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Plants optimize their growth and survival through highly integrated regulatory networks that coordinate defensive measures
and developmental transitions in response to environmental cues. Protein phosphatase 2A (PP2A) is a key signaling component
that controls stress reactions and growth at different stages of plant development, and the PP2A regulatory subunit PP2A‐B9g is
required for negative regulation of pathogenesis responses and for maintenance of cell homeostasis in short-day conditions.
Here, we report molecular mechanisms by which PP2A‐B9g regulates Botrytis cinerea resistance and leaf senescence in
Arabidopsis (Arabidopsis thaliana). We extend the molecular functionality of PP2A‐B9g to a protein kinase–phosphatase
interaction with the defense-associated calcium-dependent protein kinase CPK1 and present indications this interaction may
function to control CPK1 activity. In presenescent leaf tissues, PP2A-B9g is also required to negatively control the expression of
salicylic acid-related defense genes, which have recently proven vital in plant resistance to necrotrophic fungal pathogens. In
addition, we find the premature leaf yellowing of pp2a-b9g depends on salicylic acid biosynthesis via SALICYLIC ACID
INDUCTION DEFICIENT2 and bears the hallmarks of developmental leaf senescence. We propose PP2A-B9g age-
dependently controls salicylic acid-related signaling in plant immunity and developmental leaf senescence.

Plants optimize their growth and survival through
highly integrated signaling networks that modulate
cellular functions upon environmental changes. During
the life span of a plant, negative regulators can signifi-
cantly affect plant fitness and productivity by pre-
venting unnecessary defense activation and premature
aging, which may severely penalize reproductive suc-
cess. To date, transcript profiling has elucidated the
dynamic nature of gene expression occurring in the
time-course of age-dependent senescence or infection
by phytopathogens (Breeze et al., 2011; Windram et al.,
2012; Woo et al., 2016). A multitude of transcription
factors and signaling components underlying immu-
nity reactions and senescence have been identified
and functionally characterized, but posttranslational
control of the elicited responses remains poorly
understood.
Reversible protein phosphorylation is one of the

key mechanisms that control the perception and relay
of internal and external signals. In plant immunity,

mitogen-activated protein kinases and calcium-
dependent protein kinases (CDPKs; termed “CPKs” in
Arabidopsis [Arabidopsis thaliana]) are central in elicit-
ing appropriate defense reactions against a variety of
biotic stress agents (Suarez-Rodriguez et al., 2010;
Boudsocq and Sheen, 2013; Meng and Zhang, 2013;
Romeis and Herde, 2014). Controlled protein dephos-
phorylation by protein phosphatases, in turn, is vital in
containing the extent of defensive measures. Well-
characterized examples are MAP KINASE PHOS-
PHATASE1 (MKP1) and MKP2, which are monomeric
dual-specificity phosphatases that control the activa-
tion state and signaling through the key signaling ki-
nases MPK3 and MPK6 (Bartels et al., 2009; Lumbreras
et al., 2010; Jiang et al., 2017). Upstream protein kinases
and phosphatases responsible for posttranslational reg-
ulation of CPKs have so far remained unidentified. In
developmental leaf senescence, a few protein phospha-
tases that positively or negatively influence the induc-
tion or progression of this process have been identified.
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These include e.g. SENESCENCE-ASSOCIATED
GENE113 (SAG113)/HAI1, a protein phosphatase
2C (PP2C) that acts in prosenescence signaling
(Zhang et al., 2012; Zhang and Gan, 2012); and SE-
NESCENCE-SUPPRESSED PROTEIN PHOSPHA-
TASE (SSPP), which in turn retains leaf longevity by
negatively regulating prosenescence signals (Xiao
et al., 2015).

An increasing number of studies indicate type
2A protein phosphatases regulate central processes
in plant stress resistance, immunity, and growth
(He et al., 2004; Trotta et al., 2011; Heidari et al., 2013; Li
et al., 2014; Segonzac et al., 2014; reviewed by Durian
et al., 2016). PP2A forms a heterotrimeric holoenzyme
that consists of a catalytic C subunit, a scaffold A sub-
unit, and a variable regulatory B subunit. The Arabi-
dopsis genome encodes five PP2A-C subunits, three A
subunits, and 17 B subunits, which are divided into
evolutionarily conserved B, B9, and B99 families (Booker
and DeLong, 2017). The specificity of PP2As is conferred
by the variable PP2A-B subunits, which direct the hol-
oenzymes toward specific target phosphoproteins

(Farkas et al., 2007; Moorhead et al., 2009; Sents et al.,
2013; Lillo et al., 2014).

Segonzac et al. (2014) revealed a mechanistic inter-
action where PP2A negatively regulated plasma
membrane sensory systems. An Arabidopsis PP2A
holoenzyme, composed of a catalytic subunit PP2A-C4,
scaffold subunit A1, and either B9h or B9z, limited the
activity of BRI1-ASSOCIATED KINASE1 (BAK1), an
essential coreceptor involved in early defense signaling
upon perception of conserved microbial-associated
molecular patterns (Segonzac et al., 2014). Within in-
tracellular networks, PP2A-B9g is required for negative
regulation of pathogen responses and maintenance of
cellular integrity. This was first evidenced by pheno-
typic analysis of the knock-down pp2a‐b9g mutant,
which showed resistance against the necrotrophic fun-
gal pathogen Botrytis cinerea and green peach aphid
(Myzus persicae; Trotta et al., 2011; Rasool et al., 2014).
Healthy pp2a‐b9g mutants in turn undergo premature
yellowing conditionally when grown under moderate
light intensity in short-day conditions (Trotta et al.,
2011). Studies on a pp2a‐b9g cat2 double mutant defi-
cient in PP2A-B9g and the main peroxisomal antioxi-
dant enzyme CATALASE2 elaborated the functional
importance of PP2A‐B9g in controlling intracellular
oxidative stress responses and associated metabolite
signatures (Li et al., 2014). Mechanistic insights into
secondary metabolism were provided by Rahikainen
et al. (2017), who found PP2A‐B9g interacted with com-
ponents of the activated methyl cycle and negatively
regulated the formation of a deterring 4-methoxy-indol-
3-yl-methyl glucosinolate in Arabidopsis leaves.

Recently, Zhu et al. (2018) demonstrated the impor-
tance of PP2A in host-necrotroph interactions in crop
species. Silencing of a wheat (Triticum aestivum) PP2A
catalytic subunit conferred resistance against the
necrotrophic fungus Rhizoctonia cerealis, the causative
agent of wheat sharp eyespot disease. The resistance
phenotype was accompanied by increased transcript
abundance for the wheat pathogenesis-related (PR)
protein PR2 and antioxidant enzymes (Zhu et al., 2018).
However, the exact molecular mechanisms by which
PP2A contributes to plant resistance against necrotro-
phic fungal pathogens remain unresolved.

Here we report molecular mechanisms by which
PP2A‐B9g regulates B. cinerea resistance and prevents
premature yellowing and cell death in Arabidopsis
leaves. We provide evidence indicating 4-week–old
pp2a-b9g mutants are primed for salicylic acid (SA)-
related immune reactions, the importance of which
is increasingly recognized in plant resistance to
necrotrophic fungal pathogens. Furthermore, we pre-
sent a protein kinase–phosphatase interaction between
PP2A-B9g and Arabidopsis CALCIUM-DEPENDENT
PROTEIN KINASE 1 (CPK1), which is involved in the
resistance to necrotrophic fungi. By biochemical char-
acterization and transcriptome analysis of 7-week–old
pp2a-b�g, we further demonstrate the premature yellowing
is SA-dependent andbears the hallmarks of age-dependent
leaf senescence. We propose PP2A-B9g negatively controls
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the SA-component in the onset of developmental leaf
senescence.

RESULTS

PP2A-B9g Interacts with CPK1 and SAG12

To elucidate PP2A-B9g dependent signaling interac-
tions, full-length PP2A-B9g was used as bait in a yeast
two-hybrid screen against a complementary DNA
(cDNA) library enriched for stress-related components
(Jaspers et al., 2009). This led to identification of CPK1
(AT5G04870) and theCys protease SAG12 (AT5G45890) as
candidate PP2A-B9g-interacting proteins (Supplemental
Table S1).
CDPKs are composed of a variable N-terminal do-

main, a Ser/Thr kinase domain, and a Ca21-binding
CDPK-activation domain (Fig. 1A; Liese and Romeis,
2013). The variable N terminus, which is the most dis-
tinctive feature between different CDPK isoforms, car-
ries nine experimentally verified in vivo phosphorylation
sites in CPK1, while its C terminus has been found
phosphorylated on one site (Supplemental Table S1;
PhosPhAt-database, Durek et al., 2010). Itwas therefore of
interest that the yeast two-hybrid screen trapped a poly-
peptide comprising the first 149 amino acids corre-
sponding to the N terminus of CPK1 (Fig. 1A).
Despite intensive efforts, pp2a-b9g cpk1 double mu-

tants could not be identified even when screening the
progeny of a PP2A-B9g 2/2 CPK11/2 parental line,
suggesting the two signaling components may be
functionally connected. To verify the interaction be-
tween PP2A-B9g and CPK1, we used a bimolecular
fluorescence complementation (BiFC) system, which
allows visualization of interactions that are highly
transient in nature, such as those between phosphatases
and kinases and their protein substrates. To assess
whether the protein interaction with PP2A-B9g requires
the C-terminal CDPK-activation domain, we employed
both a full-length CPK1 and a truncated form consisting
of the variable (V) N terminus and the kinase (K) do-
main, denoted as CPK1-VK (Fig. 1A). This form is
commonly used to mimic the conformation of the
calcium-activated full-length CDPK (Harper et al.,
1994). To avoid influences potentially caused by the
kinase activity of a constitutively active CPK1, espe-
cially in the heterologous Nicotiana benthamiana system,
we employed a form of CPK1-VK that is kinase-inactive
due to a point-mutation in the ATP-binding site,
denoted CPK1-VKm.
First we tested the interaction between PP2A-B9g

