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Summary

e Oxidative stress responses are influenced by growth day length, but little is known about
how this occurs. A combined reverse genetics, metabolomics and proteomics approach was
used to address this question in Arabidopsis thaliana.

o A catalase-deficient mutant (cat2), in which intracellular oxidative stress drives pathogene-
sis-related responses in a day length-dependent manner, was crossed with a knockdown
mutant for a specific type 2A protein phosphatase subunit (pp2a-b'y). In long days (LD), the
pp2a-b'y mutation reinforced cat2-triggered pathogenesis responses.

e In short days (SD), conditions in which pathogenesis-related responses were not activated
in cat2, the additional presence of the pp2a-b'y mutation allowed lesion formation,
PATHOGENESIS-RELATED GENET (PRT) induction, salicylic acid (SA) and phytoalexin accu-
mulation and the establishment of metabolite profiles that were otherwise observed in cat2?
only in LD. Lesion formation in cat2 pp2a-b'y in SD was genetically dependent on SA synthe-
sis, and was associated with decreased PHYTOCHROME A transcripts. Phosphoproteomic
analyses revealed that several potential protein targets accumulated in the double mutant,
including recognized players in pathogenesis and key enzymes of primary metabolism.

e We conclude that the cat2 and pp2a-b'y mutations interact synergistically, and that PP2A-B
'y is an important player in controlling day length-dependent responses to intracellular oxida-

tive stress, possibly through phytochrome-linked pathways.

Introduction

Modifications of the cellular redox state associated with oxidative
stress are an integral part of plant responses to the environment
(Apel & Hirt, 2004; Van Breusegem eral, 2008; Foyer &
Noctor, 2009). Although increased availability of reactive oxygen
species (ROS) can induce malfunction through oxidative modifi-
cation of sensitive cell components, the phenotypic and physio-
logical outcomes of oxidative stress are mediated by close
interactions with signaling through phytohormones, such as sali-
cylic acid (SA), jasmonic acid and ethylene (Overmyer ezal.,
2003). Because photosynthetic processes, such as chloroplastic
electron transport and photorespiration, can be major sources of
ROS, the intensity of oxidative stress may be modified by light
intensity (irradiance). In addition, growth day length is emerging
as a key factor that may modulate ROS availability or, down-
stream of ROS accumulation, the response to oxidative stress
(Bechtold eral., 2005; Becker etal, 2006; Queval et al., 2007,
2012; Vollsnes ez al., 2009; Michelet & Krieger-Liszkay, 2011;
Kangasjarvi eral., 2012; Dghim eral., 2013; Pérez-Pérez etal.,
2013). Because of the centrality of oxidative stress in plant
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responses to external challenges, an understanding of the underly-
ing factors is potentially relevant to efforts to predict and manip-
ulate stress resistance in the natural environment, where day
length is a crucial modulator of plant growth and development.
The Arabidopsis mutant caz2, which lacks the major leaf cata-
lase, is a useful study system for the identification of factors
involved in the response to hydrogen peroxide (H,O,) produced
inside the cell through a physiologically relevant pathway
(Mhamdi ez al., 2010a). Because CA72 function is closely linked
to photorespiration, loss of its function triggers oxidative stress in
plants grown under moderate irradiance in air, when glycolate-
dependent H,O, production in the peroxisomes is significant.
When grown in these conditions in long days (LD), caz2 shows
decreased growth accompanied by many of the features shown by
lesion mimic mutants. This includes many pathogenesis-related
(PR) responses, including lesion formation, accumulation of SA
and phytoalexins, expression of PR genes and induced resistance
to bacterial challenge (Chaouch ez al., 2010). All of these effects,
apart from decreased growth, are annulled in car2 sid2 double
mutants, in which SA production through the isochorismate
pathway is blocked (Chaouch ezal, 2010). Similar decreases in
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growth in cat2 sid2 and cat2, as well as the responses of biochemi-
cal and transcriptomic markers of the redox state, show that caz2-
triggered intracellular oxidative stress and SA-dependent
responses can be uncoupled.

Responses to oxidative stress in caz2 are strongly influenced by
day length. When the mutant is grown under moderate or even
high light in short days (SD), oxidative stress is apparent, but
lesions are absent and SA-dependent responses are not activated
(Queval etal, 2007; Chaouch eral, 2010). Moreover, distinct
transcriptomic and metabolomic signatures are observed in caz2
grown in SD or LD conditions (Queval eral, 2007, 2012;
Chaouch eral, 2010). The conditional day length-dependent
nature of the oxidative stress responses in caz2 implies that
genetic factors interact with the environment to govern responses
to oxidative stress.

Genetic factors determine cell death triggered by excess singlet
oxygen generation in the fluorescent (flu) mutant (Wagner ezal.,
2004). The SA-dependent lesion phenotype observed in caz2 in
LD is also strongly modulated by secondary mutations, including
several that cause loss of function of recognized players in
pathogenesis pathways, such as NONEXPRESSOR OF
PATHOGENESIS-RELATED GENESI (NPRI) and Arabidopsis
thaliana respiratory burst oxidase homolog F (AtRbohF) (Chaouch
etal., 2010, 2012; Han eral, 2013a,b). It is also affected by
genetically blocking glutathione accumulation and by mutations
in certain NADPH-producing enzymes (Mhamdi ez al., 2010b;
Han eral, 2013a,b). Despite the clear effect of these secondary
mutations on c¢az2 responses in LD, we have identified none that
permit oxidative stress to trigger lesions and related responses in
cat2 grown in SD conditions. The factors that repress oxidative
stress-triggered pathogenesis responses in SD conditions therefore
remain unknown.

Although much remains to be elucidated on the link
between oxidative stress and pathogenesis responses, protein
phosphorylation status is involved (Kovtun ezal., 2000; Apel &
Hirt, 2004). Type 2A protein phosphatases (PP2A) account for
a significant part of total protein phosphatase activity in plant
tissue extracts (MacKintosh & Cohen, 1989). These enzymes
are composed of three types of subunit (A, B, C), with each
subunit being encoded by several genes. Theoretically, the
interaction of A, B and C subunits encoded by the different
genes could produce 255 possible heterotrimeric combinations,
allowing a potentially wide range of specific functions in pro-
tein dephosphorylation (Zhou eral, 2004). Genes encoding
the regulatory B subunit are the most numerous (17 genes,
subclassified into B, B" and B"), probably reflecting the impor-
tance of these polypeptides in determining the substrate speci-
ficities and physiological functions of the different PP2A
holoenzymes. Recently, novel roles for a gene encoding a spe-
cific PP2A-B’ subunit have been described (Trotta ezal., 2011a,
b). Loss-of-function mutants for PP2A-B’y were shown to con-
stitutively activate pathogenesis responses (Trotta ezal., 2011a).
However, how this PP2A subunit functionally interacts with
ROS and the cellular redox state remains unknown. Outstand-
ing questions include: (1) whether PP2A-B'y interacts with day
length to influence oxidative stress outcomes; (2) the proteins
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that may be affected by PP2A-B'y during any such function;
(3) the influence of PP2A-B'y in oxidative stress-triggered mod-
ulation of plant metabolism; and (4) whether this subunit plays
a role in signaling upstream or downstream of intracellular oxi-
dative stress.

