.
The genes regulated by OsPTF1 are known to play a role in the Pi starvation rescue
(Bariola et al., 1994) such as RNS|1 ribonuclease, H+-transporting ATPase and vacuolar
H+-pyrophosphatase (Schachtman et al., 1998). But interestingly no high-affinity Pi
transporter genes were found, suggesting that in this case these transporters are not
essential for phosphate-starvation tolerance, but that this tolerance is mostly based
on adaptive root development which constitutes the basis of the increase in Pi uptake
rates, and of a better efficiency of phosphorus utilization (Figure 34). OsPHR2 was
isolated and studied in rice on the basis of its similarity with AtPHR 1 which plays a
central role in Pi-starvation signaling in 4. thaliana (Bari et al., 2006). In response to
Pi-starvation, AtPHR 1, a member of the MYB-CC TF family, controls the expression
of a set of Phosphate Starvation Genes (PSI), including high affinity phosphate
transporters and also the expression of miR399 which target the inhibition of PHO2.
PHO?2 is a ubiquitin conjugating enzyme which negatively regulates the expression of
a subset of PSI genes. Interestingly, in this model, miR399 is the systemic signal for
phosphate starvation (Bari ef al., 2006). OsPHR?2 also encodes a MYB-CC TF (Zhou
et al., 2008). Plants overexpressing OsPHR2 present an excessive Pi accumulation in
shoots and modification of root morphogenesis characterized by an increased number
and length of root hairs. In these plants several genes related to phosphate metabolism
and uptake, including phosphate high affinity transporters, are also upregulated. An
induction of the expression of rice miR399 is also observed, but this augmentation is
not correlated with a decrease in steady state level of OsPHO2 mRNA. These data
show that OSPHR?2 is a central regulator of response to phosphate starvation in rice.
Nevertheless, its action seems to be different in rice and in 4. thaliana in regard to the
regulation of the OsPHO2 mRNA via miR399. This aspect has to be further studied and
also the interactions between the phosphate starvation regulatory networks controlled
by OsPTF1 and OsPHR?2 (Figure 34).

GRAMINACEOUS Fe ACQUISITION AND UTILIZATION INVOLVE SPECIFIC MECHANISMS
CONTROLLED BY PARTICULAR TF DISCOVERED IN RICE, OSRO2 AND IDEF1

Iron is another essential mineral that plants take-up from the soil. Iron deficiency
induces chlorosis, reducing crop yield and quality. At high pH, like in calcareous soils,
iron is sparingly soluble and weakly available for plants. Two strategies have been
developed by plants for Fe acquisition. The first one, used by non-graminaceous plants
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consists in protons excretion from roots to induce the reduction of Fe(I1I) in Fe(II) which
is more soluble. This pathway is partially under the control of bHLH TF, FER in tomato
and FIT1/TFU/AtbHLH29 in A. thaliana that regulates the expression of FRO encoding
ferric chelate reductase and /RT'I an Fe(II) transporter protein (Colangelo and Guerinot,
2004; Jakoby et al., 2004; Ling et al., 2002; Yuan et al., 2005). FER and FITI are
specifically expressed in roots whereas the most homologous gene in rice is not expressed
in roots suggesting that TF involved in Fe deficiency response are different in rice (Li ez
al.,2006). The second strategy used for Fe acquisition by graminaceous plants, consists
of the excretion of Fe(Ill) chelators such as mugineic acid family phytosiderophores
(MAs). Genes encoding enzymes involved in the biosynthesis of MAs including /DS2
encoding dioxygenase, are coordinately up-regulated by Fe deficiency (Kobayashi et
al., 2005). In rice an Fe-deficiency-inducible bHLH TF, OsRO2 has been identified
(Ogo et al., 2006; Ogo et al., 2007). This TF binds a G-box CACGTGG sequence. It is
homologous to AtbHLH38 and AtbHLH39 which are also Fe-deficiency inducible in
seedlings (Li et al., 2006; Vorwieger et al.,2007). OsRO2 RNA interfered lines are more
sensitive than WT or OsRO2 overexpressing lines to Fe deficiency based on chlorophyll
and Fe content measurements, and growth ability. A comparative transcriptome analysis
between OsRO2 RNA interfered lines and WT has revealed that OSRO? is involved in
the regulation of all the genes involved in the biosynthesis of MAs, methionine cycle
linked to MAs biosynthesis and the gene encoding the Fe(I1T)-DMA transporter OsITRI1.
Among these genes some of them possess the OSRO2 DNA binding sequences in their
promoter and could be direct target of this TF. Two genes encoding TF, OsNAC4 and
the AP2 domain-binding protein gene, which possess also the OSRO2 DNA binding
sequences in their promoters, were shown to be differentially regulated in transcriptome
experiment. This suggests that these two genes are directly regulated by OSRO2 TF and
their products might participate in the regulation of the other differentially expressed
genes without the OsIRO2 DNA binding sequence. Interestingly the Os/RO2 promoter
contains a sequence similar to /DE cis-acting elements (Kobayashi et al., 2005; Ogo
et al., 2006). IDEI and IDE? are two iron-deficiency-responsive cis-elements which
were previously identified in the /DS2 promoter in barley (Kobayashi et al., 2003).
IDE1 includes a CATGC sequence found also in the Sph RY motif (TCCATGCAT)
which interact with the B3 binding domain of the ABI3/VP1 TF family (Reidt et al.,
2000; Suzuki et al., 1997). In rice the only member of the ABI3/VP1 TF family already
characterized is OsVP1, the functional ortholog of the maize VIVIPAROUS 1 (Hattori
et al., 1994). Further research for rice genes containing a B3 domain leads to the
identification of four genes. Out of these, only IDEF I encodes TF able to bind the IDE1
sequence (Kobayashi ez al., 2007). IDEF1 expression occurs in all vegetative organs of
the plant but is not regulated by iron-deficiency. Overexpression of IDEF1 in rice confers
tolerance of iron deficiency and correlate with an increase of the expression of OSRO2
TF and of its targets, suggesting that IDEF 1 regulate the expression of OSRO?2 and by
consequence of its downstream targets. This places IDEF1 TF upstream of a regulatory
cascade leading to the iron deficiency tolerance in graminaceous species (Figure 3B).
Because IDEF'1 expression is not regulated by iron deficiency, it is likely that the TF
activity itself is directly regulated by post-translational mechanism.

