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Hydrogen peroxide (H2O2) can act as a signaling molecule that influences various aspects of plant growth and development,
including stress signaling and cell death. To analyze molecular mechanisms that regulate the response to increased H2O2

levels in plant cells, we focused on the photorespiration-dependent peroxisomal H2O2 production in Arabidopsis thaliana
mutants lacking CATALASE2 (CAT2) activity (cat2-2). By screening for second-site mutations that attenuate the PSII
maximum efficiency (Fv’/Fm’) decrease and lesion formation linked to the cat2-2 phenotype, we discovered that a mutation in
SHORT-ROOT (SHR) rescued the cell death phenotype of cat2-2 plants under photorespiration-promoting conditions. SHR
deficiency attenuated H2O2-dependent gene expression, oxidation of the glutathione pool, and ascorbate depletion in a cat2-2
genetic background upon exposure to photorespiratory stress. Decreased glycolate oxidase and catalase activities together
with accumulation of glycolate further implied that SHR deficiency impacts the cellular redox homeostasis by limiting
peroxisomal H2O2 production. The photorespiratory phenotype of cat2-2 mutants did not depend on the SHR functional
interactor SCARECROW and the sugar signaling component ABSCISIC ACID INSENSITIVE4, despite the requirement for
exogenous sucrose for cell death attenuation in cat2-2 shr-6 double mutants. Our findings reveal a link between SHR and
photorespiratory H2O2 production that has implications for the integration of developmental and stress responses.

INTRODUCTION

In plants, numerous growth, developmental, and defense-related
processes rely on redox homeostasis, which is maintained by an
extensive antioxidant machinery (Schürmann and Buchanan,
2008; Foyer and Noctor, 2009; Van den Ende and Valluru, 2009;
Mittler et al., 2011; Considine and Foyer, 2014). The composition
of theantioxidant system ineachcellular compartment reflects the

need for removal of the respective forms and amounts of reactive
oxygen species (ROS). For example, because peroxisomal re-
actions generate substantial amounts of hydrogen peroxide
(H2O2), peroxisomes contain catalase that converts H2O2 into
water and oxygen. In photosynthetic cells, catalase decomposes
the H2O2 generated as glycolate is oxidized to glyoxylate by
glycolate oxidase (GOX). The peroxisomal H2O2-scavenging
system minimizes the oxidative damage to vulnerable cellular
constituents and the failure to dissipate photorespiratory H2O2

triggers redox signaling pathways (Mhamdi et al., 2012; Sandalio
and Romero-Puertas, 2015). Among the ROS, H2O2 has the
highest potential to act as a signaling molecule because of its
relative stability, ability to cross membranes (Bienert et al., 2007;
Tian et al., 2016), and role in posttranslational modification of
cysteine and methionine residues in target proteins (Waszczak
et al., 2014, 2015; Jacques et al., 2015).
Arabidopsis thaliana plants that lack peroxisomal catalase have

been extensively used as a model system to mimic increased
endogenous H2O2 levels in a noninvasive, physiologically relevant
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manner (Vandenabeele et al., 2004; Vanderauwera et al., 2005;
Queval et al., 2007;Mhamdi et al., 2010; Noctor et al., 2015).When
grown under ambient air and moderate light intensities, cat2
mutant plants, which are deficient in CATALASE2, display
photoperiod-dependent morphological characteristics, such
as stunted rosettes and lesion formation (Queval et al., 2007).
Moreover, these growth conditions lead to accumulation of oxi-
dized glutathione, reflecting a general disturbance of the redox
homeostasis (Queval et al., 2007; Chaouch et al., 2010). As these
phenotypes are not observed under conditions that limit the flux
through the photorespiratory pathway (such as high CO2 levels),
they areclassifiedasconditional. Therefore,cat2 requireselevated
CO2 concentrations for proper growth and development (Queval
et al., 2007). Second-site mutations that alleviate the photo-
respiratory phenotype of cat2 are instrumental in elucidating
peroxisomal H2O2-triggered signaling events (Kaurilind et al.,
2015). Lesions induced by peroxisomal H2O2 are abolished in
double mutants that lack the salicylic acid (SA) biosynthetic en-
zyme ISOCHORISMATE SYNTHASE1, implying a role for SA
accumulation in the photorespiratory phenotype of cat2 (Chaouch
et al., 2010). Analternativemechanism that attenuates cell death in
cat2mutants was revealed by introducing a loss-of-function allele
of cytosolic ASCORBATE PEROXIDASE1 (APX1) into the cat2
background.Thesimultaneous lossofbothenzymesconstitutively
activates a DNA damage response that is accompanied by en-
hanced oxidative stress tolerance (Vanderauwera et al., 2011). On
the contrary, a cat2-2 pp2a-b9g doublemutant exhibits intensified
SA responses and lesion formation (Li et al., 2014), demonstrating
that the type 2A protein phosphatase subunit PP2A-b9g is
a negative regulator of the peroxisomal H2O2-induced responses.

The SHORT-ROOT (SHR) transcription factor was initially
identified as a transcriptional regulator required for adequate
growth and radial patterning of roots. Null shr mutants exhibit
premature termination of root growth, resulting from a disorga-
nized quiescent center and consequent loss of stem cell activity
(Benfey et al., 1993; Scheres et al., 1995; Helariutta et al., 2000).
Moreover, shr plants display a severely dwarfed shoot phenotype
that is independent from the impaired root development (Dhondt
et al., 2010). In leaf cells, SHR deficiency triggers an earlier exit
from the proliferation phase that is associated with a premature
decrease in expression of cell cycle regulators (Dhondt et al.,
2010). Furthermore, SHR is crucial for the development of bundle
sheath cells in Arabidopsis (Cui et al., 2014) and was proposed to
function in the formation of the Kranz-type anatomy in maize (Zea
mays; Slewinski et al., 2012; Wang et al., 2013).

Although SHR expression in the root is confined to the vascular
tissue, SHR migrates to the adjacent cell layers, where it, in
a complex with the SCARECROW (SCR) transcription factor, is
sequestered to the nucleus. This SHR-SCR interaction restricts
the SHRmovement and is crucial for the development of a single
endodermis layer (Nakajimaetal., 2001;Cui etal., 2007). TheSHR-
SCR complex positively regulates SCR expression by direct
binding to theSCRpromoter.Consequently,SCR transcript levels
are reduced in shr plants with a marked overlap between the root
and shoot phenotypes, including perturbed bundle sheath for-
mation (Cui et al., 2014) and transcriptome profiles of shr and scr
mutants (Scheres et al., 1995; Di Laurenzio et al., 1996; Levesque
et al., 2006; Dhondt et al., 2010).

In addition to developmental cues, SHR and SCR regulate
a number of genes involved in stress responses, suggesting that
SHR might act as a dual regulator that regulates organ growth,
while suppressing stress responses (Cui et al., 2012).Both shr and
scrmutantsdisplayhypersensitivity toabscisic acid andhigh (4%)
glucose in germination assays. Furthermore, they are impaired in
starchmobilization and overaccumulate soluble sugars (Cui et al.,
2012, 2014).
By screening a mutagenized population of cat2-2 plants for

second-site mutations that attenuate the induction of cell death
under photorespiration-promoting conditions, we identified
a loss-of-function mutation in SHR. Upon exposure to photo-
respiration-promoting conditions, mutants lacking SHR main-
tained a more reduced redox environment that, together with
perturbations of the photorespiratory metabolism, suggested
a decreased peroxisomal H2O2 production. The cell death at-
tenuation was independent of the SHR functional interactor SCR.
Taken together, our findings show that SHR acts as a regulator of
the photorespiratory redox homeostasis that integrates stress
responses and development.