Through a genetics-based analysis of the interaction between
intracellular oxidative stress and PP2A-B'y, this study provides
new information on these questions. Most notably, we show that
the repression of SA-dependent PR responses when oxidative
stress is occurring in SD is dependent on PP2A-B'y, and report
novel proteomics data on PP2A-B'y-sensitive phosphorylation
targets during intracellular oxidative stress.

Materials and Methods

Plant material

The species studied was Arabidopsis thaliana (L.) Heynh T-DNA,
and other mutant lines were all generated in the Col-0 back-
ground. The caz2 line was cat2-1 (Queval ez al., 2009) and the
pp2a-b"y mutant was SALK_039172 (Trotta ezal., 2011a). The
cat2 pp2a-b"y line was produced by crossing, and triple mutants
were obtained by crossing the double mutant with caz2 sid2 or
cat2 nprl, lines that have been described previously (Chaouch
etal, 2010; Han ez al, 2013a).

Identification of homozygous double and triple mutants

After verification of double heterozygotes in the F1 generation by
PCR, double and triple homozygotes were identified similarly in
plants grown from F2 seeds. For T-DNA insertions, leaf DNA
was amplified by PCR (30s at 94°C, 30s at 60°C, 1 min at
72°C, 30 cycles) using primers specific for left T-DNA borders
and the CAT2 and PP2A-B'y genes (Supporting Information
Table S1). Zygosity of the SA induction-deficient 2 (sid2) and
nprl mutations was established using restriction length polymor-
phism (Fig. S1). Functional analyses were performed on plants
grown from F3 seeds.

Plant growth and sampling

Unless indicated otherwise, plants were grown in a con-
trolled environment growth room under a day : night regime of
8h:16h (SD) or 16h:8h (LD), an irradiance of
200 pmol m™ s " at leaf level, temperatures of 20°C day : 18°C
night, 65% humidity and a CO, concentration of 400 ul I
Nutrient solution was supplied twice per week. Plants were ana-
lyzed and sampled at the age of 21-24d (LD) and 35d (SD).
For complementation experiments, plants were grown in SD for
5wk, and 10 mM myo-inositol was sprayed onto the rosettes
daily from the fourth week onwards. Samples were taken in the
middle of the photoperiod (7= 3-5 independent biological repli-
cates), rapidly frozen in liquid nitrogen and stored at —80°C.
The percentage lesion areas on the leaves were quantified using
IQmaterials software. Significant differences are expressed using
Student’s #test at 2<0.05. All experiments were repeated at least
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twice with similar results. Staining with 3,3’-diaminobenzidine
(DAB) was performed as in Mhamdi ez a/. (2010c).

Quantitative PCR (qPCR) analysis

RNA was extracted using the TRIZOL reagent (Life Technolo-
gies, Saint Aubin, France). cDNA was produced by reverse tran-
scription using the SuperScript™ III First-Strand Synthesis
System (Invitrogen, Carlsbad, CA, USA). qPCR was performed
as in Queval ez 4l. (2007). Primer sequences are listed in Table S1.

Metabolite profiling

Targeted analysis of antioxidants was performed by plate-reader
(Queval & Noctor, 2007). SA, scopoletin and camalexin were
measured by high-performance liquid chromatography (HPLC)-
fluorescence as in Langlois-Meurinne ez al. (2005). Non-targeted
metabolite profiling by gas chromatography-time of flight-mass
spectrometry (GC-TOF-MS) followed previously described pro-
tocols (Noctor etal., 2007; Chaouch etal, 2012). Details are
provided in Table S2(c). Peak deconvolution and integration of
specific ions were performed using the LECO Pegasus software,
based on mass spectra available in the National Institute of Stan-
dards and Technology (NIST) and MPI-GOLM reference
libraries, as well as an in-house database generated using authen-
tic standards. To produce the heatmap display, values were cen-
tered and reduced. For each compound, means and standard
deviations were calculated across all samples. For each genotype,
the mean value for compound ‘x’ was subtracted from the mean
across all samples, and the value was then divided by the overall
standard deviation for that compound.

Proteomics

Extraction of total foliar extracts and total soluble leaf extracts
was performed in the presence of protease (Complete-Mini;
Roche) and phosphatase (PhosSTOP; Roche) inhibitors using
the methods described by Kangasjarvi ez al. (2008). Total soluble
leaf extracts and membrane fractions corresponding to 80 pg of
proteins were used for mono-dimensional sodium dodecylsul-
fate-polyacrylamide  gel electrophoresis  (SDS-PAGE)  or
CN-PAGE (clear-native PAGE) followed by SDS-PAGE. Solu-
ble oligomeric protein complexes were separated by CN-PAGE
followed by SDS-PAGE in the second dimension according to
Peltier et al. (2006) with the modifications for buffers described
by Rokka ez al. (2005), except that only 0.05% deoxycholate was
used as a detergent on CN gels. After imaging the gels with Sypro
Ruby (Invitrogen), MS was performed as described by Peltier
etral. (2006) using a liquid chromatography-electrospray ioniza-
tion-MS/MS  system (Q-Exactive; Thermo Fisher Scientific,
Waltham, MA, USA, and QTOF Elite; AB Sciex, Framingham,
MA, USA). MS/MS spectra were analyzed with an in-house
installation of Mascot (www.matrixscience.com), with searches
restricted to the Uniprot Arabidopsis database. Results were
analyzed through Proteome Discover v.1.3 (Thermo Scien-
tific) allowing methionine (Met) oxidation, cysteine (Cys)
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carboamidomethylation and serine/threonine (Ser/Thr) and tyro-
sine (Tyr) phosphorylation as possible modifications, and validat-
ing the phosphopeptides through PhosphoRS filter and Decoy
Database Search, with target false discovery rates (FDR) of <0.01
(strict) and <0.05 (relaxed). The confidence threshold for phos-
phopeptides was set to P£<0.05. Phosphopeptides above this
threshold were validated manually.

Results

The pp2a-b"y mutant has been characterized and described previ-
ously by Trotta eral. (2011a). To explore interactions between
intracellular oxidative stress and PP2A-B'y function, this line was
crossed with caz2 to produce double mutants, and the interplay
between the two mutations in determining phenotypes, defense
and metabolic responses was examined in LD (16 h photoperiod)
and SD (8 h photoperiod) conditions.