The identification and functional characterization of OsTF1, OSRO2 and IDEF1
opens the way to the improvement of phosphate or iron deficiency tolerance by
manipulating the whole gene regulatory networks controlled by these TFs.
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Conclusions

RICE SUPPORTS THE DISCOVERY OF NOVEL TF AND NEW SPECIFIC REGULATORY
MECHANISMS CONTROLLING THE TOLERANCE OF PLANT TO STRESSES

TFs allow controlling gene regulatory networks leading to the expression of complex
phenotypes. In plants some TFs belonging to specific families have been employed
during evolution to control defense against stresses. Some specific WRKY TFs play
a crucial role in rice in the regulation of defense mechanism leading to resistance or
tolerance against diverse bacteria, fungi or insect pests (Liu ef al., 2007; Liu et al.,
2005b; Shimono et al., 2007; Wang et al., 2007; Zhang et al., 2008) whereas some
AP2/ARF or NAC TF are specifically involved in submergence (Fukao et al., 2006;
Xu et al., 2006), drought, cold or salt stress tolerance (Dubouzet et al., 2003; Hu et
al., 2006) and bHLH TF in mineral deficiency adaptation (Ogo et al., 2006; Ogo et
al., 2007; Yi et al., 2005). When overexpressed in rice, a TF is generally sufficient
alone to induce the expression of a set of genes encoding proteins necessary to induce
a plant tolerance to the related stress. Interestingly these studies in rice have revealed
that some TFs belonging to the same family are present in rice as well as in 4. thaliana
to control gene expression in response to a similar stress, although differences exist
between the two species. This is well illustrated for the WRKY TF involved in the
resistance against pathogens in rice and 4. thaliana. They participate to a similar
network including the regulatory protein NPR1 (in 4. thaliana) or NH1 (in rice), but
the difference is that in 4. thaliana WRKY TF acts downstream of NPR1 to participate
in the induction of defense genes whereas in rice WRKY TF acts upstream of NH1
or in NH1-independent pathway to regulate defense genes (Liu ef al., 2007; Liu et
al., 2005b; Shimono et al., 2007). Heterologous expression of AP2/ERF TF from
rice to A. thaliana and vice versa suggests that TFs belonging to the same family
have been selected for the defense against abiotic stresses. Whereas differences in
function of these TFs in rice or in 4. thaliana have been observed since they are not
always involved in the response to the same stress (Dubouzet et al., 2003; Maruyama
et al., 2004; Oh et al., 2005). This clearly shows that studying rice can lead to the
discovery of new mechanisms for stress defense in plants in addition to that has been
discovered in 4. thaliana. Rice also opens access for deciphering new TF controlling
mechanisms that are more specific to the biology of this species. This is substantiated
by the discovery of the AP2/ERF Subl-A1l TF involved in submergence tolerance
mechanisms (Fukao et al., 2006; Xu et al., 2006) or by the bHLH OsRO2 and the
ABI3/VP1 IDEF1 TF which control the graminaceous specific mechanisms for Fe
uptake (Kobayashi et al., 2007; Ogo et al., 2006; Ogo et al., 2007). Further, it is also
likely that what is discovered in rice will be useful to improve other graminaceous
important crop species for Fe deficiency tolerance.

TF AND THE BALANCE BETWEEN RESISTANCE OR TOLERANCE MECHANISMS
INDUCTION AND PLANT DEVELOPMENT

One of the limitations of overexpression of biotic or abiotic stress resistance TF is
that as they act upstream of complex genetic regulatory cascade the positive effect
that they confer in stress resistance improvement is counterbalanced by the defect in
normal plant growth. (Liu et al., 2007; Wang et al., 2007; Zhang et al., 2008). Growth
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repression is also an adaptive response to various stresses but from an agronomical
point of view, where yield is a major trait of interest, this adaptive response should be
avoided by placing stress related TFs under the control of stress inducible promoter
in place of constitutive ones (Nakashima et al., 2007). By this mean the defense
mechanisms controlled by the TF are induced only when the plant is submitted to a
stress, but not in normal conditions where plant can develop normally. The mechanisms
controlling the balance between the production of defense molecules and plant growth
are not known, but the study of the WRKY TF OsWRKY?31 can start to enlighten them.
OsWRKY?31 controls the expression of defense genes and of genes involved in auxin
signaling and adventitious roots development (Zhang et al., 2008). How this TF links
defense induction with the control of root development needs to be clearly understood.
Sometimes modification of the development is part of the adaptive response of the
plant to the stress. This is demonstrated by OsPTF1 TF that controls plant response
to Pi deficiency by inducing genes involved in a better efficiency of phosphorus
utilization concomitantly with an induction of root development and branching leading
to an increase in root surface which allows an increase of Pi uptakes rates by the
plant (Yi et al., 2005). This kind of adaptive response based on modification in root
development is also involved in water deficit tolerance. At present, rice TFs involved
in drought tolerance are TFs controlling genes related to the conservation of water
and by promoting water use efficiency elevated rates (Karaba et al., 2007a). The other
way for the plant is to escape water stress by an adaptive developmental response
leading to an enhancement of its capacity to take water in soil by an increase in root
development. Such a mechanism has been described in this review for Pi deficiency
tolerance (Yi et al.,2005) and it is evident that adaptive root developmental responses
might have a positive impact on the management by the plant to various soil related
resources deficiency such as water and mineral nutrients.