and the full-length and VKm forms of CPK1 using the
well-established N. benthamiana system for BiFC
(Bracha-Drori et al., 2004; Walter et al., 2004). Both the
full-length CPK1 and the truncated CPK1-VKm inter-
acted with PP2A-B9g in the cytosol (Fig. 1B). This in-
teraction was not visible when the related PP2A-B
subunit isoform PP2A-B9kwas coexpressed with CPK1
or CPK1-VKm, or when the C-terminal part of yellow
fluorescent protein (YFP) was coexpressed with either

of the CPK1 constructs (Fig. 1B). The fluorescence
detected in the nucleus, in contrast, was also visible
when PP2A-B9k or just the C-terminal part of YFP was
coexpressed with either CPK1 or CPK1-VKm (Fig. 1B)
and was hence a false positive, likely arising from split-
off of the YFP-halves from the coexpressed proteins and
a consequent formation of free YFP. Fluorescence sig-
nals indicative of a PP2A-B9g-SAG12 interaction could
not be detected using the N. benthamiana system.
The classical BiFC system employs heterologous

coexpression of Arabidopsis proteins in leaf cells of
N. benthamiana, which, as a member of the super-
asterids, is only distantly related to the superrosid
Arabidopsis (APG IV, 2016). Furthermore, the subcel-
lular localization of PP2A-B9g, as well as almost all other
Arabidopsis PP2A-B9-subunits, can vary depending on
the species it is expressed in and the expression system
used in protein localization assays (Durian et al., 2016).
Hence, to assess the protein interactions in a more nat-
ural environment, we developed a BiFC-system for
Arabidopsis leaves. For this purpose, we employed a
transgenic Arabidopsis line that expresses the bacterial
effector protein AvrPto under the control of a
dexamethasone-inducible promoter (Hauck et al., 2003).
This ectopic expression of the bacterial effector weakens
the innate immune system of the host plant and allows
efficient Agrobacterium tumefaciens transfection of leaf
cells and subsequent transgenic protein expression
(Tsuda et al., 2012). In our Arabidopsis BiFC-system, we
were able to reproduce the PP2A-B9g-CPK1 and PP2A-
B9g-CPK1-VKm interactions (Fig. 1C). In addition, the
Arabidopsis system revealed fluorescence signals in-
dicative of PP2A-B9g-SAG12 interaction in the cytosol
(Fig. 1C).

Nonstressed pp2a-b9g Mutants Display Increased In-Gel
Kinase Activity of CPK1

CPK1 is a phosphoprotein that acts as a positive
component in immunity signaling (Coca and San
Segundo, 2010; PhosPhAt database, Durek et al.,
2010). Therefore, the observed interaction between
PP2A-B9g andCPK1 raised the questionwhether PP2A-
B9g exerts a control over CPK1 kinase activity. To an-
swer this question, we first analyzed the abundance of
CPK1 using an antibody raised against a CPK1-specific
peptide that resides within an area of the N-terminal
domain devoid of known in vivo phosphorylation sites.
We chose an 18-amino acid CPK1-epitope for this an-
tibody that is unique for the CPK-isoform CPK1
(Supplemental Fig. S1B). The generated CPK1 antibody
bound the 18-amino acid CPK1-epitope (Supplemental
Fig. S2) and reacted with polypeptides that were not
detected in two independent cpk1 knock-out lines
(Supplemental Fig. S1). Twomajor bands of CPK1 were
observed in wild type and pp2a-b9g, but not in cpk1,
when leaf extracts were isolated from visually healthy
plants grown in standard short-day conditions (Fig. 2A,
right). When the same samples were subjected to
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Figure 1. Analysis of protein interactions among PP2A-B9g, CPK1, and SAG12. A, Schematic representation of full-length CPK1,
a truncated VKm form that consists of the variable (V) N terminus and the kinase (K) domain, and the V N terminus that was found
to interact with PP2A-B9g in the yeast two-hybrid screen. The schemes and their domains are drawn to scale. B, BiFC analysis
of protein interactions in N. benthamiana leaves transiently expressing the fusion protein pairs CPK1-YN/PP2A-B9g-YC,
CPK1-YN/PP2A-B9k-YC, CPK1-YN/YFP-YC, CPK1-VKm-YN/PP2A-B9g-YC, CPK1-VKm-YN/PP2A-B9k-YC, and CPK1-VKm-YN/YFP-
YC. C, BiFC analysis of protein interactions in Arabidopsis leaves. Transgenic Arabidopsis plants expressing the bacterial effector AvrPto
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CPK-specific in-gel kinase assays, in which calcium is
added to activate the CPKs, a higher activity of the
upper band of CPK1 was observed in pp2a-b9g as
compared to wild-type plants (Fig. 2A, left), while both
genotypes displayed similar abundance of this protein
band (Fig. 2A, right; full-length immunoblot for Fig. 2 in
Supplemental Fig. S3).
PP2A-B9g-mediated dephosphorylation of CPK1

could affect the pattern of phosphorylation among the
multiple experimentally verified in vivo phosphoryla-
tion sites (Supplemental Table S1; PhosPhAt-database,
Durek et al., 2010), which could specifically modulate
the activity of the affected CPK1-species. Phosphory-
lated CPK-species leading to multiple bands in normal
SDS-polyacrylamide (PA) gels are already known for
Arabidopsis CPK5 (Dubiella et al., 2013) and tobacco
(Nicotiana tabacum) CDPK2, which is the ortholog of
Arabidopsis CPK1 (Witte et al., 2010). To assess
whether CPK1 bands migrating at higher apparent
Mr values on SDS gels represent phosphorylated
CPK1 species, a subset of the samples was treated
with lambda-phosphatase and thereafter separated on
PhosTag gels. After the lambda-phosphatase treatment,
CPK1 bands with a higher apparent Mr were not pre-
sent in the PhosTag gels, demonstrating that they were
phosphorylated forms of CPK1 (Fig. 2B).

PP2A-B9g Controls the Abundance of CPK1 in B.
cinerea-Infected Leaves

CPK1 is a positive regulator of defense reactions
against the necrotrophic fungal pathogen B. cinerea
(Coca and San Segundo, 2010). PP2A-B9g in turn acts as
a negative regulator, as demonstrated by reduced le-
sion size in fully expanded pp2a-b9g leaves upon drop-
inoculation with B. cinerea (Trotta et al., 2011). The
regulatory interaction between PP2A-B9g and CPK1
(Figs. 1 and 2) therefore prompted us to test whether
PP2A-B9g controls CPK1 function in B. cinerea-infected
tissues.
First, we tested PP2A-B subunit specificity on the

resistance phenotype and subjected pp2a-b9g, pp2a-b9z,
deficient in the closest homolog of PP2A-B9g, a re-
spective pp2a-b9gz double mutant (Rasool et al., 2014)
and a complementation line expressing PP2A-B9g un-
der the 35S-promoter in a genetic pp2a-b9g background
(Trotta et al., 2011) to lesion size assays with B. cinerea.
To quantify the resistance in these genotypes, 4-week–old
short day-grown plants were selected for drop inocu-
lation with B. cinerea spores, and the lesion size on
infected leaves was measured 48-h post infection (hpi).
The pp2a-b9g and pp2a-b9z single mutants and the
double mutant pp2a-b9gz displayed significantly

reduced lesion size compared to wild type and thereby
proved more resistant to infection by B. cinerea (Fig. 3A;
photographs in Supplemental Fig. S4). The comple-
mentation line expressing 35S:PP2A-B9g in pp2a-b9g
showed no alterations in disease resistance when
compared to wild type (Fig. 3A).

Figure 1. (Continued.)
under the control of a dexamethasone-inducible promoter (Hauck et al., 2003) transiently expressing the fusion protein pairs
CPK1-YN/PP2A-B9g-YC, CPK1-YN/PP2A-B9k-YC, CPK1-VKm-YN/PP2A-B9g-YC, and SAG12-YN/PP2A-B9g-YC. Scale bars5 50
mm.