RESULTS

An SHR Loss-of-Function Mutation Alleviates the Cell Death
Phenotype of cat2-2 Mutants under Photorespiration-
Promoting Conditions

Environmental conditions enhancing the photorespiratory flux
trigger peroxisomal H2O2 production and ultimately lead to cell
death in Arabidopsis mutants lacking peroxisomal CAT2 (cat2)
(Queval et al., 2007). In a screen for second-site mutations that
alleviate the photorespiratory phenotype of cat2-2 plants, pho-
torespiration was promoted by restricting the ambient air influx to
in vitrogrownplants bysealing thePetri disheswithmultiple layers
of Parafilm and exposure to continuous light to avoid the influence
of night respiration ongas homeostasis. Asa result, theCO2 levels
in the plates decreased rapidly, enhancing the flux through the
photorespiratory pathway (Vanderauwera et al., 2012; Kerchev
et al., 2015). During the treatment, the PSII maximum efficiency
(Fv’/Fm’) was monitored as a noninvasive readout of the stress
tolerance. The spatial distribution of Fv’/Fm’ values is represented
with a color scale ranging from black (Fv’/Fm’ = 0.0) to white
(Fv’/Fm’ = 1.0) with red, orange, yellow, blue, and violet to purple in
between. In cat2-2 plants, the exposure to photorespiration-
promoting conditions led to a gradual reduction of the PSII
maximum efficiency (Fv’/Fm’), lesion formation, and complete
mortality within 7 d. By contrast, wild-type Col-0 plants exhibited
only a moderate decrease in Fv’/Fm’ and survived the treatment
(Figure 1A). In this bioassay, we screened an EMS-mutagenized
cat2-2populationof113,000M2plants formutantswitha reduced
Fv’/Fm’declineandattenuatedcell death (Figure1B;Supplemental
Figure 1).Oneof the identifiedcat2-2 revertants (hereafter referred
to as 378.3) was characterized further (Figures 2A to 2D) and the
causative mutation was mapped to the SHR coding sequence
(Figure 2E). Introduction of a null shr-6 allele (a T-DNA knockout)
into the cat2-2 background was sufficient to delay cell death
relative to the parental cat2-2 single mutants in photorespiration-
promoting conditions (Figures 2F and 2G). The photorespiratory
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phenotype of plants heterozygous for shr-6 in the cat2-2 back-
ground was identical to that of cat2-2 mutants, implying that
a complete loss of SHR is required for improved survival under
photorespiration-promoting conditions (Supplemental Figure 2).
Interestingly, under these conditions, two independent shr alleles,
shr-6 and shr-2, retained higher Fv’/Fm’ values than the wild types
(Supplemental Figure 3).

Cell Death Attenuation under Photorespiratory Conditions Is
Modulated by Exogenous Sugar

Given that the378.3mutantwasdiscovered inascreenperformed
within an in vitro experimental system, we investigated whether
SHR deficiency could similarly alleviate the cell death phenotype
of cat2-2 mutants in soil. Plants were grown under a high CO2

atmosphere (3000 mL L21) to minimize the flux via the photo-
respiratory pathway. Photorespiratory stress was imposed by
a transfer to high light (1000 mmolm22 s21) and ambient air. These
conditions triggered a drastic Fv’/Fm’ reduction in cat2-2mutants
(Figure 3) associated with formation of lesions that were mostly
visible at the tips of mature rosette leaves, with young emerging
leaves being largely unaffected (Figure 3). The combined effect of
shr-6 and cat2-2 in the cat2-2 shr-6 doublemutants did not affect
lesion development when compared with cat2-2 plants (Figure 3).

Because the mutant screen was conducted in the presence of
sucrose (1%w/v), we tested whether the presence or absence of
sugar affects the cat2-2 shr-6 phenotype and might underlie the
different outcomes observed in vitro and in soil. To circumvent
the growth abnormalities observed in SHR-deficient plants in the
absence of sugar (Supplemental Figure 4; Cui et al., 2012), 18-d-
old plants were transferred from a medium containing sucrose
(1% w/v) to a sucrose-free medium and were then exposed to

photorespiration-promoting conditions 3 d later. Under these
conditions, the beneficial effects of the SHR deficiency (i.e., de-
layedcell deathandmoderatedecrease inFv’/Fm’)wereabolished,
and the cat2-2 shr-6 double mutants exhibited higher sensitivity
toward the stress treatment than the cat2-2 plants (Figure 4).
Moreover, when the photorespiratory phenotype of single shr-6
mutants was assessed after transfer to a sucrose-free medium,
they displayed a cell death phenotype comparable to that of cat2-
2, which is in contrast to their superior performance in the pres-
ence of sugar (Figure 4).

Loss of SHR Function Attenuates H2O2-Triggered Redox
Perturbation and Gene Expression

Factors negatively affecting photorespiratory H2O2 accumulation
areexpected to increase thesurvival ratesofcat2-2mutantsunder
photorespiration-promoting conditions. The highly reactive na-
ture of H2O2, however, impedes its accurate and reliable quan-
tification. Therefore, we quantified levels of the key redox buffers
GSH/GSSG and ascorbate (AA)/dehydroascorbate and per-
formed an RNA-seq-based transcriptomic analysis of ROS-
responsive genes (Figure 5; Supplemental Data Set 1). The
combinationof thesebiochemical and transcriptomedataprovide
a good indication of the cellular redox homeostasis and is con-
sidered a reliable proxy for H2O2 metabolism and signaling.
GSSG accumulated significantly in cat2-2mutants exposed to

photorespiration-promoting conditions, whereas this increase
was attenuated in cat2-2 shr-6 double mutants (Figure 5A).
Similarly, the introduction of shr-6 diminished the AA depletion
observed in stressed cat2-2 single mutants. Strikingly, the total
glutathione content and its oxidation status in shr-6mutants were
not affected by the treatment.Moreover, single shr-6mutants had

Figure 1. Strategy to Identify Second-Site Mutations That Alleviate the Photorespiratory Phenotype of cat2-2 Mutants.

(A)PSIImaximumefficiency (Fv’/Fm’) decreaseandcell death progression in 3-week-old plants exposed tophotorespiration-promoting conditions (air-tight
sealing of Petri disheswithParafilm and transfer to continuous light). Data points represent Fv’/Fm’means from three biological replicates6SE for cat2-2 (red
squares) andCol-0 (blue dots). Representative bright-field andcolor-coded images of Fv’/Fm’ taken in parallel on days 0, 2, and7of the treatment are shown
on the right. TheFv’/Fm’parameterwas visualizedwith the useof a color scale ranging fromblack (0.0) towhite (1.0)with red, orange, yellow, green, blue, and
violet in between. Bar = 10 mm.
(B) Schematic depiction of the forward genetic screen used to identify revertants of the photorespiratory cat2-2 phenotype. An EMS-mutagenized cat2-2
population (113,000M2plants)wasscreenedunderphotorespiration-promotingconditions (arrows).Plants that showed lower ratesofFv’/Fm’decreaseand
attenuated cell death relative to the parental cat2-2 plants (red circle) were selected for further characterization.
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Figure 2. Characterization of Line 378.3.

(A) Color-coded images of PSII maximum efficiency (Fv’/Fm’) of 3-week-old Col-0, 378.3, and cat2-2 plants exposed to photorespiration-promoting
conditions (restricted gas exchange and transfer to continuous light) for 24 h. Bar = 20 mm.
(B)Fv’/Fm’decrease during the exposure to photorespiration-promoting conditions inCol-0, 378.3, and cat2-2plants. Data points representmeansof three
biological replicates 6SE.
(C)Representative bright-field images ofCol-0, cat2-2, and 378.3before (top) and after (bottom) 7d of exposure to photorespiration-promoting conditions.
Bar = 5 mm.
(D) Short-root phenotype of 378.3. Plants were grown vertically for 2 weeks on MS medium supplemented with 1% (w/v) sucrose under long-day (LD)
conditions (16 h/8 h day/night) at 100 mmol m22 s21. Bar = 10 mm.
(E) Gene model of SHR with positions of mutant alleles used in this study. The identified mutation site is marked in red.
(F) Color-coded Fv’/Fm’ images of 3-week-old Col-0, cat2-2, shr-6, and cat2-2 shr-6 plants exposed to photorespiration-promoting conditions for 48 h.
Colors are as in Figure 1A. Bar = 10 mm.
(G) Representative bright-field image of 3-week-old Col-0, cat2-2, shr-6, and cat2-2 shr-6 plants after 7 d of exposure to photorespiration-promoting
conditions. Bar = 10 mm.
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a higher AA content than that of the wild type both under control
and stress conditions (Figure 5A). We identified ;300 ROS-
responsive transcripts (Supplemental Data Set 2) from a com-
pendium of five microarray experiments featuring ROS-generating
conditions and assessed their expression levels upon exposure
to photorespiration-promoting conditions in the different mutant
genotypes (Figure 5B). The induction of the ROS-responsive
transcripts was especially pronounced in cat2-2 mutants,
whereas their induction was alleviated in shr-6 cat2-2 mutants.
Interestingly, the expression levels of most ROS-responsive
transcripts were not affected in shr-6 single mutants exposed to
photorespiration-promoting conditions (Figure 5B). Taken to-
gether, ourdata indicate thatSHR lossof function leads toamore
reduced cellular redox environment pointing toward decreased
H2O2 levels.

