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A novel protein, OZONE-RESPONSIVE APOPLASTIC PROTEIN1 (OsORAP1), was characterized, which was previously
suggested as a candidate gene underlying OzT9, a quantitative trait locus for ozone stress tolerance in rice (Oryza sativa). The
sequence of OsORAP1 was similar to that of ASCORBATE OXIDASE (AO) proteins. It was localized in the apoplast, as
shown by transient expression of an OsORAP1/green fluorescent protein fusion construct in Nicotiana benthamiana leaf
epidermal and mesophyll cells, but did not possess AO activity, as shown by heterologous expression of OsORAP1 in
Arabidopsis (Arabidopsis thaliana) mutants with reduced background AO activity. A knockout rice line of OsORAP1
showed enhanced tolerance to ozone stress (120 nL L21 average daytime concentration, 20 d), as demonstrated by less
formation of leaf visible symptoms (i.e. cell death), less lipid peroxidation, and lower NADPH oxidase activity, indicating
reduced active production of reactive oxygen species. In contrast, the effect of ozone on chlorophyll content was not
significantly different among the lines. These observations suggested that OsORAP1 specifically induced cell death in
ozone stress. Significantly enhanced expression of jasmonic acid-responsive genes in the knockout line implied the
involvement of the jasmonic acid pathway in symptom mitigation. Sequence analysis revealed extensive polymorphisms
in the promoter region of OsORAP1 between the ozone-susceptible cv Nipponbare and the ozone-tolerant cv Kasalath, the
OzT9 donor variety, which could be responsible for the differential regulation of OsORAP1 reported earlier. These pieces of
evidence suggested that OsORAP1 enhanced cell death in ozone stress, and its expression levels could explain the effect of a
previously reported quantitative trait locus.

Tropospheric ozone is one of the most important
environmental pollutants adversely affecting agricul-
ture (Ainsworth et al., 2012). Ozone is formed through
photochemical reactions of precursor gases such as
nitrogen oxides, carbon monoxide, and volatile organic
compounds, which largely originate from anthropo-
genic gas emissions (Yamaji et al., 2006). Recent eco-
nomic development and industrialization have led to
drastic increases of tropospheric ozone concentra-
tions in East Asian countries. In some regions, the
monthly average concentration currently exceeds
70 nL L21 (Yamaji et al., 2006), temporarily reaching
nearly 200 nL L21 (Wang et al., 2007). Furthermore,
the average level is expected to increase by up to

10 nL L21 by 2020 in these areas compared with
2000, due to increasing anthropogenic gas emissions
(Yamaji et al., 2008). At these concentrations, ozone
negatively affects both crop yields (Ainsworth, 2008)
and quality (Wang and Frei, 2011) and induces leaf
visible symptoms such as chlorosis and bronzing
(Feng et al., 2014).

Rice (Oryza sativa) is the major staple crop through-
out Asia, and it is strongly affected by tropospheric
ozone because its cropping season overlaps with peak
ozone concentrations, especially in South and East
Asia (Frei, 2015). Previous studies estimated around
3.7% of global rice yield loss and regionally more than
10% of rice yield loss due to elevated tropospheric
ozone, and this trend will exacerbate in the future
with increasing concentrations (Ainsworth, 2008; Van
Dingenen et al., 2009). Considering that the global
food demand will double by the year 2050 (Tilman
et al., 2011), it is of paramount importance to get in-
sight into ozone tolerance mechanisms in rice and
breed ozone-tolerant rice varieties to ensure the global
food supply.

A number of previous studies have determined ge-
netic factors associated with ozone tolerance in rice,
suggesting that this trait is controlled by multiple
medium-effect loci rather than a single large-effect
locus (Frei, 2015; Ueda et al., 2015). In a study by Frei
et al. (2008), several ozone-related quantitative trait
loci (QTLs) were identified using a mapping population
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derived from the contrasting cultivars Nipponbare
(susceptible) and Kasalath (tolerant). One of the iden-
tified QTLs, OzT9, was related to leaf visible symptom
formation in ozone stress, where the allele from the tol-
erant cv Kasalath conferred tolerance. Underpinning the
effect ofOzT9, a chromosomal segment substitution line,
SL41, carrying a chromosomal introgression from cv
Kasalath at the OzT9 locus in the cv Nipponbare back-
ground, produced less visible symptoms than cv Nip-
ponbare (Frei et al., 2008). A subsequent transcriptomic
analysis revealed a differential gene expression profile
between cv Nipponbare and SL41 (Frei et al., 2010). A
proposed candidate gene, which was annotated as an
ASCORBATE OXIDASE (AO; Rice Annotation Project
Database [RAP-DB] identifier Os09g0365900), was lo-
cated near the OzT9 locus and was one of the most
highly induced genes in ozone stress in the whole array.
The induction of gene expression in ozone stress was
significantly lower in the tolerant SL41 than in cv Nip-
ponbare (Frei et al., 2010). From a physiological point of
view, apoplastic ascorbate (AsA) has been shown to
form the first line of defense against the ozone entering
the plants through the stomata (Luwe et al., 1993; Plöchl
et al., 2000; Feng et al., 2010), which supports the link
between the annotation of the candidate gene and ozone
stress tolerance. In line with this concept, a previous
study demonstrated that an AO-overexpressing tobacco
(Nicotiana tabacum) plant negatively affected tolerance to
ozone due to altered apoplastic reduced AsA content
and AsA redox status (Sanmartin et al., 2003). These
converging pieces of evidence suggested that the ex-
pression of this putative AO gene was associated with
ozone stress tolerance in rice in terms of visible symptom
formation.

AO is classified as a multicopper oxidase family
protein and can be found in plant and bacterial ge-
nomes (Hoegger et al., 2006). In plants, AO family
proteins are localized in the apoplast, the vacuole, the
tonoplast, and the Golgi apparatus (Liso et al., 2004;
Balestrini et al., 2012). AO is supposedly involved in
AsA metabolism in the apoplast, thereby controlling its
redox status (Pignocchi and Foyer, 2003). Although
several studies have been conducted on AO proteins in
different plant species, its diverse roles in plant me-
tabolism remain to be fully understood. Yamamoto
et al. (2005) observed that knockdown of AO led to
higher tolerance to salinity and oxidative stresses in
Arabidopsis (Arabidopsis thaliana). Garchery et al. (2013)
reported an increase in the early fruit diameter and al-
teration in hexose and Suc contents in leaves in AO
knockdown lines in tomato (Solanum lycopersicum).
These examples raise questions regarding the physio-
logical role of AO genes in plants, since absence or
lower expression of AO genes often appears to be fa-
vorable. In contrast, AO was also suggested to enhance
cell expansion and growth (Kato and Esaka, 2000;
Pignocchi et al., 2003). Due to its apparently contra-
dictory roles, AO has been named amysterious enzyme
(Dowdle et al., 2007), of which the diverse biological
functions remain to be fully elucidated.

In this study, we aimed at characterizing the pre-
viously identified putative AO gene Os09g0365900,
which we named OZONE-RESPONSIVE APOPLASTIC
PROTEIN1 (OsORAP1), by specifically testing three
hypotheses: (1) OsORAP1 has AO activity and is lo-
calized in the apoplast; (2) OsORAP1 affects leaf visible
symptom formation in rice under chronic ozone stress;
and (3) becauseOsORAP1may be the gene underlying
the ozone tolerance QTL OzT9, it shows sequence
polymorphisms between tolerant and susceptible rice
cultivars.

