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INTRODUCTION

ABSTRACT

As a central component of the hydrogen peroxide detoxifying system in plant cells,
ascorbate peroxidases (APX) play an essential role in the control of intracellular
reactive oxygen species (ROS) levels. To characterise the function of cytosolic APX
isoforms (OsAPX1 and OsAPX2) in the mechanisms of plant defence, OsAPX1/2
knockdown rice plants were previously obtained. OsAPX1/2 knockdown plants
(APx1/2s) exhibited a normal phenotype and development, even though they
showed a global reduction of APX activity and increased hydrogen peroxide accu-
mulation. To understand how rice plants compensate for the deficiency of cytosolic
APX, expression and proteomic analyses were performed to characterise the global
expression pattern of the APx1/2s mutant line compared with non-transformed
plants. Our results strongly suggest that deficiencies in cytosolic APX isoforms
markedly alter expression of genes associated with several key metabolic pathways,
especially of genes involved in photosynthesis and antioxidant defence. These meta-
bolic changes are compensatory because central physiological processes such as pho-
tosynthesis and growth were similar to non-transformed rice plants. Our analyses
showed modulation of groups of genes and proteins related to specific metabolic
pathways. Among the differentially expressed genes, the largest number corre-
sponded to those with catalytic activity. Genes related to oxidative stress, carbohy-
drate metabolism, photosynthesis and transcription factor-encoding genes were also
modulated. These results represent an important step toward understanding of the
role played by cytosolic APX isoforms and hydrogen peroxide in the regulation of
metabolism by redox modulation in monocots.

also be generated by specific enzymes. Studies have demon-
strated that plasma membrane (PM)-located respiratory burst

Since the introduction of molecular oxygen into the environ-
ment through the emergence of photosynthetic organisms,
reactive oxygen species (ROS) have been the uninvited com-
panions of aerobic life (Halliwell 2006). Through a variety of
reactions, molecular oxygen produces superoxide (O3),
which in turn leads to the formation of hydrogen peroxide
(H,0,), hydroxyl radicals (OH™) and other molecules. ROS
are also produced continuously as by-products of various
metabolic pathways and are localised in different cellular
compartments such as chloroplasts, mitochondria and per-
oxisomes (Del Rio et al. 2006; Navrot et al. 2007). Hydrogen
peroxide is continually generated from various sources during
normal metabolism via the Mehler reaction in chloroplasts,
electron transport in mitochondria and photorespiration in
peroxisomes (Neill et al. 2002a), but hydrogen peroxide can

oxidase homologue (Rboh) enzymes, similar to the respira-
tory burst oxidase of mammalian neutrophil cells, are an
essential ROS-producing system during the early stages of
plant-microbe interactions (Torres et al. 2002; Apel & Hirt
2004). Accumulation of ROS affects many cellular functions,
causing damage to proteins, lipids, carbohydrates and DNA
and can result in cell death (Foyer & Noctor 2005).
Hydrogen peroxide, one of the most important ROS, is a
toxic cellular metabolite, but also functions as a signalling
molecule that mediates responses to various stimuli in both
plant and animal cells. Therefore, hydrogen peroxide plays a
dual role in plants, at low concentrations acting as a signal-
ling molecule involved in acclimation and triggering tolerance
to various biotic and abiotic stresses, and leading to cell
death at high concentrations (Neill et al. 2002b; Quan et al.
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2008). This molecule is also involved in a broad range of
physiological processes as a key regulator in senescence, pho-
torespiration and photosynthesis, stomatal movement, cell
cycle, cell growth and plant development (Noctor & Foyer
1998; Foreman et al. 2003; Mittler et al. 2004; Peng et al.
2005; Bright et al. 2006), and hydrogen peroxide modulates
the transcription of several genes encoding proteins involved
in metabolism, energy, transport, cell defence, cellular organi-
sation and biogenesis (Desikan et al. 2001).

Whether ROS will act as a damaging, protective or signal-
ling factor depends on the delicate equilibrium between ROS
production and scavenging at the correct site and time (Gra-
tao ef al. 2005). Under steady-state conditions, ROS mole-
cules are scavenged by various antioxidative defence
mechanisms (Foyer & Noctor 2005). All organisms have
adaptive responses to oxidative stress, such as antioxidant
defence enzymes, and these responses are induced by changes
in levels of the ROS, leading to activation or silencing of
genes that encode defence enzymes, transcription factors or
structural proteins (Dalton ef al. 1999).

Plant cells have several mechanisms to efficiently detoxify
ROS. These protective mechanisms were developed by plants
during evolution to control ROS levels and override this tox-
icity. Antioxidant molecules, enzymes or more complex sys-
tems of detoxification may be involved in cellular protection
against ROS accumulation. Several regulatory enzymes pre-
vent the toxic action of ROS on plant cells, including super-
oxide dismutase (SOD), ascorbate peroxidase (APX), catalase
(CAT) and glutathione peroxidase (GPx) (Zhang et al. 1995;
Scandalios 2002).

Ascorbate peroxidase (EC 1.11.1.11) is the main enzyme
responsible for hydrogen peroxide removal, and is found in
the cytosol, peroxisome, mitochondria and chloroplasts of
plant cells. This enzyme uses ascorbate as a specific electron
donor to reduce hydrogen peroxide to water (Asada 1992;
Teixeira et al. 2004, 2006; Li et al. 2007). In rice (Oryza sati-
va), a multigene family formed by eight genes encoding APX
isoforms has been identified. Rice APXs are found in differ-
ent subcellular compartments: two cytosolic isoforms
(OsAPX1 and OsAPX2), two peroxisomal isoforms (OsAPX3
and OsAPX4), one mitochondrial isoform (OsAPX6), two
chloroplastic isoforms (OsAPX7 and OsAPX8) and one mito-
chondrial/chloroplastic isoform (OsAPX5) (Teixeira et al
2004, 2006).