Lack of SHR Negatively Affects Photosynthetic CO2

Assimilation and Photorespiratory Metabolism

GOX activity in photosynthesizing tissues generates substantial
amounts of H2O2 that are subsequently removed by peroxisomal
CAT. To test whether aberrant GOX and CAT activities might
explain the more reduced redox environment in the absence of

SHR, we measured their activities in shr-6 leaf extracts under
control conditions. Plants lacking SHR displayed significantly
lower GOX (47%) and CAT (61%) activities than did the wild type
(Figure 6A). The impaired GOX activity in control shr-6 plants did
not correlate with reduced transcript abundancies of the two
photorespiratory GOX isoforms GOX1 andGOX2, whereas CAT2
mRNA levels were slightly lower than those of the wild type (log2

fold change = 20.58; P = 0.06; Supplemental Data Set 3).
Photorespiration and photosynthesis are intimately linked

and enhanced rates of CO2 assimilation are accompanied by
increased flux via the photorespiratory pathway (Peterhansel
and Maurino, 2011). On the other hand, blockage of the pho-
torespiratory pathway leads to inhibition of photosynthesis
(Peterhansel and Maurino, 2011). To estimate whether low ac-
tivities of GOX and CAT impact CO2 assimilation, in vitro-grown
shr-6, cat2-2 shr-6, cat2-2, and wild-type plants were compared.
The photosynthetic rates of shr-6 and cat2-2 shr-6mutants were
significantly lower (37 and 53%) than the corresponding controls
(Figure 6B).
The reduced CO2 assimilation and lowered GOX and CAT en-

zyme activities implied that the photorespiratory pathway in shr-6
mutants might be impaired. To further test this hypothesis, we
quantified the steady state levels of selected photorespiratory
intermediates under control and photorespiratory conditions. The
reduced CO2 assimilation observed in shr-6 and cat2-2 shr-6
mutants before exposure to photorespiratory conditions was
accompanied by elevated levels of glycolate that were especially
pronounced in the double mutant (Figure 6C). Exposure to pho-
torespiration-promoting conditions increased glycolate content
to comparable levels in cat2-2 and shr-6, whereas in cat2-2 shr-6
doublemutants, theglycolate amountswere;70-fold higher than
in wild-type plants (Figure 6C). By contrast, the glycine content of
shr-6 and cat2-2 shr-6 mutants was lower than that in wild-type
and cat2-2 plants under control conditions (Figure 6C). During the
treatment, only wild-type plants accumulated glycine (Figure 6C).
Serine pools were largely unaffected by the enhanced rates of
photorespiration in all genotypes, but cat2-2 and cat2-2 shr-6
mutants displayed elevated serine contents, regardless of the
treatment (Figure 6C). Taken together, these results hint at a block-
age of the photorespiratory pathway in shr mutants upstream of
glyoxylate transamination.

Loss of SHR Does Not Affect Peroxisome Biogenesis

Accumulation of glycolate, low abundance of downstream pho-
torespiratory metabolites (Figure 6C), and the partial requirement
for exogenous sucrose to support postembryonic growth
(Supplemental Figure 4; Cui et al., 2012) suggested that
shr mutants might be deficient in peroxisome development.
Germination of most peroxisome biogenesis mutants (pex)
(Nito et al., 2007) is insensitive to indole-3-butyric acid and2,4-
dichlorophenoxybutyric acid because their conversion to the
biologically activemetabolites indole-3-acetic acid and 2,4-D,
respectively, requires glyoxysomal/peroxisomal b-oxidation
(Hayashi et al., 1998; Zolman and Bartel, 2004). Therefore, shr-6
seedlings were germinated on media supplemented with 10 mM
indole-3-butyric acid or 0.2mgmL21 2,4-dichlorophenoxybutyric
acid, but no differences to the wild type were observed.

Figure 3. Effect of SHR Deficiency on the Photorespiratory Phenotype of
cat2-2 in Soil Conditions.

Three-week-old plants grown in a high CO2 (3000 mL L21) atmosphere at
100 mmol m22 s21 were transferred to ambient air and exposed to con-
tinuous high light (1000 mmol m22 s21). Pairs of images show represen-
tative bright-field images (left panels) of 3-week-old plants, together with
color-coded Fv’/Fm’ images (right panels) in the beginning (t = 0) and 24 h
after the onset of the exposure to photorespiration-promoting conditions
(t = 24 h). Colors are as in Figure 1A. Bar = 10 mm.
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Additionally, we introduced the peroxisomal marker Pro35S:
PTS1:GFP (Zolman and Bartel, 2004) into the shr-6 background
and investigated peroxisomal numbers and dynamics, but again
could not detect differences in comparison to the wild type
(Supplemental Figure 5).

Lack of SCR Does Not Alleviate the Cell Death Phenotype of
cat2-2 Mutants under Photorespiration-
Promoting Conditions

The SHR-SCR complex positively regulates the expression of
SCR by binding to its promoter. As a result, both shr and scr
mutants display similar molecular and phenotypic characteristics
(Cui et al., 2007). Surprisingly, the introduction of the scr-3
allele into cat2-2 background not only did not alleviate the

photorespiratory phenotype in the absence of peroxisomal cat-
alase but also rendered the cat2-2 scr-3 double mutants more
susceptible tophotorespiration-promoting conditions (Figures 7A
and 7B). Moreover, two independent scr knockout alleles, scr-3
and scr-1, displayed a lower stress tolerance than the respective
wild-type controls (Figures 7C and 7D). Taken together, these
results indicate thatSHRacts independently ofSCR inmodulating
stress responses under photorespiration-promoting conditions.
Additionally, because the cat2-2 scr-3 mutants similarly exhibit
a short root phenotype, these results also provide evidence that
the impaired root growth by itself is not responsible for the survival
phenotype.
Mutants lacking SHR and SCR exhibit a number of overlapping

sugar-related phenotypes, such as sugar-sensitive germination,
inability to mobilize starch, and increased levels of glucose,

Figure 4. Influence of Exogenous Sucrose on the Tolerance of SHR-Deficient Plants to the Photorespiration-Promoting Conditions.

Plants were germinated and grown for 18 d on a nylon mesh placed on a 13MS sucrose-supplemented medium (1% w/v) and subsequently transferred
either to amediumwith a similar sucrose concentration or to a sucrose-freemedium.Threedaysafter the transfer, plantswere exposed tophotorespiration-
promoting conditions.
(A) and (B)Representative bright-field images of plants exposed to photorespiration-promoting conditions for 7 d onmedium containing 1% (w/v) sucrose
(A) and on medium with no sucrose (B). Bar = 20 mm.
(C) and (D) Photorespiration-triggered Fv’/Fm’ changes over time in Col-0 (closed circles), cat2-2 (closed squares), shr-6 (open circles), and cat2-2 shr-6
(open squares) plants. Data points represent means of three biological replicates 6SE.
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fructose, and sucrose (Cui et al., 2012, 2014). However, a notable
differencebetween the twomutants is the transcript abundanceof
the important mediator of sugar signaling ABSCISIC ACID IN-
SENSITIVE4 (ABI4). Interestingly, ABI4 transcripts are strongly
induced in scr but not in shr mutants. Therefore, we investigated
whether the high ABI4 levels might be responsible for the differ-
ential responses of cat2-2 scr-3 and cat2-2 shr-6 under photo-
respiration-promoting conditions in the presence of sugars. To
test this hypothesis, we introduced the abi4-102 mutation (Laby
et al., 2000) into the cat2-2 background and exposed the resulting
cat2-2 abi4-102 double mutants to photorespiration-promoting
conditions in vitro. Despite the lack of ABI4, cat2-2 abi4-102
mutants were indistinguishable from the parental cat2-2 plants
in terms of Fv’/Fm’ decrease and timing of lesion formation
(Supplemental Figure 6).

