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The chemical identity of the reactive oxygen species (ROS) and its subcellular origin will leave a specific imprint on the
transcriptome response. In order to facilitate the appreciation of ROS signaling, we developed a tool that is tuned to qualify
this imprint. Transcriptome data from experiments in Arabidopsis (Arabidopsis thaliana) for which the ROS type and organelle
origin are known were compiled into indices and made accessible by a Web-based interface called ROSMETER. The ROSMETER
algorithm uses a vector-based algorithm to portray the ROS signature for a given transcriptome. The ROSMETER platform was
applied to identify the ROS signatures profiles in transcriptomes of senescing plants and of those exposed to abiotic and biotic
stresses. An unexpected highly significant ROS transcriptome signature of mitochondrial stress was detected during the early
presymptomatic stages of leaf senescence, which was accompanied by the specific oxidation of mitochondria-targeted redox-
sensitive green fluorescent protein probe. The ROSMETER analysis of diverse stresses revealed both commonalties and
prominent differences between various abiotic stress conditions, such as salt, cold, ultraviolet light, drought, heat, and
pathogens. Interestingly, early responses to the various abiotic stresses clustered together, independent of later responses,
and exhibited negative correlations to several ROS indices. In general, the ROS transcriptome signature of abiotic stresses
showed limited correlation to a few indices, while biotic stresses showed broad correlation with multiple indices. The
ROSMETER platform can assist in formulating hypotheses to delineate the role of ROS in plant acclimation to environmental

stress conditions and to elucidate the molecular mechanisms of the oxidative stress response in plants.

During the normal course of plant development and
during stress, reactive oxygen species (ROS) production
may occur in diverse subcellular compartments, includ-
ing membranes, chloroplasts, mitochondria, peroxisomes,
and cytoplasm. In the light, plastids are a major source of
ROS, but in the dark, or in nongreen tissues, the mito-
chondria are major source of ROS (Rhoads et al., 2006).
One electron transfer to oxygen will create the superoxide
anion, O, . Superoxide anions are generated in multiple
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ways and at different sites. For example, one source is
the respiratory burst oxidases multigene family (Rboh;
NADPH oxidases) localized to the plasmalemma (Sagi
and Fluhr, 2006) that can be internalized on vesicles
(Leshem et al., 2006; Ashtamker et al., 2007). The pro-
duction of O,”, possibly by xanthine oxidase in the
peroxisome or peroxisome membrane proteins, has also
been demonstrated (Nyathi and Baker, 2006). Other
sites of superoxide production are in PSI by the pho-
toreduction of oxygen (Asada, 2006) and in complexes I
and III of the mitochondrial electron transport chain
(Meller, 2001; Rhoads et al., 2006). The charged super-
oxides can spontaneously or catalyzed by superoxide
dismutase (SOD) be dismutated to oxygen and hydro-
gen peroxide (H,O,). H,O, can also be formed by
photorespiration in the peroxisome as a by-product of
glycolate oxidation and during the metabolism of ure-
ides (Corpas et al., 2001). H,0O, will react with the sol-
uble ferrous iron in a Fenton reaction to produce the
hydroxyl radical OH- (Halliwell and Gutteridge 2007).
Singlet oxygen 'O, can be generated photodynamically
in PSII in the light through energy transfer from
photoactivated pigments such as chlorophyll, through
the activity of peroxidases, or by the decomposition of
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membrane hydroperoxides formed by other ROS
(Miyamoto et al., 2007).

ROS play a role in cell death and in cellular signaling
(Wagner et al., 2004, Foyer and Noctor, 2005; Mittler
et al., 2011; Suzuki et al., 2012). While high ROS con-
centrations are harmful to essential biological processes,
sublethal doses of ROS act as secondary messengers that
can be sensed by specific redox-sensitive proteins re-
sponsible for the activation of a signal transduction
culminating in altered gene expression. Different ROS
have different activities (Halliwell and Gutteridge, 2007)
and hence elicit different protein modifications, which
might be manifested in eliciting different gene expres-
sion (Meller and Sweetlove, 2010). Moreover, the sub-
cellular site in which the modification in ROS/oxidation
state occurs can also serve as a specific signal of a cel-
lular redox network (Foyer and Noctor, 2003; Meller
and Sweetlove, 2010; Konig et al., 2012).

To assess the specificity of ROS-driven transcript ex-
pression, Gadjev et al. (2006) compared transcriptome
data generated from ROS-related microarray experiments
in which the specific identity of the ROS and its subcel-
lular site of production were known. A set of general
oxidative ROS-related genes was identified. More im-
portantly, sets of genes that were highly induced in re-
sponse to H,O,, superoxide, or singlet oxygen emanating
from a specific organelles were also identified. By ex-
amining the expression of these ROS-related genes in
mutant plants and during senescence, it was possible to
identify the involvement of ROS in signaling (Jing et al.,
2008; Rosenwasser et al., 2011). However, a simplified
platform is desirable that will take into consideration
both up- and down-regulated genes and, in a compar-
ative manner, identify ROS footprints. In this manner,
the chemical identity and subcellular production of the
ROS can be discerned using a more rigorous statistical
analysis. A bioinformatic tool, ROSMETER, was de-
veloped to provide an organelle/type-dependent ROS-
related transcriptomic signature. It integrates diverse,
large-scale data sets of ROS-induced genes into a
framework that predicts and describes the specificity of
ROS transcriptomic signature. We corroborated the
ROSMETER predictions by an analysis of additional
transcriptome data for which ROS measurements were
available. In addition, we apply ROSMETER to analyze
various environmental states, leading to novel hypotheses.

RESULTS
The ROSMETER Platform

To assess the appearance of the ROS-related tran-
scriptomic signature in a given large-scale gene ex-
pression data set, we first compiled a set of indices,
each composed of a list of significantly changed genes
that represent a specific ROS type or ROS emanating
from a specific organelle. This approach, in which
large gene expression profiles are compared with a set
of genes extracted from a whole gene list, representing
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a specific biological response, is less susceptible to ex-
perimental noise in comparison with common cluster-
ing methods in which all the array is compared (Sasaki
et al., 2011).