Studies in Arabidopsis have demonstrated that mutants
deficient in cytosolic APX are more susceptible to oxidative
damage triggered by abiotic stress (Davletova et al. 2005).
Rice plants were previously transformed with an RNAi con-
struct specifically targeting OsAPX1 and OsAPX2. A preli-
minary characterisation of the APx1/2s lines has been
described previously (Rosa ef al. 2010). We have demon-
strated that rice mutants with knockdown of both cytosolic
APXs cope with abiotic stress such as salt, heat, high light
and methyl viologen similar to the non-transformed (NT)
plants (Rosa et al. 2010; Bonifacio et al. 2011). Although no
major visible phenotypic alterations were observed between
the knockdown and NT plants, RT-qPCR analysis showed
that expression of both of the cytosolic OsAPX genes was
strongly reduced in all of the APx1/2s lines compared with
the NT plants, which strongly affects the entire antioxidant
system. APx1/2s plants showed increased hydrogen peroxide
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accumulation under both control and stress conditions (Rosa
et al. 2010). In addition, analysis with T3 plants revealed that
the transgenic APx1/2s line exhibited a reduction in total
and cytosolic APX activities of approximately 68% and 85%,
respectively, when compared with NT plants (Bonifacio et al.
2011). However, despite these differences, the knockdown
rice plants had normal morphology in all of their organs. In
addition, the silenced plants exhibited similar membrane
damage (MD), increased levels of lipid peroxidation
(TBARS) and similar photochemical efficiency parameters
and CO, photosynthetic fixation rates as the NT plants
(Bonifacio et al. 2011). The compensatory antioxidative
mechanism displayed by the silenced plants was associated
with higher GPx activity in the cytosolic and chloroplastic
fractions. The activities of CAT and guaiacol peroxidase
(GPOD; type III peroxidases) were also up-regulated. None
of the six studied isoforms of OsAPX were up-regulated
under normal growth conditions. Therefore, the deficiency in
cytosolic APXs was effectively compensated for by up-regula-
tion of other peroxidases.

The present study was conducted to test the hypothesis
that rice plants deficient in both cytosolic APX1 and APX2,
in addition to alterations in antioxidant systems, invoke glo-
bal gene modulation that induces a compensatory mechanism
to help the cell maintain general homeostasis. Several genes
were identified with altered expression in response to the lack
of OsAPXI and OsAPX2, revealing pathways regulated by the
cytosolic APX genes.

MATERIAL AND METHODS
Plant material and growth conditions

The NT and transgenic rice (Oryza sativa L. cv. Nipponbare)
plants were grown at 28 °C under 12 h of light/dark
(150 pmol'm™s™") in a growth chamber. APx1/2s plants were
obtained as described previously (Rosa et al. 2010). The seeds
were germinated in water at 28 °C in dark conditions. Four-
day-old seedlings were transferred to plastic pots containing
Furlani’s solution (48 mg~l_1 N-NO;~, 12 rng-l_1 N-NH,,
200 mg1™" Ca, 200 mgl™ K, 40.6 mgl™" Mg, 8.0 mgl™ P,
151 mgl™' S, 234 mg1™"' Cl, 4.85 mg1™" Fe, 0.67 mgl™' Mn,
0.36 mg1™' B, 0.20 mgl™" Zn, 0.05 mgl™" Cu, 0.11 mgl™
Mo) and grown at 28 £ 2 °C with a 12-h photoperiod for
30 days for the microarray experiments. The pH of the solu-
tion was adjusted to 5.4 with 0.1 N HCL Volume and pH of
the nutrient solution were monitored daily and changed every
4 days. Thirty-day-old plants were cultivated under the same
conditions for the proteomic experiments.

RNA isolation

The T1 generation of APx1/2s transgenic rice plants and con-
trol NT plants were used for microarray experiments. Leaves
of 30-day-old APx1/2s and NT plants were collected and
immediately frozen in liquid nitrogen. Total RNA was iso-
lated using the TRIZOL reagent (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s protocol, and the
quality of the resulting RNA was assessed by gel electrophore-
sis. RNA was then purified with the RNeasy Microarray Tis-
sue Mini Kit (Qiagen, Germantown, MD, USA) and treated
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with DNAse (Promega, Madison, WI, USA) according to the
manufacturers’ protocols.

Microarray experiments

Microarrays were performed with slides acquired from the
NSF Rice Oligonucleotide Array Project (http://www.ricear-
ray.org/nsfarray/nsfarray.shtml). Each slide consisted of
25,000 oligonucleotides that corresponded to annotated
genes according to the Rice Genome Annotation Project
(TIGR, http://rice.plantbiology.msu.edu/). Tissue collection
from the leaves of 30-day-old APx1/2s-knockdown and NT
plants was accomplished from four independent biological
experiments, and each sample consisted of a pool of four
plants. Dye-labelled antisense RNA was generated from these
total RNA preparations and hybridised to microarrays using
the Amino Allil MessageAmpIl aRNA kit (Ambion, Austin,
TX, USA). Dyes used for labelling RNA from the individual
samples were switched in the replicate experiments to reduce
dye-related artifacts. Microarrays were scanned with an Axon
GenePix 4200A scanner using the Gene Pix 5.0 analysis soft-
ware (Axon Instruments, Sunnyvale, CA, USA).