Figure 2. Biochemical characterization of the PP2A-B9g-CPK1 interac-
tion. A, CPK1 in-gel kinase activity and protein abundance in total leaf
extracts isolated fromArabidopsiswild type, pp2a-b9g, and cpk1. CPK1 in-
gel kinase activity (left) was assessed in the presence of 0.2 mM CaCl2 and
histone type IIIS. Subsequently, the same samples were separated on
SDS-gel electrophoresis and subjected to immunoblot analysis with a
CPK1-specific antibody (right). Numbers (3 1,000) under the panels indi-
cate intensity measurements for the uppermost band (Image Studio Lite;
Li-Cor Biosciences). Loading controls are shown in the panels below the
numbers; left: Coomassie Brilliant Blue R250-staining of the lower rim of
the in-gel kinase SDS-PA gel; right: Ponceau S-staining of the large subunit
of Rubisco on the PVDF-membrane. B, CPK1 immunoblot after separation
of total leaf extracts from wild type, pp2a-b9g, pp2a-b9gz, and cpk1 on
PhosTag PA gel. To assess the presence of phosphorylated residues among
the high-molecular weight CPK1 bands, the samples were prepared in the
presence and absence of lambda-phosphatase. Lower: Ponceau S-staining.
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To assess whether PP2A-B9g controls CPK1 abun-
dance in B. cinerea-infected tissues, 4-week–old short
day-grown wild-type plants and pp2a mutants were
spray-infectedwith B. cinerea and the level of CPK1was
explored by immunoblotting from SDS gels. The mock
treatment, i.e. spraying with half-strength potato dex-
trose broth (PDB) and keeping the plants under the
fungal growth atmosphere of close to 100% humidity,
showed slightly increased CPK1 abundance in pp2a-b9g
and the pp2a-b9gz plants (Fig. 3B; full-length immuno-
blot for Fig. 3B in Supplemental Fig. S3). All genotypes
showed increased CPK1 abundance 24 h after spraying
with B. cinerea spores. This pathogen-induced upregu-
lation of CPK1 was particularly strong in pp2a-b9g and
the pp2a-b9gz double mutant (Fig. 3B). Hence, the B.
cinerea-induced increase in CPK1 abundance is con-
trolled by PP2A-B9g.

PP2A-B9g Is Required To Negatively Control the
Abundance of Transcripts Involved in Defense-Related
SA Signaling

CPK1was previously assigned a role in SA signaling,
as CPK1-overexpressing plants displayed enhanced
induction of SA signaling marker genes after infec-
tion with Fusarium oxysporum, while mutants deficient
in CPK1 showed reduced induction (Coca and
San Segundo, 2010). To assess whether the increased
B. cinerea resistance of pp2a-b9g, pp2a-b9z, and pp2a-b9gz
is associated with constitutive transcriptional priming
of SA responses, we performed microarray transcript
profiling of unchallenged 4-week–old short day-grown
wild type, pp2a-b9g, pp2a-b9z, and pp2a-b9gz.

The pp2a-b9g mutant showed significantly altered
transcript levels for 407 genes compared to wild-type
plants, while the number of differentially expressed
genes in the pp2a-b9gz double mutant was 218. In con-
trast, the pp2a-b9z mutant had statistically significant
changes in gene expression for only nine genes
(Supplemental Table S2). Increasing evidence indicates
PR1, which binds sterols and sequesters them from
pathogens (Gamir et al., 2017), is an important player in
plant resistance to necrotrophic pathogens. Among the
30 genes, which are most strongly coexpressed with
PR1 according to the ATTED database (ATTEDII;
http://atted.jp), 19 were upregulated more than 3-fold
in pp2a-b9g (listed in Table 1). The abundance of PR1
transcripts was upregulated 20-fold, PR2 was upregu-
lated 6-fold, and PR5 was upregulated 4-fold in the
noninfected pp2a-b9g plants (Table 1). Transcriptional
induction of PR1, PR2, and PR5 is generally considered
a hallmark for defense-induced SA signaling and for
systemic acquired resistance (SAR), a defense-primed
state of the plant (Fu andDong, 2013).RECEPTOR LIKE
PROTEIN23 (RLP23), 2-OXOGLUTARATE AND Fe(II)-
DEPENDENT OXYGENASE SUPERFAMILY PRO-
TEIN (2OG), CYS-RICH RECEPTOR-LIKE PROTEIN
KINASE45 (CRK45), and CHITINASE (CHI), which are
well known for their roles in defense responses against

pathogenic fungi, also exhibited severalfold increased
transcript abundance in pp2a-b9g. In addition, the key
SAR-regulatory genes AGD2-LIKE DEFENSE RE-
SPONSE PROTEIN1 (ALD1) and FLAVIN-DEPEN-
DENT MONOOXYGENASE1 (FMO1) were strongly
transcriptionally induced. For PR1 and the strongly
PR1-coexpressed genes PR2, PR5, NUCLEOSIDE DI-
PHOSPHATE LINKED TO SOME MOIETY X6
(NUDX6), and CRK45, which are all involved in SA-
signaling (Table 1), we additionally tested the mRNA-
abundance in 4-week–old short day-grown wild-type
and pp2a-b9g plants as well as plants of the pp2a-b9g
P35S:PP2A-B9g complementation line by reverse
transcription quantitative real-time PCR (RT-qPCR;
Supplemental Fig. S5). With this method, the tran-
scripts of these five genes showed in all cases a signif-
icantly higher abundance in pp2a-b9g than in wild-type
plants, with fold changes (FCs) in the relative gene ex-
pression compared to the wild type ranging from 4-fold
(CRK45) to 20-fold (PR1). For the complementation line
pp2a-b9g P35S:PP2A-B9g, however, no significant
changes in mRNA amount of the five genes compared
to the wild type could be detected (Supplemental Fig.
S5). Taken together, PP2A-B9g is required to suppress
accumulation of SA-signaling related transcripts under
nonstressed conditions.

Arabidopsis PR1 protein accumulates 12 h after in-
fection with B. cinerea and significantly higher PR1 a-
bundance is observed in plants in which induced
systemic resistance has been triggered by exposure to
nonpathogenic bacteria, leading to a higher resistance
upon subsequent B. cinerea infection (Nie et al., 2017). In
a leaf lesion assay very similar to ours (Fig. 3), Arabi-
dopsis plants overexpressing PR1 in turn proved more
resistant against another closely related necrotrophic
fungus, Sclerotinia sclerotiorum (Yang et al., 2018). Fur-
thermore, the tomato (Solanum lycopersicum) protein
P14c, closely related to Arabidopsis PR1, reduces B.
cinerea growth in vitro (Gamir et al., 2017). Hence, PR1
function appears to hinder the growth of B. cinerea and
S. sclerotiorum, both of which belong to the family of
Sclerotiniaceae. These findings prompted us to explore
the abundance of PR1 in the B. cinerea-infected leaves of
pp2a mutants and wild-type plants.

Despite the increased PR1 transcript abundance in
unchallenged 4-week–old pp2a-b9g (Table 1), immuno-
blot analysis did not detect PR1 protein in any of the
plants sprayed with mock solution (Fig. 3B, lower).
However, 24 h after infection with B. cinerea spores, PR1
was strongly induced at the protein level in all geno-
types (Fig. 3B). The resistance phenotype of pp2a-b9g
and pp2a-b9gz was not accompanied by a significantly
stronger increase in PR1 protein abundance when
compared to the other lines (Fig. 3B). Moreover, even
though CPK1 was implicated in SA-related gene ex-
pression in F. oxysporum-infected leaves (Coca and San
Segundo, 2010), CPK1 function was not a prerequisite
for accumulation of PR1 protein after B. cinerea infec-
tion, as evidenced by accumulation of PR1 in cpk1
plants (Fig. 3B).
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Figure 3. Analysis of disease resistance and the abundance of CPK1 and PR1 in 4-week–old B. cinerea-infected pp2a mutant
plants. A, Quantification of disease resistance in B. cinerea-infected wild type, pp2a-b9g, a complementation line expressing
PP2A-B9g under the control of the 35S-promoter in pp2a-b9g (pp2a-b9g P35S:PP2A-B9g), pp2a-b9z and the double mutant pp2a-
b�gz. Four-week–old short day-grown plants were drop-inoculated with B. cinerea spores, and the lesion size on infected leaves
was measured 48 hpi. Means6 SE, n $ 170; statistically significant differences compared to wild type are indicated by asterisks
(linear mixed effect model, Tukey-Post hoc test: ****P , 0.0001; *P , 0.05). B, Representative immunoblots depicting CPK1
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Finally,we alsomeasured the contents of SA, jasmonic
acid (JA), and 1-aminocyclopropane-1-carboxylic acid
(ACC), the direct precursor of the gaseous plant hor-
mone ethylene, in control plants and 24 h after spray-
infection with B. cinerea spores. Even though SA, JA, and
ethylene are all positively involved in plant defense
against B. cinerea (Han et al., 2010; Smirnova et al., 2017),
no significant differences in the levels of SA, JA, or ACC
were detected between mock-treated versus spore-
infected plants at 24 hpi in any of the genotypes tested
(Supplemental Fig. S6).

The Yellowing Phenotype in the Apex of Aging pp2a-b9g
Leaves Coincides with Protein Expression of PR1
and SAG12

While pp2a-b9g develops smaller lesions when infec-
ted by B. cinerea (Fig. 3A), noninfected pp2a-b9g leaves
are characterized by age-dependent formation of chlorotic
regions and cell death spots,which are clearly observed on
apical leaf areas after 7 weeks of growth in short-day
conditions (Fig. 4A). Hence, the following experiments
were designed to clarify which physiological process is
responsible for the premature yellowing phenotype of
pp2a-b9g. The spatial occurrence of the chlorosis and cell
death in pp2a-b9g on the leaf apices resembled that of de-
velopmental leaf senescence in Arabidopsis. In contrast,
no symptomsof premature yellowingwere observedon7-
week–old pp2a-b9z, the pp2a-b9gz double mutant, or pp2a-
b9g complemented with 35S::PP2A-B9g (Fig. 4A).

The macroscopic similarity between the pp2a-b9g
phenotype and leaf senescence, together with the
identification of the well-known leaf senescence marker
SAG12 as an interactor for PP2A-B9g (Supplemental
Table S1; Fig. 1C), suggested the chlorosis phenotype
could constitute premature developmental leaf senes-
cence in pp2a-b9g. To elucidate this, we harvested fully
expanded leaves from 7-week–old plants and split
them into apical and basal halves. For pp2a-b9g, this
approach yielded pools of apical leaf halves that dis-
played symptoms of yellowing and cell death and basal
leaf halves that were visually asymptomatic.