The indices were compiled from transcriptome data
of defined mutations or of direct chemical applications
that lead to increases in ROS production. Each of the
selected experiments has the advantage of ROS accu-
mulation thought to originate in a specific organelle,
and in most cases the specific ROS type is known
(Supplemental Table S1). The indices include the fol-
lowing: (1) accumulation of H,O, in the cytoplasm in
plants mutated in cytosolic ascorbate peroxidase ex-
posed to high light (KO-APX1 + HL; Davletova et al.,
2005a); (2) apoplastic multiple ROS, the result of ozone
treatment (A. Shirras http:/ /affymetrix.arabidopsis.info/
narrays/experimentpage.pl?experimentid=26); (3) pro-
duction of singlet oxygen in the flu mutant in chloroplasts
due to the accumulation of photodynamic chlorophyll
precursors (op den Camp et al., 2003); (4) direct applica-
tion of 20 mm H,O, to Arabidopsis (Arabidopsis thaliana)
seedlings (Davletova et al., 2005b); (5) oxidative stress
brought on by a mutation in mitochondrial alternative
oxidase that is exposed to mild light and drought stress
(TDNA-AOX1a-MLD; Giraud et al., 2008); (6) down-
regulation by antisense AOX1a (AS-AOX1; Umbach
et al., 2005); (7) oxidative stress brought on by the appli-
cation of rotenone, an inhibitor of mitochondrial complex I
(Garmier et al., 2008); (8) accumulation of H,O, in the
peroxisomes in cafalase? mutants exposed to high light
(CAT2HP1 + HL; Vanderauwera et al., 2005); (9) treat-
ment with 3-aminotriazole (AT), a catalase inhibitor spray,
which lead to increasing H,O, in peroxisome (Gechev
et al., 2005); (10) production of superoxide in chloroplasts
lacking chloroplastic superoxide dismutase (KD-SOD;
Rizhsky et al., 2003); (11) superoxide formation in the
chloroplast and mitochondria after application of methyl
viologen (MV; Kilian et al., 2007). For each experiment,
signal intensities were normalized and compared in fold
change-transformed values relative to the control sample
(e.g. the wild type or mock treatment). Additionally,
statistical significance (P values) based on a two-tailed
Student'’s t test was calculated for each gene. Statistically
significant (P < 0.05) most changed (induced or re-
pressed) transcripts were extracted from each of the
above ROS-related experiments and used to define the
indices of ROSMETER.

The similarity between the transcripts in the indices
and data of interest is established by using vector-
based correlation, which is thoroughly described by
Kuruvilla et al. (2002). In accordance with the vector-
based correlation, each microarray experiment is rep-
resented by a high-dimensional vector in which each
gene is of different dimension. The similarity between
the vector of the experiment and the indices was as-
sessed by comparing the cosine of the angle between
the vectors (Kuruvilla et al., 2002), which is essentially
analogous to the Pearson correlation coefficient. Due to
the stringent statistical requirement, some compari-
sons may yield low numbers of genes; therefore, only
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correlation values generated from the comparison of at
least 45 genes are presented. Complete correlation is
indicated by the numeral 1, and the highest possible
negative correlation is indicated by the numeral —1.
The numeral 0 indicates no correlation. Finally, the
results are summarized in a table that includes for each
comparison the correlation values and the number of
genes that participated. The correlation data are then
illustrated by a heat map in which red presents posi-
tive correlation, green presents negative correlation,
and black stands for no correlation. The experiments
examined are clustered by nearest neighbor correla-
tion. This approach was recently adopted for discern-
ing between hormone-related transcription signatures
in Arabidopsis (Volodarsky et al., 2009).

In addition to the ROS signature analysis, ROSMETER
also returns to the user lists of genes that partici-
pated in each correlation analysis and, therefore,
enables downstream functional analysis. Users can
analyze their own transcriptome data by accessing
the ROSMETER Web-based site http:/ /app.agri.gov.il/
noa/ROSMETER.php.

Discerning Footprints of ROS-Related Experiments

To obtain a global viewpoint about the specificity of
the different ROS indices, ROSMETER was applied to the
indexed transcriptomes themselves. The ROS indices are
shown on the abscissa (x axis), and the microarray ex-
periments are shown on the ordinate (y axis; Fig. 1). The
positions of the indices on the abscissa are determined
by clustergram of nearest neighbor correlation. Subse-
quently, in this figure, the indices were compared with
their own transcriptomes and with the transcriptomes
of the other indices. The order at the y axis is arranged
according to the order of the indices on the x axis (Fig. 1;
for correlation values, see Supplemental Table S2).

The analysis revealed seven distinct nearest neighbor
clusters that can be grouped, by and large, according
to the type of organelle stress. Cluster A includes the
knockout of cytoplasmic ascorbate peroxidase (KO-APX1)
experiments, which are thought to represent cytoplas-
mic H,O,. This cluster shows the highest degree of self-
correlation. Cluster B is a mix of H,O,, flu (0.5, 1, and
2 h), and ozone experiments. Interestingly, the later time
point of flu (2 h) is more similar to H,0, and ozone than
to flu 30 min, suggesting that the early time point of the
flu experiment represent a unique response to singlet
oxygen while the later time points might represent less
specific ROS responses, possibly due to oxidative dam-
age. Cluster C consists of rotenone treatments (3 and 12 h)
and of mild light and drought stress applied to the al-
ternative oxidase knockout (TDNA-AOXI1-MLD). Both
experiments are associated with a mitochondrial stress
but have not been shown to directly generate ROS.
Cluster D comprises AT, an inhibitor of catalase and of
Catalase2-deficient plants (CAT2HP1) exposed to high
light for 3 and 8 h (CAT2HP3h and CAT2HP8h). CAT2
is a part of peroxisome ROS detoxification. The fact that
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AT treatment is correlated with CAT2HP3h and
CAT2HP8h gene expression indicates that this cluster
can represent peroxisome stress.