DISCUSSION

In Arabidopsis cat2mutants, H2O2 production can be efficiently
modulated through changes in CO2 partial pressure and light
intensity (Vanderauwera et al., 2005; Queval et al., 2007;
Kerchevet al., 2015).Decreased levelsofCO2 favor theRubisco
oxygenation reaction and lead to an increased flux via the

photorespiratory pathway (Laing et al., 1974). As an experimental
approach to conditionally modulate photorespiration and asso-
ciated H2O2 production in Arabidopsis seedlings, we depleted the
CO2 levels by restricting the gas exchange of the Petri dishes by
sealing them with Parafilm and forcing the plants to perform full-
time photosynthesis by continuous growth in the light (Kerchev
et al., 2015). These conditions trigger a rapid and homogenous
decrease inCO2 levelswithin the growth environment and thereby
enhance the flux via the photorespiratory pathway, as clearly
evidenced by both the altered levels of photorespiratory metab-
olites and the cell death phenotype observed in cat2-2 mutants
(Figure 1; Kerchev et al., 2015). A conceptually similar system
for experimental decrease in CO2 levels to screen for photo-
respiratory mutants in air-tight chambers had already been pro-
posed to screen soybean (Glycine max) plants for individuals with
reduced photorespiratory rates (Widholm and Ogren, 1969).
In a seminal forward genetics screen that identified the first

photorespiratory mutants in Arabidopsis, photorespiration had
been imposed by growing plants first under a CO2-enriched at-
mosphere (1% CO2/21% O2) before shifting them to ambient air
(Somerville and Ogren, 1979). Alternatively, leaf gas exchange
was restricted by sealing stomata with lanolin. The enforced
drop in the stomatal conductance swiftly provoked increased

Figure 5. Cellular Redox Alterations in the Absence of Functional SHR.

(A)Glutathione and ascorbate content in 3-week-old Col-0, cat-2, shr-6, and cat2-2 shr-6 plants before (Control) and after (Photorespiratory stress) 24 h of
exposure to photorespiration-promoting conditions. White bars indicate GSH or AA content, and black bars indicate GSSG or dehydroascorbate (DHA)
content averaged from four biological replicates6SE. Asterisk indicates significant difference of all mutant genotypes relative to Col-0 at P < 0.05, and +
indicates significant difference between cat2-2 and cat2-2 shr-6 at P < 0.05 for total glutathione (GSH + GSSG) and ascorbate (AA + DHA).
(B)Comparisonof expressionpatternsof a subsetofROS-responsivegenes that are found in the transcriptomesignaturesofCol-0,cat2-2, shr-6, andcat2-
2 shr-6 plants upon exposure to photorespiration-promoting conditions. The following experiments were used in the analysis: exposure of seedlings to
ozone for 6 h (6 hO3, E-MEXP-342); treatment of seedlingswith 50 mMantimycinA for 3 h (3 hAA,GSE41136); reillumination of the conditional flumutant for
2 h after a dark acclimation (2 h flu, GSE10812); treatment of seedlings with 10mMH2O2 for 24 h (24 h H2O2, unpublished data), and treatment of seedlings
with oligomycin for 4 h (4 h OM, GSE38965). ROS marker genes published previously (Gadjev et al., 2006) are shown alongside the heat map.
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photorespiration and H2O2 accumulation (Mateo et al., 2004). In
comparison to these approaches, the main advantage of our ex-
perimental system is the possibility of screening plants in a high-
throughputmanner, with a reduced risk for false positives. Control
of theatmosphericCO2/O2concentration ratio requiresspecialized
growth chambers, additionally limiting throughput and, hence, the
feasibility of the assay on a wider scale. In previous attempts to
perform a similar screen in soil-grown plants, we failed to identify
mutant plants with reproducible phenotypes. In the current assay,
we screened more than 100,000 M2 plants. The high-throughput
characteristics of the assay were additionally favored by the
noninvasive chlorophyll fluorescence readout, making this in vitro
bioassay an excellent choice for large-scale screening and
follow-up experiments. The decrease in the treatment-associated
PSII efficiency occurs before the visible cell death lesions and
thereforeserves asanearly proxy for stress symptoms (Figure1).A
limitation of the assay is its in vitro setup and the presence of
sugar in the growth medium that unavoidably influences photo-
synthesis, development, and stress responses. However, cat2
and other photorespiratory mutants require exogenous sugar
supplementation for proper growth in vitro (Timm and Bauwe,
2013). Therefore, the screen was conducted with the use of

sucrose-supplemented growth medium that together with the
potential accumulation of volatile metabolites, such as ethylene
and methyl jasmonate, might influence the stress responses.
Here, we report the identification of a causative mutation in the

SHR transcription factor that enables survival of cat2-2 mutants
under photorespiratory conditions and dissect the physiological,
biochemical, and transcriptomic changes that underlie this pro-
cess. Several lines of evidence support a scenario under which
SHR loss-of-function attenuates the impact of exposure to
photorespiration-promoting conditions, largely through reduced
H2O2 accumulation. In support, shr-6 and cat2-2 shr-6 mutants
accumulate enhanced levels of ascorbate under control con-
ditions in comparison to the wild type and single cat2-2mutants,
respectively, and thedecrease inascorbate levels observedunder
photorespiration-promoting conditions in cat2-2 is attenuated in
the double mutants (Figure 5A). Second, the glutathione accu-
mulation in cat2-2 shr-6mutants under stress conditions is largely
abolished when compared with that of the cat2-2 mutants,
and its redox status is not affected by the treatment (Figure 5A).
Third, the ROS transcriptome signature of cat2-2 shr-6 under
photorespiration-promoting conditions resembles that of thewild
type rather than that of the parental cat2-2 and the accumulation

Figure 6. Effect of SHR Deficiency on Photosynthetic CO2 Assimilation and Photorespiratory Metabolism.

(A) Impact of SHR deficiency on the activities of the peroxisomal photorespiratory enzymes glycolate oxidase and catalase. Enzyme activities were
extracted from 2-week-old rosettes of Col-0 and shr-6 plants and are expressed as a percentage of Col-0 values. Bars represent means of three biological
replicates 6SE. Asterisks (*P < 0.05, **P < 0.01, and ***P < 0.001) indicate significance according to Student’s t test.
(B) CO2 assimilation of 3-week-old in vitro-grown Col-0, cat2-2, shr-6, and cat2-2 shr-6 plants. Values represent means of eight biological replicates6SE.
Asterisks (*P<0.05, **P<0.01, and ***P<0.001) showsignificant differences relative toCol-0 identifiedbyaone-wayANOVA followedbyDunnett’smultiple
comparisons post hoc test.
(C) Levels of glycolate, glycine, and serine under control and photorespiration-promoting conditions (24 h) in 3-week-old in vitro-grown plants. Glycine and
serine levelswerequantifiedbasedon theabundanceof3-trimethylsilyl (TMS)and2-TMSderivatives, respectively. Values representmeansoffivebiological
replicates6SE.Datawereanalyzedwith a two-wayANOVAwith treatment (photorespiration-promoting conditions versus control conditions) andgenotype
as main factors, followed by a Tukey’s multiple comparison post hoc test. Asterisks (*P < 0.05, **P < 0.01, and ***P < 0.001) show significant differences to
Col-0 within the respective conditions.
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of ROS-induced transcripts in single shr-6 mutants is virtually
absent (Figure 5B). Finally, in the shr-6mutant, the photosynthetic
CO2 assimilation was lower than that of wild-type and cat2-2
plants andwas accompanied by reduced GOX and CAT activities
(Figure 6). Glycolate accumulation in shr-6 mutants, jointly with
decreased GOX activities and impaired photosynthesis, implies
that the flux through the photorespiratory pathway, and, hence,
peroxisomal H2O2 production, are reduced in mutants carrying
shr-6. Therefore, this partially restricted photorespiratory activity
conferredby shr-6might besufficient to attenuate thecell deathof
cat2-2 mutants under in vitro photorespiration-promoting con-
ditions but not to counteract the effects in soil-grown plants after
transfer to high light intensities of 1000 mmol m22 s21 (Figure 3).

