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Abstract Fe participates in several important reactions in
plant metabolism. However, Fe homeostasis in plants is not
completely understood, and molecular studies on Fe-excess
stress are scarce. Rice (Oryza sativa L. ssp. indica) is
largely cultivated in submerged conditions, where the
extremely reductive environment can lead to severe Fe
overload. In this work, we used representational difference
analysis (RDA) to isolate sequences up-regulated in rice
shoots after exposure to Fe-excess. We isolated 24
sequences which have putative functions in distinct cellular
processes, such as transcription regulation (OsWRKY80),
stress response (OsGAPI, DEAD-BOX RNA helicase),
proteolysis (oryzain-o, rhomboid protein), photosynthesis
(chlorophyll a/b binding protein), sugar metabolism (f8
glucosidase) and electron transport (NADH ubiquinone
oxireductase). We show that the putative WRKY tran-
scription factor OsWRKY80 is up-regulated in rice leaves,
stems and roots after Fe-excess treatment. This up-regu-
lation is also observed after dark-induced senescence and
drought stress, indicating that OsWRKY80 could be a
general stress-responsive gene. To our knowledge, this is
the first report of an Fe-excess-induced transcription factor
in plants.
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Abbreviations

ABA Abscisic acid

BAP 6-Benzylaminopurine

CAB Chlorophyll a/b binding protein

DP Differential product

LRR Leucine-rich repeat receptor

MES 2,4-Morpholino-ethane sulfonic acid

PSII Photosystem II

RDA Representational difference analysis

ROS Reactive oxygen species

RuBisCO Ribulose 1,5-bisphosphate carboxylase/
oxygenase

SAG Senescence-associated gene

SGR Staygreen

TF Transcription factor

Introduction

Iron (Fe) is a transition metal essential for virtually all
living organisms. Because of its singular capacity to gain
or lose electrons, it has a crucial participation in metabolic
processes such as oxy-reductive reactions of photosynthe-
sis, respiration and nitrogen assimilation. Fe is very
abundant in the soil, but is normally chelated to organic
matter in oxidized and insoluble forms, which are not
readily available to absorption by plants [1]. Fe-deficiency
leads to chlorosis, decreased abundance of photosynthetic
proteins and senescence [2—4], being a yield-limiting factor
with major implications for field crop production in many
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agricultural regions of the world. Under Fe-deficiency,
plants make use of ingenious Fe-uptake strategies [5]. Rice
(Oryza sativa) plants are especially susceptible to low Fe
supply, differently from other cultivated grass species, such
as barley [6].

On the other hand, Fe toxicity is very common in
waterlogged and irrigated rice. High concentrations of
ferrous (Fe2+) ions, found in soils under anaerobic and
acidic conditions, lead to Fe toxicity due to excessive Fe
uptake, which can result in yield reductions from 12% to
100%, depending on the soil characteristics and the rice
cultivar [7]. Fe toxicity has been reported worldwide,
including China, India, Indonesia, Thailand, Malaysia,
Philippines, Sri Lanka, Burundi, Colombia, several coun-
tries of the West African region and Brazil [7]. The
symptoms of Fe toxicity in rice are bronzing or yellowing
of older leaves, Fe deposition in spots on young leaves, Fe
plaque formation on roots, increased lipid peroxidation in
shoots, decreased growth rate and grain production [8] and
even plant death [7, 9]. Two distinct types of Fe toxicity are
observed, directly or indirectly related to excessive Fe
absorption. The direct Fe toxicity is caused by excessive
concentrations of the metal in plant tissues, while the
indirect toxicity is caused by Fe plaque formation in roots,
impairing the absorption of other minerals [7].