Strongly increased abundance of SAG12 transcript is
routinely used as a marker for ongoing leaf senes-
cence in Arabidopsis. We detected SAG12 protein
specifically only in the apical, symptomatic halves of
pp2a-b9g mutant leaves (Fig. 4B, lower representation;
full-length immunoblot for Fig. 4B in Supplemental Fig.
S3), which strongly indicated senescence was pro-
gressing only in the apical parts of pp2a-b9g leaves.
We also assayed whether this Cys-endopeptidase is
required to execute senescence-related processes in
pp2a-b9g. Phenotypic analysis revealed no differences

between pp2a-b9g and pp2a-b9g sag12 double mutants
with respect to leaf apex chlorosis or cell death
(Supplemental Fig. S7). The lack of phenotypic differ-
ences between the pp2a-b9g and pp2a-b9g sag12mutants
mirrors the findings of Otegui et al., (2005) and James
et al., (2018), who reported knock-out mutants lacking
SAG12 function displayed no discernible change in the
progression of developmental leaf senescence.

SA has long been known to play a positive role in
Arabidopsis developmental leaf senescence, and more
recently it has become clear that SA is a crucial factor in
triggering the onset of this biological process (Zhang
et al., 2013a, 2017; Guo et al., 2017; Kim et al., 2018a).
Because PP2A-B9g negatively regulates immunity-
related SA signaling in 4-week–old unchallenged
plants (Table 1), we hypothesized it could also re-
press SA signaling in developmental leaf senescence.
To test this, we first assayed the presence of PR1 in 7-
week–old wild type and pp2a mutant plants. Immu-
noblot analysis revealed the presence of PR1 in pp2a-
b9g leaves, the abundance of PR1 being significantly
higher in the symptomatic apical leaf halves when
compared to the nonsymptomatic basal halves
(Fig. 4B, upper representation). This coincided with
7-fold higher SA levels in the apical leaf halves of
pp2a-b9g, compared to the corresponding basal
halves, and ;14-fold higher levels than the apical
halves of wild-type leaves (Fig. 5A). In summary, SA
accumulates to high levels in the apical leaf halves of
pp2a-b9g, and the strong expression of PR1 indicates
the prevalence of active SA signaling.

The biosynthesis of camalexin, the major antimicro-
bial phytoalexin in Arabidopsis (Glawischnig, 2007;
Frerigmann et al., 2015), is SA-dependent (Lenz et al.,
2011). Camalexin accumulation was observed in the
entire leaf in pp2a-b9g plants but was ;4-fold more
abundant in the apical half (Fig. 5B). The other geno-
types, which did not display leaf yellowing (Fig. 4), did
not contain detectable levels of camalexin or a signifi-
cant increase in SA (Fig. 5). These findings are in line
with those of Mishina et al., (2007), who reported both
SA and camalexin content increased upon develop-
mental leaf senescence in short day-grown Arabidopsis
accession Col-0, whichwas also the genetic background
in our study.

The Phenotypes of pp2a-b9g Leaves Require
ICS1-Mediated SA Biosynthesis

To further analyze the SA-dependency of pp2a-b9g
phenotypes, we employed a pp2a-b9g sid2 double mu-
tant. SALICYLIC ACID INDUCTION DEFICIENT2/
ISOCHORISMATE SYNTHASE1 (SID2/ICS1) is the

Figure 3. (Continued.)
(upper) and the SA-signaling marker PR1 (lower) abundance in mock-treated and B. cinerea-infected pp2amutant rosettes. Total
leaf extracts isolated from wild type, pp2a-b9g, pp2a-b9g P35S:PP2A-B9g, pp2a-b9z, pp2a-b9gz, and cpk1 were separated by
SDS-gel electrophoresis and subjected for immunoblot analysis with antibodies specific to CPK1 or PR1.
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enzyme required for the bulk of induced
SA-biosynthesis in Arabidopsis. In the pp2a-b9g sid2
double mutant, the macroscopic pp2a-b9g phenotype
with apical leaf chlorosis and cell death spots was not
evident (Fig. 4A) and neither the accumulation of SA
above wild-type levels, nor accumulation of PR1 and
SAG12 proteins, could be detected (Figs. 4B and 5). In
addition, the accumulation of camalexin in sympto-
matic pp2a-b9g leaves proved to require functional
SID2, and camalexin was not detected in the pp2a-b9g
sid2 double mutant (Fig. 5B). These findings demon-
strate that the chlorosis, cell death, and SAG12 ex-
pression of pp2a-b9g leaves, as well as the signaling
leading to PR1 expression and accumulation of
camalexin, depend on biosynthesis of SA via the
SID2/ICS1 pathway.
To gain further insights into the role of PP2A-B9g in

SA signaling (Fig. 4B; Table 1), we assessed the ge-
netic interaction between pp2a-b9g and nonexpresser
of pathogenesis related gene1 (npr1). NPR1 is an SA
receptor, a transcriptional coactivator of the SA-
inducible PR1, and a central hub in the transcrip-
tional regulation of defense-related SA signaling
(Saleh et al., 2015; Ding et al., 2018). In our short-day
conditions, npr1 rosettes grew to a very small size

and developed distinct lesion spots in the middle of
the leaf rim (Supplemental Fig. S8). The pp2a-b9g
mutant grew considerably larger than npr1 plants.
In the pp2a-b9g npr1 double mutant, the dramatic
growth effect and lesion formation phenotypes of
npr1 were less evident (Supplemental Fig. S8). The
npr1 plants accumulated camalexin at levels that
were significantly higher than those of pp2a-b9g. This
biochemical characteristic displayed an intermediate
phenotype in pp2a-b9g npr1 (Supplemental Fig. S8B).
Moreover, the early flowering of npr1 under short-
day conditions did not occur in pp2a-b9g npr1
(Supplemental Fig. S8C). These data corroborate PP2A-
B9g function interferes with SA-related signaling
through NPR1.

The Transcriptome of Apical pp2a-b9g Leaf Halves
Suggests Induction of Major Transcription Factor Cascades
Involved in Developmental Leaf Senescence

The dependence of leaf yellowing and SAG12 protein
accumulation on functional SID2 in pp2a-b9g leaves
suggested PP2A-B9g could regulate SA-dependent
signaling in leaf senescence. To substantiate this, we

Table 1. Abundance of PR1-coexpressed transcripts and key SA signaling-related transcripts in 4-week–old pp2a-b9g and pp2a-b9z single mutants
and pp2a-b9gz double mutants relative to wild-type plants in microarray analysis

Values are log2 (FC) and are the means of four independent biological replicates. Statistically significant values of log2 (FC) . 1 and q value of q ,
0.05 are indicated in bold. Coexpression rank to PR1 (AT2G14610) is based on the Mutual Rank (MR, data platform Ath-m.c7-1; Obayashi et al.,
2018), according to the Arabidopsis thaliana trans-factor and cis-element prediction database (ATTED-II) v9.2 (http://atted.jp). AGI, Arabidopsis
genome initiative locus code.

Rank

ATTED-II

MR

ATTED-II
AGI Annotation and Involvement in Defense Responsesa

FC to Wild Type (Log2)

pp2a- b9g pp2a-b9gz pp2a-b9z

0 0.0 At2g14610 PR1; SA-signaling, defense response, SAR 4.3 2.5 1.3
1 2.0 At3g57260 PR2; SA-signaling, SAR 2.6 1.4 0.5
2 3.7 At2g18660 PNP-A; SAR 2.7 1.7 0.0
3 4.4 At1g75040 PR5; SA-signaling, SAR 2.1 1.4 0.2
4 4.4 At1g33960 AIG1; ETI 2.6 1.5 0.4
5 4.8 At5g10760 AED1; SAR 2.1 0.9 0.3
7 7.0 At2g04450 NUDX6; SA signaling 2.3 1.1 0.3
8 8.9 At3g57240 BG3; response to bacterium 2.4 1.6 0.6
9 9.9 At4g23150 CRK7; defense response to bacterium 3.0 1.7 0.4
10 10.5 At3g25010 RLP41; defense response 2.7 1.6 0.4
11 10.9 At2g32680 RLP23; defense response to fungus/bacterium 2.4 1.3 0.2
16 17.4 At3g47480 CALMODULIN-LIKE47 1.6 0.7 0.3
18 19.2 At5g55450 ATLTP4.4; SAR 1.6 0.7 0.1
20 20.9 At1g21240 WAK3 2.5 1.6 0.1
21 23.0 At4g04500 CRK37 2.2 1.1 0.3
22 23.3 At2g26400 ARD3 3.0 1.5 0.7
23 24.2 At3g24900 RLP39; defense response 2.7 1.3 0.3
26 25.9 At2g43570 CHI; chitin catabolic process, SAR 2.5 1.4 20.1
28 26.8 At4g10500 2OG; response to SA, defense response to fungus 2.9 1.4 0.5
29 28.3 At4g11890 CRK45; defense response to fungus, response to SA/SA-signalingb 2.0 1.1 0.1
68 78.4 At1g74710 SID2/ICS1; defense response to fungus/bacterium, SAR 0.8 0.4 0.1
106 124.3 At2g13810 ALD1; SA-signaling, SAR 3.8 2.0 0.7
129 145.7 At1g19250 FMO1; SAR, defense resp. to fungus/bacterium 3.5 2.3 0.4
no — At5g26170 WRKY50; PR1-transcriptional regulation,c defense response to fungus 1.8 0.8 0.2
no — At1g64280 NPR1; SA-signaling, defense response to fungus/bacterium, SAR 0.5 0.3 0.1

aSA-signaling/defense involvement according to TAIR (www.arabidopsis.org). bZhang et al. (2013b). cHussain et al. (2018).
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performed a transcriptomics (RNA sequencing [RNA-
seq]) experiment on the apical and basal leaf halves
of 7-week–old wild type, pp2a-b9g single mutant,
pp2a-b9gz, and pp2a-b9g sid2 double mutants, and the
pp2a-b9g P35S:PP2A-B9g complementation line in five
independent biological replicates. Firstly, abundance of
transcripts in apical leaf halves of pp2a-b9g, pp2a-b9g
sid2, and pp2a-b9gz double mutants and complementation

line pp2a-b9g P35S:PP2A-B9g was compared with the re-
spective abundance in apical leaf halves ofwild-type plants
(Supplemental Tables S3 and S4).