Interactions between cat2 and pp2a-b'y mutations during
growth in LD

First, plants were analyzed by following growth in LD at moder-
ate light, conditions in which pathogenesis responses are activated
by oxidative stress in caz2. All three mutant lines were smaller
than the wild-type, with the double mutant showing a significant
decrease relative to caz2 (Fig. 1a). Lesions were clearly apparent
in both caz2 backgrounds, and slightly more extensive in caz2
pp2a-b"y. The pp2a-b"y single mutant also presented some
lesions, although to a much lesser extent than caz2 (Fig. la).
There was an overall correlation between lesion extent and
expression of PATHOGENESIS-RELATED GENEI (PRI). This
SA marker gene was strongly induced in caz2, but not signifi-
cantly in pp2a-b"y (Fig. 1b). In the double mutant, PRI expres-
sion was increased to about two-fold the caz2 values (Fig. 1b).
Analysis of SA and related defense compounds showed a similar
pattern, with some induction in the pp2a-b"y mutant and stron-
ger induction in caz2. The double mutant generally showed the
most marked accumulation of these compounds, and this was
particularly apparent for camalexin, a major phytoalexin in
Arabidopsis (Glawischnig, 2007), which was about three-fold
higher in caz2 pp2a-b'y than in car2 (Fig. 1¢). Together, these obser-
vations show thatloss of PP2A4-B"y function produces the activation
of defense responses, as reported previously (Trotta ez al., 2011a),
and that the mutation reinforces these responses in caz2.

In our hands, changes in H,O, are negligible in caz2, either
because of rapid metabolism by alternative pathways, technical
difficulties in the specific quantification of this reactive molecule,
or both (Queval etal, 2008; Mhamdi ez /., 2010a,c). Increased
accumulation of oxidized glutathione is a well-described response
in catalase-deficient plants (Smith ezal, 1984; Willekens ez al.,
1997), and is the clearest biochemical marker of oxidative stress
in cat2 (Queval etal., 2007; Mhamdi ezal, 2010a,c). This key
determinant of intracellular thiol-disulfide status is clearly impli-
cated in pathogenesis and other plant stress responses (Ball ez al.,
2004; Parisy et al., 2007), and is functionally important in deter-
mining the activation of phytohormone signaling and related
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phenotypes in caz2 grown in LD (Han ezal., 2013a,b). Like glu-
tathione, ascorbate is a marker of tissue redox status, and has been
implicated in responses to biotic stress (Pastori ez al., 2003). The
reduced and oxidized forms of these two molecules were therefore
quantified as markers of cellular redox state.

In all mutants, ascorbate was slightly more oxidized than in
Col-0, but, in agreement with previous studies, its status was much
less affected than glutathione by the caz2 mutation (Fig. S2). In
cat2, glutathione was increased c. 2.5-fold, and this was associated
with a drop in the redox state from over 90% to ¢. 60% reduced
(Fig. §2). Slight oxidation of glutathione was also observed in
pp2a-b"y, but the combination of the two mutations did not cause
further oxidation or accumulation relative to caz2 (Fig. S2).
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One feature of the a2 mutant is its conditional photorespira-
tory nature. This means that this line shows little sign of oxidative
stress when grown at high CO, or low light, conditions in which
photorespiration is negligible or slow. At low light, the pp2a-b"y
mutant showed a similar decrease in growth to that observed at
moderate light (Fig. S3). By contrast, the impact of the car2
mutation on rosette size or glutathione status was much less
marked than at the standard irradiance (compare data in Figs 1
and S3). In low light conditions, no lesions were detectable on
the leaves of any of the mutants. Experiments in which plants
were grown at high CO, also revealed that no lesions were
observed on single or double mutants (data not shown). Thus,
whether or not PP2A-B'"y was functional, lesions triggered by the
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cat2 mutation were conditionally dependent on a threshold rate
of photorespiratory H,O, production, and the oxidative stress
that resulted from it.

Effect of the pp2a-b'y mutation in SD, conditions that are
non-permissive for the activation of pathogenesis
responses in cat2

Because the above data reveal a functional interaction between
the pp2a-b"y and car2 mutations on the pathogenesis responses in
LD, we focused the remainder of our study on establishing
whether PP2A-B'y could be involved in regulating these
responses in caz2 grown in SD. When plants were grown in SD
at the same irradiance as in LD (Fig. 1), oxidative stress in caz2
produced a decrease in growth, but no lesions were observed and
PRI was not induced (Fig. 2). Lesions were also absent on the
leaves of pp2a-b"y. By contrast, the car2 pp2a-b"y double mutant
showed significant lesion formation and induction of PRI
(Fig. 2). Unlike cat2, the double mutant also showed significant
DAB staining (Fig. 2).

Redox analysis revealed that the appearance of lesions in the
double mutant was not associated with marked increases in oxi-
dation of either ascorbate or glutathione relative to caz2 (Fig. 3).
Similar to effects observed in LD (Fig. S2), the double mutant
showed a slight tendency to increased oxidation of ascorbate
(Fig. 3). The pp2a-b"y mutation did not affect glutathione status
in the Col-0 background. In caz2 in SD, glutathione was even
more oxidized than in LD (Fig.3; compare with data in
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Fig. §2), but neither the oxidation state nor the accumulation
was further increased by the secondary pp2a-b'y mutation.
Indeed, the lesions observed in SD in the double mutant
(Fig. 2) were associated with a more reduced glutathione pool
than in ca2 (Fig. 3), in which no lesions were apparent in this
condition (Fig. 2).

To identify the metabolic changes underlying the lesions
induced in caz2 pp2a-b"y in SD, non-targeted profiling of almost
100 metabolites was performed by GC-TOF-MS (Table S2).
Using this technique, we have previously identified a specific
metabolite signature induced by intracellular oxidative stress in
an LD- and SA-dependent manner (Chaouch ezal, 2010). This
signature shows considerable overlap with that induced by bacte-
rial challenge, and its main features are absent in both caz2 grown
in SD and in a cat2 5sid2 mutant in LD (Chaouch etal, 2010,
2012). Hierarchical clustering of all metabolites quantified in
samples taken in SD revealed that the single caz2 and pp2a-b'y
mutations had only a minor impact (Fig. 4, left). By contrast, a
marked effect on metabolite profiles was observed in the double
mutant (Fig. 4, left). This involved the accumulation of a large
subcluster of compounds that accumulated much less or not at all
in the car2 single mutant. Comparison with a previously
described dataset revealed that most of these compounds were
those that accumulated in the ca#2 single mutant in LD, but not
in car2 sid2 (Fig. 4). Thus, the pp2a-b"y mutation allows intracel-
lular oxidative stress to induce metabolic responses in SD that are
only observed in LD when PP2A-B'y is functional, and these
responses are dependent on the isochorismate pathway of SA

cat2

cat2 pp2a-b'y

pp2a-b'y

T 25
w s 6 3] g
S g 2E
25 g4
28 3 .
8 S
nd nd nd
0 h o Q = = O N o ﬁ = =
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S 558 S 5§85
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Fig.2 The pp2a-b'y mutation allows N P
intracellular oxidative stress to trigger lesions © ©
and PATHOGENESIS-RELATED GENET (PRT) =
expression responses in Arabidopsis in L&
otherwise non-permissive conditions (short =y . : -
days; 8 h light : 16 h dark). Data are A AW v v’ e
means + SE of at least 10 plants (lesions) or * | '§ | ; :
five biological replicates (PR7). Photographs F K ﬁ/}‘: \ —
at the bottom show staining of tissues with f : f '@
3,3’-diaminobenzidine (DAB). Note that the
top and bottom series of photographs show
different plants; nd, not detected. Col-0 cat2 pp2a-b'y cat2 pp2a-b'y
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synthesis. Indeed, SA itself was among the metabolites that were
most clearly dependent on the car2-pp2a-b'y interaction (Fig. 4).
Others included nicotinic acid, which has been implicated in
pathogenesis responses (Noctor e¢zal., 2011), and gluconic acid,
which is strongly induced by bacterial challenge as well as in caz2
in LD (Chaouch ez al., 2012; Tables 1, S2).