Fe can be very dangerous when in excess inside the
cell. Free Fe can act as a potent generator of reactive
oxygen species (ROS), especially the hydroxyl radical,
through the Fenton reaction [10]. This radical is extremely
toxic to cell metabolism, leading to oxidation of biologi-
cal macromolecules such as lipids, proteins and nucleic
acids, causing membrane leakage and cell death [11, 12].
Physiological effects of Fe-excess in plants, including
evidence of oxidative stress, were described in Nicotiana
plumbaginifolia [13] and rice [8, 14]. Increased cyto-
chrome b6/f content, leading to higher susceptibility of
the photosystem II (PSII) to photoinhibition and conse-
quent lower photosynthetic rates was described in pea
plants [15] submitted to Fe-excess. Around 80% of plant
Fe is located in chloroplasts [16], and therefore they are
the first organelles to be damaged by Fe-excess. Ferritin
and nicotianamine are pointed out as candidate molecules
to perform Fe-buffering functions, being important for
maintaining Fe homeostasis when plants are under Fe-
excess stress [17-19]. Recently, our group brought up a
new insight about Fe-excess responses, using resistant and
susceptible cultivars to show that the capacity to keep Fe
bound to low mass compounds (MW < 3 kDa) could be
associated to Fe-excess tolerance [20]. Although Fe
metabolism and homeostasis issues in plants have
received increasing attention in the last years, especially
mechanisms of Fe uptake by roots, the molecular aspects
of Fe-excess responses remain largely unknown.
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In this work, we used the cDNA-RDA technique to
isolate sequences up-regulated by Fe-excess in shoots of
rice plants. We found several sequences belonging to gene
families already described as stress- and senescence-rela-
ted. Among them, we describe OsWRKY80, a transcription
factor (TF) of the WRKY superfamily. This family of
proteins comprises structurally related members that share
a common domain with about 60 amino acids, which
include the signature heptapeptide WRKYGQK as well as
a zinc-binding motif [21]. WRKY TFs are mainly found in
plants, although their presence is not specific to this
kingdom [22, 23]. These transcription factors bind to the
conserved W box motif [24-26] and are related to func-
tions as diverse as plant defense [27, 28], development of
trichomes and seed coat [29], senescence [4, 25, 30] and
response to abiotic stresses such as high salinity, heat,
drought, water deficit and cold [31-34].

We demonstrate that OsWRKYS80 is up-regulated by Fe-
excess treatment in rice. Drought and dark-induced
senescence also increase the steady state level of Os-
WRKYS80 transcripts. This is the first attempt to uncover the
Fe-excess response at the molecular level.

Materials and methods
Plant material

Rice seeds (Oryza sativa L. ssp. indica) from BR-IRGA
409 cultivar were provided by Instituto Rio-Grandense do
Arroz (IRGA). This cultivar was previously shown to be
susceptible to Fe toxicity [35, 36]. Seeds were germinated
for 4 days in an incubator (28°C, first 2 days in the dark
and last 2 days in the light) on Petri dishes lined with
filter paper soaked in distilled water. After germination,
plants were grown in hydroponic conditions using the
nutrient solution described by Ogo et al. [37] until the
four-leaf stage (~30 days). For Fe-excess treatments,
500 ppm of Fe was added to the nutrient solution. For
generation of RDA representations, shoots were harvested
after 3, 6 and 9 days and pooled. For semi-quantitative
and quantitative RT-PCR analyses, plants were kept in the
same conditions as above and harvested after 3, 6 and
9 days. All solutions were replaced every 3 days. Plants
were grown in a room at 28 + 1°C under white light with
a photoperiod of 16/8 h light/dark cycle (irradiance of
approximately 100 umol m~2 s at plant tops).

Abiotic stress and dark-induced senescence treatments
For the abiotic stress treatments, plants grown in the same

conditions as above were submitted to control, drought (no
water supply), cold (4°C) and high salinity (100 mM NacCl)
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treatments for 12 and 24 h, and all leaves from each plant
were sampled. The senescence experiments were performed
as described by Kusaba et al. [38] with minor modifications.
Fully expanded leaves from plants at the four-leaf stage were
excised, fragmented (0.5 cm? of leaf area) and incubated in
3 mM MES (2,4-morpholino-ethane sulfonic acid) buffer,
pH 5.8, at 27°C in the darkness. For phytohormone treat-
ments, 50 uM abscisic acid (ABA) or 50 pM 6-benzylami-
nopurine (BAP) was added to the MES solution. Samples
were harvested after 0, 1, 3, 5 and 7 days of treatment.