RESULTS

Hypothesis 1: OsORAP1 Is an AO Localized in
the Apoplast

The amino acid sequence of AO (EC 1.10.3.3) is
highly similar to that of laccases (EC 1.10.3.2), which
are also classified as multicopper oxidases and have
a large number of family proteins (Hoegger et al.,
2006). To analyze the phylogenetic relationship of the
rice OsORAP1 gene (Os09g0365900) with other similar
genes, we first compared the sequence of OsORAP1
with other Arabidopsis and rice AO and laccase pro-
teins. OsORAP1 was in the same clade as other Ara-
bidopsis AO proteins (At5g21100, At5g21105, and
At4g39830; Yamamoto et al., 2005; Fig. 1A, clade III),
being closest to At4g39830 with 59% identity at the
amino acid level. Three other rice proteins (Os06g0567200,
Os06g0567900, and Os09g0507300) were in the same
clade as the Arabidopsis AO proteins. This clade was
further categorized into III-A and III-B, each includ-
ing rice and Arabidopsis proteins. Analysis with other
plant species also revealed clear diversification of clades
III-A and III-B (Supplemental Fig. S1). All the known
Arabidopsis laccase proteins were classified into
clade I; therefore, we concluded that it represented
the large laccase family. Another small family (clade II)
was not classified as clade I or III and was termed
as AO-like. The AO-like subfamily did not contain
the multicopper oxidase protein domain and copper-
binding site (Interpro identifier IPR002355), while
all the sequences in clade III did, including OsORAP1
(Supplemental Fig. S2). The proteins in clade III also
contained a protein signature L-ascorbate oxidase, plants
(Interpro identifier IPR017760).

Analysis with the SignalP 4.1 program (Petersen
et al., 2011) predicted a signal peptide in the first
24 amino acids and a cleavage site between amino
acids 24 and 25, thereby providing evidence that
OsORAP1 is a secreted protein. To experimentally
confirm the subcellular localization of OsORAP1, we
produced a vector construct, in which the OsORAP1
protein was fused with GFP at the C terminus, and
expressed them in Nicotiana benthamiana leaves with
the constitutive cauliflower mosaic virus (CaMV) 35S
promoter. Heterologous expression in N. benthamiana
epidermal cells showed GFP signals clearly localized
in the cell periphery (Fig. 1, B–D). Signals were observed
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Figure 1. Bioinformatic and physiological analyses of OsORAP1. A, Phylogenetic analysis of laccase- and AO-related proteins
from rice and Arabidopsis. The neighbor-joining method was used to generate the tree. The branch length represents the evo-
lutionary distance calculated by the Poisson correction method. OsORAP1 (Os09g0365900) is shown in boldface and high-
lighted. B to F, Subcellular localization of theOsORAP1 protein inN. benthamiana epidermal cells (B–D and F) andmesophyll cells (E).
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in the periphery of the cells in mesophyll cells as well
(Fig. 1E). Upon plasmolysis (i.e. dissociation of the
plasma membrane from the cell wall) in epidermal
cells, the signals were observed in the apoplastic space
(Fig. 1F, arrowheads), thereby confirming the apo-
plastic localization of OsORAP1.

Complementation analysis was conducted to ex-
amine whether OsORAP1 had AO activity. We ob-
tained a homozygous knockout line for an Arabidopsis
gene in clade III-B (At5g21100, SALK_108854 line)
and performed an enzymatic assay of AO. Indeed,
AO activity was severely reduced in this knockout
line as compared with the wild type, as reported
previously (Fig. 1G; Yamamoto et al., 2005). To as-
sess whether OsORAP1 exhibits AO activity, we gen-
erated transgenic Arabidopsis plants expressing CaMV
35S::OsORAP1 in a mutant (At5g21100) background.
If OsORAP1 encoded a functional AO, increased AO
activity would be expected in the complementation
lines as compared with noncomplemented mutants.
However, the decreased AO activity in the knockout line
was not recovered by the introduction of OsORAP1, de-
spite evidence for its constitutive expression (Fig. 1, G
and H). Expression data from previous transcriptomic
studies suggested that another Arabidopsis AO ho-
molog (At4g39830, clade III-A) was specifically in-
duced by ozone and biotic stresses (Supplemental
Table S1). Therefore, AO activity of a homozygous
knockout line of At4g39830 (SALK_046824 line) was
tested in chronic and acute ozone stress along with
control conditions (Fig. 1I). At4g39830 was strongly
induced under acute ozone stress (Fig. 1J). However,
AO activity level did not show marked differences
between the wild type and a knockout line, despite
the expression of At4g39830 in acute ozone stress
(Fig. 1, I and J), suggesting that At4g39830 did not
dominate AO activity in Arabidopsis. Transient
expression of native OsORAP1 protein under the
regulation of the CaMV 35S promoter inN. benthamiana
leaf also did not lead to increased AO activity, de-
spite the expression of OsORAP1 (Supplemental Fig.
S3). Based on these observations, we confirmed that
OsORAP1 was an apoplastic protein, but it had no
detectable AO activity under the conditions tested in
this study.

Hypothesis 2: OsORAP1 Is Involved in Ozone-Induced
Cell Death in Rice

Gene Expression Analysis

To get insight into the expression patterns of
OsORAP1 in ozone stress, 4-week-old wild-type rice
plants were treated either with ambient concentra-
tion of ozone (A-O3), corresponding to the naturally
occurring ozone in the greenhouse atmosphere, or
with elevated ozone (E-O3) for 20 d. First, gene ex-
pression levels were analyzed in different tissues in
both conditions. Strong induction of the expression
was observed only in young leaf blades (P , 0.001),
while other tissues did not show significantly in-
creased levels of expression (Fig. 2A). The constitu-
tive expression level of OsORAP1 was high in old
leaves and root tissues (Fig. 2A). To investigate the
function and physiological importance of OsORAP1
with respect to ozone tolerance in rice, a homozygous
rice knockout line (KO) and a homozygous over-
expression line (OE) were obtained (Supplemental
Fig. S4A). KO did not produce any functional full-
length OsORAP1 transcript due to a transfer DNA
(T-DNA) insertion (Supplemental Fig. S4B). Four-
week-old plants were treated with ozone for
20 d along with the wild type. Two independent
experiments were conducted, leading to similar re-
sults (see below). OsORAP1 was highly induced by
E-O3, reaching more than 30-fold expression levels
compared with A-O3 in the wild type on day 10 (Fig.
2B). In all cases, significantly higher expression was
observed in OE than in the wild type (Fig. 2B). Similar
OsORAP1 expression levels were obtained from the
second ozone fumigation experiment (Supplemental
Fig. S5A).

The gene expression levels of the aforementioned
three putative rice AO homologs were also analyzed.
The closest homolog, Os09g0507300, showed no ex-
pression in any of the conditions tested in our study
(data not shown). The other two homologs,Os06g0567200
and Os06g0567900, showed constitutive expression in
the A-O3 condition (Fig. 2, C and D). KO of OsORAP1
showed a higher expression level of Os06g0567200
than the other two lines (P , 0.05; Fig. 2C).

Figure 1. (Continued.)
OsORAP1 was transiently expressed under the control of the CaMV 35S promoter. The signal of GFP (B, E, and F), bright
field (C), and merged images (D) are shown. In F, plasmolysis was induced by incubating the leaf segment with 1 M NaCl for
30 min prior to observation. Arrowheads indicate the dissociation of cell membrane from the cell wall and resultant signals in
the apoplast. Bars = 10 mm (B–D and F) and 50 mm (E). G, AO activity of wild-type Arabidopsis plants (WT), a homozygous
knockout line of At5g21100 (at5g21100-KO), and five individual homozygous complementation lines. Values are means
of four biological replicates. H, Expression of At5g21100 (Arabidopsis AO homolog; top), Os09g0365900 (rice OsORAP1;
middle), and At1g13320 (Arabidopsis reference gene; bottom). I, AO activity of the wild type and a homozygous knockout
line of At4g39830 (at4g39830-KO). The activity of the wild type was considered as 100% in each treatment, and the activity
of at4g39830-KO is shown in relative values. Chronic ozone treatment was conducted at the average concentration of
110 6 44 nL L21 (7 h and 17 d), and acute ozone treatment was conducted at the average concentration of 230 6 80 nL L21

(6 h and 4 d). In all cases, rosette leaves of 4- to 6-week-old plants were used for the analysis. Values are means of four to
six biological replicates. J, Expression of At4g39830 (Arabidopsis AO homolog; top) and At1g13320 (bottom). In G and I,
error bars indicate SE.
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OsORAP1 is predicted to interact with a microRNA,
Osmir528, in rice (de Lima et al., 2012). Therefore, we
analyzed the expression of Osmir528 in all three lines
(wild type, KO, and OE) in A-O3 and E-O3 conditions.
We found that transcript abundance for Osmir528
decreased significantly in all three lines in ozone stress
(Fig. 2E; P , 0.05). Moreover, we also observed a sig-
nificant interaction between genotype and treatment
(P , 0.05). These observations strongly suggest that

Osmir528 is involved in the ozone-induced transcrip-
tional regulation of OsORAP1.