Genes with $2-fold differential expression in the
apical leaf halves of pp2a-b9g, compared to the apical
leaf halves of wild-type plants, were analyzed for
overrepresentation of gene ontology (GO) categories.
GO terms related to innate immunity, SAR, response to
hypoxia, phospholipid translocation, hormone cata-
bolic process, positive regulation of leaf senescence, and
negative regulation of cell death were significantly

Figure 4. Analysis of SA-related responses in pp2a mutant leaves
displaying age-dependent yellowing. A, Phenotypic characteristics of
7-week–old, short day-grownwild type, pp2a-b�g, pp2a-b�g P35S:PP2A-
B9g, pp2a-b9z, pp2a-b9gz, and the pp2a-b9g sid2 double mutant. Scale
bars5 1 cm. B, Representative immunoblots depicting accumulation of
the SA-signaling marker PR1 and the senescence marker SAG12 in the
yellowing apical halves of pp2a-b9g leaves. Leaves of 7-week–old wild
type, pp2a-b9g, pp2a-b9g P35S:PP2A-B9g, pp2a-b9z, pp2a-b9gz, cpk1,
sid2, and the pp2a-b9g sid2 doublemutant were harvested and split into
apical and basal halves. Total extracts were isolated and separated by
SDS-gel electrophoresis and subjected to immunoblot analysis with
antibodies specific to PR1 or SAG12.

Figure 5. Contents of SA and camalexin in apical and basal leaf halves
of 6-week–old plants. Leaves of 6-week–old wild type, pp2a-b9g, pp2a-
b9g P35S:PP2A-B9g, pp2a-b9z, pp2a-b9gz, pp2a-b9g sid2, and sid2
were harvested and split into apical and basal halves. Metabolites were
extracted in 85%methanol and the contents of SA (A) and camalexin (B)
were analyzed by liquid chromatography tandem mass spectrometry.
Data aremeans6 SD, n5 4. Statistically significant differences between
apical or basal leaf halves of amutant to the corresponding leaf halves of
the wild type are indicated by asterisks. Statistically significant differ-
ences between the apical and the basal leaf halves of the same genotype
are indicated by circles. ANOVA: leaf half, P , 0.001 (F 5 26.48),
genotype, P , 0.001 (F 5 48.53), leaf half*genotype, P , 0.001
(F 5 26.57); Tukey posthoc test: ***P , 0.001, °°°P , 0.001.
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enriched in the apical leaf halves of pp2a-b9g compared
to wild type (Supplemental Table S5).
In the next approach, genes with $2-fold differential

expression in the apical versus the basal sections in wild
type and pp2a-b9g were compared between these two
genotypes. A total of 2,188 genes showed increased
transcript abundance exclusively in the apical halves of
pp2a-b9g leaves versus pp2a-b9g basal halves and not in
the apical halves of wild-type leaves versus wild-type
basal halves (Supplemental Table S6). These genes
exhibited an enrichment in GO categories related to de-
fense reactions and leaf senescence (Supplemental Table
S6). Increased transcript abundance for 205 genes was
evident in the apical parts of bothwild type and pp2a-b9g
when compared to the respective basal parts. Intrigu-
ingly, these genes were enriched in GO categories of SA
signaling and SAR (Supplemental Table S6).
When wild-type and pp2a-b9g leaf apices were com-

pared, 38 genes that are central in developmental leaf
senescence in Arabidopsis were significantly upregu-
lated in pp2a-b9g (Table 2; color-coded depiction of the
same result in Supplemental Table S7). Of these genes,
19 were transcription factors of the NAM, ATAF, and
CUC (NAC) and WRKY families. For nine of these
transcription factors, the direct downstream target
genes, as reported in the literature, were also signifi-
cantly upregulated in pp2a-b9g leaf apices as compared
to wild type (Table 2; these transcription factors with
their targets are listed under subheadings in the table).
Five of these target genes were transcription factors
themselves, indicating transcriptional cascades that
likely have a broad effect on the transcriptome in apical
sections of pp2a-b9g leaves.
The significantly increased abundance of senescence-

related gene transcripts in the apical leaf halves of pp2a-
b9g was almost completely annulled in the SA-deficient
pp2a-b9g sid2 double mutant (Table 2, Supplemental
Table S7). Transcripts for PSEUDO-RESPONSE REG-
ULATOR9 (PRR9), ORESARA1/ANAC092 (ORE1),
SAG29, ANAC055, ANAC046, SAG21, ORE1 SISTER1
(ORS1), SENESCENCE ASSOCIATED GENE1 (SEN1),
and ALD1 were significantly less abundant in pp2a-b9g
sid2 when compared to wild type, while they were
significantly more abundant in pp2a-b9g (Table 2). Even
though transcripts for WRKY75 were detected in ele-
vated amounts in pp2a-b9g sid2 compared to wild type
(2.6-fold; Table 2), this was notably lower as compared
to the 500-fold upregulation observed in pp2a-b9g (Ta-
ble 2). The circadian clock component PRR9 regulates
the onset of age-dependent leaf senescence (Kim et al.,
2018b) and acts as one of the upstream activating
transcription factors for ORE1, which encodes the
master regulator of cell death in Arabidopsis develop-
mental leaf senescence (Kim et al., 2009). Transcripts for
eight direct ORE1 target genes showed increased a-
bundance in pp2a-b9g, but seven of these were detected
at wild-type levels in the pp2a-b9g sid2 double mutant
(Table 2). SAG29 andORE1 itself showed even stronger
downregulation with significantly diminished tran-
script abundance in pp2a-b9g sid2 (Table 2).

The transcriptomic patterns of SAGs in the pp2a-b9gz
double mutant and the complementation line pp2a-b9g
P35S:PP2A-B9g followed that of the pp2a-b9g sid2 dou-
ble mutant described in this article. This was evident
with respect to diminished transcript levels for the key
PRR9/ORE1 regulon as well as many other transcrip-
tion factors involved in leaf senescence and SAGs
(Table 2; Supplemental Table S7). These observations
are in line with the finding that none of these genotypes
showed macroscopic senescence-like phenotypes or
SA-dependent expression of SAG12 or PR1 (Fig. 4).
The pp2a-b9gmutant also showedupregulation ofNAC

DOMAIN CONTAINING PROTEIN29/ABSCISIC AL-
DEHYDE OXIDASE3 (NAP/AAO3), and ANAC016/
STAY-GREEN1 (SGR1) regulons (Table 2), which are di-
rectly involved in chlorophyll breakdown in Arabidopsis
developmental leaf senescence (Yang et al., 2014;
Sakuraba et al., 2016). Chlorophyll-binding proteins
(CABs) are commonly used as negative marker genes for
developmental leaf senescence. Transcripts for twoCABs,
the photosynthetic light-harvesting antenna proteins
LHCB1.3 (Besseau et al., 2012; Zhang et al., 2017) and
LHCA1 (Mishina et al., 2007; Zhang et al., 2017), showed
reduced abundance in the yellowing pp2a-b9g leaf halves,
as did Rubisco small subunit 3B (RBCS3B) and the chlo-
rophyll biosynthesis gene PROTOCHLOROPHYLLIDE
OXIDOREDUCTASE C (PORC), which represent addi-
tional negative marker genes for senescence (Table 2). In
contrast, the transcript abundance for theATP-dependent
chloroplastic Clp-protease SAG15/ClpD (Zheng et al.,
2002) was increased in pp2a-b9g leaves (Table 2), as is
known to occur during developmental leaf senescence
(Weaver et al., 1999). Hence, the degradation processes in
the chloroplasts also seem to follow the natural pattern of
age-dependent leaf senescence in pp2a-b9g.
It is worth noting almost all of the senescence-

associated transcription factor regulons and the other
senescence-related genes in Table 2 displayed signifi-
cantly increased abundance in the biologically older,
symptomatic apical leaf halves of pp2a-b9g when com-
pared to the basal leaf halves of pp2a-b9g (Supplemental
Table S8). Finally, to validate these results we per-
formed RT-qPCR analysis using the apical leaf halves of
wild type, pp2a-b9g, pp2a-b9g P35S:PP2A-B9g, and the
pp2a-b9g sid2 double mutant (Supplemental Fig. S9).
Transcripts for the senescence-induced genesWRKY75,
FLG22-INDUCED RECEPTOR-LIKE KINASE1/SE-
NESCENCE-INDUCED RECEPTOR-LIKE KINASE
(FRK1/SIRK), SAG13, and SAG21 all showed high in-
duction in apical leaf halves of pp2a-b9g when compared
to apical leaf halves of wild type, pp2a-b9g P35S:PP2A-
B9g, or pp2a-b9g sid2 (Supplemental Fig. S9).