RNA extraction and cDNA synthesis

Each RNA extraction was performed with pooled material
from at least three plants. Total RNA was extracted using
Concert (Invitrogen® Life Technologies) reagent. RNA
quality was assessed by denaturing agarose gel electro-
phoresis and spectrophotometric analysis. First-strand
cDNA synthesis was performed after DNAse treatment
with reverse transcriptase (M-MLV, Invitrogen® Life
Technologies) using 1 pg of RNA. For the cDNA-RDA
experiments, RNA samples from three-time points were
pooled (300 ng from each sampling time: 3, 6 and 9 days,
for each treatment) and cDNA was then prepared using the
SMART PCR cDNA Synthesis Kit (Clontech® Laborato-
ries), according to the manufacturer’s instructions. For the
senescence experiments, eight leaf fragments were pooled
for each RNA extraction. First-strand cDNA synthesis was
performed as mentioned above. Three true biological rep-
licates were used for each time point and treatment.

Representational difference analysis

The cDNA representational difference analysis (cDNA-
RDA) was performed essentially as described by Pastorian
et al. [39] and optimized by Dutra et al. [40]. The shoot
cDNA pool from plants maintained in the control treatment
was digested with the restriction enzyme Sau3Al (Amer-
sham Pharmacia® Biotech). The resulting product was
purified using the GFX kit (Amersham Pharmacia® Bio-
tech) and ligated to adaptors (RBam12: GATCCTCGGTGA
and RBam24: AGCACTCTCCAGCCTCTCTCACCGAG).
To provide sufficient amounts of starting material for RDA,
the cDNA was diluted and amplified using RBam?24 as a
primer (25 cycles, denaturation at 95°C for 45 s and
annealing and extension at 70°C for 3 min). The final PCR
product was purified using the GFX kit, resulting in driver
cDNA populations from shoots of plants under the control
treatment. To generate the Fe-excess fester population, the
same procedure was performed with the cDNA pool from
Fe-excess treated plant shoots, using JBam adaptors instead
of RBam (JBaml2: GATCCGTTCATG and JBam24:
ACCGACGTCGACTATCCATGAACGQG).

In order to isolate Fe-excess-induced sequences, the first
differential product (DP1) was obtained by mixing control
driver and Fe-excess tester in a 50:1 ratio (5 pg driver:
100 ng tester), in a final volume of 5 pl, followed by
hybridization at 67°C for 24 h and amplification by PCR
with JBam24 as primer. To minimize cDNA linearly
amplified, the product of the first seven cycles of amplifi-
cation was used as template in a new reaction, diluting the
unwanted sequences. After purification, DP1 products were
digested with Sau3AI to remove JBam adaptors before
ligation to NBam adaptors (NBam12: GATCCTCCCTCG
and NBam24: AGGCAACTGTGCTATCCGAGGGAG).
The second hybridization was performed at a ratio of 500:1
(5 pg driver:10 ng DP1). The second differential product
(DP2) was obtained by the same procedure as for DP1, but
using NBam?24 as primer instead of JBam24.

Cloning and sequence analysis

The DP2 product was purified and cloned into pCR2.1-
TOPO Vector (TOPO TA Cloning Kit, Invitrogen® Life
Technologies) and transformed in Escherichia coli XL1
Blue competent cells by electroporation. Individual bacte-
rial clones were grown in 96-well plates. Plasmid DNA
was prepared from 192 selected clones and samples were
sequenced in the ACTGene Laboratory (Centro de Bio-
tecnologia, UFRGS, Porto Alegre, RS, Brazil) using the
automatic sequencer ABI-PRISM 3100 Genetic Analyzer
(Applied Biosystems®). The vector sequence was removed
manually and the resulting sequences were then matched to
rice full-length cDNA clones using the Rice Pipeline
Database (http://cdna.0Ol.dna.affrc.go.jp/PIPE/), a unifica-
tion tool that dynamically integrates data from various rice
databases [41].

Semi-quantitative and quantitative RT-PCR analysis

All RNA samples for expression analyses were generated
from a new experiment, which was conducted under the
same conditions as the experiment which originated the
samples for cDNA-RDA. For semi-quantitative RT-PCR
analysis, the synthesized first-strand cDNA from each time
point was diluted five times and amplified using different
sets of gene-specific primers. PCR amplifications started
with an initial denaturation step of 5 min at 95°C, followed
by cycling of 30 s at 95°C, 30 s at 60°C and 30 s at 72°C in
a final volume of 50 pl. The optimal number of PCR cycles
was determined for each gene to ensure that amplification
occurred in the exponential phase. Obtained PCR products
were subjected to agarose gel electrophoresis and stained
with ethidium bromide. The signal intensity of the stained
bands was photographed using a digital imager (Kodak
DC120 Zoom Digital Camera) and analyzed using the
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Kodak Digital Science 1D Image Analysis Software, Ver-
sion 3.0. Amplification of OsUBQ5 [42] transcripts was
used as cDNA loading control.