Clusters E and F consist of the MV late (3-24 h) and
early (0.5 and 1 h) time points, respectively, and cluster F
also contains KD-SOD. The late MV time points (3—24 h)
tend to show more cross reactivity with other ROS, par-
ticularly H,O,, and may indicate secondary stress effects.
The earliest time points of MV and KD-SOD may indicate
an overproduction of superoxide in the chloroplast.
Interestingly, cluster G includes the indices of CAT2,
TDNA-AOX1, and AS-AOX1. This cluster comprises
transcriptome data from plants that are mutated in
essential antioxidant enzymes that were not exposed to
any stress conditions. The observation that these in-
dices exhibit negative correlations, instead of simply
no correlation with most of the data in Figure 1, may
indicate that in such mutant plants a compensatory
scavenging mechanism has been activated.

If ROS responses were well defined and restricted,
one would have expected a strict correlation value of
1 mainly along the diagonal. However, inspection of
Figure 1 reveals a much more complicated picture. For
example, the indices of ozone, flu, and H,0, were par-
ticularly promiscuous and share responses with MV,
CAT2HP, AT, and also with rotenone treatment of 12 h
and to some degree with KO-APX1 exposed to light.
Furthermore, these indices show negative correlation
with AS-AOXI1. In addition, the indices of 12-h MV,
CAT2HPS8h, and AT show correlations with ozone, flu,
and H,0O, experiments. In summary, the global view of
transcriptome analysis through the ROSMETER tool, as
reflected in the indices of different ROS types and cel-
lular sources, portrays specificity and its limits.

Examination of ROSMETER Predictions Using
Experiments in Which the Source or Type of
Oxidative Stress Is Known

In order to assess the range of correlation values that
have biological meaning, we estimated both the lowest
correlation values that need to be considered as well as
values that are expected to be significant. For the lower
end of the estimate, data were randomized and ana-
lyzed for correlation to the ROSMETER indices. In this
case, we expect a correlation value of 0. The expression
data of flu 2 h, which shows a strong transcription
response in terms of the number of transcripts that
changed, was randomized and the result compared
with the indices. The resultant average correlation
score to all the indices was near zero (average = 0.03,
o = 0.026). Thus, if correlation values of a particular
experiment are distributed normally, values beyond
3.29060 sp (i.e. 0.09) have only a 0.1% chance of being
random. Thus, only values below —0.13 or above 0.13
need be considered (Volodarsky et al., 2009).

ROSMETER was first evaluated by queries of tran-
scriptome data from experiments with predictable re-
sults. Thus, data involving rotenone application for 3 h
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Figure 1. Correlations between ROS indices and the ROS-related microarray data that were used to build the indices. The ROS
indices are listed on the abscissa and are clustered by nearest neighbor correlation, and the ROS experiments are shown on the
ordinate. The color-coded results of correlations for each index are shown as a heat map. Correlation values are between
1 (complete positive correlation; red) and —1 (highest negative correlation; green), where 0 indicates no correlation (black). The
experiments are listed in Supplemental Table S1, and the numerical values of the correlation are given in Supplemental Table

S2. [See online article for color version of this figure.]

(40 um) that were not used in the ROSMETER indices
were analyzed (Clifton et al., 2005; Fig. 2A; Supplemental
Table S3). In this case, the highest correlation, as ex-
pected, was to rotenone 3 h and somewhat less to rote-
none 12 h (above 0.45 and 0.39, respectively). Oligomycin
is a proton channel blocker, inhibiting mitochondrial
electron transport by blocking ATP synthase activity
(Schwarzlander et al., 2012). Analysis of transcriptome
data following this treatment can be seen to correlate
with multiple indices (Fig. 2A). However, significant
correlations are, as expected, with mitochondrial func-
tions (i.e. rotenone [0.48] and TDNA-AOX1-MLD [0.38]).
The data also show correlation with MV 6 h, which is
expected, as rotenone and MV 6 h show a degree of
overlap (Fig. 1). These examples demonstrate the ability
of ROSMETER analysis to identify cellular transcription
responses to specific ROS stress and suggest that cor-
relation values above 0.4 can be considered as significant
correlation values providing biological insights.
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To further attach significance to the correlation scores
made by ROSMETER, we examined data from experi-
ments in which the ROS identity or ROS/redox changes
have been demonstrated. The treatment of root tissue
with menadione was shown to induce a rapid oxidation
of the redox-sensitive GFP (roGFP) probe in multiple
cellular compartments (Lehmann et al., 2009). Analysis
by ROSMETER shows rapid and transient correlation
with early KO-APX1 indices and a strong correlation
with late flu 2 h (average of 0.67 for 3 time points),
ozone (average of 0.52), H,O, (average of 0.69), and MV
12 h (average of 0.72) and a weaker correlation to ro-
tenone indices (Fig. 2A; Supplemental Table S3). Hence,
ROSMETER analysis shows that application of mena-
dione leads to the formation of a pervasive ROS signal
that is consistent with the reported change in oxidation
state in the cytoplasm, chloroplast, and mitochondria.

Another example is in the case of the variegated (var)
mutant. This mutant develops variegated green and

Plant Physiol. Vol. 163, 2013
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Figure 2. ROSMETER analysis of gene expression of oligomycin, rotenone, and menadione (A), green and white sectors of the
variegated mutant var2 (B), root development (C), and AAL toxin (D). The correlation values between the transcriptome data
and ROS indices are shown as a color-coded heat map as described in Figure 1. The ROS indices are shown on the abscissa.
Expression data for rotenone, oligomycin treatments, and AAL toxin were obtained from Clifton et al. (2005), Schwarzlander
et al. (2012), and Gechev et al. (2004), respectively; expression data for var2 and root development were downloaded from
GEO data sets (http://www.ncbi.nlm.nih.gov/gds/). Expression values in the var2 mutant either in the green or white sector were
normalized to wild-type plants. Variegated W and variegated G are white and green sectors, respectively, of var2 (AT2G30950).
For root development, data of the wild-type meristematic zone (M) were normalized to the wild-type elongation zone (E). [See

online article for color version of this figure.]

white sectors during development, and nitroblue tet-
razolium (NBT) staining representing superoxides, ac-
cumulated in the green tissue of the var mutant well above
the wild-type levels, while no NBT staining was detected
in the white sectors (Miura et al., 2010). ROSMETER
analysis of the transcriptome data revealed in the green
tissue a high correlation to MV-related signals (greater
than 0.4; Fig. 2B, variegated G; Supplemental Table S3),
consistent with the excess staining observed for super-
oxide. However, in the white sectors, the correlation
was to mitochondrial and peroxisomal stress (Fig. 2B,
variegated W; Supplemental Table S3; i.e. rotenone,
TDNA-AOX-MLD, and AT). The correlations with ro-
tenone and TDNA-AOX-MLD may indicate that white
sectors are more reliant on mitochondrial functions. In
addition, white tissue shows correlation to MV 12 h,
and as noted above, the MV 12-h index shows addi-
tional components of general H,0O, stress (Fig. 1).