The Premature Yellowing of pp2a-b9g Involves Signaling
through ORE1, the Master Regulator of Cell Death in
Developmental Leaf Senescence

Results from the RNA-seq experiments suggested the
yellowing of pp2a-b9g leaves involves transcriptional
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Table 2. Abundance of senescence-related transcripts in apical leaf halves of 7-week–old pp2a-b9g, pp2a-b9g sid2, and pp2a-b9gz double mutants
and complementation line pp2a-b9g P35S:PP2A-B9g relative to those of wild-type plants in RNA-seq analysis

Values are log2 (FC) and are the means of five independent biological replicates. Transcription factors (TFs) are denoted by x in the respective
column. TFs, which have been experimentally shown to bind the promoter of, or directly transcriptionally activate, a down-stream target gene
(reference given in the respective column for each target), are listed under subheadings together with their respective target gene transcripts. For the
TF ORE1, its up-stream transcription factor PRR9 (Kim et al., 2018b) constitutes the uppermost level of a transcriptional cascade with three levels.
AGI, Arabidopsis genome initiative locus code. False discovery rate (FDR) denotes the corrected P-values for differential expression across all
genotypes.

AGI TF Annotation
FC to Wild Type, Log2

FDR Reference
pp2a-b9g pp2a-b9g sid2 pp2ab9gz pp2a-b9g P35S:PP2A-B9g

WRKY75 and target genes
AT5G13080 x WRKY75 9.0 1.4 1.0 2.0 7.60e-16 —
AT1G74710 — SID2/ICS1 3.2 21.0 0.6 0.3 4.70e-09 Guo et al., 2017

PRR9, ORE1, and Target Genes
AT2G46790 x TL1/PRR9 0.1 22.8 21.4 21.5 1.58e-15 —
AT5G39610 x ORE1/ANAC092 3.8 22.4 20.3 0.2 3.11e-14 Kim et al., 2018b
AT1G11190 — BFN1 5.0 0.2 21.3 20.2 1.19e-06 Matallana-Ramirez et al., 2013
AT1G01480 — ACS2 9.1 0.1 0.1 1.1 8.05e-17 Qiu et al., 2015
AT4G22920 — NYE1/SGR1 1.8 20.2 20.1 20.2 2.04e-09 Qiu et al., 2015
AT5G01820 — CIPK14/SR1 2.3 20.4 20.5 20.4 1.73e-14 Balazadeh et al., 2010
AT5G14000 x ANAC084 4.0 20.5 20.7 0.3 1.41e-08 Balazadeh et al., 2010
AT5G13170 — SAG29 1.1 21.3 21.6 21.3 3.82e-03 Balazadeh et al., 2010
AT4G19810 — CHIC 3.2 0.4 0.5 0.7 2.43e-10 Balazadeh et al., 2010
AT1G19200 — AT1G19200 1.9 20.5 0.4 20.1 1.94e-04 Balazadeh et al., 2010

WRKY53 and Target Genes
AT4G23810 x WRKY53 1.2 0.5 1.7 0.2 4.27e-05 —
AT3G01080 x WRKY58 1.8 20.3 20.2 0.1 1.37e-10 Miao et al., 2004
AT4G01250 x WRKY22 1.8 0.7 1.9 0.9 2.06e-05 Miao et al., 2004
AT2G23320 x WRKY15 1.8 0.2 1.0 0.2 8.50e-10 Miao et al., 2004
AT5G01900 x WRKY62 5.6 0.1 0.6 1.3 9.33e-10 Miao et al., 2004
AT5G45890 — SAG12 13.0 0.0 0.0 0.1 3.95e-26 Miao et al., 2004
AT5G14930 — SAG101 1.3 0.1 0.6 0.3 4.57e-07 Miao et al., 2004

WRKY45 and Target Genes
AT3G01970 x WRKY45 4.7 20.1 20.1 0.5 1.89e-18 —
AT5G45890 — SAG12 13.0 0.0 0.0 0.1 3.95e-26 Chen et al., 2017
AT2G29350 — SAG13 6.7 0.6 0.2 0.2 9.82e-15 Chen et al., 2017

WRKY6 and Target Gene
AT1G62300 x WRKY6 3.1 20.1 0.5 0.2 5.25e-15 —
AT2G19190 — FRK1/SIRK 5.6 20.8 20.1 0.2 2.55e-19 Robatzek and Somssich, 2002

NAP/ANAC029 and Target Gene
AT1G69490 x NAP/ANAC029 5.1 20.8 20.2 20.1 1.67e-16 —
AT2G27150 — AAO3 1.3 20.1 0.0 0.1 3.21e-13 Yang et al., 2014

ANAC016 and Target Gene
AT1G34180 x ANAC016 2.4 0.1 0.8 0.6 1.75e-15 —
AT4G22920 — NYE1/SGR1 1.8 20.2 20.1 20.2 2.04e-09 Sakuraba et al., 2016

ANAC019 and Target Gene
AT1G52890 x ANAC019 3.3 0.6 1.0 1.1 1.38e-06 —
AT4G22920 — NYE1/SGR1 1.8 20.2 20.1 20.2 2.04e-09 Zhu et al., 2015

NAC3/ANAC055 and Target Gene
AT3G15500 x NAC3/ANAC055 6.1 21.2 1.2 1.0 3.19e-11 —
AT4G22920 — NYE1/SGR1 1.8 20.2 20.1 20.2 2.04e-09 Zhu et al., 2015

Further Genes Involved in Developmental Leaf Senescence
AT3G04060 x ANAC046 1.3 22.3 20.9 20.7 4.46e-14 —
AT3G29035 x ORS1/ANAC059 1.1 21.7 20.4 20.2 6.40e-11 —
AT3G56400 x WRKY70 2.1 0.0 20.1 20.3 3.58e-07 —
AT2G40750 x WRKY54 1.4 20.7 20.5 20.5 1.04e-12 —
AT5G24110 x WRKY30 1.3 0.7 1.3 0.3 2.07e-02 —
AT5G51070 — SAG15/ClpD 1.0 0.2 0.3 0.4 1.32e-04 —
AT4G02380 — SAG21 1.7 21.2 0.7 0.1 1.69e-08 —
AT3G10985 — SAG20 1.5 0.0 0.7 0.2 3.73e-11 —
AT2G45210 — SAG201/SAUR36 2.8 20.1 20.3 0.2 9.80e-12 —
AT4G35770 — SEN1 1.8 21.5 21.0 20.8 4.53e-11 —
AT2G13810 — ALD1 4.2 21.1 21.1 20.7 8.22e-08 —

(Table continues on following page.)
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upregulation of key components of developmental leaf
senescence (Table 2). To assess whether processes re-
lated to developmental leaf senescence contribute to the
phenotypic characteristics of pp2a-b9g, we examined
leaf yellowing and cell death in pp2a-b9g ore1 double
mutants. As shown in Figure 6, the yellowing and cell
death phenotype of pp2a-b9g was significantly delayed
in pp2a-b9g ore1 double mutants. At 45 d after sowing
(DAS), 30% of pp2a-b9g leaves showed symptoms of
initial yellowing, while in pp2a-b9g ore1, ;20% of the
leaves showed these symptoms (Fig. 6B, Supplemental
Fig. S10). At 50 DAS, this phenotypical difference
started to level off, with ;45% of pp2a-b9g and 38% of
pp2a-b9g ore1 showing symptoms of senescence
(Fig. 6B). At this point, wild type and ore1 single mu-
tants did not show any visual symptoms of leaf senes-
cence (Supplemental Fig. S11).

DISCUSSION

Age-dependent regulatory modules are critical in
determining defensive measures and timing of devel-
opmental transitions in plants. Within regulatory net-
works, posttranslational control by reversible protein
phosphorylation is one of the key mechanisms that
regulate cellular functions. The PP2A regulatory sub-
unit PP2A-B9g is a versatile signaling protein that
controls stress reactions and growth at different stages
of plant development (Trotta et al., 2011; Heidari et al.,
2013; Li et al., 2014; Konert et al., 2015a). In presenescent
Arabidopsis leaves, PP2A-B9g maintains chloroplast
functionality and controls oxidative stress responses
and the associated metabolic alterations in short-day
conditions (Trotta et al., 2011; Li et al., 2014; Konert
et al., 2015b). On a molecular level, PP2A-B9g contrib-
utes to defensive metabolism through its interactions
with INDOLE GLUCOSINOLATE METHYL TRANS-
FERASEs, forming a mechanism that negatively regu-
lates the channeling of precursors for generation of
deterring methoxylated indole glucosinolates
(Rahikainen et al., 2017). With respect to cell death
regulation pp2a‐b9g develops smaller necrotic lesions
when infected by B. cinerea, while unchallenged pp2a‐
b9g leaves undergo premature yellowing and cell death
upon aging (Figs. 3 and 4; Trotta et al., 2011).
Here we have addressed the molecular mechanisms

by which PP2A‐B9g regulates B. cinerea interactions
and leaf senescence in Arabidopsis under short-day

conditions. We extend the regulatory function of
PP2A‐B9g to a protein kinase–phosphatase interaction,
where PP2A-B9g controls CPK1, which is a key player
in Arabidopsis resistance against B. cinerea infection
(Coca and San Segundo, 2010). In addition, our results
support a dual age-dependent role for PP2A-B9g in the
regulation of SA signaling. In younger leaf tissues,
PP2A-B9g acts as a negative regulator of SA signaling-
mediated defense gene expression, while at later stages
of development it controls the SA component in the
onset of developmental leaf senescence in short-day
conditions.