OsORAP1 Knockout Mitigates Cell Death Formation in
Ozone Stress

Growth parameters and leaf visible symptoms were
measured in wild-type, KO, and OE plants to assess
the effect of OsORAP1 expression in ozone stress.

Figure 2. Expression analysis ofOsORAP1, two other AO genes, and a microRNA,Osmir528. A, Expression levels ofOsORAP1
in different tissues in the A-O3 condition (12 nL L21) and the E-O3 condition (86 nL L21) on day 20. Different tissues used in the
experiment are as follows: 1, two youngest leaf blades; 2, two oldest leaf blades; 3, outer leaf sheaths; 4, inner leaf sheaths
(containing newly emerging leaves); 5, half basal part of roots; and 6, half apical part of roots. The value in the parentheses is the
fold increase in the E-O3 condition in each tissue as comparedwith the A-O3 condition. Pairwise Student’s t tests were conducted
for each tissue between two treatments. Asterisks indicate a significant difference (P, 0.001). The y axis is shown in logarithmic
scale. The expression level in the two youngest leaf blades in A-O3 was determined as 1. B to E, Gene expression analysis in young
shoot and leaves in the A-O3 condition (40 nL L21) and the E-O3 condition (159 nL L

21). B, Expression levels ofOsORAP1 in A-O3

and E-O3 at three different time points in two different genotypes. C, Expression levels of a rice AO homolog (Os06g0567200) in
A-O3 and E-O3 at two different time points in three different genotypes. D, Expression levels of a rice AO homolog
(Os06g0567900) in A-O3 and E-O3 at two different time points in three different genotypes. E, Expression of the microRNA
Osmir528 on day 20. In all cases, E-O3 treatmentwas started (day 1) at the 4-week-old stage.WT, Thewild type. Values aremeans
of four biological replicates (except for the wild-type A-O3 sample on day 10, due to the loss of one sample). Error bars indicate SE.
In B-E, ANOVAwas conducted for each day, and the significance is denoted as follows: G, genotype; T, treatment; GxT, genotype
and treatment interaction; n.s., not significant; *, P , 0.05; **, P , 0.01; and ***, P , 0.001.
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Symptoms were quantified by the leaf bronzing score
(LBS; Wissuwa et al., 2006), in which a higher score in-
dicates more damage. KO showed significantly lower
LBS compared with the wild type and OE, demonstrat-
ing enhanced tolerance to ozone stress (Fig. 3, A and B).
The difference in LBS was not due to differences in
morphology, since the plant height, which might affect
ozone uptake due to canopy resistance, was similar in all
three lines (Supplemental Figs. S6 and S7A). We also did

not observe significant genotypic differences in chloro-
phyll content or chlorophyll a/b ratio (Fig. 3C).

Stomatal conductance was measured, as ozone is
mainly taken up through the stomata and the uptake is
proportional to the stomatal aperture (Omasa et al.,
2002). We observed a clear treatment effect (P , 0.001)
but no significant genotype or genotype and treatment
interaction effect (Fig. 4A). Growth parameters were
determined on day 20. KO showed constitutively lower
shoot fresh weight and tiller number compared with
the wild type and OE (Fig. 4B). Significant correlation
was seen between fresh weight and tiller number (r2 =
0.81, P , 1027), suggesting that a large part of the re-
duced fresh weight in KO is ascribed to reduced tiller

Figure 3. Formation of leaf visible symptoms and biochemical pa-
rameters in three rice lines. A, Leaf images exposed to A-O3 (12 nL L21)
or E-O3 (86 nL L21) treatment at 15 d from the onset of the experiment.
Representative second fully expanded leaves were photographed. WT,
The wild type. B, LBS from three lines on days 9 and 20 in the E-O3

condition (86 nL L21). The values are means of 20 to 22 biological
replicates on day 9 and eight biological replicates on day 20.
C, Chlorophyll content (bars, left axis) and chlorophyll a/b ratio
(squares, right axis) in A-O3 (40 nL L21) and E-O3 (159 nL L21). The
measurement was conducted on day 8. Elevated ozone treatment was
started at the 4-week-old stage. Values are means of four biological
replicates. All error bars indicate SE. FW, Fresh weight. In B and C,
ANOVA was conducted, and the significance is denoted as follows:
G, genotype; T, treatment; GxT, genotype and treatment interaction;
n.s., not significant; *, P , 0.05; and ***, P , 0.001.

Figure 4. Effects of ozone on stomatal conductance and growth char-
acteristics. A, Stomatal conductance of the three lines in A-O3

(12 nL L21) and E-O3 (86 nL L21). The measurement was conducted on
day 14. The values are means of seven to 11 samples. Error bars indicate
SE. B, Growth characteristics of the three lines in A-O3 (12 nL L21) and
E-O3 (86 nL L21) on day 20. Values are means of eight biological
replicates. Error bars indicate SE. E-O3 treatment was started at the
4-week-old stage.WT, The wild type. ANOVAwas conducted, and the
significance is denoted as follows: G, genotype; T, treatment; GxT,
genotype and treatment interaction; n.s., not significant; *, P , 0.05;
**, P , 0.01; and ***, P , 0.001.
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number. However, when grown in soil, KO showed
significantly shorter flag leaf blade length, while the
shape (ratio of leaf length and width) was not affected
(Supplemental Fig. S7, C and D). We further investi-
gated the leaf weight per area to estimate the cell den-
sity, since it plays an important role for ozone stress
tolerance in Arabidopsis (Barth and Conklin, 2003). The
analysis revealed no significant genotypic differences in
the cell density among genotypes (Supplemental Fig.
S8). Taken together, KO specifically mitigated foliar cell
death induced by ozone stress, while other leaf prop-
erties, such as cell density and chlorophyll content,
were not affected, except for leaf length.

KO Induces Less Oxidative Damage

Lipid peroxidation (assessed as malondialdehyde
[MDA] equivalents) occurs even before the initiation of

leaf visible symptoms and, thus, represents an indicator
of oxidative stress preceding symptom formation
(Ueda et al., 2013a; Höller et al., 2014b). Elevated ozone
treatment increased the MDA content even on day 3
(P, 0.01; Fig. 5A), when the leaf symptoms had hardly
emerged (data not shown). On day 3,MDA content was
significantly lower in KO than in the wild type and OE.
We observed a significant genotype and treatment in-
teraction effect on day 20 (P , 0.01), where MDA in-
creased significantly in the wild type andOE (P, 0.01),
while KO did not respond significantly to ozone. We
obtained similar results from the second fumigation
experiment, where a significant genotype and treat-
ment interaction effect was observed (Supplemental
Fig. S5B). Next, we investigated active reactive oxygen
species (ROS) production in the apoplast, since sec-
ondary ROS formation by NADPH oxidases contrib-
utes substantially to ozone damage (Overmyer et al.,

Figure 5. Measures of oxidative stress in three rice
lines in A-O3 (40 nL L21) and E-O3 (159 nL L21). A,
Lipid peroxidation as represented by MDA equiv-
alents. FW, Fresh weight. B, NADPH oxidase ac-
tivity. Elevated ozone treatment was started at the
4-week-old stage. WT, The wild type. Values are
means of four biological replicates (except for the
wild-type A-O3 sample on day 10, due to the loss
of one sample). Error bars indicate SE. Asterisks on
E-O3 bars show that the values were significantly
affected by treatment. ANOVA was conducted,
and the significance is denoted as follows: G,
genotype; T, treatment; GxT, genotype and treat-
ment interaction; n.s., not significant; *, P , 0.05;
**, P , 0.01; and ***, P , 0.001.
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2000; Wohlgemuth et al., 2002). Ozone stress signif-
icantly lowered the NADPH oxidase activity on day
20. On both days, KO showed constitutively less
superoxide anion producing activity compared with
the wild type (Fig. 5B).