For quantitative RT-PCR analysis, the synthesized first-
strand cDNA from each time point was diluted 100 times.
Reactions were carried out in an Applied Biosystems®
7500 real-time cycler. PCR amplifications included an
initial denaturation step of 5 min at 94°C, followed by 40
cycles of 10 s at 94°C, 15 s at 60°C, 15 s at 72°C and 35 s
at 60°C, after which samples were held for 2 min at 40°C
for annealing and then heated from 55 to 99°C with a ramp
of 0.1°C/s to produce the denaturing curve of the amplified
products. qRT-PCRs were carried out in 20 pl final volume
composed of 10 pl of each reverse transcription sample
diluted 100 times, 2 pl of 10x PCR buffer, 1.2 pl of
50 mM MgCl,, 0.1 pl of 10 mM dNTPs, 0.4 pl of 10 uM
primer pairs, 4.25 pl of water, 2.0 ul of SYBR green
(1:10,000 Molecular Probe), and 0.05 pl of Platinum Taq
DNA polymerase (5 U/pl) (Invitrogen®). Obtained data
were analyzed by the comparative Cr (threshold cycle)
method [43]. The PCR efficiency from the exponential
phase (Eff) was calculated for each individual amplifica-
tion plot using the LinReg software [44]. In each plate, the
average of PCR efficiency for each amplicon was deter-
mined and used in further calculations. C; values for all
genes were normalized to the C; value of UBQ5 [42] using
the equation QOtarget gene/QOUBQS = [(EfoBQS)C[UBQS/
(Eff arget gene ) 5] [43], where Qy is the initial amount
of transcripts. All analyses were performed using three
biological replicates for each time point and treatment.

Primers for semi-quantitative and quantitative RT-PCR
were designed to amplify 100-200 bp of the 3’-UTR of the
genes and to have similar T;, values (60 £ 2°C). Supple-
mentary Table 1 contains the sequences of all gene-specific
primers used in this work.

Statistical analyses

When appropriate, data were subjected to ANOVA and
means were compared by the Duncan or Student’s ¢ test
using the SPSS Base 12.0 for Windows (SPSS Inc., Chi-
cago, IL, USA).

Results and discussion

Isolation of Fe-excess responsive cDNA clones
by RDA

After 9 days of Fe-excess treatment, plants showed clear
bronzing in leaves, a symptom of Fe-excess toxicity
(Fig. 1a). Under these conditions, our group has already
characterized the Fe-excess response of BR-IRGA 409
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plants [45]: this work shows that Fe over accumulates in
shoots under Fe-excess when compared to control, showing
2- to 3-fold higher Fe concentrations after 3 days and 8- to
10-fold after 9 days of treatment. It is also demonstrated
that ferritin transcripts accumulate in response to Fe-excess
treatment [45]. As we were interested in sequences that are
relevant to the Fe-excess response, we performed the
cDNA-RDA using two cDNA pools generated from RNAs
of shoots extracted after 3, 6 and 9 days of control or
Fe-excess treatments. Figure 1b shows all cDNA repre-
sentations and differential products obtained. The first
hybridization was performed with a 50:1 ratio of control:
Fe-excess cDNAs. After PCR amplification using primers
specific for the Fe-excess cDNAs, the DP1 was obtained.
Slight differences could be noted when comparing
Fe-excess cDNA and DP1 cDNAs (Fig. 1b, lanes 1 and 3),
although no discrete bands were observed. The second
hybridization was then performed with a 500:1 ratio using
control: DP1 c¢cDNAs. PCR amplification using primers
specific for DP1 cDNAs was performed in order to obtain
the DP2. Discrete bands could be observed (Fig. 1b, lane
4), indicating that the DP2 was correctly subtracted and
enriched for differentially expressed sequences.

Randomly chosen 192 clones from DP2 were isolated
and sequenced. The sequence analysis showed 24 unique
cDNAs. These cDNAs were functionally categorized
according to the description of the most similar clone found
in the Rice Pipeline Database. Four cDNAs could not have
a putative function assigned, although they have matched
expressed sequences in the database. Supplementary
Table 2 shows the description of the cDNAs, functional
categorization and best E-value found for each different
sequence.