Comparison of the transcriptomes under control conditions
revealed similarities between shr-6 and cat2-2 single mutants
(Supplemental Figure 7). Under these conditions, the redox status
of cat2-2 is already perturbed, as also evidenced by the increased
levels and oxidation status of glutathione and the constitutive
expression of numerous ROS-related transcripts. The redox

perturbation of cat2-2 has been shown to involve accumulation of
SA and pathogenesis-related transcripts (Chaouch et al., 2010; Li
et al., 2014). The activation of such responses in the cat2-2
background has been largely attributed to the oxidized environ-
ment andaccumulation ofH2O2 (Chaouchet al., 2010). Among the
transcripts induced in shr-6 were the SA marker gene PR-1 and
numerous ROS-related genes, suggesting that shr-6mutants are
in a primed state that underlies their subsequent response to
photorespiration-promoting conditions. In contrast to cat2-2,
however, the glutathione levels and its oxidation status in shr-6
were similar to those of the wild type; more importantly, they
accumulated ascorbic acid, suggesting that the redox homeo-
stasis is tightly regulated. The elevated ascorbate content was
accompanied by increased transcript levels of several ascorbate
biosynthetic genes from the L-galactose pathway (Supplemental
Figure 8). Ascorbate-deficient mutants have been shown to ac-
cumulate SA via yet unidentified mechanisms, implying a link
between pathogen responses and ascorbate levels (Mukherjee
et al., 2010). Despite the available literature describing activation

Figure 7. Influence of SCR on the Photorespiratory Phenotype of cat2-2.

(A) and (B) The photorespiratory phenotypes of cat2-2 and cat2-2 scr-3.Representative bright-field images illustrating cell death lesion formation in cat2-2
and cat2-2 scr-3plants 1week following theonset of exposure tophotorespiration-promoting conditions (A), togetherwith changesof Fv’/Fm’over time (B).
Data points represent means of three biological replicates 6SE. Bar = 10 mm.
(C) and (D)Performance of independent scr alleles (scr-3 and scr-1) during exposure to photorespiration-promoting conditions. Representative bright-field
images illustrating cell death lesion formation in cat2-2 and cat2-2 scr-3plants 1week after the onset of treatment (C), togetherwith changes of Fv’/Fm’over
time (D). Data points represent means of three biological replicates 6SE. Bar = 10 mm.
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of SA signaling in mutants with low ascorbate levels, the intimate
link between ascorbate levels and SA accumulation cannot ex-
clude the opposite scenario under which high ascorbate triggers
SA synthesis. Mutants carrying the shr-6mutation also displayed
enhanced myo-inositol levels (Supplemental Figure 9) together
with increased transcript abundance of two myo-inositol oxygenase-
encoding genes, MIOX2 and MIOX4 (Supplemental Data Set 1).
Myo-inositol might be functionally linked to ascorbic acid bio-
synthesis, although the exact contribution of these steps is far
from elucidated (Lorence at al., 2004; Endres and Tenhaken,
2009). Besides its potential role in ascorbic acid biosynthesis,
myo-inositol has been shown to negatively regulate cell death
andsupplementingcat2-2mutantswith exogenousmyo-inositol
can attenuate photorespiratory-dependent cell death (Chaouch
and Noctor, 2010). Interestingly, myo-inositol-1-phosphate
synthase1 mutants deficient in the enzyme catalyzing the rate-
limiting step of myo-inositol synthesis display light-dependent
lesion formation in a SA-dependent manner similarly to cat2-2
mutants (Donahue et al., 2010).

Among the target genes of SCR and SHR are numerous stress-
associated genes. This knowledge has led to the hypothesis that
these transcription factors play a dual role in plant growth and
development (Cui et al., 2011). Despite their hypersensitivity to
abscisic acid, however, both shr and scr display wild-type sen-
sitivity to mannitol and salinity (Cui et al., 2012). We have similarly
examined the growth characteristics of shr-6 to two different
concentrations of mannitol (25 and 50 mM) and salt (50 and
100 mM) and did not observe any differences in their response
relative to the wild type (Supplemental Figures 10A and 10B). As
the primary cause for the cell death phenotype of cat2-2 is H2O2

accumulation, we tested how shr-6 mutants react to exogenous
H2O2 and found that the response was comparable to that of the
wild type (Supplemental Figure 10C). Because the primary
mechanismthat leads toattenuationof thecell deathphenotypeof
cat2-2 is the limited flux via the photorespiratory pathway in
combination with priming of the stress response, it is not sur-
prising that other stress treatments cannot be alleviated in the
absence of SHR. However, the constitutive expression of ROS-
related transcripts, enhanced ascorbate content, and effects on
photosynthesis further strengthen the role of SHR as amodulator
of stress responses.

Despite the agonistic involvement of SHR and SCR in root
growth and development and the overlapping transcriptome
signatures of the two mutants, certain genotype-specific func-
tions canbedeconvoluted byexamining their expressionpatterns
and mutant phenotypes. SCR transcript abundance is largely
governed by the presence of SHR, but reduced SCR levels can
also be found in a shrbackground, implying the existence of SHR-
independent mechanisms of SCR expression (Dhondt et al.,
2010). The differential role of SHR and SCR in attenuating the cell
death phenotypeofcat2might be clarifiedby the target genes that
are not common between the two transcription factors. For ex-
ample, among the unique SHR targets are two transcription
factors NUTCRACKER (At5g44160) and BASIC LEUCINE-
ZIPPER2 (At2g18160;Cui et al., 2011). Interestingly, bothof them
are phosphorylated by KIN10 that is often described as amaster
regulator of plant metabolism on which developmental, stress,
and sugar signals converge (Baena-González et al., 2007).

Future efforts are needed to gain insights into the mechanistic
events underlying the phenotypes presented in thiswork. SHR had
already been demonstrated to bind to the promoters of a wide
varietyofgenes that function indiversecellularprocesses (Cuietal.,
2007, 2011, 2014). Therefore, future research should focus on
a comprehensive functional analysis of downstream SHR targets
with the aim of identifying the genetic interaction network that is
responsiblefor thedescribedphotorespiratoryphenotypes. Initially,
we demonstrated that SHR affects the photorespiratory pathway
independently from SCR (Figure 7). With the largely overlapping
shoot transcriptomes of shr and scr (Dhondt et al., 2010), target
genes that are differentially regulated by SHR and SCR, re-
spectively, could be prioritized. At the time of the photorespiratory
treatment, SHR expression in the leaf is restricted to the vascular
tissues (Cui et al., 2014). Interestingly, within leaf tissues, SHR
migrates to the adjacent cell layers (Gardiner et al., 2010) as ob-
servedsimilarly in roots (Nakajimaet al., 2001;Cui et al., 2007).SHR
exerts its molecular function largely through protein-protein inter-
actions (Cui et al., 2007; Welch et al., 2007), but the composition of
the shoot SHR interactome is still unknown. We anticipate that
efforts aiming at investigating the shoot SHR-interacting proteins
will provide a better understanding of the SHR function in the leaf.
In conclusion, our results reveal an unanticipated role of SHR in

the control of cellular redox homeostasis and photorespiratory
metabolism.TheabsenceofSHRattenuated thephotorespiration-
induced cell death in plants lacking CAT2 in a SCR-independent
manner. Lack of functional SHRhadamarked effect on the cellular
redox homeostasis that, together with perturbed photorespiratory
metabolism and attenuated induction of ROS-responsive tran-
scripts, indicated a reduced photorespiratory H2O2 accumulation.
Thesefindings strengthen the link betweenplant development and
oxidative stress responses and provide direction for further in-
vestigations of a tight interplay between these processes.