The predictive value of using ROSMETER can also
be ascertained from an experiment where changes in

Plant Physiol. Vol. 163, 2013

ROS type have been shown to be correlated with the
transition from proliferation to differentiation in roots
(Tsukagoshi et al., 2010). Superoxide as measured by
NBT was shown to accumulate in the meristematic
zone, containing actively dividing cells, whereas H,O,
accumulated in the elongation zone, as determined by
dihydroethidium. The expression data of the meriste-
matic zone of wild-type plants was normalized to that
from the elongation zone, and the data were analyzed
by ROSMETER (Fig. 2C; Supplemental Table S3). In
accordance with the increase in superoxide level in the
meristematic zone, ROSMETER yielded positive cor-
relations for superoxide-related signatures (0.46 for
MYV 30 min, 0.39 for MV 1 h, and 0.34 for KD-SOD).
Increased H,O, level and, consequently, activation
of programmed cell death have been demonstrated in
Arabidopsis plants mutated in ceramid synthase LAG
One Homolog2 (LOH2) and treated with Alternaria
Alternata (AAL) fungal toxin (Gechev et al., 2004). The
ROSMETER analysis was performed on the expression
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data of AAL toxin-induced cell death 7 and 24 h post
toxin application. In accordance with increased H,O,
level as measured by 3,3’-diaminobenzidine staining,
we found positive correlation to indices representing
the overproduction of H,O, in cytoplasm (KO-APX),
peroxisome (AT), and external application of H,O,
(Fig. 2D; Supplemental Table S3). Positive correlations
were also found to indices of the flu mutant. Thus,
gene expression profiles from experiments in which
the type and origin of ROS have been established help
to calibrate the correlation values computed by ROSMETER
and data of ROS or roGFP corroborate the predictive
capability of ROSMETER.

Analysis of Dark-Induced and Developmental Senescence
in Leaves

Recent analysis of data from darkened detached ro-
settes showed elevation of the mitochondria-related ROS
transcriptome (Rosenwasser et al., 2011; Fig. 3A). Here,
we extend this analysis to darkened detached leaves and
to darkened attached leaves (van der Graaff et al., 2006;
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Fig. 3A; Supplemental Table S4). As shown, in all dark-
induced systems, there were high correlations to rote-
none and TDNA-AOX1-MLD (i.e. mitochondrial stress).

A high-resolution time-course profile of gene expression
during development of a single leaf (19-39 d after sowing
[DAS]) and grown in a 16/8-h light/dark cycle was re-
cently compiled (Breeze et al., 2011). Analysis of the data
by the ROSMETER platform shows neutral correlation
with all the ROS indices on day 21 (Fig. 3B; Supplemental
Table 54). Remarkably, from day 23 on, high correlation
values were observed, particularly to mitochondria-related
ROS footprints (rotenone and TDNA-AOXI-MLD). Inter-
estingly, on this day, plants commenced to bolt and the
leaves reached a state of full expansion. However, the
overt visual sign of senescence (i.e. yellowing at the tip of
the leaves) was observed only around 31 DAS (Breeze
et al,, 2011). This analysis suggests a role of mitochondria
stress at early presymptomatic stages of leaf senescence.
Interestingly, negative correlation values to the MV (early
response) footprints were found starting at day 25; how-
ever, such chloroplast-dependent footprints were by and
large absent in dark-induced senescence.
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Figure 3. ROSMETER analysis of developmental and dark-induced senescence transcriptomes. A, Dark-induced senescence.
The transcriptomes of dark detached rosette (DR) from Rosenwasser et al. (2011) were compared with those of darkened at-
tached leaf (DAL) or darkened detached leaf (DDL) obtained from van der Graaff et al. (2006). B, Developmental senescence.
The microarray data set of leaf development from 19 to 39 DAS is from Breeze et al. (2011). The averaged data of each day were
analyzed. [See online article for color version of this figure.]

1076

Plant Physiol. Vol. 163, 2013


http://www.plantphysiol.org/cgi/content/full/pp.113.218206/DC1
http://www.plantphysiol.org/cgi/content/full/pp.113.218206/DC1
http://www.plantphysiol.org/cgi/content/full/pp.113.218206/DC1
http://www.plantphysiol.org/cgi/content/full/pp.113.218206/DC1

In order to assess if the redox state of cells undergoing
senescence reflects that portrayed by ROSMETER anal-
ysis, we followed the subcellular changes in roGFP oxi-
dation. The fluorescence of the roGFP probe reflects the
local glutathione redox potential (Meyer et al., 2007).
Measurements were carried out in Arabidopsis trans-
genic lines, in which the probe was localized to mito-
chondria (mit-roGFP2), plastids (pla-roGFP2), cytoplasm
(cyt-GRX1-roGFP2), or peroxisomes (per-GRX1-roGFP2).
The degree of probe oxidation in mitochondria reporter
lines (mit-roGFP2) showed an increase following 32 DAS
that was maintained at high levels (Fig. 4). In contrast,
the peroxisomal reporter lines showed an initial increase
at this time that was followed by a decrease to the initial
levels 12 d later (Fig. 4). In this experiment, bolting
started 32 DAS; hence, the increase in mitochondria
oxidation was correlated with bolting. Note that the
degree of roGFP oxidation in plastids or mitochondria
is similar to the values reported by us previously
(Rosenwasser et al., 2011) but higher than the values
reported by Schwarzldander et al. (2008). It is possible
that the lower basal redox state of the roGFP, observed
by others, is due to the use of younger plants and
lower light intensity used for their growth. In all, these
results are consistent with the mitochondrial stress
footprint displayed by ROSMETER.