Up-regulated genes

The genes found are included in functional categories
related to transcription regulation, stress response, prote-
olysis and photosynthesis (Supplementary Table 2). Those
which are members of gene families already described as
related to stress response or senescence were indicated in
the last column of Supplementary Table 2.

To ensure that our experimental conditions were indeed
leading to Fe-excess, we used a primer set that amplifies
both rice ferritin genes (OsFERI and OsFER2) in quanti-
tative RT-PCR analysis. Induction of ferritin expression
under Fe-excess is well documented in plants [46],
including rice [18]. OsFERI and OsFER?2 genes are known
to be very similar and thus their differential detection is
difficult to achieve with qPCR [18]. Figure 2a clearly
demonstrates that OsFER transcripts were induced by 1.5-
fold after 3 days of Fe-excess treatment, further increasing
to 3-fold after 6 and 9 days.
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Fig. 1 Fe-excess stress symptoms and differential products obtained
in RDA experiments. a Plants after 9 days of exposure to control and
Fe-excess treatments. Leaves from three different plants are shown
for each treatment. Bar indicates 1 cm. b Fe-excess rice shoot cDNAs
were subtracted from control condition rice shoot cDNAs by
representational difference analysis after the first (DP1) and second

To confirm the RDA results, we also performed quan-
titative RT-PCR (qPCR) analysis of three genes (OsGAPI,
oryzain-o and OsWRKY80) with cDNAs from 3, 6 and
9 days of control or Fe-excess treatments separately
(instead of the pooled samples used in the cDNA-RDA).
Both oryzain-o. and OsGAP1 were already characterized as
related to stress in rice [47, 48] and OsWRKYS80 was pre-
viously described as responsive to pathogen attack [49].

Expression of oryzain-o. increased by 2.4- and 4.2-fold
after 6 and 9 days of treatment, respectively (Fig. 2b).

600 =

300 ==

100 ==

B m 1 2 3 4

(DP2) rounds of hybridization. DP1 and DP2 were fractionated by
electrophoresis in 1% agarose gel and stained with ethidium bromide.
M 100 bp DNA Ladder, / tester Fe-excess condition, 2 driver control
condition, 3 differential product 1 (1:50), 4 differential product 2
(1:500)

Oryzain-o is a cysteine proteinase first described as up-
regulated during germination [50]. This gene was recently
found to be up-regulated by various stresses in rice leaves,
and it was suggested to be involved in the final steps of leaf
senescence [47]. Proteinases are also related to senescence
in Gladiolus flowers [51] and in nodule senescence of the
legume Astragalus sinicus [52]. A cysteine proteinase was
also suggested be involved in autophagy in rice [53], a
process related to leaf senescence [54]. Around 7% of the
2,500 genes expressed in Arabidopsis senescent leaves are

Fig. 2 Gene expression A B
analysis by quantitative € 35 5§ 6
RT-PCR. Shoots from plants B OsFER +* e B Oryzain-a
under control condition (CC) or 5 3 3 51 =
Fe-excess treatment (Fe+) were 2 251 g4l
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(OsGAPI). d Expression level & 051 g1
of OsWRKYS80. Expression :E 0 T v ﬂ:‘ 0 v
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Statistical differences by the - t o g ol *x
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proteases [55], and cysteine-proteases constitute one of the
most representative classes [56].

The C2 domain protein OsGAPI was also up-regulated
in all time points tested (Fig. 2c). Transcripts were 6-fold
increased by the third day of Fe-excess treatment, and were
1.9- and 3.3-fold higher when compared to control plants in
the sixth and ninth days (Fig. 2c). Recently, this gene
product was described as coding a C2-containing GTPase-
activating protein, named OsGAP1 [48]. OsGAPI is up-
regulated by wounding and interacts with a G-protein
called OsYchF1, suggesting a role in signal transduction.
OsGAPI1 confers protection against Xanthomonas oryzae
and Pseudomonas syringae when overexpressed in rice,
indicating its involvement in defense responses [48].
Moreover, a C2 domain-containing protein has been
described as responsive to cadmium and copper toxicity
and is associated with leaf senescence in H. vulgare [57].