The combined presence of the two mutations produced strik-
ing changes in many amino acids. In our conditions, although
minor increases in homoserine and tryptophan were apparent,
the pp2a-b'"y single mutant showed amino acid profiles that were
similar to those of the wild-type (Fig. $4). When introduced into
the car2 background, the pp2a-b"y mutation markedly stimulated
amino acid accumulation. In some cases, the main effect was to
reinforce increases that were already evident in caz2 (e.g. gluta-
mate, glutamine, Cys, Met, Ser, O-acetylserine). In many cases,
however, the two mutations acted together to produce increases
that were minor or negligible in the single mutants. Striking
examples of compounds that responded in this way were isoleu-
cine, ornithine, Thr, lysine, P-alanine, GABA, phenylalanine,
Tyr, tryptophan and arginine (Fig. S4), the last two featuring
among the most strongly induced significant metabolites
observed in caz2 pp2a-b"y (Table 1).

To further investigate the role of SA, this compound was
quantified by HPLC in plants grown in SD, together with the
phytoalexin, camalexin. Despite the evident disulfide stress in
cat2 (Fig. 3), the amounts of SA and camalexin were not signifi-
cantly different from those in Col-0 (Fig. 5). Some induction of

Long days
cat2 shows
induced SA
responses
0.003
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detected in at least one sample in the
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selected metabolites that are induced in cat2
pp2a-b'y in short days, with a comparison of
their response in cat2 and cat2 sid2 in long
days (means =+ SE of three biological
replicates).

0.00015
0.00010

0.00005

=l -=I-= =

0.00000

cat2 pp2a-b'y
Col-0

cat2

cat2 sid2

© 2013 The Authors
New Phytologist © 2013 New Phytologist Trust

85U8017 SUOLILIOD BA 181D 3(ealidde ayy Aq peusenob ae ssppiie YO ‘8sn JO s3I 10} ARIqiT8uIIUO AS]IAA UO (SUONIPUOD-PUR-SULBYLIOD" AB [ IM"ARe1q U1 UO//SANY) SUONIPUOD PUe SWB | 8L 88S [202/90/90] U0 AriqiT aulluo A8|IM @1l euelyooD Aq zz9ZT ydu/TTTT 0T/I0p/wod Ao im Areiqijeuljuoyduy/sdny woly pepeojumod ‘T ‘¥T0Z ‘LET869VT



New
Phytologist Research'15

Table 1 The most induced metabolites in the leaves of the Arabidopsis cat2 pp2a-b'y double mutant in short days (SD). Fifty-three significantly different
metabolites were identified in cat2 pp2a-b'y relative to Col-0 (Table S2b). The 10 most induced of these are shown below

Fold changes
Short days (this study) Long days (Chaouch
etal., 2012)

cat2 cat2 pp2a-b'y cat2 pp2a-b'y cat2
Metabolite rel. Col-0 rel. Col-0 rel. cat2 rel. Col-0
Nicotinic acid 1.0 95.1%* 94.0* 3.9
Gluconic acid 26.7* 53.9* 2.0* 95.9
Norvaline 13.0% 17.8* 1.4 ND
Aminoadipic acid 1.0 12.2% 12.0%* +
2-Hydroxyglutaric acid 1.0 10.8* 10.6* 13.6
Arginine 1.7 10.5% 6.1%* 5.4
Tryptophan 1.0 9.15% 9.0* +
Salicylic acid 1.0 7.6* 7.5% 7.2
Glucose 6-phosphate 6.2% 7.6* 1.2 ND
Cysteine 2.6* 5.4* 2.1% 9.1

*Significant difference at P <0.05. Values are shown for cat2 SD and cat2 pp2a-b'y SD (this study) and cat2 LD (Chaouch et al., 2012). All values are rela-
tive to the corresponding Col-0 values. ND, metabolite not detected in earlier study; + indicates metabolites induced in cat2 in LD, but not detectable in
Col-0; therefore, the fold change cannot be calculated.

1.6
M M SA was observed in pp2a-b"y, but the accumulation was much
Z 12 more marked in the double mutant, where total SA reached levels
oo observed in caz2 in LD (Fig. 1). Camalexin accumulation above
%08 basal Col-0 levels was only significant in caz2 pp2a-b"y, in which
% levels of this compound were similar to those in caz2 in LD
2 0.4 (Fig 5; compare with Fig. 1). To establish whether the lesions
associated with pathogenesis responses in cat2 pp2a-b"y in SD
0.0 were dependent on the SA pathway, triple mutants were pro-
32 duced that additionally carried either sid2, defective in SA synthe-
> : : sis (Wildermuth eral., 2001), or nprl, defective in SA signaling
TL'L 24 (Cao eral, 1994). In car2 pp2a-b"y nprl, lesions were signifi-
- cantly decreased, whereas, in car2 pp2a-b"y sid2, they were absent
z 16 (Fig. 6). As reported previously for caz2 growing in LD, lesion
:—mg 8 for@ation in mt2' ppZa—b"y' in SD COl'lld be prevented simply b'y
o treating plants with myo-inositol (Fig. 6), a compound that is
ol implicated in the SA signaling pathway (Meng eral, 2009;
Chaouch & Noctor, 2010; Donahue eral, 2010). Together,
8 these results show that the lesions produced in caz2 pp2a-b'y in
= * SD were dependent on the SA pathway in a similar manner to
T 6 the lesions observed in the caz2 single mutant in LD.
24
% Proteome and phosphoproteome modifications induced by
N the pp2a-b'y mutation during oxidative stress
©
“ 0| Next, we assessed how the features related to defense signaling
S N> > were reflected in the proteome, and particularly the phospho-
8 8 E g proteome, of cat2 pp2a-b"y double mutant plants. First, we ana-
g g lyzed the pattern of phosphoproteins in total soluble and
S membrane fractions isolated from leaves of Col-0, cat2, pp2a-b'
o

v and car2 pp2a-b"y grown in SD. SDS-PAGE and subsequent
quantitative ProQ staining of phosphoproteins, followed by Sy-
pro staining of total proteins, showed no major changes between

Fig. 5 Loss of PP2A-B"y function allows the cat2 mutation to trigger the
accumulation of salicylic acid (SA) and camalexin in Arabidopsis growing in
short days. Data are means =+ SE of four biological replicates. * and +,
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significant difference relative to Col-0 or to cat2 (P <0.05). FW, fresh the cat2 and pp2a-b"y single mutants and Col-0 (Fig. S5). By
weight. contrast, a set of highly phosphorylated bands emerged in the
© 2013 The Authors New Phytologist (2014) 202: 145-160
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Fig. 6 Complete or partial genetic reversion of the Arabidopsis cat2 pp2a-
b'y lesion phenotype in short days by sid2 and npr1 mutations, and
chemical blocking of the lesions by myo-inositol (MI) treatment. For lesion
quantification, data are means + SE (n = at least 10 plants). Examples of
lesion-forming areas are indicated on the photographs by white arrows.
nd, not detected.

soluble proteome of caz2 pp2a-b"y double mutants (Fig. S5).
None of the genotypes showed any major changes in the mem-
brane fractions (Fig. S5).