DECIPHERING GENE REGULATORY NETWORKS INVOLVED IN ADAPTIVE ROOT
DEVELOPMENT WILL GIVE NEW TOOLS TO IMPROVE WATER DEFICIENCY TOLERANCE

Water deficit is a major limiting step for rice culture. Rice uses 2 to 3 times more
water than other food crop species. It is estimated that 30% of the freshwater used for
crop worldwide is devoted to rice culture (Khush, 2005). Since root architecture is a
major determinant of drought avoidance, a strategy to increase yield under limiting
water availability is to develop new strategies to build optimal rice root architecture
like producing a more branched and deeper root system, to improve soil exploration
and water extraction. If breeding seems the most straightforward approach to select
better adapted root architecture, selection for specific root ideotypes is hard and slow
due to the low heritability of root morphology traits and also because of the high
phenotypic plasticity of root development (Yue et al., 2006). A better knowledge of
the key genes involved in root development will in the future help breeders to select
improving rice cultivars using molecular assisted selection (MAS), a more direct
and easier procedure when the phenotyping of the trait of interest is difficult. The
elucidation of the function of rice genes encoding root specific TF possibly involved in
root development will be a first step in this direction. Information regarding the gene
regulatory network and related TF involved in root meristem maintenance, root radial
patterning or root hair differentiation at present is available to a greater extent in 4.
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thaliana (Montiel et al.,2004). Inrice, the CRLI/ARLI gene encodes an ASYMETRIC
LEAVES2(AS2)/LATERAL ORGAN BOUNDARIES (LOB)-type TF which control
the formation of adventitious crown-roots (Inukai et al., 2005; Liu et al., 2005a).
Crown roots are adventitious roots which do not normally develop in A. thaliana.
Interestingly, the expression of this gene is regulated by an Auxin Response factor
(ARF) TF suggesting that auxin, ARF and other specific TF controls adventitious and
lateral root organogenesis in rice. Further information on the function of CRL1/ARLI
TF and on its target genes have to be acquired in particular in regard to the control of
adaptive adventitious root morphogenesis in response to stresses. In this regard it will
be interesting to know by what mechanisms CRLI/ARLI is regulated by the stress
responsive OsWRKY31 TF (Zhang et al., 2008). In A. thaliana, TF involved in the
control of lateral root differentiation have been characterized. Lateral root initiation
is under the control of auxin and two ARF, namely NPH4/ARF7 and ARF19. These
two ARF TFs act redundantly for lateral root initiation via the activation of AS2/
LOB TFs (Okushima et al., 2007). NAC1 is another TF that is implicated in lateral
root formation downstream of auxin signal (Xie ef al., 2000). NAC! transcripts were
localized in the root tip and in the lateral root initiation region. Over-expression of
NAC1 increases the number of lateral root whereas NAC! antisense expression reduces
lateral root initiation. After an initial auxin-triggered increase, NACI1 levels are reset
by the ubiquitin dependant proteolysis pathway via SINATS, a ubiquitin ligase and by
RNA degradation via the micro RNA miR 164, suggesting that the activity of this TF
is regulated by different post-transcriptional or post-translational mechanisms (Guo et
al., 2005; Xie et al., 2002). Lateral root development is also dependent on nutritional
cues. Nitrate which is the major source of nitrogen plays an important role in lateral
root growth. A MADS box TF (ANR1) has been shown to mediate nitrate-induced
lateral root development (Zhang and Forde, 1998). ANR1 is preferentially expressed in
roots and is induced at the transcriptional level by nitrate. Antisense and co-suppressed
transgenic lines for this gene present reduced lateral root elongation with increasing
NO, concentrations. Agamous-Like 21 (AGL21), another gene encoding a MADS-box
TF belonging to the ANR I monophyletic clade, has recently been isolated (Burgeff et
al.,2002). It displays similar expression patterns as ANR/ in the apex of the lateral root
primordium but its function has yet to be determined. Other genes encoding MADS-
box TFs such as AGL12, AGL14,AGL17, AGL19, AGLS52 are specifically expressed
in roots (Burgeff et al., 2002), but since now their function remains to be discovered
as loss of function for each of these genes does not rise to any visible root phenotype,
suggesting the existence of genetic redundancy between them. Nevertheless, their root
specific expression patterns suggest a possible role in root development. The functions
of these TFs have now to be clarified in A. thaliana and rice. This will probably give
rise to the discovery of new TFs involved in the adaptive root development allowing
rice to escape water or mineral deficiency stresses and formulating novel genetics
tools to improve rice, this worldwide important food crop specie.