PP2A-B9g Influences the Defense-Associated CPK1

Plant immunity is governed by converging regula-
tory pathways, which collectively determine the out-
come of defensive reactions. Reversible protein
phosphorylation is a central regulatory mechanism in
these interactions, but connecting protein kinases to
their counteracting protein phosphatases and under-
standing the physiological significance of kinase–
phosphatase interactions are still matters of intensive
investigation. PP2A-type protein phosphatases, which
in Arabidopsis can theoretically form 255 different tri-
meric holoenzymes, and CDPKs, a 34-member family
in Arabidopsis, are well known for their roles in plant
defense signaling networks (Schulz et al., 2013; Romeis
and Herde, 2014; Durian et al., 2016). In PP2A, the
regulatory B-subunits function as substrate-binding
modules (Farkas et al., 2007) and their in vivo interac-
tion partners are therefore candidates for direct de-
phosphorylation by PP2A holoenzymes. Here, we
present an in vivo interaction between PP2A-B9g and
CPK1 and describe a regulatory effect of PP2A-B9g on
the kinase activity of CPK1 (Figs. 1 and 2). As the up-
stream protein phosphatases regulating CPK1 have so
far remained unidentified, this molecular interaction
adds a potential layer of regulation in signaling through
calcium-dependent protein kinases in plants.
The cytosolic interaction between CPK1 and PP2A-

B9g (Fig. 1) is consistent with previous reports, which
have observed PP2A-B9g-YFP or a fraction of CPK1 in
this subcellular compartment (Trotta et al., 2011;
Majeran et al., 2018). The localization of CPK1 depends
on N-terminal myristoylation at Gly-2 and palmitoy-
lation at Cys-5. CPK1 lacking myristoylation or both
acylations is localized in the cytosol, as evidenced
by transient overexpression of a mutated CPK1-GFP

Table 2. (Continued from previous page.)

AGI TF Annotation
FC to Wild Type, Log2

FDR Reference
pp2a-b9g pp2a-b9g sid2 pp2ab9gz pp2a-b9g P35S:PP2A-B9g

AT5G37600 — GLN1;1 1.2 20.9 20.4 20.1 5.90e-15 —
Negative Transcriptional Markers of Developmental Leaf Senescence

AT1G29930 — CAB1/LHCB1.3 21.9 20.6 20.6 21.1 1.30e-04 —
AT3G54890 — LHCA1 21.6 20.8 20.6 20.9 2.79e-07 —
AT5G38410 — RBCS3B 21.3 0.9 0.2 0.3 5.68e-11 —
AT1G03630 — PORC 21.3 20.1 20.2 20.2 2.38e-10 —
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lacking one or both known acylation sites in Arabi-
dopsis root tip cells or onion (Allium cepa) epithelial cells
(Dammann et al., 2003; Coca and San Segundo, 2010).
In its Gly-2-myristoylated form, CPK1 is readily de-
tectable in the total cell extracts, enriched in plasma
membrane and detergent-resistant membranes, and to
a minor extent found in the microsomal fraction in
Arabidopsis suspension cells (Majeran et al., 2018).
Hence, CPK1 likely has compartment-specific roles in
cellular signaling depending on its acylation status.

Our results support a model where PP2A-B9g nega-
tively regulates the activation state of CPK1 (Fig. 2). The
knock-down pp2a-b9g mutant showed increased in-gel
kinase activity of the upper of the twomajor CPK1 band

species (Fig. 2). The kinase activity observed from in-gel
kinase assays for CPKs is always measured after the
addition of calcium, which mimics the in planta acti-
vating Ca21-spike required to overcome the intrinsic
autoinhibition of CDPKs. Hence, CPK-kinase activity
assays cannot directly reflect the in planta activity state
of CPK1 in pp2a-b9g. By directing the dephosphoryla-
tion of a subset of CPK1 in vivo phosphorylation sites,
PP2A-B9g may affect the priming of CPK1 kinase ac-
tivity, which becomes evident upon perception of cal-
cium and hence the activation of CPK1 in pp2a-b9g in
the experimental system. Tobacco CDPK2, the ortholog
of Arabidopsis CPK1, exhibits several differentially
phosphorylated bands in SDS-PAGE (Witte et al., 2010),
and a correlation between in vivo phosphorylation and
increased NtCDPK2 kinase activity has been demon-
strated (Romeis et al., 2001). However, in addition to
kinase activity, phosphorylation may also regulate the
target specificity of CPKs (reviewed by Liese and
Romeis, 2013). Differentially phosphorylated forms of
CPK1 could therefore interact with different protein
substrates, allowing specific CPK1 functions in differ-
ent signaling pathways.

A role for CPK1 in immunity signaling was reported
in resistance against different phytopathogens, includ-
ing the necrotrophic fungi B. cinerea and F. oxysporum
f.sp. matthiolae and the hemibiotrophic bacterium
Pseudomonas syringae pv. tomato DC3000 (Pst; Coca and
San Segundo, 2010). In addition, CPK1 was also im-
plicated in reactive oxygen species-production in
effector-triggered immunity against the avirulent bac-
terial strains Pst avrRpm1 and Pst avrRpt2 in a cpk1 cpk2
double mutant (Gao et al., 2013). We found knocking-
down PP2A-B9g promoted constitutive immune re-
sponses and contributed to basal resistance against
B. cinerea. Because this resistance coincided with in-
creased protein expression of CPK1 (Fig. 3), one of the
defense signaling functions of PP2A-B9g appears to be
to control the abundance of CPK1 in B. cinerea-infected
leaf tissues (Fig. 3B).

PP2A-B9g Regulates SA Signaling in Both Plant Immunity
and Developmental Leaf Senescence

In presenescent leaves, PP2A-B9g prevented extra-
neous SA-related gene expression and transcriptional
defense priming, as evidenced by increased transcript
abundance for a cluster of coexpressed genes with well-
known roles in SA-signaling, SAR, and/or immune
responses against fungi in 4-week–old pp2a-b9g plants
(Table 1). Notably, the constitutive transcriptional ac-
tivation of SA-signaling genes in pp2a-b9g (Table 1) was
not concurrent with transcriptional activation of SID2
(Table 1). Similar to pp2a-b9g and pp2a-b9gz (Table 1;
Fig. 3), plants overexpressing the fungal protein SsCP1
from S. sclerotiorum accumulated transcripts of PR1,
PR2, and PR5 and were more resistant to B. cinerea in a
leaf lesion assay (Yang et al., 2018). It is therefore in-
triguing that the increased PR1 transcript accumulation

Figure 6. Senescence progression in pp2a-b9g and pp2a-b9g ore1
leaves. A, Photographs depicting leaf yellowing in pp2ab9g and
pp2ab9g ore1 leaves, 45 DAS. Scale bars 5 5 cm. B, Quantification of
senescence progression in pp2ab9g and pp2ab9g ore1 leaves shown in
(A), expressed as percentage of the number of leaves showing any visual
symptoms of yellowing and cell death from all leaves of the plant. Data
are means (nplants 5 12) 6 SD. Statistically significant differences
to pp2ab9g are indicated by asterisks. Student’s t test, **P , 0.005;
*P , 0.01.
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in 4-week–old pp2a-b9g or pp2a-b9gzwas not reflected in
a detectable PR1 protein level when assessed in mock-
treated plants (Fig. 3B). At this developmental stage,
translation of PR1 mRNA might be inhibited e.g. via
posttranscriptional modifications or storage in mRNA-
containing stress granules (Protter and Parker, 2016;
Kosmacz et al., 2019) that could sequester PR1 mRNA
from translation. In contrast, when exposed to B. cine-
rea, all the genotypes studied showed accumulation of
PR1 protein (Fig. 3B), reflecting the important role of
PR1 in plant resistance against necrotrophic fungi
(Gamir et al., 2017; Nie et al., 2017; Yang et al., 2018).
Evidently, the constitutive transcriptional activation of
SA-related immune responses did not promote cell
death when pp2a-b9g was exposed to the necrotrophic
pathogen B. cinerea (Table 1; Fig. 3).
The onset of developmental leaf senescence is highly

responsive to internal and external cues and is tightly
regulated on the levels of transcriptome (Breeze et al.,
2011; Woo et al., 2016), proteome (Tamary et al., 2019)
and metabolome (Watanabe et al., 2013; Chrobok et al.,
2016; Jafari et al., 2017). By characterization of aging
pp2a-b9g leaves, we demonstrate the regulatory role of
PP2A-B9g in SA signaling extends to the SA component of
developmental leaf senescence under short-day condi-
tions (Figs. 4–6; Table 2; Supplemental Tables S7 and S8).
Posttranslational regulation of age-dependent leaf

senescence has become an intensive field of research,
but only a few protein phosphatases have been identi-
fied to date. In this study, we demonstrate PP2A exerts
control over developmental leaf senescence. The oc-
currence of precocious senescence in pp2a-b9g leaves
manifested itself in the expression of the senescence
marker protein SAG12 in the leaf apices of 7-week–old
pp2a-b9g plants, which also showed the degreening and
cell death typical of this developmental stage in Ara-
bidopsis leaves (Fig. 4). Concomitantly, there was a
SID2-dependent accumulation of SA and camalexin in
these leaves (Fig. 5), both of which are known to accu-
mulate during age-dependent leaf senescence in short
day-grown Arabidopsis wild-type plants (Mishina
et al., 2007). In the yellowing leaf tips of pp2a-b9g, ac-
tive SA-signaling was reflected by strong accumulation
of PR1-protein (Fig. 4B). Collectively, these data sup-
port a role for PP2A-B9g as a regulator of SA-related
signaling in leaf senescence.