METHODS

Plant Material

Themutant lines used in this study have been described previously: cat2-2
(Queval etal., 2007),shr-6 (Dhondtetal., 2010;Yuetal., 2010),shr-2 (Fukaki
et al., 1998), scr-1 (Di Laurenzio et al., 1996), scr-3 (Fukaki et al., 1996), and
abi4-102 (Laby et al., 2000). Line ET8347 (cat2-20) was obtained from the
Cold Spring Harbor Laboratory TRAPPER collection (http://genetrap.cshl.
edu; Sundaresan et al., 1995). Plants homozygous for the DsE insertion
were selected by PCR and the DsE-gene junctions were sequenced with
primers used for their amplification (Supplemental Table 1) to map the
insertion site. The double knockout lines cat2-2 scr-3, cat2-2 shr-6, and
cat2-2 abi4-102 were generated by crossing cat2-2 plants (pollen ac-
ceptors) with the respective mutant lines (pollen donors). Double mutant
plants were identified in F2-segregating populations by both root length
phenotype and PCR/derived cleaved amplified polymorphic sequences
(dCAPS) genotyping with the respective primers/restriction enzymes
(SupplementalTable1). dCAPSmarkersweredesignedwithdCAPSFinder
2.0 (Neff et al., 2002). To obtain F1 individuals heterozygous for the SHR
locus in theCol-0andcat2-2background,shr-6mutantswerecrossedwith
Col-0 plants and the cat2-2 shr-6 double mutant line was crossed with
cat2-2plants. For the investigationofperoxisomal behavior, the transgenic
Pro35S:PTS1:GFP line (Zolman and Bartel, 2004) was crossed with the
shr-6mutant. The F2-segregating population was examined for root length
phenotype and GFP signal to identify GFP-positive shr-6 plants.
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Mutagenesis and Screening for Revertants of the cat2-2
Photorespiratory Phenotype

Seeds of the cat2-2 T-DNA mutant line (Queval et al., 2007) were treated
with a 0.3% (w/v) EMS solution for 7.5 h, washed extensively with water,
and sown in vinyl pots. M1 plants were grown at 21°C under a short-day
regime (8 h light [100 mmol m22 s21]/16 h dark). Before M2 seeds were
harvested, the number of M1 plants in each pot was counted. Recessive
mutants segregated in a 7:1 ratio in an M2 population; therefore, 10 M2
plants per M1 plant were analyzed. Mutagenized M2 plants were grown in
Petri dishes (150 3 25 mm; Becton-Dickinson) on full-strength MS agar-
solidifiedmedium supplemented with 1% (w/v) sucrose, 100mg L21 myo-
inositol, 0.5 mg L21 nicotinic acid, 0.5 mg L21 pyridoxine, and 1 mg L21

thiamine at 21°C and long-day (LD) conditions (16h light [100mmolm22 s21]/
8 h dark). Each plate contained ;60 M2 plants and six wild-type (Col-0)
seedlings. To promote photorespiration, after 21 d of growth, the Micro-
pore surgical tape (3M) that sealed the plateswas replaced by two layers of
Parafilm M (Bemis) to restrict gas exchange. Plants were transferred to
continuous light. Changes in maximum efficiency of the PSII photo-
chemistry (Fv’/Fm’) were determined with an Imaging PAMM-series (MAXI
version) chlorophyll fluorometer and ImagingWin software (Heinz Walz).
The Fv’/Fm’ parameter was visualized spatially with ImagingWin soft-
ware that uses a false color scale ranging from black (Fv’/Fm’ = 0.0) to white
(Fv’/Fm’ = 1.0) with red, orange, yellow, blue, violet, and purple in between.
The putative mutants that showed a reduced lesion formation and de-
creased Fv’/Fm’ ratio were transplanted to soil to obtain M3 seeds. TheM3
plants were retested with the same experimental conditions to determine
whether they exhibited the parental phenotype. Confirmed mutants were
selected to produce M4 seeds.

Mapping Strategy

To identify the causative mutation, Arabidopsis thaliana plants, accession
Landsberg erecta (Ler-0), that lack peroxisomal catalase (cat2-20) were
identified and confirmed genetically and biochemically (Supplemental
Figure 11). Subsequently, cat2-20 plants were crossed with the 378.3
mutant. Approximately 25% of the F2 plants exhibited a delay in the onset
of cell death, indicating that the trait is determined by a single recessive
mutation.

In parallel, we examined the 378.3 inventory of EMS-induced poly-
morphisms (G→A and C→T) by next-generation sequencing (see below;
Supplemental Data Set 4) to identify mutations responsible for the ob-
served phenotype. A mutation introducing the premature stop codon
(4:17693120G→A,W417*) in thecodingsequenceof theSHRtranscription
factor was selected as the most prominent candidate (Figure 2E;
Supplemental Data Set 4) because within the F2 population, the improved
survival under photorespiration-promoting conditions perfectly cose-
gregated with reduced root length (Figure 2D), stunted growth, and
increased anthocyanin content, all of which are characteristics of SHR-
lackingplants (Benfeyet al., 1993;Schereset al., 1995;Dhondt et al., 2010).
Moreover, as demonstrated by genotyping with a dCAPS marker, all F2
plants (177 individuals) that exhibited a delay in the onset of cell death had
the premature stop codon (see above).

Production of Anti-CAT2 Rabbit Polyclonal Antibodies

The CAT2-coding sequence was amplified from Arabidopsis Col-0 cDNA
with Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific) with
primers cat2_F_attB1 and cat2_R_attB2 (Supplemental Table 1) according
to the manufacturer’s instructions. The PCR product was cloned by re-
combination into the pDONR221 plasmid (Invitrogen). After sequence
verification, the coding sequence was subcloned into the pDEST17 ex-
pression vector (Invitrogen) and then transformed into Escherichia coli
BL21(DE3)pLysSstrain for expression.A5-mLvolumeofLuria-BertaniMiller

broth (1% [w/v] peptone, 0.5% [w/v] yeast extract, and 1% [w/v] NaCl)
supplemented with 100 mg mL21 ampicillin and 25 mg mL21 chloram-
phenicol was inoculated and grown overnight at 37°C with agitation at
220 rpm. This culture was diluted to 500 mL, grown for 2 h at 37°C and at
220 rpm, and induced with 0.2 mM isopropyl b-D-1-thiogalactopyranoside.
After 24 h of induction at 20°C and at 220 rpm, cells were harvested by
centrifugationat4,000g for 10minand resuspended in100mLof lysis buffer
(20mMAMPSO,pH8.5,0.3MNaCl,1mMPMSF,and2unitsmL21DNase I).
Bacterial cells were disrupted by sonication and centrifuged at 16,100g for
20minat4°C.The insolubleproteinfractionwasdenaturedat96°C in loading
buffer supplementedwith 5mMb-mercaptoethanol andexamined bySDS-
PAGE. The protein band corresponding to CAT2 was excised from gel and
submitted for generation of polyclonal rabbit antibodies (Eurogentec).

Enzyme Activity Measurements and Immunoblot Analysis

For catalase activitymeasurements, tissuewas groundwith aMM400 ball
mill (Retsch) and mixed with extraction buffer (60 mM Tris-HCl, pH 6.9,
10 mM DTT, 20% [v/v] glycerol, and 1 mM PMSF) at a 1:1 ratio (v/v). The
homogenatewascentrifugedat16,100g for 15minat4°C.Thesupernatant
wasused inaspectrophotometric catalaseactivityassay (Clareetal., 1984)
and for SDS-PAGE protein separation.

For immunoblot analysis, 10 mg of leaf protein was separated on
a 12.5% SDS-PAGE gel, blotted onto a polyvinylidene fluoride membrane
(Millipore), andhybridizedwith a 1:3500dilution of rabbit antiserumagainst
Arabidopsis CAT2 developed herein.

Glycolate oxidase activity was measured as described (Rojas et al.,
2012), with a protocol downscaled for 200 mg of ground tissue. Briefly,
shoot tissuewas collected, frozen in liquid nitrogen, and groundwith aMM
400ballmill (Retsch). Thismaterialwasmixedwith1mLof extractionbuffer
by vortexing and centrifuged at 16,100g for 30 min at 4°C. The protein
concentration in the soluble phase was determined with the Bradford
Assay (Bio-Rad). Next, 10 mL of supernatant was used in a spectropho-
tometric glycolate oxidase activity assay conducted in a VersaMax mi-
croplate reader (Molecular Devices) at room temperature for 1 h. The
glycolate oxidase activity was measured by monitoring the H2O2-
dependent oxidation of O-dianisidine into a colored O-dianisidine
radical cation by following the associated absorption increase at 440 nm.
The specific activity was calculated by dividing the change in absorbance
(DA)by the timeand theamountof solubleproteinpresent in thesample (DA
min21 mg21) and was then expressed as a percentage of control. All
enzymatic assays were done on three biological replicates with at least
three technical repeats.