AO Activity and Apoplastic AsA Content

As we expected based on the results obtained from
the complementation assay, the knockout and over-
expression ofOsORAP1, whichwas classified into clade
III-A (Fig. 1A), did not affect AO activity (Fig. 6A). The
AO activity in the whole-tissue extract was also similar
to that of the apoplastic washing fluid (Supplemental
Fig. S9; r2 = 0.92, P , 0.001), showing that the locali-
zation of the enzyme did not differ among lines or be-
tween the treatments. The expression level of one AO
homolog (Os06g0567900, in clade III-B) showed highly
significant correlation with measured AO activity (Fig.
6B), demonstrating that this homolog was the domi-
nant AO gene in rice shoots under the conditions used
for the study. Apoplastic AsA did not show any sig-
nificant differences between the lines (Fig. 7), which

was consistent with the lack of difference in AO activity.
Likewise, AsA level or redox status in the whole shoot
tissue did not show genotypic differences (Supplemental
Fig. S10).

We investigated the activity of closely related laccase
and other polyphenol oxidases that are also classified as
copper-containing enzymes, namely catechol oxidase
and Tyr oxidase (McGuirl and Dooley, 1999). However,
different polyphenol oxidase activities, including lac-
case activity, also did not show genotypic differences
(Supplemental Fig. S11).

Involvement of Plant Hormones

We investigated the involvement of plant hormones
related to the formation and propagation of leaf visi-
ble symptoms in ozone stress (Rao and Davis, 2001;
Kangasjärvi et al., 2005), such as ethylene, salicylic acid
(SA), and jasmonic acid (JA). Through an analysis of
public microarray data, it was found that OsORAP1 is
induced by exogenous SA application, which was also
experimentally confirmed (Fig. 8A). To further investi-
gate the interaction of OsORAP1 with SA, we investi-
gated in public microarray data sources the expression
levels of OsORAP1 in mutant lines for the transcription
factor OsWRKY45, which is a regulator of SA response
in rice (Shimono et al., 2007). In the first data set
(National Center for Biotechnology Information [NCBI]
Gene Expression Omnibus [GEO] identifier GSE23733),
OsORAP1 was induced by benzothiadiazole (a func-
tional analog of SA), and the expression was signif-
icantly lower in a knockdown line of OsWRKY45
compared with the wild type (Fig. 8B). Consistently,
the expression of OsORAP1 was significantly higher
in the OsWRKY45 overexpression line in the second
data set (NCBI GEO identifier GSE48202; Fig. 8C).

We further analyzed the expression levels of genes
that are involved in either biosynthetic or signaling
pathways of the above-mentioned hormones on days 1
and 20 in our mutant lines (Fig. 8, D–H, Supplemental
Fig. S12). The expression of OsWRKY45 was higher in
KO and OE than in the wild type on both days (Fig.
8D). On the other hand, the expression level of Non-
expressor of Pathogenesis-Related Genes1 (OsNPR1), an-
other transcription factor controlling the SA response
(Shimono et al., 2007), was lower in KO than in the
wild type on day 1 (Fig. 8E). Differential regulation of
genes was also observed in JA-related genes. The en-
zyme 12-oxophytodienoate reductase7 (OsOPR7) is
involved in JA biosynthesis in rice, and its expression
level correlates with JA level (Tani et al., 2008). OsJAZ8
is involved in JA signaling, and its expression level is
induced by JA application (Yamada et al., 2012).
OsJAmyb is a transcription factor that is induced by JA
(Lee et al., 2001). On day 20, OsOPR7 showed signifi-
cantly higher expression in KO (Fig. 8F), and the ex-
pression of OsJAZ8 and OsJAmyb was significantly
high on day 1 in KO (Fig. 8, G and H). The expression
level of OsJAmyb was higher in KO even in the A-O3
condition on day 1 (Fig. 8H).

Figure 6. AO activity in A-O3 (40 nL L21) and E-O3 (159 nL L21). A, AO
activity in the three lines. The samples were taken on day 20 of E-O3

treatment. WT, The wild type. Values are means of four biological
replicates. Error bars indicate SE. ANOVAwas conducted, and the result
is shown as follows: G, genotype; T, treatment; GxT, genotype and
treatment interaction; and n.s., not significant. B, Correlation between
the expression level of an AO homolog (Os06g0567900) and AO ac-
tivity on day 20 in A-O3 and E-O3 conditions. Pearson’s correlation
coefficient and the corresponding P value are shown. Elevated ozone
treatment was started at the 4-week-old stage.
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Hypothesis 3: Sequence Variation at the OsORAP1 Locus
Explains the Effect of the QTL OzT9

Since OsORAP1 had been proposed as a candidate
gene underlying the ozone tolerance QTL OzT9, we
compared the genomic sequences of OsORAP1 in the
ozone-susceptible cvNipponbare and the tolerantOzT9
donor variety cv Kasalath (Frei et al., 2008). Our anal-
ysis revealed a number of polymorphic sites between
the two cultivars in the upstream promoter region,
while the coding sequence was largely conserved (Fig.
9; Supplemental Fig. S13). The deduced amino acid
sequence revealed slight modifications in the signal
peptide and three amino acid substitutions in the rest of
the sequence (Supplemental Fig. S14). These polymor-
phic amino acid positions were not located at conserved
amino acids, and the copper-binding sites were con-
served in both cultivars. The first 30 amino acids in cv
Kasalath were also predicted to be transit peptides (by
SignalP 4.1); therefore, the amino acid polymorphisms
in the signal peptides probably did not affect the lo-
calization of the protein. The amino acid sequence of
OsORAP1 in cv Dongjin, which was the background
cultivar for the mutant lines in this study, was identical
to that of cv Nipponbare (Supplemental Fig. S14). We
searched possible regulatory sequences in the promoter
region (upstream 1,000 bp) of both cv Nipponbare and
cv Kasalath to get insight into the differential expres-
sion patterns of OsORAP1 in these two cultivars
(Supplemental Tables S2–S4). In both cultivars, aW-box
sequence (TTGAC) was found, which is crucial for
WRKY transcription factors to bind and activate the
transcription of downstream genes (Yu et al., 2001). The
cv Nipponbare-specific cis-elements contained ethylene-
responsive elements, A(A/T)TTCAAA (Itzhaki et al.,
1994), GCCGCC (Hao et al., 1998), and AGCCGCC
(Sato et al., 1996; Kitajima et al., 1998), which are sup-
posedly binding sites of ethylene-responsive element-
binding proteins.
We also analyzed the OsORAP1 sequences in a pre-

viously reported ozone-tolerant chromosome segment
substitution line, SL41, which was genetically identical
to cv Nipponbare except for a 13-Mb introgression in-
cluding the OzT9 region and another introgression on

chromosome 6 from the tolerant cv Kasalath (Frei et al.,
2010). Our analysis showed that the sequence of SL41 at
the OsORAP1 locus was identical to that of cv Kasalath
(Supplemental Fig. S13).

DISCUSSION

Cell death due to ozone stress leads to losses of
photosynthetically active leaf area, which is suggested
to be one of the factors limiting the total productivity of
plants (Fiscus et al., 2005). Therefore, identification of
the genetic factors underlying the formation of visible
symptomswould potentially have a large effect on crop
production in the future. Although no or only weak
correlations between symptom formation and yield
were seen when rice cultivars with very heterogeneous
genetic backgrounds were tested (Sawada and Kohno,
2009; Ueda et al., 2015), the implications for yield be-
came more apparent when genetically similar lines
differing in symptom formation were compared (Frei
et al., 2012; Wang et al., 2014). In this study, we char-
acterized OsORAP1, which emerged as a candidate
gene for ozone stress tolerance (i.e. the formation of cell
death) in a previous study (Frei et al., 2010). To eluci-
date the physiological function of OsORAP1 in ozone
stress, three hypotheses were tested.