Analysis of ROS Signatures in Abiotic Stresses
Using ROSMETER

Increased levels of ROS have been suggested to have
dual roles during abiotic stresses, both as a signal for
mounting protective functions and as an agent causing
oxidative damage (Suzuki et al., 2012). It was of interest
to compare the ROS signatures of several stresses using
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Figure 4. Changes in the degree of oxidation of roGFP in various
cellular compartments during developmental senescence. The degree
of roGFP oxidation in transgenic Arabidopsis lines expressing roGFP2
in plastids, mitochondria cytoplasm, and peroxisomes was determined
following measurements of fluorescence at 515 nm resulting from
excitation at 400 or 485 nm using a fluorometer as described in
“Materials and Methods.”
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ROSMETER. The AtGenExpress global stress data set
consists of transcriptomic data generated by the Affy-
metrix ATH1 platform of hydroponically grown Arabi-
dopsis plants subjected to different environmental
stresses. These include UV-B (15 min, 1.18 W m?),
drought (10% weight loss in air for 15 min and then
recovery), heat (3 h at 38°C and then recovery), cold
(4°C for the indicated times), salt (150 mm for the indi-
cated times), and high osmolarity (300 mm mannitol for
the indicated times; Kilian et al., 2007). The data were
analyzed using the ROSMETER platform as shown in
Figure 5 and Supplemental Table S5.

Strikingly, robust correlations corresponding to flu,
H,0,, ozone, and AT signatures and the MV 12-h in-
dices were obtained, but only neutral correlations were
seen with cytoplasm-based KO-APX1 (Fig. 5). Fur-
thermore, a bimodal response to stress can be observed
where the early responses (clusters G and F; Fig. 5)
clustered separately from the late responses of the
corresponding stresses. Hence, cluster F of salt treat-
ment (30 min and 1 h) exhibits low correlations to the
indices, except to MV 3 h and negative correlation to
TDNA-AOX1 and MV 30 min. Cluster G contains the
early responses to cold (30 min), drought (15 min), and
heat (15 and 30 min), and interestingly, the response
negatively correlated with the indices of general ROS
(H,O, or ozone) and flu. However, other early treat-
ments (e.g. UV-B at 15 min or osmotic stress) clearly
stimulated correlations with multiple ROS responses.

In general, it is evident that the abiotic stress ex-
periments showed positive correlations to the various
indices and that clustering was generally according to
the nature of the stress. Clusters A and B, containing
mainly the data of drought responses, show high
correlations by and large to late MV, AT, and indices
of general ROS. Heat stress from 1 and 3 h shows a
distinctive signature of peroxisomal H,O, production
that persisted during recovery of 1 to 9 h (cluster C)
but nearly disappeared at 21 h. For the late time points
of UV stress (cluster D; 3, 6, and 12 h and 30 min), high
correlations were found especially to ozone, AT, and
MYV 12-h indices. Cluster E includes cold (3, 6, 12, and
24 h), salt (3, 6, 12, and 24 h), and the response to
change in osmolarity (6, 12, and 24 h). It is character-
ized by relatively lower correlations to the indices,
indicating less of a ROS response under the experimental
conditions used. Interestingly, the early time points of
osmotic stress were interspersed with drought and heat,
but the later time points of osmotic stress were more
similar to salt stress. In conclusion, the differences in ROS
transcriptomic signatures of the various abiotic stresses
suggest that each stress provides a unique response.

The AtGenExpress global stress also contains ex-
pression data generated from the roots of the stressed
plant. In order to compare the root and shoot responses,
we examined the ROS signatures in shoot versus root
following treatment with either heat or UV and recov-
ery from heat (Supplemental Fig. S1). Under UV stress,
where only the aerial parts of the plants were irradiated,
distinct ROS signatures were observed in the shoot and
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Figure 5. ROSMETER analysis of various abiotic stresses. The expression data of Arabidopsis plants exposed to various abiotic
stress conditions (Kilian et al., 2007) are from GEO data sets (http://www.ncbi.nlm.nih.gov/gds/). They include salt (GSE5623),
osmotic (GSE5622), cold (GSE5621), UV-B (GSE5626), heat (GSE5628), and drought (GSE5624) stresses. Only data from shoot
tissue were analyzed. For each experiment, fold change values were normalized to the control series (GSE5620). The indices are
listed on the abscissa, and the abiotic stress experiments are listed on the ordinate and clustered according to the similarity of
their profiles represented in clusters A to G. [See online article for color version of this figure.]

the roots. For example, in the shoots, the footprints of
flu, H,0,, ozone, and MV 12 h dominated, but those of
rotenone were found in roots, suggesting a different
kind of ROS-related transcriptome expression involved in
root versus shoot responses to UV illumination. In con-
trast, in heat stress, where the whole plant was exposed
to the treatment, ROS signatures of most time points
show similarity between roots and shoot (Supplemental
Fig. S1A). Thus, the analysis by the ROSMETER platform
indicates that the responses of two different tissues are
similar.

Analysis of ROS Signatures in Biotic Stresses
Using ROSMETER

ROS signaling pathways have been suggested to play
an important role in plant responses to biotic stresses
(Grant and Loake, 2000; Sagi and Fluhr, 2001). In an
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avirulent interaction, the recognition of a pathogen by
plant cells initiates a response that includes the pro-
duction of H,0,, leading eventually to cell death (Torres,
2010). The ROSMETER platform was applied to analyze
the available transcriptome data of Arabidopsis plants
exposed to the following pathogens: the fungal biotroph
Phytophthora infestans, the fungal necrotroph Botrytis
cinerea, and the bacterial biotroph Pseudormonas syringae
with and without avirulent factor (Fig. 6; Supplemental
Table S6).

Interestingly, the correlations of P. syringae (4 and
48 h; cluster A) and B. cinerea (18 h) and, to a lesser
degree, P. syringae (8, 16, and 24 h; cluster B) but not
P. infestans (cluster C) showed high correlations with
APX1-related indices. This is in contrast to the signa-
tures for abiotic stress data (Fig. 5). Furthermore, the
results of P. syringae (clusters A and B) show that as far
as the ROS signature is concerned, virulent and avir-
ulent strains yield similar correlations. This indicates
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that the major ROS signatures are not related to the
hypersensitive response. Generally, the analysis of the
response to the diverged pathogen types (necrotrophic
and biotrophic fungi and virulent and avirulent bac-
teria) yields very high correlation values between the
biotic stress expression data and several ROS indices
such as H,O,, ozone, AT, and flu related. High corre-
lations were also found to the mitochondrial indices,
but minimal correlations were found to MV indices
(except to MV 12 and 24 h). This suggests that the
plant response to pathogens involves mitochondrial
stress and other ROS but not stress caused by the pro-
duction of superoxide in chloroplasts.