Microarray data analysis

Microarray image acquisition and analysis were performed
with the GenePix® Pro 6 Software (Molecular Devices, Sun-
nyvale, CA, USA). Information was further analysed using
the R/Bioconductor Limma package (Smyth 2004). All data
were normalised to remove any systematic biases that may
arise due to the microarray technology itself rather than dif-
ferences between the probes or between RNA sample-target
hybrids on the arrays. This was done using the print-tip
Loess method, which corrects for dye bias and intensity
within each group of adjacent spots printed by one pin
(print-tip). Spots that had no signal detected or a signal-to-
noise ratio below or equal to 2 were filtered out from the
subsequent analysis. Differentially expressed genes were
ranked based on Bayesian posterior log odds calculated with
the Limma package. The empirical Bayes method was used
to shrink the gene-wise sample variances towards common
values, thus augmenting the degrees of freedom for the
individual variances. This approach combines expression
ratios and their variability between replicates to rank the
genes (Smyth et al. 2005). Statistical significance between
groups of interest was assessed for the relevant linear model
contrast using moderated f-statistics as implemented in the
Limma package. To determine which genes were signifi-
cantly modulated by the knockdown, we considered differ-
entially expressed genes according to the following
comparison: knockdown rice versus NT rice. We used Ben-
jamini & Hochberg’s method (1995) to control the false dis-
covery rate for the comparison. All analyses were performed
using the freely available statistical software and graphics R
environment (RDC 2008).

Quantitative real-time PCR (RT-qPCR)

Real-time PCR experiments were performed with cDNAs syn-
thesised using M-MLV Reverse Transcriptase (Promega) and
a 24-polyTV primer. After cDNA synthesis, the samples were
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diluted 100-fold in sterile H,O. Subsequent PCR amplifica-
tions were performed using gene specific primers. Primers
were designed to produce DNA fragments ranging from 100
to 200 bp (Table S1).

Quantitative real-time PCR assays were performed with
biological and technical quadruplicates on a StepOnePlus
Real-Time PCR system (Applied Biosystems, Carlsbad, CA,
USA) using two genes as internal reference controls: Os-
FDH - formaldehyde dehydrogenase (TIGR:LOC_0s02g57040)
and OseF — elongation factor (TIGR:LOC_Os03g08020).
Each experiment was repeated four times using samples
collected separately. All expression data analyses were per-
formed after comparative quantification of amplified prod-
ucts with the 2724 method (Livak & Schmittgen 2001;
Schmittgen & Livak 2008), using fluorescence detection of
the SYBR-green intercalating dye. Statistical analysis was
performed by Student’s t-test to compare pair-wise differ-
ences in expression. The values were considered significantly
different when P < 0.05.

Protein extraction

Leaves of 30-day-old NT and knockdown plants were col-
lected and macerated in liquid nitrogen and homogenised in
0.5 M Tris—HCI, pH 8.3, 2% Triton X-100, 20 mm MgCl,,
2% B-mercaptoethanol, 1 mm PMSF, 2.5% PEG and 1 mm
EDTA buffer, and incubated at 4 °C for 2 h. The supernatant
was added to a solution containing 10% trichloroacetic acid
(TCA) in acetone (w/v), and the mixture was incubated for
12 h at —20 °C for protein precipitation. The resulting pre-
cipitate was washed in cold acetone and dissolved in a solu-
tion containing 7 M urea and 2 M thiourea (Acquadro ef al.
2009). The quantification of extracted proteins was con-
ducted according to Bradford (1976).

2-D Gel and image analysis

Approximately 500 mg of protein extract was used for 2-D
electrophoresis analyses. The proteins were first separated
according to their isoelectric points using a gradient of pH
from 4 to 7 and subsequently separated according to their
molecular weight in a 12.5% SDS-polyacrylamide gel. The
gels were stained with Coomassie blue and analysed to
choose the spots of interest, which were excised from the gels
and digested with trypsin, according to Hellman et al
(1995). The solution containing the peptides was separated
using a multidimensional chromatographic system. The
eluted fractions were analysed in a mass spectrometer and
characterised using a source of electrospray ionisation (ESI)
with two mass analysers: a quadrupole (Q) associated with a
tube to measure the flight time of ions (TOF) and an ion
detector. Coupled with the online Q-TOF, a capillary chro-
matography system (Acquity UPLC) was used in which the
sample was applied to a reverse-phase column. To perform
MS analysis, the peptides eluted from the column were ion-
ised, and then the ratio was determined based on the mass
charge (m/z) of each. The spectra generated by MS/MS were
processed using Proteinlynx (Micromass) and compared to
the National Center for Biotechnology Information (NCBI)
database using the MASCOT software (http://www.matrix-
science.com).
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Photosynthetic gas exchange and chlorophyll
fluorescence analyses

Gas exchange measurements were made using an Infrared
gas analyser (LI-6400XT; Li-Cor Biosciences Inc., Lincoln,
NE, USA). Light was provided from a red/blue LED light
source. Net photosynthesis (Py) and stomatal conductance
(gs) were measured under ambient CO, conditions
(400 ppm), photon irradiance of 1000 umol'm s~ and a
constant leaf temperature of 28 °C. The Rubisco carboxyla-
tion maximum rate (Vpay), maximum electron flux (Jiax),
mesophyll conductance (g,,) and light respiration (Rd) were
calculated from the Py/Ci curves obtained by varying the
ambient CO, concentration (Ca) from 0 to 1000 ppm under
a constant active photosynthetic photon flux density (PPFD)
of 1000 pmol'm™*s~!, according to the methodology of
Sharkey et al. (2007). Photorespiration (P,) was estimated
according to the method previously described (Bagard et al.
2008).