Because neither single mutant showed marked changes in pro-
tein profiles, two-dimensional gel analysis was used to identify
the phosphoproteins observed in caz2 pp2a-b"y. This was per-
formed in two successive steps. First, oligomeric protein com-
plexes in total soluble leaf extracts were separated by CN-PAGE,
followed by SDS-PAGE in the second dimension (Fig.7), and
stained with ProQ followed by Sypro. To detect the phosphopep-
tides, the gels were silver stained and the spots of interest were
identified by MS and analysis of MS/MS spectra, allowing Ser,
Thr and Tyr phosphorylation as possible modifications (Table 2;
see Table S3 for technical details).

A number of spots with altered protein and/or phosphopeptide
abundance between cat2 pp2a-b'y and wild-type plants were
observed (Fig.7, Table2). Proteins with different abundance
included S-adenosyl-L-homocysteine hydrolase (SAHH) (spot 3,
frame ¢), glutamine synthetase 1;1 (GLN1;1) and serine:glyoxy-
late aminotransferase (SGAT)/hydroxypyruvate reductase (spots
1 and 2, frame d), reflecting the marked changes observed in

New Phytologist (2014) 202: 145-160
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amino acid metabolism (Fig. S5), as well as copper/zinc superox-
ide dismutase (CSD2) and glutathione S-transferase PHI 2
(GSTF2) (spot 5 and 6, frame e), related to cellular redox
homeostasis (Fig. 7, Table2). These proteins have also been
found previously to be affected in the pp2a-b'y single mutant
grown under different light and humidity conditions (130 pmol
photons m ™ *s™", 50% relative humidity; Trotta ez al., 2011a,b).
The two-dimensional gel approach also identified a distinct spot
containing AtMDAR2  (Arabidopsis  thaliana monodehydro-
ascorbate reductase2) (spot 3, frame d) in caz2 pp2a-b'y, whereas,
in the wild-type, this spot was barely visible (Fig. 7). In agree-
ment with increased PRI transcripts (Fig. 2) and SA contents
(Fig. 5), the double mutant also showed a marked accumulation
of the SA-dependent proteins, PR2 and PR5 (spots 4 and 7,
frame d). PR2 co-migrated with ACC oxidase 2 (ACO2), an eth-
ylene-forming enzyme, which, like PR2, was not visible in Col-0
extracts (Fig. 7, Table 2).

With the exception of AtMDAR?2, all the above-mentioned
proteins contained phosphorylated peptides, and were thus iden-
tified as phosphoproteins (Table 2). Phosphopeptides specific for
cat2 pp2a-b"y were observed in SAHH and GSTF2, as well as in
GLN1;1, PR2, PR5 and ACO?2, proteins that were detectable
only in the mutant extracts (Fig. 7, Table 2). SGAT, by contrast,
contained two phosphopeptides that were detected in the wild-
type, but not in caz2 pp2a-b"y (Table 2).

Among the proteins recognized by ProQ, protein disulfide
isomerase 2 (PDI2), Calreticulin 1 (CRT1) and CRT?2 (spots 1,
5 and 6, respectively, frame ¢) showed a marked up-regulation of
the protein level in caz2 pp2a-b"y compared with wild-type plants
(Fig. 7). MS revealed no phosphorylated residues in CRT1,
whereas PDI1 and CRT2 contained phosphorylated peptides
that were present in cat2 pp2a-b"y, but not in the wild-type
(Table 2). An increased phosphorylation level of elongation fac-
tor 1-o0 (EFlo) was also observed, indicative of regulatory
changes at the level of protein synthesis in the cytosol as well
(Fig. 7, Table 2).

The starch metabolism enzyme ADP glucose pyrophosphory-
lase large subunit 1 (AGPase) (spot 4, frame ¢) and an unknown
protein At2g37660 (spot 5, frame d) were also detected by ProQ
staining, but these proteins contained less phosphopeptides in
cat2 pp2a-b"y than in wild-type plants (Fig. 7, Table 2). In the
intensively Sypro-stained spot 5 in frame (d), the protein with
highest abundance was a chloroplastic 31-kDa RNA binding pro-
tein, but for which no phosphopeptides could be identified
(Table 2). Spot 6 in frame (d) contained two phosphoproteins,
HSP20-like protein and thiocyanate methyltransferase 1
(HOL1). Our previous study identified the myrosinase TGG1, a
glucosinolate-degrading enzyme, as a distinctly up-regulated spot
in pp2a-b"y (Trotta eral, 2011a), and this spot was evident in
cat2 pp2a-b'y (Fig. 7).

Two spots, containing a plastid isoform of triose phosphate
isomerase (PDTPI) (spot 1, frame e) and carbonic anhydrasel
(CA1) (spot 3, frame ¢), appeared to be clearly down-regulated
and contained less phosphopeptides in cat2 pp2a-b'y relative to
wild-type plants (Table 2). Although CAL1 has been implicated in

SA-dependent responses, the triose phosphate isomerase catalyzes

© 2013 The Authors
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in Table 2.

the conversion of glyceraldehyde 3-phosphate to dihydroxyace-
tone phosphate in the Benson—Calvin cycle.

Finally, we also found that CAT2 co-migrated as a high-
molecular-weight oligomeric protein complex in the soluble leaf
extract of wild-type plants, and also contained a phosphorylated
Tyr residue at the C-terminal part of the protein (Fig. 7, spot 2,
frame ¢). In car2 pp2a-b"y, the disappearance of CAT2 coincided
with a decrease in the co-migrating SGAT (Fig. 7).

To determine whether the increased abundance detected at the
protein level was accompanied by similar changes in transcript
abundance, qPCR analysis of selected genes was performed. In
agreement with the proteomics data (Table2), GLNI;I and
GSTF2 transcripts were much more abundant in the double
mutant than in other genotypes (Fig. 8a). This pattern was not
observed for the transcripts of three other proteins found to

© 2013 The Authors
New Phytologist © 2013 New Phytologist Trust

accumulate in car2 pp2a-b'y (Fig. 8a), suggesting that their
increased abundance could be related to regulation at the post-
transcriptional level.

Flowering time and related gene expression in the different
genotypes

Photoreceptors and regulation of flowering are among the possi-
ble pathways by which the PP2A4-B"y-dependent processes might
mediate day length regulation of oxidative stress responses. This
possibility was explored in two ways. First, an analysis was under-
taken of the time taken to produce flowering stems in LD condi-
tions, which promote the flowering program in Arabidopsis. No
marked difference was observed between Col-0 and caz2, but the
flowering stem appeared later in both the pp2a-6"y single mutant

New Phytologist (2014) 202: 145-160
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Table 2 Summary of proteins and phosphopeptides identified in soluble protein extracts of Arabidopsis leaves by two-dimensional clear-native
polyacrylamide gel electrophoresis (CN-PAGE) and tandem mass spectrometry (MS/MS) analysis. Where corresponding phosphopeptides were detected,
these are indicated in the right columns by ‘X', and the peptide sequence containing the phosphorylated amino acid is given to the left.