Real-Time PCR

For the quantification of transcript levels, total RNA was prepared with the
RNeasy Plant Mini Kit (Qiagen). First-strand cDNA was synthesized with
the iScript cDNA Synthesis Kit (Bio-Rad) with 1 mg of total RNA used as
inputmaterial. Fivemicrolitersof the1:8diluted first-strandcDNAwasused
as a template in the subsequent PCR run on the iCycler iQ (Bio-Rad) with
gene-specific primers (Supplemental Table 1). Reactions were done in
three technical repeatswith theSYBRGreen IMasterkit (Roche), according
to the manufacturer’s instructions. Transcript abundance was quantified
with the qBASEPlus software (Biogazelle) using ACTIN-RELATED PRO-
TEIN7 and SERINE/THREONINE PROTEIN PHOSPHATASE2A (PP2A) as
reference genes (unless specified otherwise). All experiments were done
with three biological replicates.

Next-Generation Sequencing

For the identification of the EMS-induced mutations in the 378.3 mutant,
M3 plants were grown for 21 d under LD conditions on agar-solidified MS
medium supplemented with 1% (w/v) sucrose. Bulked shoot tissue was
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ground in liquidnitrogenand2gofpowderwasusedas thestartingmaterial
for nuclear DNA extraction as described previously (Schneeberger et al.,
2009). Enrichment of nuclear DNA was confirmed by a quantitative PCR
analysis with the described primers (Schneeberger et al., 2009).

Library preparation, sequencing, and annotation of single nucleotide
polymorphism/insertion-deletions (SNP/InDels) were performed by Fas-
teris. Paired-end libraries were sequenced with an Illumina Hi-Seq
2000 sequencing system with a TruSeq SBS Kit v5 (Illumina), and the
number of sequencing cycles was 23100. The reads were mapped to the
Arabidopsis reference genome (The Arabidopsis Information Resource
[TAIR10]) using theBurrows-Wheeler Alignment Tool v 0.5.9 (Li andDurbin,
2009). TheSNPs/InDelswere prefilteredwith the coverage threshold set to
10,andonly thosesupportedbyat least three reads in the forwardand three
reads in the reverse direction were retained. Further SNP/InDel calling was
done with SAMtools software (v 0.1.17, http://samtools.sourceforge.net/).

Stress Treatments

The photorespiration-promoting conditions were applied according to the
procedure used for the cat2-2 revertant screen. For stress experiments,
including media change, seeds were grown on a nylon mesh (ø = 20 mM;
Prosep) and transferred to specified media 3 d before the treatment. Fol-
lowing the onset of the treatment, the averaged numerical Fv’/Fm’ values
were recorded with the ImagingWin software (Heinz Walz) and plotted
against the time of treatment to compare the tested lines. In parallel, color-
codedimageswereacquired tovisualize thespatialdistributionof theFv’/Fm’

values. Each experiment was performed in three biological replicates.
For high-light treatment in soil, plantsweregrown in acontrolled climate

chamber (Vötsch Industrietechnik) at 3000 mL L21 CO2, 21°C, and 50%
relative humidity using a 16-h-light (120 to 130 mmol m22 s21)/8-h-dark
regime. After 21 d of growth, plants were exposed to continuous high-light
(1000mmolm22 s21) illumination (Sanyo Fitotron plant growth chamber) at
ambient CO2 concentration, 21°C, and 50% relative humidity for a spec-
ified time period. Before transfer, plants were well watered to exclude the
possible influence of drought.

The effect of shr-6 on stress sensitivity was probed using mannitol
(25 and50mM),NaCl (50 and100mM), and1.5mMH2O2.Wild-type (Col-0)
and shr-6 seeds were surface sterilized, cold treated for 3 d at 4°C, and
sown in round Petri plates (ø = 14 cm) on 0.53 MS medium (1% [w/v]
sucrose) supplemented with the chemicals described above. Plants were
grownundercontrolledenvironmentalconditions (16h light [100mmolm22s21]/
8 h dark; 21°C). Every second day, starting from5dafter germination, each
plate was photographed with a fixed camera (Canon 650D body with
18 Mpx CMOS sensor, equipped with a Canon EF 35mm [f 2.0] objective)
using four neon LNK.4100.8 lamps (Lyvia) as light sources, and the resulting
imageswere used to quantify projected rosette areawith an ImageJplug-in.
The averaged rosette area (n = 8) was plotted versus time to visualize the
stress effect on growth kinetics.

Glutathione and Ascorbate Quantifications

Glutathioneandascorbatewereassayedasdescribed (Queval andNoctor,
2007). Briefly, ;100 mg rosette tissue was ground in 0.2 M HCl. After
centrifugationat16,000g for10minat4°C, thesupernatantwasadjusted to
pH 5.0 and reduced and oxidized forms of ascorbate and glutathione were
quantified by plate-reader assay.

RNA-Seq Analysis

Three-week-old Col-0, shr-6, cat2-2, and cat2-2 shr-6 plants were sub-
jectedtophotorespiration-promotingconditionsasdescribedabove.Shoot
tissue was sampled from three biological replicates before (t = 0) and after
24hof treatment.Each replicateconsistedofat leastfive rosettes.RNAwas
extracted with TRIzol reagent and further purified with an RNeasy Kit

(Qiagen) according to the manufacturer’s instructions. Library preparation
and sequencing were performed at the VIB Nucleomics Core. Sequencing
libraries were constructed with the TruSeq Stranded mRNA Library Prep-
arationKit (Illumina). Threebiological replicateswere sequencedon Illumina
NextSequation 500, resulting in ;30 million 75-bp single-end reads per
sample. Adapter sequences and low-quality base pairs (Q < 20) were
trimmedwith TrimGalore (v0.3.3, http://www.bioinformatics.babraham.ac.
uk/projects/trim_galore/), retaining high-quality reads of at least 50 bp in
length. Quality-filtered reads were aligned to the TAIR10 Arabidopsis ref-
erence genomeusing the spliced aligner TopHat2 (v2.1.0) (Kim et al., 2013).
The number of reads per gene was quantified with the featureCounts
function as implemented in the Subread package v1.4.6 (Liao et al., 2014).
Reads mapping to genes annotated as rRNA, tRNA, and other RNA forms
(TAIR10 annotation) were not considered for further analysis.

Differentiallyexpressedgeneswere identifiedwith theR (v3.1.2) software
package edgeR (Robinson et al., 2010). Genes with expression values
greater than 0.12 cpm (corresponding to five read counts) in at least three
samples were retained (21,127 genes). TMM normalization (Robinson and
Oshlack, 2010) was applied using the calcNormFactors function. Variability
in thedata setwas assessedwith aMDSplot employing the 3000 topgenes
to calculate pairwise distances (top = 3000). There was a clear separation
according to genotype andphotorespiratory treatment, except for the shr-6
samples, which had a less dramatic treatment separation and correlated
closely to the unstressed cat2-2 shr-6 samples. To test user-defined
hypotheses, a no-intercept single-factor model was defined combining
genotype and treatment factors, such as cat-2_photorespiratory stress.
Dispersions were estimated with the estimateGLMRobustDisp function. A
negative binomial regressionmodel was used to model the overdispersed
counts for each gene separately with fixed values for the dispersion pa-
rameter as outlined (McCarthy et al., 2012) and as implemented in the
function glmFit using the above described model. Hypothesis testing was
based on likelihood ratio tests. Contrasts of interest were the response
between different genotypes under control conditions, the effect of pho-
torespiratory stress in each genotype, and the interaction effect of pho-
torespiratory stress and genotype at each time point. False discovery rate
adjustments of the P valueswere performedwith themethod described by
Benjamini andHochberg (1995). Thegeneexpressiondatawere deposited
in Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/)
under accession number GSE77017.

Identification of ROS-Responsive Genes

To generate a robust ROS signature, the raw intensity .cel files from five
studies featuring ROS-generating conditions were obtained from the GEO
and ArrayExpress (http://www.ebi.ac.uk/arrayexpress/). The following
experiments were considered: reillumination of the conditional flu mutant
for 2 h after a dark acclimation (GSE10812); treatment of seedlings with
oligomycin for 4 h (GSE38965); treatment of seedlings with 50 mM anti-
mycin A for 3 h (GSE41136); exposure of seedlings to ozone for 6 h
(E-MEXP-342); and treatment of seedlings with 10 mM H2O2 for 24 h
(unpublished). All raw intensity files were normalized by robust multiarray
averaging with the Bioconductor package affy (v1.40.0). Probe sets were
updatedwith theTAIR10CDFannotation retrieved fromBrainArray (TAIRG
v18.0.0, http://brainarray.mbni.med.umich.edu/). Differential gene ex-
pression was analyzed with the limma package (v3.18.13) using empirical
Bayesmoderated t-statistics.Differentially expressedgeneswereselected
for each transcriptomic response, using a P value of 0.01 as a significance
threshold and absolute log2 fold change greater than 1.