Chlorophyll fluorescence was determined concurrently with
gas exchange measurements using the LI-6400-40 leaf cham-
ber fluorometer (Li-Cor Biosciences). The following parame-
ters were assessed as proposed by Baker (2008): the
maximum quantum yield of photosystem II (PSII) (Fv/Fm
= (Fm — Fo)/Fm), the effective quantum vyield of PSII
(AF/Fm’ = (Fm’ — Fs)/Fm’), the photochemical quenching
coefficient (qP = (Fm” — Fs)/(Fm” — Fo’)) and the non-pho-
tochemical quenching coefficient (NPQ = (Fm — Fm’)/Fm’).
Fm and Fo are the maximum and minimum fluorescence,
respectively, of dark-adapted leaves; Fm” and Fs are the maxi-
mum and steady-state fluorescence, respectively, in the light-
adapted state, and Fo’ is minimum fluorescence after far-red
illumination of the previously light-exposed leaves. A saturat-
ing pulse of red light (0.8 s, 8000 pmol'm™*s~"') was used.

The electron transport flux (J), defined as the actual flux
of photons driving photosystem II (PSII), was calculated
from J = (Fm’ — Fs/Fm’) f I oleaf, where Fs is steady-state
fluorescence (at 1000 umol-m_z-s_l), Fm’ is the maximal flu-
orescence during a saturating light flash, f is the fraction of
absorbed quanta used by PSII, typically assumed to be 0.5 for
C; plant species, I is incident photon flux density and aleaf is
the leaf absorbance (0.85; according to the Li-Cor manual).

RESULTS

Plant lines with knockout or silencing of APX isoforms have
been generated, resulting in different phenotypes. Knock-
down or knockout plants for the cytosolic isoforms gener-
ally present altered phenotypes, such as dwarfism, stunted
growth and late flowering (Davletova et al. 2005). The
silencing of peroxisomal APX isoforms produced plants with
altered panicle development and senescence (Ribeiro,
unpublished results). Many studies, mostly in Arabidopsis,
have shown that mutants deficient in cytosolic APX are
more susceptible to abiotic stresses (Miller et al. 2007; Ko-
ussevitzky et al. 2008). Interestingly, APx1/2s rice plants
showed a similar phenotype to NT plants, despite their
higher hydrogen peroxide content (Rosa et al. 2010). To
further demonstrate the alterations in redox homeostasis,
the hydrogen peroxide content was assessed by DAB stain-
ing in silenced plants exposed to UV light (Fig. S1). The
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results confirmed that APx1/2s plants have less ability to
scavenge hydrogen peroxide.

Microarray analyses

To understand the compensatory mechanism of the silenced
plants that results in a normal phenotype, we searched for
genes that are responsive to cytosolic APX silencing using
global microarray and proteomic analyses of APx1/2s knock-
down and NT plants. A set of 58 non-redundant genes were
altered in the APx1/2s plant lines. Of these genes, 44 were
up-regulated and 14 were down-regulated. The analysis also
showed a reduction in transcript levels of OsAPXI and
OsAPX2, confirming the knockdown of these genes in
APx1/2s rice plants.

A functional classification of all differentially expressed
genes is summarised in Fig. 1. The values of changes in gene
expression and predicted gene function of the modulated
genes (based on the Rice Genome Annotation Project: http://
rice.plantbiology.msu.edu) are shown in Table S2. Among the
up- and down-regulated genes, the class with the largest
number of genes was that with catalytic activity, representing
22% of the induced and 28% of the repressed genes. Genes
from other functional classes were also identified, including
genes associated with oxidative stress, carbohydrate metabo-
lism, photosynthesis and transcription factors. Some of the
induced and repressed genes (27% and 21%, respectively)
have unknown functions and likely represent the proportion
of unknown genes in the entire genome. Transcription factors
such as MYB, bHLH, NAM and WRKY have been previously

A
Microarray up-regulated genes
[Jtransporter activity

DTranslau'on regulator activity
[ElPhotosynthetic process
[EProtein metabolic process

[l Metabolic and energetic process
.RNA degradation
DCarbuhydrate metabolic process
A Transcription factor

DResponse lo oxidative stress
. Catalylic activity
Others

[CJFunction not assigned
B
Microarray down-regulated genes

[l Photosynihetic pracess

B Frotein metabolic process
.Metﬂbolic and energelic process
[CJcarbohydrate metabolic process
B Response 1o oxidative stress
EAcatalytic activity

DOlhers

[CJFunction not assigned

Fig. 1. Molecular functional classification of the differentially expressed
genes identified in the microarray analysis. (a) Up-regulated genes; (b)
Down-regulated genes. The predicted molecular functions were collected
at the Rice Genome Annotation (http://rice.plantbiology.msu.edu).
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described as responsive to oxidative stress (Gadjev et al.
2006). In addition, it has also been demonstrated that photo-
synthesis-related genes may have altered expression in plants
lacking APX and CAT in Arabidopsis (Rizhsky et al. 2002).

To validate the microarray data, the expression of 15 genes
was analysed using quantitative real-time PCR (Fig. 2). The
expression patterns of all 15 genes showed a good correlation
between the microarray and RT-qPCR experiments. Fig-
ure 2a—c shows validation of the down-regulated genes in
knockdown plants, such as the gene encoding calcium-depen-
dent protein kinase (Fig. 2a). Figure 2d—o shows genes with
induced expression in the APx1/2s plants, including genes
encoding transcription factors (Fig. 2d,c,k) and heat shock
proteins (Fig. 2g). Quantitative real-time PCR analysis con-
firmed that the expression levels of all 15 genes were altered
following knockdown of cytosolic APX genes.