Acknowledgements

Collaboration between France and Vietnam is supported by a Hoa Sen Lotus bilateral
project, G.N. Khong is granted by the foundation Evariste Gallois and CIRAD, Y.



Modulating rice stress tolerance by transcription factors 397

Coudert is granted by the French Ministry of Scientific Research, Dr. P. K. Pati was
granted by an Indian Boycast fellowship, the research is supported by University
Montpellier 2 and CIRAD.

References

AGRAWAL, G. K., RakwaL, R., and Jwa, N. S. (2000). Rice (Oryza sativa L.) OsPR1b gene
is phytohormonally regulated in close interaction with light signals. Biochememical
Biophysical Research Communication 278, 290-8.

Asal, T., TENA, G., PLOTNIKOVA, J., WILLMANN, M. R., CHiu, W. L., GoMEz-GoMEZ, L.,
BoLLER, T., AusuBtL, F. M., and SHEEN, J. (2002). MAP kinase signalling cascade
in Arabidopsis innate immunity. Nature 415, 977-83.

Bari, R., Dart Pant, B., STiTT, M., and ScHeIBLE, W. R. (2006). PHO2, microRNA399,
and PHRI1 define a phosphate-signaling pathway in plants. Plant Physiology 141,
988-99.

BariorLa, P. A., Howarp, C. J., TavrLor, C. B., VErRBURG, M. T., JacLaN, V. D., and
GREEN, P. J. (1994). The Arabidopsis ribonuclease gene RNS1 is tightly controlled
in response to phosphate limitation. The Plant Journal 6, 673-85.

BuURGEFF, C., LILJEGREN, S. J., TaPia-LorEz, R., YANOFSKY, M. F., and ALVAREZ-BUYLLA,
E. R. (2002). MADS-box gene expression in lateral primordia, meristems and
differentiated tissues of Arabidopsis thaliana roots. Planta 214, 365-72.

CHEN, C., and CHEN, Z. (2002). Potentiation of developmentally regulated plant defense
response by AtWRKY 18, a pathogen-induced Arabidopsis transcription factor. Plant
Physiology 129, 706-16.

CHERN, M., FitzGeraLD, H. A., CanLas, P. E., NavarrE, D. A., and RoNaLD, P. C. (2005).
Overexpression of a rice NPR1 homolog leads to constitutive activation of defense
response and hypersensitivity to light. Molecular Plant-Microbe Interactions 18,
511-20.

CHERN, M. S., FitzGerALD, H. A., YaDpAv, R. C., Cancas, P. E., Dong, X., and RONALD,
P. C.(2001). Evidence for a disease-resistance pathway in rice similar to the NPR1-
mediated signaling pathway in Arabidopsis. The Plant Journal 27, 101-13.

CHITTOOR, J. M., LEAcH, J. E., and WHiTE, F. F. (1997). Differential induction of a
peroxidase gene family during infection of rice by Xanthomonas oryzae pv. oryzae.
Molecular Plant-Microbe Interaction 10, 861-71.

CLARK, R. M., WAGLER, T. N., Quuaba, P., and DoEBLEY, J. (2006). A distant upstream
enhancer at the maize domestication gene tb1 has pleiotropic effects on plant and
inflorescent architecture. Nature Genetic 38, 594-7.

CoLanGeLo, E. P., and GueriNot, M. L. (2004). The essential basic helix-loop-helix
protein FIT1 is required for the iron deficiency response. The Plant Cell 16,
3400-12.

DELsENY, M. (2003). Towards an accurate sequence of the rice genome. Curr Opin
Plant Biol 6, 101-5.

Despres, C., DELonG, C., GLAzE, S., Liu, E., and FoBerr, P. R. (2000). The Arabidopsis
NPR1/NIM1 protein enhances the DNA binding activity of a subgroup of the TGA
family of bZIP transcription factors. The Plant Cell 12, 279-90.

Dias, A. P, Braun, E. L., McMuLLEN, M. D., and GroTEwoLD, E. (2003). Recently



398  G.N. KHonG et al.

duplicated maize R2R3 Myb genes provide evidence for distinct mechanisms of
evolutionary divergence after duplication. Plant Physiology 131, 610-20.

Dong, J., CHeN, C., and CHEN, Z. (2003). Expression profiles of the Arabidopsis WRKY
gene superfamily during plant defense response. Plant Molecular Biology 51,
21-37.

DuBouzer, J. G., Sakuma, Y., ITo, Y., KasuGa, M., DuBouzer, E. G., Miura, S., SEk1, M.,
Samozakt, K., and Y amacuchI-SHNozAKT, K. (2003). OsDREB genes in rice, Oryza
sativa L., encode transcription activators that function in drought-, high-salt- and
cold-responsive gene expression. The Plant Journal 33, 751-63.

DurranT, W. E., and Dong, X. (2004). Systemic acquired resistance. Annual Review of
Phytopathology 42, 185-2009.

Eurgem, T. (2006). Dissecting the WRKY web of plant defense regulators. PLoS Pathog
2, el26.

Fukao, T., and BAILEY-SERRES, J. (2004). Plant responses to hypoxia--is survival a
balancing act? Trends in Plant Science 9, 449-56.

Fukao, T., Xu, K., RonaLD, P. C., and BAILEY-SERRES, J. (2006). A variable cluster
of ethylene response factor-like genes regulates metabolic and developmental
acclimation responses to submergence in rice. The Plant Cell 18, 2021-34.