Spot ID and change in cat2
cat2 pp2a-b"y? Full name Gene Phosphopeptides® Col-0 pp2a-b'y
Frame (c)
11 Protein disulfide isomerase 2 At5g60640 VE(p)TTETKESPDSTTK X
2] Catalase 2 At4g35090 LGPN(p)YLQLPVNAPK X
37 S-Adenosyl-L-homocysteine At4g13940 (p)TEFGPSQPFKGAR® X X
hydrolase 1 (p)SKFDNLYGCR X X
S-Adenosyl-L-homocysteine At3g23810 LVGV(p)SEETTTGVK X X
hydrolase 2 GE(p)TLQEYWWCTER X
41 ADP glucose pyrophosphorylase At5g19220 V(P)YILTQYNSASLNR X
large subunit 1 (p)TVASIILGGGAGTR X X
51 Calreticulin-1 At1g56340
61 Calreticulin-2 At1g09210 LL(p)SGDVDQKK X
71 Elongation factor 1-a At1g07940 G(p)YVASNSKDDPAK X X
MTPTKPMVVE(p)TFSEYPPLGR X
MTP(p)TKPMVVETFSEYPPLGR X
(p)STTTGHLIYK® X
(p)YYCTVIDAPGHR X
VETGMIKPGMVV(p)TFAPTGLTTEVK X
Frame (d)
11 Glutamine synthetase 1;1 At5g37600 (p)TLPGPVTDPSQLPK X
2] Serine:glyoxylate aminotransferase At2g13360 L(p)SQDENHTIK X X
(p)TLLEDVKK X X
AL(p)SLPTGLGIVCASPK X
AICIVHNE(p)TATGVTNDISAVR X
Hydroxypyruvate reductase At1g68010 EGMA(p)TLAALNVLGR X X
A(p)SSMEEVLR X
317 Monodehydroascorbate reductase At5g03630
41 f3-1,3-Glucanase2, At3g57260 T(p)YVNNLIQHVK X
pathogenesis-related protein 2 LA(p)SSQTEADKWVQENVQSYR® X
MRL(p)YGPDPGALAALR X
ACC oxidase 2 At1g62380 NASAVTELNPTAAVE(p)TF X
HLPQ(p)SNLNDISDVSDEYR X
51 31-kDa RNA binding protein At4g24770
3-B-Hydroxysteroid At2g37660 ALF(p)TQVTTKF X
dehydrogenase (p)TGQIVYKK X X
domain-containing protein
61 HSP20-like At4g02450 APAAEE(p)TTSVKEDK X X
Thiocyanate methyltransferase 1 At2g43910 AV(p)SVEENPHAIPTR X X
A(p)TPLIVHLVDTSSLPLGR X
71 Pathogenesis-related gene 5 At1875040 YAGCV(p)SDLNAACPDMLK X
NNCP(p)TTVWAGTLAGQGPK X
Frame (e)
11 Plastid isoform triose phosphate At2g21170 EAGK(p)TFDVCFAQLK X X
isomerase NV(p)SEEVASKTR X X
VA(p)SPQQAQEVHVAVR X X
GPEFA(p)TIVNSVTSKK X
2 Glutathione S-transferase TAU 20 At1g78370 FGNF(p)SIESESPK X X
(p)SPLLLQSNPIHK X X
(p)SLPDSEKIVAYAAEYR X
3] Carbonic anhydrase1 At3g01500 (p)YMVFACSDSR X
(pP)YETNPALYGELAK X
YE(p)TNPALYGELAKGQSPK X X
EK(p)YETNPALYGELAK X X
EKYETNPAL(p)YGELAK X X
EKYE(p)TNPALYGELAK X
G(p)TLALKGGYYDFVK X X
VI(p)SELGDSAFEDQCGR X X
VCP(p)SHVLDFQPGDAFVVR X X

New Phytologist (2014) 202: 145-160
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Table 2 (Continued)

Spot ID and change in cat2
cat2 pp2a-b'y* Full name Gene Phosphopeptides® Col-0 pp2a-b'y
4 Glutathione S-transferase U19 At1g78380 GVEFEYREEDLR X X
V(P)TEFVSELRK X X
(p)SPLLLQMNPIHK X
51 Copper/zinc superoxide dismutase At2g28190
61 Glutathione S-transferase PHI 2 At4g02520 Al(p)TQYIAHR X
(p)SIYGLTTDEAVVAEEEAK X
(p)YENQGTNLLQTDSK X

*The spot identifications are as presented in Fig. 7. Protein spots showing higher or lower intensity relative to the wild-type are indicated by upward or

downward arrows, respectively.

PFor the identification of phosphopeptides, Mascot analysis of MS/MS spectra was conducted by restricting searches for the Arabidopsis database and
allowing the phosphorylation of threonine (Thr), serine (Ser) and tyrosine (Tyr) residues as possible modifications. Details on the identifications are

presented in Table S3.

“This peptide is unique to At4g13940, whereas the others are identical for both isoforms.
dFor these peptides, phosphoRS analysis was unable to indicate with high probability which residue is phosphorylated.

and car2 pp2a-b'y than in Col-0 and caz2 (Fig. S6). Delayed flow-
ering is in agreement with effects reported for the pp2a-b'y
mutant in a recent study of the role of PP2A subunits in flower-
ing regulation (Heidari ez al., 2013). Second, the expression levels
of three genes involved in the control of flowering (CONSTANS
(CO), FLOWERING LOCUS T (FLT), FLOWERING LOCUS
C (FLQO)) were determined in SD, conditions in which the pp2a-
b"y mutant plays an important role in controlling the outcome of
oxidative stress. This analysis revealed very low expression in all
genotypes, and little or only slight differences between them
(Fig. 8b). Slightly higher levels of FLC expression were observed
in the pp2a-b"y genotypes, although this was only significant for
cat2 pp2a-b"y (Fig. 8b). These increases were much less apparent
than increases in FLC expression reported in pp2a-b"y in LD
(Heidari et al., 2013). By contrast, clear differences were observed
in phytochrome expression. In particular, PHYTOCHROME A
(PHYA) transcripts were significantly less abundant in both pp2a-
b"y genotypes than in Col-0, with no difference between Col-0
and caz2 (Fig. 8b).

Discussion

A previous report on the pp2a-b"y single mutant provided the
first evidence that PP2A-B’y is an actor in the control of
defense responses in Arabidopsis (Trotta eral, 2011a). The
present study provides new information on the role of this gene
in determining day length-dependent responses to intracellular
oxidative stress.