Proteomic analysis

Proteomic analyses were performed to identify differentially
expressed proteins in the rice cytosolic APX knockdown
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plants. A large number of protein spots extracted from the
rice leaf were reproducibly detected through independent
replicates on 2-D gels. Fach protein was identified according
to its molecular mass and pl. In conjunction with automated
gel scanning and computer-aided image analysis, over 500 pro-
tein spots were detected and numbered on the 2-D PAGE map
(data with numbered proteins not shown). To correct the vari-
ability due to staining, the spot volumes were normalised as a
percentage of the total volume of all spots on the gel.

Several spots showed differences among the gels, but only
the spots with coefficients of variance higher than 10%
between replicates of the different groups were accepted for
comparative analysis. Thus, among all protein spots detected,
only 40 were selected and excised from the gels for mass
spectrometry analysis. Sixteen protein spots showed no match
or did not have a conclusive chromatogram when compared
with the NCBI database. The 26 identified proteins were clas-
sified according to their molecular function (Table 1), form-
ing eight groups: (i) photosynthetic process, (ii) response to
oxidative stress, (iii) phosphate metabolism, (iv) carbohydrate
metabolic process, (v) protein metabolic processes, (vi) assis-

A Calcium-dependent protein B Carboxylesterase C E-phosphogluconate D Basic Helix-Loop-Helix GRAS - family
kinase dehnjdmgmau motif transcription factor
25 i5 a ] 5
7 d
1.54 12 8 4
09 § 3
11 4
06 3 2
) - - 1 2 l : 1
Al | |
0= (1] — 0+ " J 1]
.&P:i.l!s NT APx1/2s APx1i2s NT APx12s APx1/2s
F  Terpene synthase G Heat shock protein H RMNA recognition maotif 1 Cytochrome b-c1 J ATP-dependent Clp
complex protease
25, 3 54 &
d d y d
24 44 .
154 34 o c
c 4
14 24 3
) | m :
1
0 - il u._lj _
NT APx1i2s NT APx1i2s APx1/2s .ﬁPﬂf‘Zs NT APx12s
K Mo apical meristem L Asparagine synthetase M  Expressed protein N  Expressed protein o Expressed protein
protein 0302450 0502470 0532710
24 d 4 80 1204 1.2
c a d
504 d 1004 1
154 3
404 80+ [F]
1 2 304 804 06
£ 204 40 04
054 1
o] 0 D
[
o+ T v o 0 A— e , o4 s - 04+
NT APx112s NT APx1i2s NT APx1/2s NT APx12s " APxis

Fig. 2. Validation of differentially expressed genes in the microarray experiment by quantitative real-time PCR. This figure shows graphs of fifteen genes
selected for validation. (a) Calcium-dependent protein kinase [TIGR:LOC_0s01g10890]; (b) Carboxylesterase [TIGR:LOC_0s07g34280]; (c) 6-phosphogluco-
nate dehydrogenase [TIGR:LOC_0Os06g02144]; (d) Basic Helix-Loop-Helix motif [TIGR:LOC_Os01g06640]; (e) GRAS-family transcription factor [TIGR:LO-
C_0s04g50060]; (f) Terpene synthase [TIGR:LOC_0s03g24760]; (g) Heat shock protein [TIGR:LOC_0s09g30412]; (h) RNA recognition motif
[TIGR:LOC_0s03g18720]; (i) Cytochrome b-c1 complex [TIGR:LOC_Os04g32660]; (j) ATP-dependent Clp protease [TIGR:LOC_0s08g15270]; (k) No apical
meristem protein [TIGR:LOC_0s01g01430]; () Asparagine synthetase [TIGR.LOC?OSO3g18130], (m) Expressed protein [TIGR:LOC_0s04g02490]; (n)
Expressed protein [TIGR:LOC_0s03g02470]; and (o) Expressed protein [TIGR:LOC_0s07g32710]. RT-gPCR experiments were performed with leaves from
NT and APx1/2s knockdown plants using two endogenous reference genes. The means indicated by different letters are statistically different based on the
results of Student’s t-test (P < 0.05).
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Fig. 3. Functional classification and distribution of 24 proteins with
altered expression in APx1/2s plants after mass spectrometry analysis.

tant proteins, (vii) RNA degradation and (viii) translation
regulator. The protein group with the highest representation
in the total set of identified proteins was that associated with
photosynthetic processes, with 64% of the total number of
proteins, followed by proteins linked to the oxidative stress
response and assistant proteins, each with 8% of the total
protein. The other non-specific groups represented 4% each
(Fig. 3). It was also possible to identify spots corresponding
to the cytosolic APX isoforms (APX1 and APX2), confirming
the knockdown of these isoforms at the protein level.

Photosynthetic and photochemical parameters

The Rubisco carboxylation maximum rate (V) and maxi-
mum electron flux (Jy.,) were similar in both NT and
knockdown rice plants. The stomatal (gs) and the mesophyll
(gm) conductances and the photochemical parameters such
as Fv/Fm, AF/Fm’ and qP were also similar between the dif-
ferent plants. The values of NPQ and J, parameters related to
the dissipation of excess of energy of photosystem II and
with changes in the pH gradient across the thylakoid mem-
brane, were increased in the silenced plants. The electron
transport flux (J) in photosystem II was slightly higher
(approximately 10%) in the APx1/2s plants, which was asso-
ciated with increased NPQ and a robust increase in the pho-
torespiratory activity (P,). Net CO, assimilation (Py) and
light respiration (Rq) rates were similar in both plant types
(Table 2).

Table 2. Photosynthetic and photochemical parameters®.

Ribeiro, Carvalho, Rosa et al.