GaNTET, P., and MEMELINK, J. (2002). Transcription factors: tools to engineer the
production of pharmacologically active plant metabolites. Trends in Pharmacological
Science 23, 563-9.

Guo, H., and Moosk, S. P. (2003). Conserved noncoding sequences among cultivated
cereal genomes identify candidate regulatory sequence elements and patterns of
promoter evolution. The Plant Cell 15, 1143-58.

Guo, H. S., Xig, Q., Fe1, J. F., and CHua, N. H. (2005). MicroRNA directs mRNA cleavage
of'the transcription factor NAC1 to downregulate auxin signals for arabidopsis lateral
root development. The Plant Cell 17, 1376-86.

Hammon, J. P., BEnNETT, M. J., Bowen, H. C., BRoADLEY, M. R., EAsTwooD, D. C., May,
S. T., Rann, C., Swarup, R., WoorLaway, K. E., and WHITE, P. J. (2003). Changes in
gene expression in Arabidopsis shoots during phosphate starvation and the potential
for developing smart plants. Plant Physiol 132, 578-96.

Hartori, T., TERADA, T., and HamMAsUNA, S. T. (1994). Sequence and functional analyses of
the rice gene homologous to the maize Vpl. Plant Molecular Biology 24, 805-10.

Hu, H., Da1, M., Yao, J., Xiao, B., L1, X., Zuang, Q., and Xiong, L. (20006).
Overexpressing a NAM, ATAF, and CUC (NAC) transcription factor enhances
drought resistance and salt tolerance in rice. Proceedings of the National Academy
of Sciences USA 103, 12987-92.

Inukarl, Y., Sakamoto, T., UEGucHI-TANAKA, M., SHIBATA, Y., Gomi, K., UMEMURA,
1., HAsEGAWA, Y., AsHIKARI, M., Kitano, H., and Matsuoka, M. (2005). Crown
rootless1, which is essential for crown root formation in rice, is a target of an AUXIN
RESPONSE FACTOR in auxin signaling. The Plant Cell 17, 1387-96.

Iton, T., TaNakA, T., BARRERO, R. A., YaMasakil, C., Fum, Y., HiLton, P. B., ANTONIO,
B. A., Aono, H., APwEILER, R., BruskiEwICH, R., BUrREAU, T., BURR, F., CosTA DE
OLIVEIRA, A., Fuks, G., HaBARA, T., HABERER, G., HaN, B., HArADA, E., HirAKI, A.
T., HirocHika, H., Hoen, D., Hokari, H., Hosokawa, S., HsiNg, Y. 1., Ikawa, H.,
Ikeo, K., ImanNisHi, T., ITo, Y., JaiswaL, P., Kanno, M., KawaHARA, Y., KAWAMURA,
T., Kawasuima, H., Knurana, J. P., Kikuchi, S., Komartsu, S., Kovanaai, K. O.,



Modulating rice stress tolerance by transcription factors 399

KuBooka, H., LIEBERHERR, D., LIN, Y. C., LoNsDALE, D., MarsumoTo, T., MATSUYA,
A., McCowmsig, W. R., MESSING, J., MivAa0, A., MULDER, N., NAGAMURA, Y., Nam, J.,
Nawmiki, N., Numa, H., Nurivorto, S., O’DonNovan, C., Oayanacr, H., Oxipo, T., OoTa,
S., Osato, N., PALMER, L. E., QUETIER, F., RAGHUVANSHI, S., SAicHI, N., Sakarl, H.,
Sakal Y., SakaTa, K., SAkURrAL T., Sato, F., Sato, Y., ScHooF, H., SEKI, M., SHIBATA,
M., Suimizu, Y., SHINozAKI, K., SHINSO, Y., SINGH, N. K., SMITH-WHITE, B., TAKEDA, J.,
TanmNo, M., Tatusova, T., THONGIUEA, S., Tobokoro, F., TsuGang, M., Tyacr, A. K.,
VANAVICHIT, A., WANG, A., WING, R. A., YamaGucHl, K., YaMAMOTO, M., Y AMAMOTO,
N., Yu, Y., Zuang, H., Znao, Q., Hico, K., Burr, B., GoioBori, T., and Sasaki, T.
(2007). Curated genome annotation of Oryza sativa ssp. japonica and comparative
genome analysis with Arabidopsis thaliana. Genome Research 17, 175-83.

JaxoBy, M., WanG, H. Y., RemT, W., WEIssHAAR, B., and BauEr, P. (2004). FRU
(BHLHO029) is required for induction of iron mobilization genes in Arabidopsis
thaliana. FEBS Letters 577, 528-34.

KaLpg, M., BArTH, M., SomssicH, 1. E., and Lirrok, B. (2003). Members of the
Arabidopsis WRKY group III transcription factors are part of different plant defense
signaling pathways. Molecular Plant-Microbe Interaction 16, 295-305.

Kang, J. Y., CHor, H. L., Im, M. Y., and Kmv, S. Y. (2002). Arabidopsis basic leucine
zipper proteins that mediate stress-responsive abscisic acid signaling. The Plant
Cell 14, 343-57.

KARraBA, A., Dixit, S., Greco, R., AHARONI, A., TRiuATMIKO, K. R., MARSCH-MARTINEZ,
N., KrisHNAN, A., Nataraja, K. N., Upavakumar, M., and PERrEIrA, A. (2007a).
Improvement of water use efficiency in rice by expression of HARDY, an Arabidopsis
drought and salt tolerance gene. Proceedings of the National Academy of Sciences
US4 104, 15270-5.