Hypothesis 1: OsORAP1 Is an AO Localized in
the Apoplast

Apoplastic AsA has been considered important in the
context of ozone stress tolerance, as it detoxifies in-
coming ozone (Luwe et al., 1993; Turcsányi et al., 2000).
In support of this hypothesis, altered apoplastic AsA
status through the introduction of an AO gene led to
differential ozone stress tolerance in tobacco plants
(Sanmartin et al., 2003). In agreement with the current
rice gene annotation for OsORAP1 (L-ascorbate oxidase
precursor in RAP-DB [http://rapdb.dna.affrc.go.jp/
index.html] as of January 2015), phylogenetic analysis
indeed showed close relatedness of OsORAP1 to Arabi-
dopsis AO proteins. Observation of the OsORAP1-GFP
fusion protein (Fig. 1, B–F) indeed determined the

Figure 7. Apoplastic AsA characteristics in A-O3

(12 nL L21) and E-O3 (86 nL L21). Samples were
taken at 15 d from the onset of E-O3 treatment.
Redox status was defined as (reduced AsA)/(total
AsA). Elevated ozone treatment was started at the
4-week-old stage. FW, Fresh weight; WT, the wild
type. Values are means of four biological repli-
cates. Error bars indicate SE. ANOVAwas conducted,
and the result is shown as follows: G, genotype;
T, treatment; GxT, genotype and treatment in-
teraction; n.s., not significant; and *, P , 0.05.
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Figure 8. Involvement of OsORAP1 in phytohormone signaling. A, Induction ofOsORAP1 by SA treatment. Six-week-old plants
were sprayed with the indicated concentrations of SA in 0.1% (v/v) Tween 20, and the two youngest leaves were harvested after
48 h. The expression levels ofOsORAP1 (using primers OsORAP1-F2/R2) and an internal control (Os05g0564200) are shown. B,
Expression levels ofOsORAP1 in the wild type (WT) and anOsWRKY45 knockdown line (OsWRKY45-KD) after mock treatment
(0.05% [v/v] acetone and 0.05% [v/v] Tween 20) or benzothiadiazole (BTH) treatment (0.5 mM benzothiadiazole in 0.5% [v/v]
acetone and 0.05% [v/v] Tween 20). The samples were taken after 12 h of treatment. The data were retrieved from an open
microarray data source (NCBI GEO identifier GSE 23733). Original log2-converted values were processed and expressed as linear
values. The expression level of the wild-type sample with mock treatment was set to 1. C, Expression levels of OsORAP1 in the
wild type and anOsWRKY45 overexpression line (OsWRKY45-OE). The datawere retrieved from an openmicroarray data source
(NCBI GEO identifier GSE48202). Original log2-converted values were processed and expressed as linear values. The expression
level of the wild-type sample was set to 1. Student’s t test was conducted, and the asterisks indicate a significant difference
(P, 0.001). D toH, Expression levels of phytohormone-related genes inA-O3 (40 nL L

21) and E-O3 (159nL L
21). The gene identifiers

are as follows.OsWRKY45,Os05g0322900;OsNPR1,Os01g0194300;OsOPR7,Os08g0459600;OsJAZ8,Os09g0439200; and
OsJAmyb, Os11g0684000. Elevated ozone treatment was started at the 4-week-old stage. Values are means of four biological
replicates. Error bars indicate SE. In B and D to H, ANOVAwas conducted, and the significance is denoted as follows: G, genotype;
T, treatment; GxT, genotype and treatment interaction; n.s., not significant; *, P , 0.05; **, P , 0.01; and ***, P , 0.001.
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apoplastic localization of OsORAP1, which is in ac-
cordance with bioinformatic analysis (i.e. the exis-
tence of signal peptide) and the expected localization
of AO family proteins (Liso et al., 2004; Balestrini
et al., 2012).
Next, we tested whether the protein had AO activ-

ity. Arabidopsis At5g21100 (clade III-B) is an AO ho-
molog in which AO activity was previously confirmed
(Yamamoto et al., 2005). Supporting these previous
results, a drastic decline of AO activity was observed
in a knockout line of At5g21100 (Fig. 1G). This clearly
showed that At5g21100 is responsible for a large part
of the AO activity in Arabidopsis. In consequence, the
lack of increased AO activity in the complemented
lines (Fig. 1G) demonstrated the absence of AO activity
in OsORAP1. In rice, the AO homolog Os06g0567900
dominated the AO activity in shoots (Fig. 6B). Inter-
estingly, the dominant At5g21100 and Os06g0567900
were in the same clade III-B, while OsORAP1 and
At4g39830, of which homozygous knockout lines did
not show decreased AO activity, were in clade III-A
(Fig. 1A; Supplemental Fig. S1). Previous transcriptomic
studies and our own experiment showed that both
OsORAP1 and At4g39830 (in clade III-A) were spe-
cifically induced under oxidative and biotic stresses,
while Os06g0567900 and At5g21100 (in clade III-B)
were suppressed or less affected by these treatments,
with the exception of methyl viologen (MV) treatment
(Supplemental Tables S1 and S5). These data suggest
that different subclades might represent different mo-
lecular functions. Taken together, the apoplastic lo-
calization, but not the AO activity, of OsORAP1 was
confirmed in this study.
A constitutively high expression level of OsORAP1

was observed in root tissues, especially in the half ap-
ical side of the root (Fig. 2A). According to a previous
microarray study (Sato et al., 2011), high expression
was observed in the root cap (Supplemental Fig. S15).
Moreover, our further investigations into the possi-
ble molecular functions revealed that OsORAP1 was
highly induced during seed imbibition (Supplemental
Fig. S16). Supporting this, a homozygous knock-
out line of OsORAP1 (identifier M0083940-8-A) in the

genetic background of cv Tainung 67 (a japonica rice
cultivar) was lethal (Supplemental Table S6). There-
fore, OsORAP1 might be related to embryogenesis
or cell elongation. It also seems that OsORAP1 is in-
volved in leaf expansion and tiller formation (Fig. 4;
Supplemental Fig. S7). This observation is similar to
previous findings that AO family proteins enhanced
cell elongation and growth rate in tobacco (Kato and
Esaka, 2000; Pignocchi et al., 2003). The molecular
function of OsORAP1 warrants further detailed in-
vestigations.

Hypothesis 2: OsORAP1 Is Involved in Ozone-Induced
Cell Death in Rice

KOwas more tolerant to ozone stress in terms of leaf
visible symptom formation and lipid peroxidation
(Figs. 3, A and B, and 5A), and the lower superoxide
anion production rate further supported that KO ex-
perienced less oxidative damage (Fig. 5B). The AO ac-
tivity and apoplastic AsA content did not show any
significant differences between the lines (Figs. 6A
and 7), implying that tolerance in KO was not the
consequence of higher ozone-detoxifying capacity
through AsA in the apoplast. Apart from apoplastic
AsA, mutant screening experiments in Arabidopsis have
revealed several tolerance mechanisms to ozone stress
to date. These include AsA content, stomatal conduc-
tance, and leaf parenchyma cell density (Conklin et al.,
1996; Barth and Conklin, 2003; Overmyer et al., 2008;
Vahisalu et al., 2008). In this study, none of these traits
were significantly affected in OsORAP1 mutant lines
compared with the wild type (Fig. 4A; Supplemental
Figs. S8 and S10), indicating that KO shows tolerance
due to a novel mechanism. Chlorophyll content, which
decreases during senescence (Miller et al., 1999), thus
reflecting the overall stress levels of leaves, also did not
show any genotypic differences (Fig. 3C). Together,
these data suggest that KO of OsORAP1 specifically
mitigated cell death by a novel mechanism, but not
antioxidant capacity or the general status of leaves as
affected by ozone.