DISCUSSION

Based on the combined results of microarray and proteomic
analyses, several metabolic pathways were affected by cyto-
solic APX silencing in rice plants. As reported in Tables 1
and S2, the major pathways affected in the mutant plant were
photosynthesis, antioxidant metabolism, carbohydrate metab-
olism, protein metabolism and other proteins with catalytic
activity. The modulation of these pathways may represent a
general response to higher hydrogen peroxide accumulation
in the silenced plants (Acquadro ef al. 2009). Other studies
on the hydrogen peroxide plant response corroborate our
results (Yan et al. 2006; Wan & Liu 2008).

Differentially expressed genes associated with
the photosynthetic process

The knockdown of cytosolic APX isoforms led to increasing
endogenous hydrogen peroxide accumulation in rice leaves
(Rosa et al. 2010). The photosynthetic apparatus is one of
the major sources of ROS production in photosynthetic tis-
sues, and suppression of photosynthetic activity was shown
to accompany the defence response of certain plants to
adverse physical conditions (Mittler et al. 2001). In the pres-
ent analyses, 19 differentially expressed genes and proteins
are associated with the photosynthetic process (Tables 1 and
S2). These genes and proteins are implicated in two func-
tional subgroups: photosynthetic photosystems I and II and
the Calvin-Benson cycle.

To assess the relationship of the modulation of these genes
and the acclimation processes, photosynthetic parameters
were analysed. Both knockdown and NT plants presented
similar maximum Rubisco carboxylation rates (Vima,) and
maximum electron flux (Jn.x), @ photosynthetic parameter
associated with the rate of ribulose 1,5-biphosphate (RuBP)
regeneration (Bagard er al. 2008). These results were associ-
ated with similar responses in terms of gas exchange (net
CO, assimilation and stomatal and mesophyll conductances)
and also with higher Rubisco small subunit (RSS) content, as
revealed by proteomic analysis (Table 1). Together, these
results suggest that the photosynthetic assimilation of CO, in
rice deficient in cytosolic APX1/2 was unchanged by silenc-
ing, in contrast to reports for other species, including Arabid-

Photosynthetic parameters (gas exchange)

chax Jma>< 9m Os PN Rd Pr
NT 174 175 6.09 0.45 19.70 7.34 0.368
APx1/2s 180 168 6.56 0.41 21.02 7.02 0.820
Photochemical parameters
Fv/Fm AF/Fm’ qP J NPQ
NT 0.727 0.651 0.936 112.6 0.079
APx1/2s 0.730 0.643 0.935 122.0 0.119

“Rubisco carboxylation maximum rate (Vemax), maximum electron flux (Jyax), mesophyll conductance (g,,,), stomatal conductance (gs), electron transport flux
(J), net photosynthesis (Py), light respiration (Rd) and photorespiration (P). Vimax, Jmax and g, were obtained from Py/Ci curves, while the other parame-

ters were measured under [CO,] at 400 ppm and PPFD 800 pmol m™2 s™".
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opsis (Achard & Genschik 2009). These responses in rice indi-
cate that silenced plants were capable of displaying similar
photosynthetic efficiency, indicating the induction of an
effective acclimation mechanism, as previously suggested
(Achard et al. 2006).

The photochemical parameters such as Fv/Fm, AF/Fm’,
qP, J and NPQ corroborate the CO, assimilation data, show-
ing that changes in expression of the proteins of the photo-
chemical system and the Calvin-Benson cycle could also be
involved in the compensatory mechanism. The Fv/Fm,
AF/Fm’ and qP parameters indicate that the functional
integrity of photosystem II (the potential yield of photosys-
tem II), (Fv/Fm), the effective quantum yield of PSII
(AF/Fm’) and the recovery of the energy transferred as elec-
trons (the photochemical quenching), (qP), respectively
(Baker 2008), were similar in both genotypes. However, the
values of ], the actual electron flux rate at photosystem II,
and NPQ, a parameter related to dissipation of excess of
energy of photosystem II, were increased in the silenced
plants. These data suggest that silenced plants maintain a
high electron flux and dissipate the excess energy, preventing
damage to the photochemical apparatus (Baker 2008). The
increased expression of key proteins involved in the electron
flux in the chloroplast electron transport chain, such as plas-
tocyanin, ferredoxin and ferredoxin-NADP(H)-oxidoreduc-
tase in the APx1/2s plants, suggests that these proteins may
be involved in a compensatory mechanism that permits ade-
quate electron flux to sustain photosynthesis at the same
level as the NT plants.

The increase in electron flux could have increased the
NADPH/NADP" ratio (Baker 2008). This hypothesis is rein-
forced by increased expression of ferredoxin-NADP(H)-oxi-
doreductase. These results were also associated with higher
photorespiratory activity in the silenced plants. Thus, the
higher electron flux in the silenced plants could have been
dissipated as heat (higher NPQ) and higher photorespiratory
activity (P,) (Foyer & Noctor 2009). The increased photores-
piration was associated with increased expression of chloro-
plastic glutamine synthetase (GS) and glycine dehydrogenase,
the last two enzymes in the photorespiratory pathway. Photo-
respiration is involved in energy dissipation and protection
against oxidative stress (Foyer & Noctor 2009). Moreover,
the higher expression of plastocyanins, ferredoxin, ferre-
doxin-NADP(H)-oxidoreductase and chloroplastic Cu-Zn
SOD isoforms could also contribute to reduce excess elec-
trons in the photosystems, restricting potential oxidative
damage.