PP2A-B'y is a key player in the negative control of day
length-dependent SA-linked responses triggered by
intracellular oxidative stress

Day length is emerging as an important control over responses
of Arabidopsis to oxidative stress. In the ca2 single mutant
grown at moderate light, lesions and associated pathogenesis
responses are observed in LD but not SD (Queval ezal., 2007;

© 2013 The Authors
New Phytologist © 2013 New Phytologist Trust

Chaouch ez al., 2010). The LD-dependent responses are absent
in cat2 sid2 and less apparent in car2 nprl (Chaouch eral.,
2010; Han eral, 2013a). LD conditions also promote lesion
formation in mutants for other genes implicated in cell death
pathways, such as lesions simulating disease resistancel (lsdl)
and myo-inositol phosphate synthase 1 (mipsl) (Dietrich eral.,
1994; Meng ez al., 2009), although whether these responses are
associated with intracellular oxidative stress remains unclear.
The notion that day length context influences responses to oxi-
dative stress (rather than just oxidative stress intensity) is sup-
ported by studies of plants exposed for equal times to ozone
in different day length regimes (Vollsnes eral, 2009; Dghim
etal., 2013).

The present data clearly establish PP24-B'% as a gene involved
in the suppression of oxidative stress-driven lesions and related
pathogenesis responses in SD. When introduced into the caz2
background, the pp2a-b"y mutation triggered hallmarks of the SA
signaling pathway that were otherwise not observed. As well as
lesion spread and SA itself, markers included the accumulation of
camalexin and PRI transcripts. Activation of the pathway was
also observed at the proteomic level. Although PR2 and PR5
phosphoproteins were not detected in the wild-type, both accu-
mulated in the double mutant. Similar to caz2 growing in LD,
the activation of lesions in caz2 pp2a-b"y is dependent on the
isochorismate pathway of SA synthesis, as lesions were absent in
the triple caz2 pp2a-b"y sid2 mutant.

Although the loss of CA72 function is not sufficient to activate
pathogenesis responses in SD, some responses were observed in
the pp2a-b"y single mutant in this condition. These included
some accumulation of SA, although camalexin and PRI expres-
sion remained at or close to wild-type levels. Although always less
marked than in the double mutant, these responses in pp2a-b"y
were more pronounced in LD, conditions in which slight lesion
formation was observed (Fig. 1), again underscoring the promo-
tion of defense responses by long photoperiods. The activation of
biotic stress defense responses in the pp2a-b"y single mutant is in
good agreement with the previous report of Trotta ezal. (2011a),
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Fig. 8 Quantification of transcripts encoding differentially abundant
proteins identified on the two-dimensional gels (a) and genes involved in
flowering control or photoperiod signaling (b). Data are for Arabidopsis
grown in short days. For explanation of abbreviations, see Supporting
Information Table S1. Data are means + SE of three biological replicates.
For ease of expression, FT and CO values have been multiplied by 10 000,
and FLC and PHY values by 100. Where significant, * and + indicate
difference relative to Col-0 or to cat2 (P <0.05).

although some differences in the specific features of the responses
were observed. Given the strong conditionality of plant responses
to stress, differences could reflect the conditions used for the two
studies. Phenotypes in the pp2a-b"y single mutant are very sensi-
tive to growth conditions, with lesions being less apparent as
humidity or irradiance increases (A. Trotta & S. Kangasjarvi,
unpublished). In the present study, both of these factors were
higher than in that of Trotta eral. (2011a), possibly explaining
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why fewer lesions were observed in pp2a-b"y. Despite their
absence in both single mutants in SD in the growth conditions
used in the present study, SA-dependent lesions were clearly
apparent in car2 pp2a-b'y, underscoring the interaction between
the two mutations.

A key role for PP2A-B'y in regulating protein
phosphorylation during oxidative stress

A number of phosphopeptides were differentially detectable
when PP2A-B'y function was lost in an oxidative stress context.
Further studies will be required to establish whether these are
substrates of PP2A oligomers containing this subunit, but three
criteria can be used to identify the most interesting candidates:
(1) the specificity for phosphoserine and phosphothreonine resi-
dues; (2) localization in the same compartments as PP2A-B'y
(cytosol, nucleus, plasmalemma; Table S4); and (3) increased
phosphorylation status when PP2A-B'y function is lost.

Based on these criteria, the best candidates to be direct targets
during the oxidative stress response are SAHH, EFla, HOLI,
GSTF2, ACO2 and GLNI1;1. The latter has previously been
reported to be phosphorylated by calcium-dependent protein
kinase (CDPK)-related kinase 3 (CRK3; Li eral, 2006), and so
its phosphorylation status may be influenced by the opposing
actions of this kinase and PP2A-B'y-dependent phosphatase
activity. The roles of PP2A-B'y may not be restricted to PP2A-
dependent dephosphorylation, but could also involve inhibition
of the activity of a cytosolic calcium-dependent kinase (CPK1)
through physical interactions (G. Konert ¢t al., unpublished).

Whether or not these proteins are targets of PP2A-B'y-
dependent activities, our data provide clear evidence that this
subunit is required to control the abundance or phosphoryla-
tion status of proteins during intracellular oxidative stress.
Affected proteins include recognized players in redox homeo-
stasis and associated signaling (HSP, GSTs, ACO2, CSD2,
MDAR2, PR2, PR5). Indeed, GSTF2 has been described as a
camalexin-binding protein (Dixon eral, 2011), which is in
accordance with the strong accumulation of this phytoalexin in
cat2 pp2a-b"y (Fig.5). Further, PDI2, CRT1 and CRT2 all
reside in the lumen of the endoplasmic reticulum (ER) and are
connected to the unfolded protein response during ER stress
that is implicated in pathogenesis responses (Trotta eral,
2011b). Thus, PP2A-B'y seems to be an integral part of the
signaling hub that controls responses to oxidative stress at the
proteomic level.

PP2A-B'y as a central modulator of metabolic responses to
oxidative stress

The pp2a-b"y mutation not only allowed intracellular oxidative
stress in SD to induce the accumulation of defense-related sec-
ondary metabolites, it also had a strong impact on the responses
of primary metabolism. Intriguingly, SGAT was one of the pro-
teins that showed opposite changes in abundance to the well-
known SA-dependent PR2 and PR5 proteins (Table 2). This

enzyme is one of at least two that act immediately downstream of
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H,O,-producing glycolate oxidase to convert glyoxylate to
glycine, and has been implicated previously in pathogenesis
responses (Taler ez al., 2004). Our observations may suggest some
co-regulation of the SGAT and CAT?2 proteins. Although two
independent microarray analyses show that SGAT transcripts are
not significantly different in Col-0 and caz2 (Mhamdi ezal,
2010¢; Queval etal., 2012), there is some evidence that peroxi-
somal enzymes involved in photorespiration can associate into
complexes (Heupel eral, 1991; Heupel & Heldt, 1994). The
increased Ser in car2 pp2a-b"y may be a result of decreased SGAT
abundance. Interestingly, however, Ser accumulation was less
marked in the caz2 single mutant (Fig. S4). As well as its stimula-
tion by the pp2a-b'y mutation, caz2-triggered Ser accumulation is
largely blocked by the sid2 mutation (Chaouch ez al,, 2010). This
suggests that any physical interaction may be conditional, possi-
bly linked to SA signaling. If so, this could be relevant to the
described roles of peroxisomal H,O, and SGAT activity in path-
ogenesis responses (Taler ezal, 2004; Lipka ez al., 2005; Rojas
etal,2012).