Induction of OsORAP1 in ozone stress was specific
to young leaf blades, which had very low expression
in the A-O3 condition (Fig. 2B). In other words, gene
expression was induced in photosynthetically active
tissues with high intake of ozone, since older rice
leaves have reduced stomatal aperture resulting in
reduced ozone influx (Maggs and Ashmore, 1998).
Besides ozone stress, OsORAP1 was also induced by
pathogen infection and MV stress (Supplemental Table
S5). Both ozone and pathogen infections induce apo-
plastic oxidative stress and, consequently, programmed
cell death (PCD) if ROS formation exceeds a certain
threshold (Heath, 2000; Kangasjärvi et al., 2005). Cell
death under MV stress also shares similar character-
istics with PCD (Chen and Dickman, 2004; Chen et al.,
2009). In addition, PCD plays an important role dur-
ing embryogenesis (Helmersson et al., 2008) and in the

Figure 9. Sequence comparison of OsORAP1 of cv Nipponbare (top)
and cv Kasalath (bottom) rice. First, multiple alignment was conducted
using MEGA5 software. Matched nucleotides are shown in black,
mismatched nucleotides are shown in light blue, and gaps are shown in
white. Upstream 1,500-bp,OsORAP1 region, and downstream 1,000-bp
sequences are shown. The 59- and 39-untranslated regions (UTR), exons,
and intron are also shown for each cultivar. Bar = 500 bp.
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root cap (Pennell and Lamb, 1997), where OsORAP1 is
highly expressed (Supplemental Figs. S15 and S16).
These facts imply that OsORAP1 is closely related to
PCD, possibly via ROS, while it is not induced under
many other abiotic stresses, such as zinc deficiency
(Supplemental Table S5), where the foliar symptoms
are assumed to occur via traumatic oxidative damage,
not via PCD (Cakmak, 2000).

SA was another factor inducing OsORAP1, al-
though SA itself does not induce PCD. This induc-
tion could occur either due to SA itself or apoplastic
ROS accumulation caused by SA application (Kawano
and Muto, 2000; Khokon et al., 2011). The expression
pattern ofOsORAP1 inOsWRKY45mutant lines strongly
suggested that its expression is highly OsWRKY45
dependent. The presence of a W-box (Eulgem et al.,
2000) in the promoter region of OsORAP1 supports
this concept. Although no induction of OsWRKY45
was observed in our study, OsWRKY45 might be post-
translationally processed and affect the expression level
of downstream genes (Matsushita et al., 2013). Gene
expression levels of JA-related genes (OsOPR7,OsJAZ8,
andOsJAmyb) suggested that JA production is enhanced
in KO. Higher expression of OsWRKY45 in KO might
be due to the fact that it is also induced by JA as well as
SA (De Vleesschauwer et al., 2013). JA counteracts ROS
production and the effect of SA and ethylene, which
promote cell death, thus containing the spread of cell
death caused by ozone (Overmyer et al., 2000, 2003;
Kangasjärvi et al., 2005). Therefore, the mitigation of
cell death in KO is probably associated with the JA
signaling pathway.

Hypothesis 3: Sequence Variation at the OsORAP1 Locus
Explains the Effect of the QTL OzT9

The sequence analysis of different rice cultivars re-
vealed highly conserved amino acid sequences and
highly divergent promoter regions (Fig. 9; Supplemental
Fig. S13). The lowerOsORAP1 expression in ozone stress
in the tolerant line SL41 as compared with cv Nippon-
bare (Frei et al., 2010) might be explained by cis-
elements such as ethylene-responsive element-binding
sites specific to the cv Nipponbare promoter se-
quence. Moreover, retarded growth during the veg-
etative growth stage seen in KO was also observed in
SL41 in a previous study (Frei et al., 2008), further
supporting the possibility that OsORAP1 is the caus-
ative gene underlying the effect of OzT9. However,
we did not observe differences in AsA content of the
whole tissue and apoplast between the lines, as seen
previously between cv Nipponbare and SL41 (Fig. 7;
Supplemental Fig. S10; Frei et al., 2010), suggesting
that other genes might add to the effect of OzT9
in SL41. Nucleotide polymorphisms in the promoter
or regulatory sequence of a gene have been sug-
gested to underlie several QTLs in rice, such as blast
resistance (Davidson et al., 2010) and flowering time
(Kojima et al., 2002; Takahashi et al., 2009). Similarly,

in this study, the expression level of OsORAP1, rather
than functional alteration, could be the causal poly-
morphism for OzT9. Fine-mapping of OzT9, further
transgenic approaches (e.g. swapping the gene and
promoter ofOsORAP1 between contrasting cultivars),
and analysis of naturally occurring polymorphisms
in theOsORAP1 promoter region and their correlation
with ozone tolerance are warranted to confirm this
conclusion.

CONCLUSION AND OUTLOOK

Regarding the hypotheses tested in this study, it
can be concluded that (1) OsORAP1 is an apoplastic
protein similar to an AO, but it has no measurable AO
activity, (2) OsORAP1 enhances leaf visible symptoms
and lipid peroxidation in ozone stress and interacts
with plant hormones, and (3) sequence polymorphisms
in the promoter region of OsORAP1 supported the
idea that it may underlie the effect of the QTL OzT9.
Based on the results obtained in this study, we hy-
pothesize that OsORAP1 is an apoplastic protein act-
ing as a hub for signal transduction in ozone stress in
rice (Fig. 10). As a future perspective, the molecular
function of OsORAP1 needs to be further elucidated.
Considering the localization of OsORAP1, a metab-
olomics analysis of apoplastic fluid (Floerl et al., 2012)
would presumably be helpful in identifying its sub-
strate (Fridman and Pichersky, 2005; Pourcel et al.,
2005). It is also quite tempting to examine the pathogen
resistance of the lines used in the study. This has im-
plications beyond the breeding of ozone resistance,
because PCD plays an important role in pathogen re-
sistance by confining pathogens in dead cells, thereby
preventing their spread to the other tissues (Apel and
Hirt, 2004). OsORAP1 may be representative of the
conflicting roles of intentional PCD due to pathogen
attack and unintentional PCD due to ozone influx and,
therefore, warrants further investigation.

Figure 10. Hypothetical mode of action of OsORAP1 in rice. Apo-
plastic ROS (ozone) leads to oxidative stress and, consequently, PCD,
directly or via OsORAP1. SA inducesOsWRKY45 expression (Shimono
et al., 2007), and OsWRKY45 induces OsORAP1. OsORAP1 might
possibly interact with the JA pathway (shown with the dotted line). The
enhanced production of SA by ROS, production of ROS by SA, and
preventive role of JA in cell death in ozone stress are established in other
plant species (Rao et al., 2000, 2002; Khokon et al., 2011) but not yet in
rice; therefore, these are shown with gray lines.
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MATERIALS AND METHODS

Sequence Analysis

Rice (Oryza sativa) putative AO and laccase amino acid sequences were
obtained from the RAP-DB Web site (http://rapdb.dna.affrc.go.jp/, as of
December 2013; Sakai et al., 2013). Putative Arabidopsis (Arabidopsis thaliana)
AO and laccase amino acid sequences were obtained from the National Center
for Biotechnology Information database (http://www.ncbi.nlm.nih.gov/, as
of December 2013). MEGA5 software (Tamura et al., 2011) was used to create
a phylogenetic tree using the neighbor-joining method (Saitou and Nei, 1987).
Protein motifs were searched through the Interpro database (http://www.ebi.
ac.uk/interpro/, as of December 2013).

Construction of Vectors and Plant Transformation

The vectors for transformation were constructed using the Gateway cloning
system (Curtis andGrossniklaus, 2003) as detailed in Supplemental Protocol S1.
Transient expression was conducted using Nicotiana benthamiana leaves. These
were infiltrated with Agrobacterium tumefaciens strain GV3101 carrying the
vector pMDC83-OsORAP1 together with A. tumefaciens carrying pBIN61-P19
(a gift of Dr. H. Bohlmann). P19 is an RNA-silencing inhibitor, which enhances
the expression of transgenes (Shah et al., 2013). Each bacterium was infiltrated
at an optical density at 600 nm = 2 in a buffer consisting of 10 mM MES (pH 5.6),
10 mM MgCl2, and 100 mM acetosyringone, and the signal was observed after
5 d using the LSM 710 confocal microscope (Carl Zeiss). The wavelength was
488 nm for excitation and 514 to 550 nm for emission. Plasmolysis was induced
by incubating the leaf segment with 1 M NaCl (Libault et al., 2010) for 30 min.
Mesophyll cells were directly observed by removing the epidermal cell layer
using a razor blade and tweezers from the abaxial side.