Differentially expressed genes associated with
protein metabolism

A total of ten genes related to protein metabolism showed
modulation in the cytosolic APX knockdown rice plants
(Tables 1 and S2). Three genes are related to protein folding
and assembly (HSP60, HSP70 and HSP81-like). The contri-
bution of heat shock proteins (HSP) to various cellular pro-
cesses including signal transduction, protein folding, protein
degradation and morphological evolution has been exten-
sively studied (Nadeau et al. 1993). HSP60 and HSP81-like
protein were up-regulated, but HSP70 was down-regulated,
indicating that these proteins may respond differently in

Modulation of genes in response to cytosolic ascorbate peroxidase knockdown

response to hydrogen peroxide accumulation. HSPs are
believed to help other proteins to maintain or regain their
native conformation by stabilising partially unfolded states
(Low et al. 2000). Current models propose that HSPs act as
ATP-independent chaperones by binding to aggregating pro-
teins and keeping them accessible for refolding by HSP70
(and co-chaperones) and, under some circumstances, by
HSP100/ClpB proteins (Larkindale et al. 2005). In agreement
with this model, expression levels of members of the HSP70
gene family have been found to be significantly elevated in
maturing microspores upon exposure of plants to HS condi-
tions (Frank et al. 2009). Because these proteins are related
to protein folding and assembly in response to the loss of
protein structural integrity (Bohler ef al. 2007), these results
suggest that the hydrogen peroxide accumulation in APx1/2s
plants may induce protective responses involving HSP pro-
teins. Indeed, one member of the AAA" family of ATPases
was induced in APx1/2s-knockdown plants. This protein
family is involved in resolubilising protein aggregates (Kotak
et al. 2007). A cytosolic member of this family was found to
be essential for tolerance to high temperature in plants
(Hong & Vierling 2001). Among these proteins, an ATP-
dependent Clp protease transcript was up-regulated in
response to hydrogen peroxide accumulation. This protein is
an ATP-dependent enzyme and functions as a master prote-
ase that cleaves a number of proteins (Maurizi ef al. 1990).

Taken together, the differential expression patterns of the
proteins in this group suggest that protein biosynthesis and
degradation, as well as folding and assembly of proteins, are
required for the survival and growth of rice plants in
response to increased hydrogen peroxide.

Differentially expressed genes associated with oxidative stress

In addition to the reduced level of cytosolic APX isoforms,
which confirms the silencing of these isoforms in APx1/2s
knockdown plants, other antioxidant protein-encoding genes,
such as the chloroplastic Cu/Zn SOD, peroxiredoxin, precur-
sor of peroxidases, stress-related and glutathione-S-transferase
genes, had altered expression. Changes in the SOD expression
levels have been detected previously in mutant plants with
reduced expression of APX (Rizhsky et al. 2002; Davletova et
al. 2005; Rosa et al. 2010). In our previous study, the SOD
enzymatic activity was increased in APx1/2s transgenic plants
compared to NT plants (Rosa et al. 2010). In addition, we
found that activity of the Cu/Zn SOD isoform is increased in
silenced plants (Carvalho, unpublished results). Silencing of
the cytosolic APX isoforms in rice plants caused hydrogen
peroxide accumulation and activated the antioxidant defence
system. The consistent induction of SOD, peroxiredoxin and
GST is likely a consequence of antioxidative responses to the
oxidative stress induced in these plants. We have previously
shown that the compensatory antioxidative mechanism of the
APx1/2s plants is associated with increased expression of
OsGpx, OsCatA, OsCatB and guaiacol peroxidase (GPOD; type
III peroxidases), suggesting that the deficiency in cytosolic
APXs is effectively compensated for by up-regulation of other
peroxidases and antioxidant enzymes (Bonifacio et al. 2011).
Glutathione-S-transferase (GST), which is related to oxida-
tive stress, is also up-regulated in APx1/2s plants. The GSTs
are a large group of enzymes that evolved to fulfill diverse
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functions. They catalyse the S-conjugation of reactive com-
pounds with glutathione, such as removal of lipid peroxides
produced by lipid peroxidation (Foyer & Noctor 2009). GST
is an antioxidative protein, and its expression is strongly
enhanced by abiotic and biotic stresses (Dixon ef al. 2002).
GST expression is altered in response to hydrogen peroxide
stress (Desikan et al. 2001; Sharkey et al. 2007; Koussevitzky
et al. 2008), even in Arabidopsis suspension cultures (Desikan
et al. 2000).

To further investigate other pathways related to ROS, fur-
ther analyses using RT-qPCR were performed. Six genes that
participate in ROS signalling, production and detoxification,
including IMMUTANS (IM), NADPH oxidase (RbohD) and
monodehydroascorbate reductase (MDAR), were selected for
this study. The expression of these genes was analysed in the
APx1/2s knockdown plants and compared with NT plants
(Fig. 4).

The IM gene encodes a chloroplastic alternative oxidase
protein. This enzyme has quinol oxidase activity and appears
to divert electrons flowing from photosystem II to photosys-
tem I at the plastoquinone pool, using these to reduce O,
into water (Rizhsky ef al. 2002). In our analysis, IM was
found to be significantly repressed in APx1/2s plants (Fig. 4).
The level of transcripts encoding IM was specifically induced
in double APX and CAT antisense tobacco plants, APX anti-
sense plants and CAT antisense plants, as well as in NT
plants growing in high light, suggesting a role for IM in pre-
venting ROS-related damage during high light stress in plants
(Rizhsky et al. 2002). However, IM transcript abundance was

Ribeiro, Carvalho, Rosa et al.

measured under various abiotic stresses, such as hydrogen
peroxide, ozone, UV light, cold and mannitol, as well as hor-
mones such as abscisic acid and salicylic acid, and IM tran-
scripts remained at control levels (Rosso et al. 2006).
Arabidopsis plants lacking IM have enhanced photosynthesis
and increased Rubisco activity, perhaps to maximise the
growth and reproductive fitness of im plants, as they exhibit
a variegated phenotype (Aluru et al. 2007). Thus, IM may
function to keep the PQ pool oxidised during chloroplast
biogenesis and help assemble the photosynthetic apparatus.
In our study, we found that the IM gene was repressed in
APx1/2s plants. It is possible that in the APx1/2s plants,
repression of the IM gene would allow higher activity of pro-
teins belonging to PSI and PSII, in agreement with our prote-
omics analysis (Table 1).