DISCUSSION
Specificity in the ROS Response

In this study, we show how the ROSMETER platform
facilitates the characterization of ROS transcriptome sig-
natures. Its algorithm uses a rigorous comparative ap-
proach based on vector correlation that takes into account
the direction and size of all significant changes of tran-
script levels across the transcriptome (Volodarsky et al.,
2009). The ROSMETER tool is based on the assumption
that the subcellular source of the ROS and its distinct
chemical identity will determine the transcriptome sig-
nature. Indices were created for a set of experiments for
which the ROS type and its organelle location have been
defined. The indices show a robust degree of specific
correlation with their own transcriptome data (Fig. 1).
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Moreover, cluster analysis of the ROS indices revealed
that they cluster according to the subcellular localiza-
tion of ROS production (Fig. 1), and ROS transcriptomic
footprints have been identified for ROS in cytoplasm,
mitochondria, peroxisomes, and plastids. Hence, this
analysis supports the hypothesis that transcriptome
signatures can reflect ROS origin and type and is con-
sistent with the observation that each ROS is more
highly correlated to itself along the diagonal (Fig. 1).
However, a significant degree of cross correlation can
be observed that, in itself, is not unexpected. The cross
reactivity may be due to one or more of the following
reasons: spontaneous or enzymatic interconversion of
ROS, movement of ROS to a different location, collateral
general damage that induces further ROS, or parallel
pathways of gene activation. This makes it challenging
to associate a distinct response to a particular type or
ROS/organelle.

Interconversion of ROS is very common. For example,
hydroxyl radical and superoxides convert into H,O, via
the Fenton reaction and SOD, respectively (Halliwell
and Gutteridge, 2007). It is well established that super-
oxides spontaneously, or enzymatically, dismutate by
SOD to H,O,, and indeed, the RBOH class of NADPH
oxidases release superoxide that is readily detected as
H,0O, (Ashtamker et al., 2007). The charged superoxides
will not readily cross the membranes; however, H,O,
can readily diffuse via aquaporin to other cellular sites
(Bienert et al., 2007).

The singlet oxygen-like response is very notable in
many transcriptomes. It remains to be shown if singlet
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Figure 6. ROSMETER analysis of various biotic stresses. The expression data of Arabidopsis plants exposed to biotic stress
conditions were downloaded from GEO data sets (http://www.ncbi.nlm.nih.gov/gds/). They include P. infestans (GSE5616),
B. cinerea (GSE5684), and P. syringae (GSE5685). For each experiment, fold change values were normalized to the untreated
plants. The biotic stress experiments are listed on the ordinate, and the ROS indices are listed on the abscissa. Groups A to C
represent different clusters. [See online article for color version of this figure.]
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oxygen is a true intermediate. Singlet oxygen is short
lived, since it rapidly dissipates by interaction with
cellular components. Singlet oxygens, which are pro-
duced in the flu mutant upon the transition of the
mutant from darkness to light, are thought to be re-
leased within plastids (op den Camp et al., 2003).
However, singlet oxygen can rapidly convert to super-
oxide (Saito et al., 1981), and they can also interact with
cellular component membranes in type II-mediated
lipid peroxidation (Triantaphylides et al., 2008). In-
deed, fatty acid peroxidation was observed to occur in
the flu mutant (Przybyla et al., 2008). Thus, cellular re-
sponses that produce hydroxyl radical, singlet oxygen,
or superoxide could overlap. Indeed, although about 50
genes encoding putative transcription factors in the case
of flu were shown to be rapidly up-regulated upon the
generation of singlet oxygen, it is difficult to point to a
purely singlet oxygen-induced transcript (Kim et al.,
2008). It is possible that the difference in the response of
the flu mutant to early (0.5 and 1 h) and later (2 h) light
exposure, which clustered with H,0O, and ozone (Fig. 1,
cluster B), represents this scenario, where the early re-
sponse to singlet oxygen overproduction might be as-
sociated with singlet oxygen while the later response
might be associated with lipid peroxidation.

Cross reactivity was predominant in three disparate
ROS indices: flu, H,O,, and ozone. In addition, they
appear to be coregulated together by a multitude of
stresses of abiotic and biotic origin (Figs. 1, cluster B,
and 3-5). It is not clear if singlet oxygen is a common
intermediate, or if flu, H,0,, and ozone stresses con-
verge to impact on a common pathway. Within the in-
dices themselves, H,O, is an important source of singlet
oxygen and can disproportionate to singlet oxygen in the
presence of ions like Mo® or Ca** (Wahlen et al., 2005).
Ozone was shown to readily generate singlet oxygen
during interaction with the large amounts of ascorbate
that plant cells maintain (Kanofsky and Sima, 1995).
Thus, each of the indices can, in theory, generate singlet
oxygen, and the results of the ROSMETER analysis are
consistent with this possibility. However, only the ap-
plication of real-time visualization technology for singlet
oxygen can resolve the issue.

Another case of cross reactivity is apparent in the
MYV 12-h treatment, which shares high similarity to flu,
H,0O,, and ozone indices (Fig. 1). This time point is
exceptional, as superoxide produced by MV would
reach a peak in the 16-h-light/8-h-dark cycle in which
the plants were maintained (Kilian et al., 2007) and
that can be dismutated to H,O,. It is also possible that,
at this time point, the excess light via singlet oxygen
would lead to the depletion of carotenoids, which are
major scavenging compounds (Ramel et al., 2012). Thus,
either superoxides or singlet formation may be the rea-
son that the flu, H,0,, ozone, and MV 12-h indices tend
to participate in cross correlation (Fig. 1).