As well as Ser, many other amino acids are among the metabo-
lites that are induced by ¢2z2 in LD in an SA-dependent manner
(Chaouch eral., 2010, 2012). Although much less or not accu-
mulated in ca22 in SD, several of these amino acids were strongly
induced in the double mutant (Fig.4; Table I; Fig. S4). The
accumulation of amino acids was correlated with the induction
of GLN1;1, a cytosolic glutamine synthetase (GS1), at both pro-
tein and transcript levels (Table 2; Fig. 8). Similar to the accumu-
lation of the GLN1;1 protein in caz2 pp2a-b"y, GS1 protein was
up-regulated in tomato plants infected with Pseudomonas,
whereas the chloroplastic GS2 was down-regulated (Pérez-Garcia
eral., 1995). Opposing changes in the abundance of GS2 and
GLNI1;1 have also been observed previously in the pp2a-b"y sin-
gle mutant (Trotta ezal., 2011a). As GS2 is the photorespiratory
isoform, it is linked to SGAT and CAT?2 functions. By contrast,
GS1 is associated with nitrogen remobilization, for example, dur-
ing senescence (Pérez-Garcia ez al., 1995). One interpretation is
that, in oxidative stress conditions, loss of PP2A-B"y function
down-regulates nitrogen cycling through the photorespiratory
pathway in favor of the production of amino acids to support
defense processes. This may occur to provide respiratory sub-
strates for defense (Bolton, 2009), although other functions are
possible. An amino acid transporter that may use glutamine as its
major substrate has been implicated in the regulation of
SA-dependent pathogenesis responses (Liu ez al., 2010).

Mutations leading to the loss of regulation of enzymes
involved in the synthesis of the aspartate-derived amino acids
trigger changes in resistance to specific pathogens (Stuttmann
eral., 2011). Alongside the activation of PR responses, isoleucine
and Thr were both strongly accumulated in caz2 pp2a-b'y,
although two other aspartate-derived amino acids (homoserine
and Met) were less affected. These last two compounds are
involved in the Met cycle, a key source of methyl donors to vari-
ous acceptors. Following methyl donation by S-adenosylmethio-
nine (SAM), free homocysteine is regenerated by SAHH,
proteins that were up-regulated in the double mutant (Table 2).
Among many possible roles, methylation could be required for
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changes in secondary metabolism triggered by oxidative stress.
Together with SAHH and PR proteins, cat2 pp2a-b'y accumu-
lated HOL1, which methylates the thiocyanate arising from the
invivo degradation of indolic glucosinolates (Nagatoshi &
Nakamura, 2009). Methylation is also required in the synthesis
of the coumarin, scopoletin, which accumulates in response to
oxidative and biotic stress (Chong ez al., 2002; Fig. 1). As well as
being used in methylation reactions, SAM can be withdrawn
from the cycle and used for the synthesis of ethylene, with the
first and limiting reaction catalyzed by ACC synthase (ACS). A
study of the roots curl in naphthylphthalamic acidl (renl) mutant,
which is deficient in a PP2A-A subunit, showed that two ACS
isoforms were under differential control by PP2A-dependent pro-
cesses (Skottke ez al., 2011), whereas we found significant up-reg-
ulation of ACO2 in cat2 pp2a-¥'y, allowing phosphorylation
sites to be detected in this polypeptide. Thus, it seems likely that
PP2A regulates both enzymatic steps required to convert SAM to
ethylene.

Relationship of PP2A-B'y function to intracellular oxidative
stress

Growing evidence indicates that the outcome of oxidative stress
is conditioned by other factors, and not simply related to oxida-
tive stress intensity. The finding that the pp24-6"y mutation
allows car2-triggered pathogenesis responses to be produced in
SD implicates PP2A-B’y as an influential actor in responses to
intracellular oxidative stress.

Key features of intracellular oxidative stress in cat2 are the
perturbation of intracellular thiol-disulfide status and the induc-
tion of a wide range of antioxidative genes (Mhamdi eral,
2010¢; Queval eral., 2012), effects that are less evident in pp2a-
by (Fig. 3; Trotta etal, 2011a). In contrast with pp2a-b'y
(Trotta etal., 2011a) and cat2 pp2a-b"y (this study), increases in
DAB staining cannot be detected in caz2 growing in our condi-
tions. There are thus clear differences in the redox effects driven
by the two mutations. Further, their association in the double
mutant produces synergistic or qualitative effects on defense
responses in SD, that is, their combination either produces a
greater than additive effect (SA and camalexin contents) or trig-
gers responses that are undetectable or close to negligible in the
single mutants (lesions, PRI expression, several metabolites,
proteomic profiles).

A key factor could be the interplay between ROS produced
intracellularly and at the plasmalemma/apoplast. The activation
of defense responses and the associated metabolic changes in
cat2 in LD are influenced by ArRboh function, pointing to
interactions between oxidative stress inside the cell and ROS
produced at the cell surface (Chaouch ezal, 2012). A primary
role of PP2A-B'y may be to restrict the activation of ROS pro-
duction at the plasmalemma, explaining why the pp2a-b"y
mutant shows enhanced DAB staining (Trotta eral, 2011a),
which mainly detects extracellular ROS. The appearance of
enhanced DAB staining in ca22 pp2a-b"y may suggest that the
loss of PP2A-B'y function weakens the repression of extracellu-
lar ROS production. This could cause increased sensitivity to
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cell-to-cell transmission of signals derived from perturbed intra-
cellular redox status, triggering pathogenesis responses even in
conditions in which they are not usually observed, and activat-
ing associated metabolic responses, such as nitrogen remobiliza-
tion.

In conclusion, our study reveals that the repression of defense
responses in SD is under genetic control through pathways linked
to PP2A-B'y function. Although further investigation is required
to establish exactly how this is coupled to day length-dependent
signaling, SA-dependent pathways are known to be modulated
by photoreceptor functions (Genoud ez al., 2002; Martinez ez al.,
2004; Griebel & Zeier, 2008). Decreased PHYA expression in
the pp2a-b'"y genotypes (Fig. 8) suggests that photoreceptors may
be involved in the regulatory nexus that links oxidative stress, day
length, PP2A-B'y and pathogenesis responses.
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Supporting Information

Additional supporting information may be found in the online
version of this article.

Fig. S1 Production and genotyping of mutant lines.

Fig. S2 Ascorbate and glutathione contents in plants grown in

long days (LD).

Fig. S3 Phenotypes and glutathione contents in mutants grown
at low light.

Fig. S4 Amino acid contents in the caz2 pp2a-b"y double mutant.
Fig. S5 Pattern of phosphoproteins in total soluble and mem-

brane fractions isolated from wild-type, cat2, pp2a-b"y and cat2
pp2a-b"y leaves.
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Fig. S6 Analysis of flowering time in Col-0 and mutant lines.
Table S1 Primer sequences used in this study

Table S2 Full list of metabolites detected by gas chromatogra-
phy-time of flight-mass spectrometry (GC-TOF-MS)

Table S3 Ion scores, masses observed and expectation values for

the identified phosphopeptides presented in Table 2

Table S4 Likely subcellular localization of proteins modified in
abundance or phosphorylation status in caz2 pp2-a-b'"y
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or functionality of any supporting information supplied by the
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