The amount of OsWRKYS80 transcripts increased only
after 6 days of treatment, further accumulating after
9 days, by 1.6- and 3-fold, respectively (Fig. 2d). WRKY
proteins are a super family of TFs that are mainly found in
higher plants, with 72 members in Arabidopsis [58] and up
to 103 members in rice [59]. WRKY proteins were already
described as involved in responses to stress such as high
salinity in rice shoots [33], water deficit in grapevine [32],
sucrose starvation in rice suspension cells [60], cold and
drought in barley [31], and senescence in Arabidopsis
[25, 61, 62], rice [4] and wheat [30], fungus infection in
ramie (Boehmeria nivea) [63], as well as in other plant
stresses ([59] and references therein). OsWRKY80 was first
named by Xie et al. [23], although other authors named the
same rice locus as OsWRKYI3 [64]. Since OsWRKYI13
from Xie et al. [23] nomenclature have already been
characterized [65, 66], we decided to follow their nomen-
clature [23], avoiding ambiguities.

To further confirm the up-regulation of the genes present
in our RDA library, we conducted semi-quantitative RT-
PCR analysis of other five genes with cDNAs from 3, 6 and
9 days of control or Fe-excess treatments. The intensity of
each band was obtained and used to compare the amount of
product after PCR. All tested genes showed increased
expression after Fe-excess treatment (DEAD-BOX RNA
helicase, rhomboid protein, chlorophyll a/b-binding pro-
tein, B glucosidase and NADH ubiquinone oxireductase),
demonstrating the quality of our subtractive library
(Fig. 3).

OsWRKYS80 expression in different plant organs
Among the sequences identified by our RDA experiment, we
were mostly interested in the OsWRKY80 gene, possibly the

first rice transcription factor found to be involved with
Fe-excess responses. As the cDNA-RDA was performed
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RNA helicase
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Fig. 3 Semi-quantitative RT-PCR expression analysis of selected
genes identified by RDA in shoots of rice plants exposed or not to Fe-
excess for 3, 6 and 9 days. Band intensity of each PCR product was
normalized in relation to the optical density obtained for the OsUBQ5
gene. Numbers below each lane represent a percentage in relation to
the highest normalized optical density. Numbers in parenthesis shown
after gene names indicate the number of cycles used to detect the PCR
product in the exponential phase. Control: control condition; +Fe: Fe-
excess condition. Agarose gels (1%) were stained with ethidium
bromide

with total shoots, we decided to further characterize the
mRNA expression pattern of OsWRKY80 in different plant
organs under Fe-excess. Rice plants at the four-leaf stage
(about 30 days) were submitted to control or Fe-excess
treatment for 6 days and leaves, stems and roots were har-
vested. The OsWRKYS80 gene was expressed in all the ana-
lyzed plant organs under control conditions (Fig. 4), as
already observed by Ramamoorthy et al. [59] using semi-
quantitative RT-PCR. The relative expression levels of Os-
WRKYS80 in leaves under control treatment is higher, with
average expression levels in culms and roots corresponding
to 47.9% an 53.4% of the expression in leaves. Fe-excess
treatment resulted in increased OsWRKYS80 expression in all
organs tested (Fig. 4). Therefore, OsWRKYS80 response to
Fe-excess occurs throughout the plant.

Drought stress up-regulates OsWRKY80

We submitted rice plants to three different abiotic stresses:
drought (no water supply), cold (4°C) and high salinity
(100 mM NaCl). Leaves were harvested after 12 and 24 h
and OsWRKYS80 expression was addressed. After 12 h, a
nearly 2-fold increase was observed in leaves of drought-
stressed plants, while no change was observed in cold- and
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Fig. 4 OsWRKY80 expression in different rice plant organs. Samples
were harvested after 6 days under control condition (CC) or Fe-excess
treatment (Fe+) for quantitative RT-PCR. The expression levels are
presented as fold-induction relative to control. Means + SE of three
biological replicates are shown. Statistical differences in Student’s ¢
test are shown by one (P < 0.05) or two asterisks (P < 0.01)

high salinity-treated plants (Fig. 5). The increase in Os-
WRKYS80 expression is even higher after 24 h, reaching
4.4-fold when comparing drought-treated expression level
to control level (Fig. 5). Therefore, OsWRKY80 seems to
be up-regulated by drought stress in rice leaves. In cold-
treated plants, there was no change in OsWRKYS80 mRNA
accumulation in leaves, while high salinity-treated plants
showed a slight decrease in this organ (Fig. 5).