KARraBA, A., Dixit, S., Greco, R., AHARONI, A., TRuATMIKO, K. R., MARSCH-MARTINEZ,
N., Krisanan, A., Nataraja, K. N., UpAYAKUMAR, M., and PERERRA, A. (2007b).
Improvement of water use efficiency in rice by expression of HARDY, an Arabidopsis
drought and salt tolerance gene. Proceedings of the National Academy of Sciences
US4 104, 15270-5.

Knush, G. S. (2005). What it will take to feed 5.0 billion rice consumers in 2030. Plant
Molecular Biology 59, 1-6.

KoBavasHi, T., NakayaMA, Y., ITa1, R. N., Nakanisti, H., YosHiHARA, T., Mory, S., and
NisHizawa, N. K. (2003). Identification of novel cis-acting elements, IDE1 and IDE2,
of'the barley IDS2 gene promoter conferring iron-deficiency-inducible, root-specific
expression in heterogeneous tobacco plants. Plant Journal 36, 780-93.

KoavasHi, T., Oco, Y., ITa, R. N., NakanisHi, H., TAkaHasHI, M., Mori, S., and
NisHizawa, N. K. (2007). The transcription factor IDEF1 regulates the response to
and tolerance of iron deficiency in plants. Proceedings of the National Academy of
Sciences USA 104, 19150-5.

KoBavasHi, T., Suzuki, M., INoug, H., Ita1, R. N., TakaHASHI, M., NakaNisHi, H., Mori,
S., and NisHizawa, N. K. (2005). Expression of iron-acquisition-related genes in
iron-deficient rice is co-ordinately induced by partially conserved iron-deficiency-
responsive elements. J Exp Bot 56, 1305-16.

Li, X., Duan, X, Jiang, H., Sun, Y., Tang, Y., Yuan, Z., Guo, J., Liang, W., CHEN, L.,
Y, J., Ma, H., WaNG, J., and ZHANG, D. (2006). Genome-wide analysis of basic/
helix-loop-helix transcription factor family in rice and Arabidopsis. Plant Physiology



400  G.N. KHONG et al.

141, 1167-84.

L1 Y., Jongs, L., and McQUEEN-MASsON, S. (2003). Expansins and cell growth. Current
Opinion in Plant Biology 6, 603-10.

LG, H. Q., BAUER, P., BERECZKY, Z., KELLER, B., and GANAL, M. (2002). The tomato fer
gene encoding a bHLH protein controls iron-uptake responses in roots. Proceedings
of the National Academy of Sciences USA 99, 13938-43.

Lw, H., Wang, S., Yu, X., Yu, J.,, HE, X., ZHANG, S., SHou, H., and Wu, P. (2005a).
ARLI, a LOB-domain protein required for adventitious root formation in rice. The
Plant Journal 43, 47-56.

L, X., Bal, X., Wang, X., and Cau, C. (2007). OsWRKY 71, arice transcription factor,
is involved in rice defense response. Journal of Plant Physiology 164, 969-79.
L, X. Q., Bar, X. Q., Quan, Q., Wang, X. J., CHEN, M. S., and Cxu, C. C. (2005b).
OsWRKYO03, a rice transcriptional activator that functions in defense signaling

pathway upstream of OsNPR1. Cell Research 15, 593-603.

Maruyama, K., Sakuma, Y., Kasuca, M., Ito, Y., SEki, M., Gopa, H., SHiMADA, Y.,
YosHIDA, S., SHNozAKI, K., and Y aAMAGUCHI-SHINOZAKT, K. (2004). Identification of
cold-inducible downstream genes of the Arabidopsis DREB1A/CBF3 transcriptional
factor using two microarray systems. The Plant Journal 38, 982-93.

MmoHn, N., and Iwata, M. (1996). Cloning and characterization of a probenazole-
inducible gene for an intracellular pathogenesis-related protein in rice. Plant and
Cell Physiology 37, 9-18.

MOonNTIEL, G., GANTET, P., JAY-ALLEMAND, C., and BrETON, C. (2004). Transcription factor
networks. Pathways to the knowledge of root development. Plant Physiology 136,
3478-85.

NakasHMA, K., TraN, L. S., VAN NGuyen, D., Funta, M., Maruyama, K., Tobaka, D.,
Ito, Y., HayasH, N., Sumozakt, K., and Y amMaGucHI-SHINozAkT, K. (2007). Functional
analysis of a NAC-type transcription factor OsSNAC6 involved in abiotic and biotic
stress-responsive gene expression in rice. The Plant Journal 51, 617-30.

NakasamMa, K., and YamaGucHI-SHINozAKI, K. (2006). Regulons involved in osmotic
stress-responsive and cold stress-responsive gene expression in plants. Physiologia
Plantarum 126, 62-71.

0Oco, Y., Ita1, R. N., Nakanisti, H., INoug, H., KoBavasHi, T., Suzuki, M., TAKAHASHI,
M., Mory, S., and NisHizawa, N. K. (2006). Isolation and characterization of IRO2,
a novel iron-regulated bHLH transcription factor in graminaceous plants. Journal
of Experimental Botany 57, 2867-78.

0co, Y., Itar, R. N., Nakanisui, H., KoBavasHi, T., TAKAHASHI, M., Mori, S., and
NisHizawa, N. K. (2007). The rice bHLH protein OsIRO2 is an essential regulator
of'the genes involved in Fe uptake under Fe-deficient conditions. The Plant Journal
51, 366-77.