An NADPH oxidase (Rboh, for respiratory burst oxidase
homologue; RbohD) was also repressed in APx1/2s plants.
The NADPH oxidase is an integral plasma membrane enzyme
that oxidises cytosolic NADPH, transferring an electron
across the membrane to generate superoxide in the cell wall.
This superoxide can be rapidly dismutated to hydrogen per-
oxide, which is thought to diffuse back into the cell, provid-
ing a possible cytosolic regulator (Swanson & Gilroy 2010).
Several studies have shown that RbohD is responsible for
hydrogen peroxide production, as it is induced in response
to different treatments, such as after cryptogein treatment of
tobacco leaves (Lherminier ef al. 2009), bacterial infection
(Lina et al. 2010), in the guard cells of ozone-fumigated Ara-
bidopsis leaves (Joo et al. 2005) and with salt treatment

A M B RbohD c MDAR1
3 3. 35+
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25 25l [ 34 ]
3 24 2.5
1.5 1.5-l l “1 l
1 } 154
1| 14
) ! - B
0 04 : ) 04 :
NT APx1/2s NT APx1/2s NT APx1/2s
D MDAR2 E MDAR3 F MDARS
4 51 3
45-
3-2' 4 I 254 l
3.5 )
254 3 # 1
24 254 1.5
2_
15
1.5 Ly
1 1.
o +—=— ]

T 1 O
NT APx1/2s NT

' _—u 0
APx1/2s NT APx1/2s

Fig. 4. Expression of the genes related to ROS. Relative expression levels were analyzed by quantitative real time PCR using leaves from NT and knock-
down plants. The graphs shows the expression of (a) IMMUTANS [TIGR:LOC_0s04g57320]; (b) NADPHoxi (RbohD) [TIGR:LOC_Os11g33120]; (c) Monode-
hydroascorbate Reductase 1 [TIGR:LOC_0s09g39380; (d) Monodehydroascorbate Reductase 2 [TIGR:LOC_0s08g44340]; (e) Monodehydroascorbate
Reductase 3 [TIGR:LOC_0s02g47800]; and (f) Monodehydroascorbate Reductase 5 [TIGR:LOC_0s08g05570].
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(Achard et al. 2008). The silencing of cytosolic APX isoforms
in rice plants caused changes in expression of the RbohD
gene, which disrupts ROS homeostasis. It was also suggested
that Rboh proteins function as positive amplifiers by enhanc-
ing the ROS signal generated during stress and maintaining
this signal in an active state for a longer period of time
(Mittler et al. 2004).

The monodehydroascorbate reductase family was analysed
in the cytosolic APX-knockdown plants. OsMDAR4 gene
expression was not detected in our RT-qPCR experiments.
The other members of this family were also analysed. In
APx1/2s plants, all MDAR members were repressed. As a
result, we observed a decrease in the hydrogen peroxide
detoxification pathway in APx1/2s-knockdown plants.

Differentially expressed genes associated with other functions

Others genes classified in different molecular function groups
were also modulated. Some of these genes should be high-
lighted, such as the terpene synthases, which are key enzymes
responsible for biosynthesis of the complex chemical defence
arsenal (i.e. terpenes) of plants and microorganisms (Green-
hagen et al. 2006; Kampranis et al. 2007). Another example is
malate dehydrogenase (MDH), which catalyses the intercon-
version of malate to oxaloacetate (Chapman et al. 1999), cou-
pled to reduction or oxidation of the NAD pool. This
enzyme participates in the citric acid cycle and gluconeogene-
sis (Tomaz et al. 2010) and has a crucial role in plant metab-
olism. MDH induction in response to stress (Becker et al.
2006; Bohler et al. 2007) and herbicides (Ahsan et al. 2008)
has been shown in different plants species. Another enzyme
involved in carbohydrate metabolism, 6-phosphogluconate
dehydrogenase (6PGD), which promotes the decarboxylating
reduction of 6-phosphogluconate into ribulose 5-phosphate
in the presence of NADP (Broedel & Wolf 1990), was also
found to be induced in the microarray analysis. The induc-
tion of NADP-MDH and 6PGD suggests that glucose catabo-
lism could partly be due to required energy and reducing
power for repair of damage caused by oxidative molecules. A
carbohydrate transporter identified in the microarray analysis
had reduced expression in comparison with NT plants, indi-
cating that the carbohydrate metabolic process was affected
in APx1/2s knockdown plants.

Four distinct transcription factors that are related to
stress and plant development had increased expression in
the APx1/2s plants: Zn finger A20/AN1, no apical meristem
(NAM) protein, basic helix-loop-helix (bHLH) and a GRAS
family transcription factor. The fact that genes encoding
transcription factors were induced by hydrogen peroxide
accumulation in APx1/2s knockdown plants might suggest
that these transcription factors mediate further downstream
hydrogen peroxide responses and that several other genes
are likely to be induced at later times. Indeed, transcription
factors have been reported to be rapidly induced during

Achard P., Cheng H., De Grauwe L., Decat J., Scho-

utteten H., Moritz T., Van Straeten Der D., Peng
Harberd N.P. (2006) Integration of plant
responses to environmentally activated phytohor-
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