Dark-induced senescence induces OsWRKYS80
expression

To test whether OsWRKYS80 is up-regulated during senes-
cence in rice leaves, we evaluated the expression of this

6 -
OsWRKY80 * O Control
5 4 [ O Drought
@ Cold
4 - J_ @ Salt

[y~ ]
L
Hi %

Relative mRNA expression
W

-
1
o]

T B ] b

12h 24h

Fig. 5 OsWRKY80 expression under drought (no water supply), cold
(4°C) and high salinity (100 pM NaCl) stresses for 12 and 24 h.
Samples from three plants were harvested after 6 days of Fe-excess or
control treatment for quantitative RT-PCR. The expression levels are
presented as fold-induction relative to control. Means £ SE of three
biological replicates are shown. Statistical differences in Student’s ¢
test in comparison to control are shown by one (P < 0.05) or two
asterisks (P < 0.01)

gene under dark-induced senescence and compared it to
OsSGR [67] expression, a senescence marker. Detached
leaves were submitted to dark under three conditions: no
hormonal treatment, ABA-treated and BAP-treated [38].
ABA is a senescence inductor, while BAP is a senescence
inhibitor [38]. Under normal dark-induced senescence,
OsWRKYS80 up-regulation was observed after 7 days, when
the leaves showed a well-established senescence process
(Fig. 6a, ¢). Under ABA-enhanced dark-induced senes-
cence, up-regulation was observed earlier, after 3 days of
treatment, with a further increase after 5 days (Fig. 6a). In
BAP-treated leaves, these increases were not observed, but
only a slight OsWRKY80 up-regulation occurred after
5 days (Fig. 6a). OsSGR was used as a control for all
treatments, as it is known to be up-regulated by dark-
induced senescence, with ABA acting synergistically to up-
regulate its expression and BAP antagonistically to delay
its up-regulation during the senescence process [67]. Dark
induction of OsSGR expression started after 3 days of
treatment, and expression increased with time. ABA
treatment was able to anticipate OsSGR induction to the
first day of treatment, while the BAP treatment partially
delayed its increase in expression (Fig. 6b). Therefore, we
could observe that OsWRKY80 is up-regulated by dark-
induced senescence and this up-regulation is anticipated by
ABA and delayed by BAP treatments, a pattern similar to
OsSGR regulation. Interestingly, both dark and dar-
k + ABA treatments resulted in earlier increase of
expression (in relation to the control treatment) of the
OsSGR gene than of the OsWRKYS80 gene. It is possible
that the onset of senescence, with the consequent Fe release
during the disorganization of the photosynthetic apparatus,
may have a role in the induction of OsWRKYS80 expression.

Possible OsWRKY80 functions

In the last years, Fe regulation of genes involved in its
uptake and storage has been widely studied, but the focus is
mainly on the identification of regulatory proteins that
function in the Fe-deficiency-signaling pathway (for a
review, see [68]). However, genes involved in Fe-excess
responsive pathways are still largely unknown. Recently,
Duc et al. [69] described the nuclear factor time for coffee
(TIC) as a regulator of Fe-excess responsive genes in
Arabidopsis. Our findings indicate that OsSWRKYS8O0 is a
transcription factor regulated by Fe-excess, and thus one of
the first candidate genes to act as regulator of Fe-excess
responses in plants.

Transcription factors related to abiotic and biotic stresses
have been widely described [70-74]. Abiotic and biotic
stresses can trigger and affect senescence to various extents
[75], and the WRKY family is one of the two most repre-
sentative transcription factor groups which are up-regulated
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Fig. 6 OsWRKY80 and OsSGR mRNA expression during dark-
induced senescence. Leaves were kept in the dark, dark + 50 pM
ABA or dark + 50 pM BAP. Quantitative RT-PCR was carried out
with eight leaf fragments per sample. Means + SE of three biological
replicates are shown. a Expression level of OsWRKYS0, relative to