Stable transformationofArabidopsiswas conductedby thefloraldipmethod
(Clough and Bent, 1998). Young flowers and buds of Arabidopsis plants
(a homozygous knockout line: SALK_108854 for At5g21100, background eco-
type Columbia-0) were dipped intoA. tumefaciens (carrying pMDC32-OsORAP1
vector) solution (optical density at 600 nm = 0.8) contained in 5% (w/v) Suc
solution added with 0.05% (v/v) Silwet L-77. Selection of transformants was
conducted on one-half-strength Murashige and Skoog medium containing
50mgmL21 hygromycin. Homozygous T3 seedswere used for the experiments.

Plant Material and Stress Treatment

T1 seeds of two rice T-DNA insertion lines, 4A-00477 and 1B-00611, were
obtained from the Crop Biotech Institute at Kyung Hee University (Jeon et al.,
2000; Jeong et al., 2006). These T-DNA lines had been transformed using the
japonica cv Dongjin as the wild type and the transformation vector pGA2715,
which transfers an 8.3-kb T-DNA insertion containing four tandem sequence
repeats of a transcriptional enhancer element from the CaMV 35S promoter.
Line 4A-00477 (OE) contained the T-DNA insertion in 462 bp upstream of
OsORAP1, while line 1B-00611 (KO) contained the insertion in the intron of
OsORAP1 (Supplemental Fig. S4A). The presence of the insertion near the gene
should lead to overexpression via activation tagging, while an insertion in the
intron should lead to suppressed expression (Jeong et al., 2002). The presence
and orientation of the insertion were confirmed by PCR using genomic DNA as
a template and the T-DNA right border primer 59-AACGCTGATCAATTC-
CACAG-39 in combination with one of the following gene-specific primers:
59-TGCAGGTTTCGTTGTCTCTG-39 (left) or 59-GGACGCGGTGCTATCTT-
TAC-39 (right) for line 4A-00477 and 59-TCGCACCAATATCGAGACAG-39
(left) and 59-AGCGAGATGCATGTCAACTG-39 (right) for line 1B-00611. Ho-
mozygous plants were selected in the T2 generation and used for the experi-
ments. The seeds were sterilized with 5% (w/v) sodium hypochlorite solution
for 5 min and rinsed five times with deionized water before imbibition. The
seeds were germinated at 28°C in the dark, and the seedlings were then
transferred to amesh floating on deionizedwater placed under natural light in a
greenhouse. After growing for 2 weeks, the seedlings were transplanted into
60-L plastic containers filled with one-half-strength Yoshida solution (Yoshida
et al., 1976). One container accommodated a total of 40 plants of the three lines
(KO, OE, and wild type) in a random distribution. The solution was changed to
full strength 3 d before the onset of ozone fumigation, and the solution was
renewed every 10 d. Supplementary lighting was provided in the greenhouse
from 7 AM until 8 PM every day to ensure aminimumphotosynthetic photon flux
density of 250 mmol s21 m22. The minimum temperature of the greenhouse was
set to 30°C/25°C (day/night). The temperature was controlled by an inner

heating system and ventilation through opening roofs. Therefore, plants were
exposed to ambient ozone concentration. Arabidopsis was grown in a closed
greenhouse, and the ozone concentration in the greenhouse was close to zero.

Ozone fumigationwas conducted in open-top chambers (1.3-mwidth3 1-m
length 3 1.3-m height) surrounded by transparent plastic sheets. Ozone was
generated using custom-made ozone generators (UB01; Gemke Technik) after
drying the air with silica gel. The generated ozone was first percolated through
water to remove nitrogen oxides and then blown into perforated plastic tubes
with a fan to achieve an even distribution of ozone in the chambers. The ozone
concentration was permanently monitored by ozone sensors (GE 703 O3;
Dr. A. Kuntze) for real-time regulation of the generators. In addition, the ozone
concentration was independently monitored with a hand-held ozone monitor
(series 500; Aeroqual) placed within the canopy. Two independent chambers
were used for E-O3 treatment, and control plants exposed to A-O3 were placed
in identical chambers without ozone fumigation to ensure the same microcli-
mate in both treatments. Each chamber contained two of the hydroponic con-
tainers described above.

Experiment 1

This experiment was conducted from June to August 2012. The target ozone
concentration was set to 150 nL L21 because of relatively high A-O3 in the ex-
perimental area. The actually recorded average daytime ozone concentration of
the E-O3 treatment was 1596 64 nL L21 (average6 SD, same below; 9 AM to 4 PM),
while the average concentration of A-O3 chambers was 40 6 14 nL L21. Gene
expression analysis except for tissue-specific expression, biochemical analyses
except for apoplastic AsA, and AO and NADPH oxidase activity analyses were
conducted in this experiment. Plant materials were harvested on the indicated
days, flash frozen in liquid nitrogen, and stored at 280°C until analysis. Young
shoots and leaves (top half of the shoot) were used for the analyses. The plants
were 7 weeks old (counting from germination) after 20 d of fumigation.

Experiment 2

This experiment was conducted from July to October 2014. The target con-
centration was set to 90 nL L21. The actually measured average concentration of
the E-O3 treatment was 86 6 32 nL L21 (9 AM to 4 PM), while that of A-O3
chambers was 126 8 nL L21. Visible symptoms on the leaves were determined
as LBS. The four youngest fully expanded leaves of each plant were assigned an
LBS ranging from 0 (completely healthy) to 10 (dead) and averaged for each
plant. Growth parameters, LBS, apoplastic AsA, stomatal conductance, tissue-
specific expression levels of OsORAP1, and polyphenol oxidase activity were
measured in this experiment (Supplemental Protocol S2). Stomatal conductance
was measured using a LI-1600 Steady State Porometer (LI-COR). The mea-
surement was conducted on day 14 on the youngest fully expanded leaves. At
least nine plants were taken for the measurement from each treatment and
genotype, and the highest and lowest values were excluded. Themeasurements
were conducted within 3 h around noon on a cloudless day. The plants were
7 weeks old after 20 d of fumigation. Although different concentrations were
adopted in these two experiments, the physiological responses of the plants
were similar between these two experiments, as judged by the expression of
OsORAP1 and the content of lipid peroxidation (Supplemental Fig. S5), prob-
ably due to the climate conditions and the extent of ozone stress that the plants
suffered before the onset of fumigation.

RNA Extraction and Gene Expression Analysis

The samples were ground in liquid nitrogen to a fine powder, and RNAwas
extracted with a PeqGOLD Plant RNA extraction kit (Peqlab) according to the
manufacturer’s protocol, including DNase digestion using RQ1 DNase
(Promega). The extracted RNA was precipitated with ethanol for further pu-
rification, and the pellet was dissolved in TE buffer (10 mM Tris-HCl and 1 mM

EDTA, pH 8.0). The RNA concentration was measured with a Nanodrop 2000C
instrument (Thermo Fisher Scientific), and the integrity was checked using a
2100 Bioanalyzer (Agilent Technologies). Reverse transcription was performed
with a GoScript Reverse Transcription System (Promega) using both oligo(dT)
primers and randomhexamer primers according to themanufacturer’s protocol
using 300 ng of RNA (except for microRNA analysis).

MicroRNA was quantified according to Lima et al. (2011). Total RNA was
reverse transcribed using M-MLV Reverse Tramscriptase (Promega). The reac-
tion mixture contained 500 ng of total RNA, 6 mL of 53 reaction buffer, 1.5 mL
of 1 mM stem-loop primer (59-GTCGTATCCAGTGCAGGGTCCGAGGTATT-
CGCACTGGATACGCANNNNNN-39), 1 mL of 10 mM deoxyribonucleotide
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triphosphate mix, 25 units of RNase inhibitor, and 0.5 mL of reverse tran-
scriptase in a 30-mL scale. The reaction was performed using the following
conditions: 30 min at 16°C, 30 min at 42°C, and 5 min at 85°C.