OH, S. J., Song, S. 1., Kim, Y. S., Jang, H. J., Kim, S. Y., Kim, M., Kim, Y. K., Nanm, B.
H., and K, J. K. (2005). Arabidopsis CBF3/DREB1A and ABF3 in transgenic
rice increased tolerance to abiotic stress without stunting growth. Plant Physiology
138, 341-51.

OxusHMA, Y., Fukaki, H., ONopa, M., THEOLOGIS, A., and Tasaka, M. (2007). ARF7
and ARF19 regulate lateral root formation via direct activation of LBD/ASL genes
in Arabidopsis. The Plant Cell 19, 118-30.

Ooka, H., Saton, K., Do, K., NaGata, T., Otomo, Y., Murakami, K., MATSUBARA, K.,



Modulating rice stress tolerance by transcription factors 401

Osato, N., Kawal, J., CarNiNe, P., HavasHizaki, Y., Suzuki, K., Konma, K., TAKAHARA,
Y., Y amamorto, K., and KikucHi, S. (2003). Comprehensive analysis of NAC family
genes in Oryza sativa and Arabidopsis thaliana. DNA Research 10, 239-47.

PiETERSE, C. M., and VAN Loon, L. C. (2004). NPR1: the spider in the web of induced
resistance signaling pathways. Current Opinion in Plant Biology 7, 456-64.

RaBBaNI, M. A., MARUYAMA, K., ABE, H., KHAN, M. A., KATSURA, K., ITO, Y., YOSHIWARA,
K., Sexi, M., SumNozak1, K., and YamaGcuchI-SHNozakI, K. (2003). Monitoring
expression profiles of rice genes under cold, drought, and high-salinity stresses and
abscisic acid application using cDNA microarray and RNA gel-blot analyses. Plant
Physiology 133, 1755-67.

REeDT, W., WOHLFARTH, T., ELLERSTROM, M., CZIHAL, A., TEWES, A., EZCURRA, ., RASK, L.,
and BAuMmLEN, H. (2000). Gene regulation during late embryogenesis: the RY motif
of maturation-specific gene promoters is a direct target of the FUS3 gene product.
The Plant Journal 21, 401-8.

RuBIO, V., LINHARES, F., SoLAaNO, R., MARTIN, A. C., IGLESIAS, J., LEYVA, A., and PAz-AREs,
J. (2001). A conserved MYB transcription factor involved in phosphate starvation
signaling both in vascular plants and in unicellular algae. Genes and Development
15, 2122-33.

ScracHTMAN, D. P., REID, R. J., and AYLING, S. M. (1998). Phosphorus Uptake by Plants:
From Soil to Cell. Plant Physiology 116, 447-53.

ScHAFFRATH, U., ZABBAIL, F., and DUDLER, R. (2000). Characterization of RCI-1, a
chloroplastic rice lipoxygenase whose synthesis is induced by chemical plant
resistance activators. European Journal of Biochemistry 267, 5935-42.

SHmMoNo, M., SuGaNo, S., NAKAYAMA, A., JIANG, C. J., Ono, K., Toxki, S., and TakATsui,
H. (2007). Rice WRKY4S5 plays a crucial role in benzothiadiazole-inducible blast
resistance. The Plant Cell 19, 2064-76.

SHiu, S. H., Sum, M. C., and L1, W. H. (2005). Transcription factor families have much
higher expansion rates in plants than in animals. Plant Physiology 139, 18-26.
SILVERMAN, P., SEskARr, M., KANTER, D., ScHWEIZER, P., METRAUX, J. P., and Raskin, 1.
(1995). Salicylic Acid in Rice (Biosynthesis, Conjugation, and Possible Role). Plant

Physiology 108, 633-639.

Suzuki, M., Kao, C. Y., and McCarty, D. R. (1997). The conserved B3 domain
of VIVIPAROUSI has a cooperative DNA binding activity. The Plant Cell 9,
799-807.

THBAUD-NISSEN, F., Wu, H., RicimonD, T., REpMAN, J. C., Jonnson, C., GREEN, R., ARIAS,
J.,and Town, C. D. (2006). Development of Arabidopsis whole-genome microarrays
and their application to the discovery of binding sites for the TGA2 transcription
factor in salicylic acid-treated plants. The Plant Journal 47, 152-62.

VORWIEGER, A., GryczKkA, C., CzHAL, A., DoucHkov, D., TIEDEMANN, J., Mock, H. P.,
JakoBY, M., WEISSHAAR, B., SAALBACH, 1., and BAUMLEIN, H. (2007). Iron assimilation
and transcription factor controlled synthesis of riboflavin in plants. Planta 226,
147-58.

WanG, D., AMORNSIRIPANITCH, N., and Dong, X. (2006). A genomic approach to identify
regulatory nodes in the transcriptional network of systemic acquired resistance in
plants. PLoS Pathogens 2, e123.

Wang, H., Hao, J., CHeN, X., Hao, Z., Wang, X., Lou, Y., PENG, Y., and Guo, Z. (2007).
Overexpression of rice WRKY89 enhances ultraviolet B tolerance and disease



402  G.N. KHONG et al.

resistance in rice plants. Plant Molecular Biology 65, 799-815.

Wu, P, Ma, L., Hou, X., WanG, M., Wu, Y., Ly, E., and Deng, X. W. (2003). Phosphate
starvation triggers distinct alterations of genome expression in Arabidopsis roots
and leaves. Plant Physiology 132, 1260-71.