during senescence in Arabidopsis leaves [76]. We showed
that OsWRKYS80 is regulated by drought stress and dark-
induced senescence. These results indicate that OsWRKY80
could be classified as a senescence-associated gene (SAG).
Several WRKY genes have been described as SAGs [25, 61,
62] and WRKY proteins were also implied in drought
response in rice [34], barley [31], soybean [70] and in the
desert plant creosote bush (Larrea tridentata), in which
LtWRKY?2] acts through an ABA-dependent pathway [77].
The up-regulation observed in dark-induced senescence
is inhibited by BAP treatment and is synergistically
increased by the addition of ABA, demonstrating a regu-
lation pattern typical of a SAG [67, 72]. The increased
expression in leaves under drought stress and by ABA
treatment further suggests that OsWRKYS80 up-regulation is
mediated by this hormone. ABA is a classical stress reg-
ulator related to abiotic stresses as drought, cold and
salinity. In rice seedlings, ABA was shown to induce
stress-related proteins [78], and stress-responsive tran-
scription factors from the WRKY family are regulated by
ABA in rice [23], barley [79], Arabidopsis [80], Brassica
napus [81] and the resurrection plant Boea hygrometrica
[82]. Moreover, the ABA pathway was suggested to act as
a linker between transcription factors responsive to abiotic
stress and senescence in rice [72] and soybean [73].
Ramamoorthy et al. [59] analyzed the expression pattern
of 103 WRKY mRNAs in different tissues and in response
to various stresses. Expression of OsWRKYS0 (referred as
09g30400) was not altered when plants were submitted to
cold, drought and high salinity. From these three stress
conditions, only drought was able to increase OsWRKY80

@ Springer

OsUBQS5. b Expression level of OsSGR, relative to OsUBQS5.
Different letters indicate that means are different by the Duncan test
(P < 0.05). ¢ Detached leaves from each treatment and time of
harvesting. ABA abscisic acid, BAP 6-benzylaminopurine

expression in our experiments. Ramamoorthy et al. [59]
analyzed plants under drought stress for as long as 3 h,
while our experiments showed significant increase of Os-
WRKYS80 expression only after a longer time (12 h),
becoming much more evident after 24 h. Treatments with
ABA, gibberellic acid (GA3), auxin (IAA), methyl jasm-
onate (MeJA) and salicylic acid (SA) for up to 16 h were
considered unable to up-regulate the expression of Os-
WRKYS80 mRNA [59]. Among these, we tested ABA,
which in combination with dark treatment was able to
induce earlier expression of OsWRKYS80. The apparent
discrepancy can be explained by the different techniques
used: semi-quantitative RT-PCR [59] and quantitative RT-
PCR (our work), which allows easier detection of changes
in mRNA expression levels.

WRKY transcription factors are mainly involved in
plant innate responses to biotic stress, such as pathogen
attack and through signaling of the endogenous molecule
salicylic acid (SA) [27, 28]. SA is required to induce sys-
temic acquired resistance (SAR), in which pathogen-rela-
ted proteins accumulate [83], and is normally antagonized
by jasmonic acid (JA). An Arabidopsis WRKY gene, At-
WRKY70, was described as a convergence point deter-
mining the balance between SA- and JA-dependent defense
pathways, and many others were involved in biotic stress
response (for a review, see [28]). Although Ramamoorthy
et al. [59] did not observe any alteration in the expression
of OsWRKYS80 by SA or JA hormones, Guo et al. [49]
showed that OsWRKYS80 (referred as OsiWRKY) mRNA is
induced upon Xanthomonas oryzae attack and in response
to wounding, although in his experiments the control plants
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also exhibited a slight up-regulation. Fe has already been
proposed to be a mediator of pathogen attack signaling in
wheat [84]. After Blumeria graminis attack, Fe is secreted
to the apoplast and induces an oxidative burst mediated by
H,0,. The cytoplasmatic Fe-deficiency in concert with the
production of H,O, induce pathogenesis-related genes
[84]. Fe-excess could be partially mimicking this high
apoplastic Fe concentration when inducing OsWRKYS0.
Once more data are available, it may become possible to
elaborate a model where OsWRKYS80 has a role in both
abiotic and biotic stresses as well as in senescence.

In summary, we described a new Fe-excess up-regulated
transcription factor from the WRKY family, which is also
regulated by dark-induced senescence and drought stress,
responses that are possibly mediated by ABA. The Os-
WRKYS80 is the first transcription factor shown to be
induced by Fe-excess in plants.
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