Nonetheless, several indices exhibit specific responses.
For example, rotenone treatment is correlated with that
of TDNA-AOXT exposed to mild light stress (Fig. 1) and
also to oligomycin, another inhibitor of mitochondrial
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metabolism (Fig. 2A). Rotenone inhibits the transfer of
electrons from iron-sulfur centers in complex I to ubig-
uinone, and that inhibition can produce ROS in animal
mitochondria (Li et al., 2003). Although in Arabidopsis,
rotenone treatment does not impact the mitochondrial
roGFP signal (Schwarzlander et al., 2009), it does sig-
nificantly reduce ascorbate levels (Millar et al., 2003)
without changing reduced glutathione levels (Garmier
et al., 2008). As roGFP equilibrates with reduced gluta-
thione (Meyer et al., 2007), no prominent change would
develop in roGFP; however, a specific mitochondrial
ROS footprint might develop.

Irrespective of the specificity of the indices, the output
of the ROSMETER tool was corroborated in several
cases by measurement of either ROS or roGFP oxida-
tion, as demonstrated for menadione (Lehmann et al,,
2009), the var mutant (Miura et al., 2010), AAL treatment
(Gechev et al., 2004), root meristem (Tsukagoshi et al.,
2010; Fig. 2), dark-induced senescence (Rosenwasser
et al., 2011; Fig. 3A), and developmental senescence
(Figs. 3B and 4).

Novel Insights Provided by ROSMETER Analysis

The ROSMETER platform analysis of consecutive days
during bolting and senescence showed a clear correlation
to the mitochondrial ROS footprint and a negative cor-
relation to the chloroplast ROS footprint (Fig. 3B). This
result was corroborated by the direct measurement of
roGFP oxidation in mitochondria (Fig. 4). Positive corre-
lations to mitochondrial stress were also found in dark-
induced senescence (Rosenwasser et al., 2011; Fig. 3A),
suggesting that developmental and induced senescence
yield similar ROS signatures. The dramatic increase
of both roGFP oxidation and the mitochondria-related
transcriptomic signature corresponds to bolting, and
this developmental step was shown previously to be
associated with an increase in H,O, from whole plants
(Miao et al., 2004). Hence, the use of the ROSMETER
platform has shown that mitochondrial oxidative stress
is an important signaling event during developmental
senescence.

ROSMETER also shows positive correlation to the
indices representing peroxisomal stress (AT treatment;
Fig. 3), but the correlation values to those indices were
lower than for the mitochondrial indices. Similarly, a
slight increase in roGFP oxidation was found in per-
oxisomes (Fig. 4). These results are in agreement with
the finding that H,O, levels and lipid peroxidation rate
increased significantly in peroxisomes during senescence
(del Rio et al., 1998). Taken together, it is suggested that
ROS stresses emanating from the mitochondria and
peroxisomes occur early during natural senescence.
Hence, mitochondria may play a central role as sub-
cellular sensors of senescence and trigger senescence-
activated genes.

In general, the ROSMETER analysis shows that the
indices of group B (Fig. 1; flu, H,0O,, and ozone) are acti-
vated in most of the stresses except in cold (624 h),
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osmotic (624 h), and salt treatments, further emphasizing
different pathways for abiotic stresses. ROSMETER anal-
ysis also shows that early times of stress responses (cold,
drought, and heat) clustered together, while the later
time responses tended to cluster according to the type
of stress (Fig. 5). This may suggest a bimodal response
to these stresses. Significant negative correlations were
found between early responses to heat, drought, and
cold and indices of the H,0,, ozone, and flu. However,
at later time points, drought stress exhibits major posi-
tive correlations with these indices in addition to those
of MV. Water deficiency may lead to the disruption of
photosynthesis, possibly by the overproduction of su-
peroxide ions at PSI by the Mehler reaction, which can
be further dismutated to H,O, by SOD. This is because,
under water stress, CO, availability is reduced, due to
stomata closure, leading to overreduction of the elec-
tron transport chain (Asada, 2006; Miller et al., 2010).
Singlet oxygen typical of a flu mutant can also be gen-
erated under water stress conditions at PSII by excited
triplet-state chlorophyll at the P680 reaction center and in
the light-harvesting complex when the electron transport
chain is overreduced (Asada, 2006; Miller et al., 2010).

Heat stress is characterized by the most unusual indi-
ces showing correlation to seemingly disparate indices,
flu, CAT2HP8h, and MV 12 h, that generally do not
group together. This is possible because heat can generate
two distinct signals correlating with different gene sets.
Indeed, only 11 of the selected genes overlapped with flu,
CAT2HP8h, and MV 12 h (Supplemental Table S7).
In comparison with abiotic stresses, the biotic stresses,
especially that of virulent and avirulent P. syringae,
yield correlations to most of the indices, including those
of ROS stress related to the cytoplasm (represented by
KO-APX1). This may be indicative of a massive and
prolonged ROS response. Curiously, little difference is
seen between virulent and avirulent responses as far
as the ROS signature is concerned. This indicates that
the hypersensitive response during avirulence does
not generate specific detectable ROS beyond that seen
in the virulent responses. Hence, the ROS signals seen
here are not involved in mediating the resistance re-
sponse or are masked by other major R gene-independent
ROS processes.

The insight gained by the ROSMETER analysis offers
a new portal for formulating hypotheses in ROS-related
research. The ROSMETER tool can be accessed through
http:/ /app.agri.gov.il/Noa/ROSMETER.php.

CONCLUSION

It is demonstrated that a newly developed bioinformatic
tool, ROSMETER, can discern between the responses of
different ROS types and their subcellular origins. This
tool can be used to characterize the ROS response of
various stresses and mutants for the purpose of for-
mulating new hypotheses related to the involvement of
ROS. In this study, this tool shows new insight into
senescence and biotic and abiotic stresses.
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MATERIALS AND METHODS
The ROSMETER Platform

ROS-related experiments used for ROSMETER and the details of the ex-
periments are described in Supplemental Table S1. Affymetrix CEL files were
downloaded from the following sites: (1) from the Gene Expression Omnibus
(GEO) databases, flu mutant (GSE10876), AS-AOX1 (GDS1532), ozone treat-
ment (GSE5722), H,O, treatment (GSE5530; http:/ /www .ncbi.nlm.nih.gov/
geo/); (2) from the ArrayExpress database, TDNA-AOX1 plants grown under
normal conditions or with moderate light and drought treatment (E-ATMX-32),
rotenone treatment (E-MEXP-1797), CAT2HP1 (E-MEXP-449; http://www.ebi.
ac.uk/microarray-as/ae/); (3) from The Arabidopsis Information Resource data-
base: AtGenExpress oxidative stress in response to MV treatment (http://
arabidopsis.org/servlets / TairObject?type=expression_set&id=1007966941). CEL
files of KD-SOD and KO-APX1 experiments were obtained from Gadjev et al.
(2006). Expression data (fold change and P values) of AT-treated plants were
obtained from Gechev et al. (2005).