XiE, Q., Fruats, G., CoLgan, D., and Crua, N. H. (2000). Arabidopsis NAC1 transduces
auxin signal downstream of TIR1 to promote lateral root development. Genes and
Development 14, 3024-36.

XIE, Q., Guo, H. S., DaLLMAN, G., FANG, S., WEIssMaN, A. M., and CHua, N. H. (2002).
SINATS promotes ubiquitin-related degradation of NACI to attenuate auxin signals.
Nature 419, 167-70.

Xu, K., Xu, X., Fukao, T., CanLas, P., MAGHIRANG-RODRIGUEZ, R., HEUER, S., ISMAIL,
A. M., BAILEY-SERRES, J., RoNALD, P. C., and MackiLL, D. J. (2006). SublA is an
ethylene-response-factor-like gene that confers submergence tolerance to rice.
Nature 442, 705-8.

Xu, K., Xu, X., Ronarp, P. C., and MackiLt, D. J. (2000). A high-resolution linkage
map of the vicinity of the rice submergence tolerance locus Subl. Molecular Genes
and Genetic 263, 681-9.

Y1, K., Wu, Z., Znou, J., Dy, L., Guo, L., Wu, Y., and Wu, P. (2005). OsPTF1, a novel
transcription factor involved in tolerance to phosphate starvation in rice. Plant
Physiology 138, 2087-96.

Yu,J.,Hu, S., Wang, J., Wong, G. K., L1, S., Liu, B., DEng, Y., Dar, L., Znou, Y., ZHANG,
X., Cao, M., Ly, J.,, Sun, J., Tang, J., CHEN, Y., Huang, X., LN, W., YE, C., ToNg,
W., Cong, L., Geng, J., HaN, Y., L1, L., Li, W,, Hu, G., L1, J., Ly, Z., Q1, Q., L1, T.,
Wang, X., Lu, H., Wu, T., Znu, M., N1, P., HaN, H., DonG, W., ReN, X., FEnG, X.,
Cui, P, L1, X., WaNG, H., Xu, X., Zua1l, W., Xu, Z., ZHANG, J., HE, S., XU, J., ZHANG,
K., ZHEnG, X., Dong, J., Zeng, W., Tao, L., YE, J., Tan, J., Cuen, X., Hg, J., Liu,
D., Tian, W., Tian, C., Xia, H., Bao, Q., L1, G., Gao, H., Cao, T., ZHao, W., L1, P.,
CHeN, W., ZHANG, Y., Hu, J., Liu, S., YANG, J., ZHANG, G., XIONG, Y., L1, Z., Mao,
L., Znou, C., Znu, Z., Cuen, R., Hao, B., Zueng, W., CHEN, S., Guo, W., Tao, M.,
Zuu, L., Yuan, L., and YANG, H. (2002). A draft sequence of the rice genome (Oryza
sativa L. ssp. indica). Science 296, 79-92.

Yuan, Y. X., ZHANG, J., WANG, D. W., and LinG, H. Q. (2005). AtbHLH29 of Arabidopsis
thaliana is a functional ortholog of tomato FER involved in controlling iron
acquisition in strategy I plants. Cell Research 15, 613-21.

YuE, B., Xug, W., Xiong, L., Yu, X., Luo, L., Cur, K., JIN, D., XING, Y., and ZHANG, Q.
(2006). Genetic basis of drought resistance at reproductive stage in rice: separation
of drought tolerance from drought avoidance. Genetics 172, 1213-28.

ZHANG, H. M., and ForpE, B. G. (1998). An Arabidopsis MADS box gene that controls
nutrient-induced changes in root architecture. Science 279, 407-409.

ZHANG, J., PENG, Y., and Guo, Z. (2008). Constitutive expression of pathogen-inducible
OsWRKY?31 enhances disease resistance and affects root growth and auxin response
in transgenic rice plants. Cell Research 18, 508-521.

ZHANG, J. Z. (2003). Overexpression analysis of plant transcription factors. Current
Opinion in Plant Biology 6, 430-40.

ZHANG, Y., FaN, W., KinkEMA, M., L1, X., and Dong, X. (1999). Interaction of NPR1
with basic leucine zipper protein transcription factors that bind sequences required
for salicylic acid induction of the PR-1 gene. Proceedings of the National Academy



Modulating rice stress tolerance by transcription factors 403

of Sciences USA 96, 6523-8.

ZHANG, Y., and WaNG, L. (2005). The WRKY transcription factor superfamily: its origin
in eukaryotes and expansion in plants. BMC Evolution Biology 5, 1.

Znou, J., Jino, F., Wu, Z., L1, Y., WanG, X., Hg, X., ZHoNnG, W., and Wu, P. (2008).
OsPHR2 Is Involved in Phosphate-Starvation Signaling and Excessive Phosphate
Accumulation in Shoots of Plants Plant Physiology 146, 1673-1686.

ZHou, J. M., Trira, Y., Siva, H., PonTier, D., Lam, E., SHAH, J., and KiEssig, D. F.
(2000). NPR1 differentially interacts with members of the TGA/OBF family of
transcription factors that bind an element of the PR-1 gene required for induction
by salicylic acid. Molecular Plant-Microbe Interaction 13, 191-202.

Zuu, Q., Dasi, T., BEECHE, A., YAaMaMoTO, R., LawToN, M. A., and Lawms, C. (1995).
Cloning and properties of a rice gene encoding phenylalanine ammonia-lyase. Plant
Molecular Biology 29, 535-50.