Gas Chromatography-Mass Spectrometry Metabolite Profiling

For analysis of polar metabolites, plants were subjected to the photo-
respiratory stress assay as described for the cat2-2 revertant screen.
Tissue samples were collected before and after 24 h of exposure to
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photorespiration-promoting conditions. For each time point, five samples
(57 to 64 mg) of shoot tissue per genotype were harvested, frozen im-
mediately in liquidnitrogen, andhomogenizedwith aballmill (Retsch). The
powdered tissuewasextractedwith 300mLmethanol and30mLof internal
standard (0.1 mg mL21 ribitol) for 15 min at 70°C, after which 200 mL of
chloroform was added. The samples were incubated in a rotating shaker
for 5 min at 37°C, and after addition of 400 mL of water, vortexed and
centrifuged for 15minat16,100g. Aliquotsof thepolarphase (160mL)were
dried in a vacuum concentrator (Labconco). The dried residue was re-
dissolved and derivatized for 90 min at 30°C in 40 mL of 20 mg mL21

O-methylhydroxyamine hydrochloride in pyridine. Next, 70 mL of N-
methyl-N-(trimethylsilyl)trifluoroacetamide and10mLof the retention time
standard n-alkanemixture (C12, C15, C19, C22, C28, C32, andC36) were
added.Thesampleswere incubated for30minat 37°C ina rotatingshaker.
Gas chromatography-mass spectrometry analyses were performed with
a quadrupole mass-selective detector (model 5973; Hewlett-Packard),
coupled to a GC system (6890 series; Hewlett-Packard) equipped with an
automated sample injector and a VF-5ms capillary column (30 m 3

0.25 mm) using a sample volume of 1 mL. The injector operated in
a splitless mode at 230°C with a constant helium flow of 1 mLmin21. The
oven temperature was held at 70°C for 5min after injection, then raised to
325°C at a rate of 5°C min21, maintained at 325°C for 1 min, and cooled
down to a final temperature of 70°C at 50°C min21. The MS transfer line
was set at 250°C, the MS ion source at 230°C, and the detector at 150°C,
throughout the analysis. Fullmass spectrawere recorded by scanning the
m/z range of 60 to 600 with a solvent delay of 7.8min. Peaks were aligned
and integrated with the xcms package (Smith et al., 2006) implemented in
Bioconductor. A custommass spectra library from theGolmMetabolome
Database (Q_MSRI_ID) was imported into the AMDIS software (Stein,
1999) to annotatepeaksof interest. Statistical analysiswasperformed inR
v3.2.2. A linear model was fitted to themetabolite measurements with the
lm function. Fixed effects were genotype and treatment and their in-
teraction term. Log transformationwasperformed to stabilize the variance
when necessary. In the case of a significant interaction term at the 5%
level, all pairwise comparisons were estimated with the lsmeans package
v2.21. P values were adjusted with the Tukey adjustment method. In the
absence of a significant interaction term, the model was reduced and
pairwise comparisons were performed between the levels of the main
effects only.

Gas Exchange

For gas exchange measurements, plants were grown in 55-mm square
Petri dishes, asdescribed for thecat2-2 revertant screen, at adensityoffive
plants per plate. After 3 weeks of growth, lids were removed and whole
plates were analyzed with the LI-6400XT portable photosynthesis system
equipped with the tightly sealed Licor 6400-17 whole-plant Arabidopsis
chamber and the Licor 6400-18 RGB light source. Parameters used for the
measurementwere as follows: light intensity, 100 mmolm22 s21; CO2 level,
400 mmol M21; ambient temperature, 23°C; flow 400 mmol s21; and sto-
matal ratio set to1.After themeasurements, for eachplate, the freshweight
of rosettes was determined with an analytical balance.

Confocal Microscopy

For the observation of the peroxisomal behavior, plants were grown on
vertical plates with 13MSwith or without sucrose for 7 d at 21°C under LD
conditions. An inverted confocal microscope (Zeiss 710; objective: 403
water immersion)was used,while the regionof interestwas excitedwith an
argon laser at 488 nm. The GFP emission (Pro35S:PTS1:GFP) was cap-
tured between 515 and 545 nm. To distinguish between autofluorescence
of chloroplasts and GFP, a second channel collected the emitted light
between 560 and 650 nm. The imaging included Z-Stack and time-lapse
mode. The imageprocessingwasdonewith theZEN2009software (Zeiss).

Accession Numbers

Sequencedata for genesused in this study canbe found in theArabidopsis
Genome Initiative or GenBank/EMBL databases under the following ac-
cession numbers: locus identifiers: CATALASE2 (At4g35090), SHORT-
ROOT (At4G37650), SCARECROW (At3g54220), GLYCOLATEOXIDASE1
(At3g14420), GLYCOLATE OXIDASE2 (At3g14415), ABSCISIC ACID
INSENSITIVE4 (At2g40220), NUTCRACKER (At5g44160), and BASIC
LEUCINE-ZIPPER2 (At2g18160).GEO (http://www.ncbi.nlm.nih.gov/geo/)
accession numbers areGSE77017 (RNA-seqdata generated in this study),
GSE10812 (reillumination of the conditional flu mutant for 2 h after a dark
acclimation), GSE38965 (treatment of seedlings with oligomycin for 4 h),
and GSE41136 (treatment of seedlings with 50 mM antimycin A for 3 h).
ArrayExpress (http://www.ebi.ac.uk/arrayexpress/) accession number is
E-MEXP-342 (exposure of seedlings to ozone for 6 h). Mutant lines are as
follows: cat2-2 (Col-0 background; SALK_057998; NASC stock no.
N557998), cat2-20 (Ler-0 background; ET8347; http://genetrap.cshl.edu),
shr-6 (Col-0 background; SALK_002744, NASC stock no. N502744), shr-2
(Col-0 (gl1) background,NASCstockno.N2972), scr-3 (Col-0background;
NASCstockno.N3997), scr-1 (Ws-2background,NASCstockno.N8539),
and abi4-102 (Col-0 background, NASC stock no. N3837).

Supplemental Data

Supplemental Figure 1. Representative photograph illustrating
a cat2-2 revertant identified during the primary forward screening.

Supplemental Figure 2. Phenotype of heterozygous shr mutants
exposed to photorespiration-promoting conditions.

Supplemental Figure 3. Phenotype of two independent shr alleles
(shr-6 and shr-2) under photorespiration-promoting conditions.

Supplemental Figure 4. Influence of exogenous sucrose supplemen-
tation on growth and development of SHR-deficient plants in vitro.

Supplemental Figure 5. Peroxisomal targeting signal1 (PTS1; Pro35S:
PTS1:GFP) localization in rosette leaves of 7-d-old Col-0 and shr-6
seedlings.

Supplemental Figure 6. Effect of photorespiration-promoting con-
ditions on cat2-2 abi4-102 double mutants.

Supplemental Figure 7.Comparison of the transcriptome profiles under
control conditions for shr-6, cat2-2, and cat2-2 shr-6 double mutant.

Supplemental Figure 8. Transcript abundance of genes encoding
enzymes from the L-galactose pathway for ascorbic acid biosynthesis.

Supplemental Figure 9. Myo-inositol content in rosettes of 3-week-
old Col-0, cat2-2, shr-6, and cat2-2 shr-6 plants.

Supplemental Figure 10. Effect of stress treatments (50 and 100 mM
NaCl, 50 and 100 mM mannitol, and 1.5 mM H2O2) on shr-6 growth.

Supplemental Figure 11. Characterization of the CAT2-deficient
Ler-0 mutant (cat2-20).

Supplemental Table 1. List of primers and restriction enzymes used
in this study.

Supplemental Data Set 1. Differential gene expression in Col-0,
cat2-2, shr-6, and cat2-2 shr-6 under control and photorespiration-
promoting conditions.

Supplemental Data Set 2. List of ROS-responsive transcripts.

Supplemental Data Set 3. Differential expression of photorespiration-
related genes in Col-0, cat2-2, shr-6, and cat2-2 shr-6 under control
and photorespiration-promoting conditions.

Supplemental Data Set 4. List of EMS-specific mutations in the 378.3
mutant.
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