Quantitative PCR was performed with the StepOnePlus real-time PCR
system (Applied Biosystems). The reaction mixture consisted of 5 mL of GoTaq
qPCR Master Mix (Promega), 0.2 mL of each gene-specific primer (10 mM;
Supplemental Table S7), 3.6 mL of nuclease-free water, and 1 mL of comple-
mentary DNA sample. The reaction mixture was denatured at 95°C for 10 min,
followed by 40 cycles of 15 s of denaturation at 95°C, and 1min of annealing and
extension at 60°C. Melting curves were analyzed after each reaction to check
primer specificity. A housekeeping gene,Os05g0564200, was used as an internal
control (Höller et al., 2014a). The quantification of target genes was performed
using the comparative threshold cycle method as described by Frei et al. (2010).
The efficiency of amplification was checked for all primer pairs using a comple-
mentary DNA dilution series, and the values between 80% and 112% were
obtained. All gene expression analyses were conducted in analytical duplicates.

Enzyme Assays

AO Activity

AO activity was measured according to Pignocchi et al. (2003). Briefly, the
enzyme was extracted with 1 mL of 0.1 M sodium phosphate buffer (pH 6.5)
from around 80 mg of sample ground in liquid nitrogen. The ion concentration
was high enough to extract the AO from the cell wall, since another extract
using the same buffer including 1 M NaCl after the first extraction step retrieved
only negligible AO activity in rice and Arabidopsis. The assay mixture con-
sisted of 10 mL of the enzyme extract, 80 mL of sodium phosphate buffer (pH
5.6), and 10 mL of 2 mM reduced AsA. The solution was mixed by pipetting, and
the kinetics were read at 265 nm (extinction coefficient [«] = 14.3 mM

21 cm21)
with a microplate reader (Powerwave XS2; BioTek). The protein concentration
was measured according to the method of Bradford (1976).

NADPH Oxidase Activity

NADPHoxidaseactivitywasmeasuredaccording toIshibashi et al. (2010).First,
the enzymewas extracted fromaround 60mgof frozen samplewith 1mLof 10mM

sodium phosphate buffer (pH 6.0) and two times 15-s sonication. The supernatant
was obtained by centrifugation at 16,000g at 4°C for 15min.Analiquot of 200mL of
the extract was mixed with 1.8 mL of 100% (v/v) acetone and placed at 220°C
for more than 15 min. The protein was recovered by centrifugation at 12,500 rpm
at 4°C for 10 min. The pellet was dissolved in 50 mM Tris-HCl (pH 8.0) containing
0.1 mM MgCl2, 0.25 M Suc, and 0.1% (v/v) Triton X-100. The assay mixture con-
sisted of 10 mL of the protein extract, 10mL of 5mM nitroblue tetrazolium, 10mL of
1 mM NADPH, and 70 mL of the above-mentioned Tris buffer containing MgCl2,
Suc, and Triton X-100. The kinetics were read at 530 nm (« = 12.8 mM

21 cm21), and
the activity was calculated based on the protein concentration.

Biochemical Assays

AsA Assay

Extraction and quantification of AsA from the apoplast and the whole
tissue were based on Ueda et al. (2013b). The reduced AsA content was
measured from the absorption decrease at 265 nm after the addition of 10 mL
of 0.01 units mL21 AO to a mixture of 10 mL of extracted AsA and 80 mL of 0.1 M

potassium phosphate buffer (pH 7.0). The oxidized AsA content was measured
from the absorption increase at 265 nm after the addition of 10 mL of 4 mM

dithiothreitol to a mixture of 10 mL of extracted AsA and 80 mL of 0.1 M

potassium phosphate buffer (pH 7.8). The calculation of the AsA content was
based on the extinction coefficient of « = 14.3 mM

21 cm21.

Chlorophyll Measurements

Chlorophyll content was measured according to Porra et al. (1989) using
dimethylformamide as a solvent. Approximately 10 mg of fresh sample was
taken from the middle part of the second fully expanded leaf, put into a 1.5-mL
tube together with 1mL of dimethylformamide without grinding, and stored at
4°C for 24 h. The absorption of the resultant solution was read at 647, 664, and
750 nm (background) using a microplate reader. The concentrations of chlo-
rophylls a and b were calculated by the following formulae:

Chl  a ¼ ½12:003 ðA664 2A750Þ2 3:113 ðA647 2A750Þ�=0:29

Chl  b ¼ ½20:783 ðA647 2A750Þ2 4:883 ðA664 2A750Þ�=0:29
Here, 0.29 denotes the path length (cm) of the solutionwhen100mLwasput onto
a 96-well plate (no. 3635; Corning).

MDA Quantification

The amount ofMDAwas determined as described previously (Hodges et al.,
1999; Höller et al., 2014b). Extraction was performed from approximately
100 mg of ground tissues with 2 mL of 0.1% (w/v) TCA. The supernatant was
obtained after centrifugation at 4°C and 15,000g for 15min. An aliquot of 250mL
of the supernatant was mixed with 250 mL of 20% (w/v) TCA, 0.01% (w/v)
2,6-di-tert-butyl-4-methylphenol, and 0.65% (w/v) thiobarbituric acid. The
mixture was heated to 95°C for 30 min, and the absorbance of the supernatant
was measured at 440, 532, and 600 nm. The absorption of blank samples, which
did not contain thiobarbituric acid, was subtracted for each sample.

Statistical Analyses

Statistical analyses were performed using the SAS program (SAS Institute)
applying a PROC MIXED model. Genotype, treatment, and genotype and
treatment interaction were set as fixed effects, and chamber and chamber 3
container were set as random effects, as described by Frei et al. (2011). Tukey’s
test was conducted as a posthoc test. P values below 0.05 were considered to be
significant.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under the following accession numbers: OsORAP1 genomic sequence
for Dongjin (KT369010) and Kasalath (KT369009).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Phylogenetic analysis of clade III from 14 differ-
ent plant species.

Supplemental Figure S2. Multiple alignment of the proteins in clades II
and III.

Supplemental Figure S3. Transient expression of OsORAP1 in N. benthamiana
leaves.

Supplemental Figure S4. Gene model of OsORAP1.

Supplemental Figure S5. Expression of OsORAP1 and MDA content from
experiment 2.

Supplemental Figure S6. Plant shape in A-O3 and E-O3 conditions.

Supplemental Figure S7. Growth parameters of three lines.

Supplemental Figure S8. Leaf dry weight per area in three lines.

Supplemental Figure S9. AO activity in the apoplast.

Supplemental Figure S10. Ascorbate content and redox status of whole-
tissue extract.

Supplemental Figure S11. Polyphenol oxidase activity.

Supplemental Figure S12. Expression levels of phytohormone-related
genes.

Supplemental Figure S13. Sequence alignment of the OsORAP1 locus from
four different rice lines.

Supplemental Figure S14. Sequence alignment of OsORAP1 proteins from
four different rice lines.

Supplemental Figure S15. Expression pattern of OsORAP1 in rice root.

Supplemental Figure S16. Expression of OsORAP1 during seed imbibition.

Supplemental Table S1. Expression profile of Arabidopsis AO homologs
under several conditions.

Supplemental Table S2. cis-Elements found only in cv Nipponbare.
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Supplemental Table S3. cis-Elements found in both cv Nipponbare and cv
Kasalath.

Supplemental Table S4. cis-Elements found only in cv Kasalath.

Supplemental Table S5. Expression profile of OsORAP1 and
Os06g0567900 under several conditions.

Supplemental Table S6. Seed germination test of an OsORAP1 knockout
line in the cv Tainung 67 genetic background.

Supplemental Table S7. Primers used for this study.

Supplemental Protocol S1. Method for vector construction.

Supplemental Protocol S2. Method for polyphenol oxidase activity
measurement.
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