All CEL files were normalized by robust multiarray average, and fold
change was calculated for all time points of all experiments using the average
expression values of the treatments/mutants relative to the control. Statistical
significance (P values) based on two-tailed Student’s t test was calculated per
each gene. CEL file processing and statistical analyses were done using the
ROBIN software (Lohse et al., 2010). In the case of flu mutant data, only one
replicate for each time point was available. In that case, the 1,000 genes that
show the highest fold change values were selected for indexing. Only genes
that appear in the Affymetrix ATH1 were included in the analysis. The con-
ditions of the treatments are summarized in Supplemental Table S1.

Gene response indices based on these ROS-related experiments were
compiled using the same methods used for building HORMONOMETER
(Volodarsky et al., 2009). Gene expression fold change values of different
treatments/mutants versus control samples were extracted from each of the
ROS-related experiments. A Perl script was used to extract from each exper-
iment a gene expression list composed of 1,000 highest absolute fold change
values that have P < 0.05. This constitutes the index of that particular ex-
periment. We limited the number of genes in each index to 1,000, since, in
general, the maximum number of detectable modified genes is less than 1,000
for most treatments. Moreover, by computing the average vector correlation
values using different size indices, Volodarsky et al. (2009) showed that the
values rapidly converged and hardly changed between index sizes of 500 and
1,000. Following the extraction of significantly changed transcripts, the script
extracts the fold change value for each transcript in the ROS indices and in the
examined gene expression data and uses an algebraic vector-based compari-
son to compare each index with the examined experiment. The resulting
correlation values are between —1 and 1. The closer the two vectors are, the
higher the result. Two opposite vectors will result in a correlation value of —1.
To avoid high correlation values resulting from small numbers of genes, only
correlation values generated from the comparison of at least 45 genes were
presented. The correlation values were represented as a heat map by using
MATLAB code.

ROSMETER can be accessed through user interface by submission of data in a
“comma separated values” file format that includes fold change and P values for
each gene in the transcriptome to be examined (detailed instructions can be
found on the Web site and in Supplemental Instruction S1). The user receives the
computed correlation ranks for each of the indices in a table and a clustergram
that arranges the experiments according to their similarity to each other in terms
of the ranks.

Microarray Data of Stress-Related Experiments

Supplemental Table S8 summarizes the microarray experiments that were
analyzed using ROSMETER. For experiments in which the Affymetrix plat-
form were used, the CEL files containing Affymetrix expression data were
downloaded from GEO databases (http://www.ncbinlm.nih.gov/projects/
geo/). Robust multiarray average-normalized data, fold change values, and
P values were obtained using ROBIN software for each experiment (Lohse
et al., 2010). Expression data of rotenone and oligomycin treatments were
made by Clifton et al. (2005) and were downloaded from Schwarzlander et al.
(2012). Agilent microarray data for the var mutant were analyzed using Partek
software. Agilent platform Arabidopsis (Arabidopsis thaliana) data for the AAL
experiments were supplied by Gechev et al. (2004). Data for the menadione
treatment (60 M) were obtained from the Arabidopsis oligonucleotide microarrays
version 3.0 platform (http://ag.arizona.edu/microarray /) and downloaded from
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Lehmann et al. (2009). Since the ROSMETER was made based on the Affymetrix
ATHI chip, where expression data were obtained using other platforms (Agilent,
CATMA), only genes that also appear in the Affymetrix platform were used for
the analysis.

Senescence data of darkened detached leaves and darkened attached leaves
were obtained from van der Graaff et al. (2006), and for comparison, we added
the dark-induced senescence data of detached rosettes (Rosenwasser et al., 2011).
The developmental senescence data were obtained from Breeze et al. (2011).
Data of the mean values for eight biological replicates for each of 11 d were used,
and all data were normalized to the first day (19 DAS). Expression data were
downloaded from the CATdb Web site (http://urgv.evry.inra.fr/cgi-in/
projects/ CATdb/catdb_index.pl). A total of 10,125 genes that appear in both the
CATMA microarray platform and the Affymetrix chip (ATH1) were used.

Measurements of roGFP Oxidation/Reduction

Arabidopsis wild-type plants or those expressing either roGFP2 in the
mitochondria (mit-roGFP2) and plastids (pla-roGFP2) or GRX1-roGFP2 in
cytoplasm (cyt-GRX1-roGFP2) and peroxisomes (per-GRX1-roGFP2) were
grown at 21°C under a 12-h-day/12-h-night cycle and illuminated at 80 wmol
m™2 57", Leaf discs were excised from the seventh leaf at consecutive days
starting from 30 DAS. Bolting occurred at 32 DAS. The roGFP degree of oxidation
was determined by the fluorometer Synergy TM2 (BioTek Instruments), as de-
scribed (Rosenwasser et al., 2010). Leaf discs were excited by using 400- + 15- and
485- + 10-nm filters, and fluorescence values were measured using a 525- = 10-nm
emission filter. Fluorescence was first measured in the resting state in each disc.
This was followed by the consecutive addition of 50 mm dithiothreitol followed by
1M H,O, (Rosenwasser et al., 2010). The latter treatments gave maximal reduced or
oxidized states of roGFP fluorescence, respectively. Background emission intensi-
ties were obtained for 16 leaf discs of wild-type plants exposed to the same exci-
tation wavelengths under the same conditions, and these values were averaged
and subtracted from the roGFP values. The degree of oxidation of roGFP was
calculated according to Schwarzlédnder et al. (2008).
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