PP2A-B9g Controls the Expression of Regulatory Modules
Involved in Developmental Leaf Senescence

Transcription factors of theWRKY and NAC families
play key roles during developmental leaf senescence,
and many of them are transcriptionally upregulated
during this process (Breeze et al., 2011;Woo et al., 2016).
We detected increased transcript abundance for several
senescence-related transcription factors, including
the key regulators WRKY75, WRKY53, and ORE1, in
the yellowing apices of pp2a-b9g leaves (Table 2;
Supplemental Tables S7 and S8; Supplemental Fig. S9).

WRKY75 and WRKY53 act as important positive
factors in the onset of leaf senescence (Miao et al., 2013;
Guo et al., 2017; Ren et al., 2017; Zhang et al., 2017; Liu
et al., 2019). Counter to the negative regulatory role of
PP2A-B9g in SA-related defense and senescence sig-
naling (Tables 1 and 2; Figs. 3–5; Supplemental Tables
S7 and S8), WRKY75 has a dual positive role in pro-
moting defense reactions at earlier stages of plant de-
velopment and mediating SA signaling and PR1
transcription in senescing tissues (Guo et al., 2017).
WRKY75 binds to the promoter of SID2 and activates
its transcription with consequent production of SA
(Guo et al., 2017). Notably, WRKY75 itself is also tran-
scriptionally induced by SA, creating a feed-forward
loop that promotes leaf senescence (Guo et al., 2017;
Zhang et al., 2017). In line with these findings, the early
senescence phenotype of WRKY75-overexpressing
plants was suppressed in the sid2 background, where
biosynthesis of SA through the isochorismate-
dependent pathway is not operational (Guo et al.,
2017). We found the abundance of SID2 mRNA was
strongly increased in pp2a-b9g leaf apices (9-fold; Ta-
ble 2) and SA produced by the SID2-pathway was a
prerequisite for the formation of the precocious leaf
senescence phenotype of pp2a-b9g (Figs. 4 and 5). The
strongly increased expression of WRKY75 and SID2 in
the yellowing pp2a-b9g leaf tips may therefore reflect
activation of the positive feed-forward loop with a
consequent fast progression of leaf senescence as ob-
served in pp2a-b9g. Interestingly, the apical leaf halves
of pp2a-b9g also showed a strong transcriptional upre-
gulation of a gene encoding avrPphB SUSCEPTIBLE3
(Supplemental Table S4), which was only very recently
shown to catalyze the subsequent step in SA-
biosynthesis after the SID2-catalyzed production of
the intermediate isochorismate (Rekhter et al., 2019).
In addition to WRKY75, WRKY53, and six of the

known transcriptional target genes of WRKY53, among
them SAG12, showed increased transcript abundance
in pp2a-b9g (Table 2). WRKY45 also directly activates
the SAG12 expression (Chen et al., 2017) and was
strongly transcriptionally induced in pp2a-b9g (Table 2).
The transcriptional pattern of age-dependent leaf se-
nescence in pp2a-b9g is further strengthened by elevated
transcript abundance of negative regulators slowing
down the process of senescence, notably WRKY70 and
WRKY54 (Table 2), which are upregulated in this de-
velopmental stage in a partially SID2-dependent man-
ner (Besseau et al., 2012).
Besides other NAC transcription factors, pp2a-b9g

showed enhanced expression of ORE1 and eight of its
known target genes (Table 2). This is noteworthy, as
ORE1 encodes the key transcriptional regulator of cell
death in developmental leaf senescence and is addi-
tionally involved in regulating chlorophyll degradation
in this process (Kim et al., 2009; Qiu et al., 2015). In
contrast, the pp2a-b9g sid2 and pp2a-b9gz double mu-
tants lacked transcriptional induction of the ORE1
cascade as well as the chlorosis and cell-death pheno-
types (Fig. 4). One of the ORE1 targets upregulated in
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pp2a-b9g, NON-YELLOWING1 (NYE1/SGR1), encodes
a Mg-dechelatase, which is predominantly expressed
during leaf senescence and catalyzes the first step in
chlorophyll a degradation (Shimoda et al., 2016; Li et al.,
2017). In addition to being an ORE1 target, NYE1 is
transcriptionally activated by the senescence-
associated NAC transcription factors ANAC016,
ANAC019, and ANAC055, all of which were induced
in the yellowing leaf apices of pp2a-b9g (Table 2).

The involvement of the ORE1-dependent pathway in
pp2a-b9g leaf senescence was corroborated by a slower
progression of apical leaf chlorosis in pp2a-b9g ore1 as
compared to pp2a-b9g (Fig. 6). In addition, chlorosis and
cell death in the leaf apices of pp2a-b9g leaves require a
functional PP2A-B9z gene, as shown by the absence of
senescence-associated phenotypes in the pp2a-b9gz
double mutant (Fig. 4). This illustrates a nonredun-
dant dependency of the two close homologs among
PP2A-B-subunits, PP2A-B9g and PP2A-B9z. There is no
dominant effect of a transcriptional induction of PP2A-
B9z in pp2a-b9g, as evidenced by the slightly diminished
transcript levels of PP2A-B9z in pp2a-b9g when com-
pared to the wild type (Supplemental Table S4). Be-
cause transcriptional induction of SID2 (Table 2),
accumulation of SA and camalexin (Fig. 5), and protein
expression of PR1 and SAG12 (Fig. 4B) were not de-
tectable in pp2a-b9gz, we conclude PP2A-B9z is indis-
pensable for the SA-regulated premature senescence in
pp2a-b9g.

Summary

Taken together, we ascribe a dual regulatory role for
PP2A-B9g in the leaves of Arabidopsis. PP2A-B9g pre-
vents defense responses in unchallenged leaves of
younger plants, while at later stages of development it
prevents premature initiation and progression of de-
velopmental leaf senescence. In both cases, these regu-
latory functions of PP2A-B9g involve SA-dependent
signaling, and in the case of senescence, the concomi-
tant accumulation of this phytohormone.

MATERIALS AND METHODS

Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) accession Columbia (Col-0) wild type and
mutants were grown under 130 mmol photonsm22 s21, 22°C and 50% humidity
at an 8-h light period. GVG-AvrPto transgenic plants (Hauck et al., 2003; Tsuda
et al., 2012) were grown under 100 mmol photons m22 s21, 22°C, and 70%
humidity at a 12-h light period. Homozygous pp2a-b9g (SALK_039172), pp2a-b9z
(SALK_107944C), pp2a-b9gz, pp2a-b9g sid2 (sid2-1 allele), and a pp2a-b9g line
complemented by 35S-driven expression of the PP2A-B9g gene have been
generated before (Trotta et al., 2011; Li et al., 2014; Rasool et al., 2014). Homo-
zygous pp2a-b9g ore1 (ore1: SALK_090154), pp2a-b9g sag12 (sag12:
SALK_203275C), and pp2a-b9g npr1-1 (npr1-1; Cao et al., 1997) were identified
with the primers listed in Supplemental Materials and Methods and in the case
of the latter by subsequent restriction analysis of the CAPS marker of npr1-
1 with NlaIII. The homozygous CPK1-KO lines used were SALK_096452 and
SALK_080155c; the latter was used for the hormone measurements and as a
second line in Supplemental Figure S1.

Botrytis cinerea strain B05.10 was grown on homemade potato dextrose agar
plates. Potato dextrose agar (1 L) consisted of 300 g of potato (Solanum tuber-
osum), 50 g of tomato (Solanum lycopersicum), 25 g of carrot (Daucus carota), 15 g
of agar, 10 g of dextrose, and 1.5 g of yeast extract. For infection, the plants were
grown for 4 weeks at 23°C/18°C and 65%/75% humidity under an 8-h/16-h
(day/night) photoperiod, and infected with a 1 3 106 B. cinerea spore suspen-
sion in 0.53 PDB (Difco) by 3-mL drop inoculations or by spraying, and covered
to maintain 100% humidity. Mock-treated plants were sprayed with 0.53 PDB
and treated in parallel to the infected plants. Lesion size on drop-inoculated
leaves was determined after 48 h. Measurement of lesion diameters was per-
formed with the software ImageJ (v1.47v; Schneider et al., 2012) and the data
were analyzed with the software R (v3.4.0) using the nlme (Pinheiro et al., 2017)
and multcomp (Hothorn et al., 2008) packages. Samples of spray-inoculated
plants were collected 24-h postinfection and immediately frozen in liquid
nitrogen.

Analysis of Protein Interactions by Yeast Two-Hybrid
Screening and BiFC

Yeast two-hybrid screeningwas conductedwithHybridHunter (Invitrogen;
http://www.invitrogen.com) using yeast (Saccharomyces cerevisiae) strain L40
and LexA DBD fusion of PP2A-B9g in pHybLex as bait against a cDNA library
that was enriched for stress-related factors and cloned into the LexA activating
domain-containing pYESTrp2 plasmid as described in Jaspers et al. (2009) and
Konert et al. (2015b). Twenty-five colony-forming units of Trp auxotrophic
yeast were placed on –His selection supplemented with 10 mM of 3-
aminotriazole (cat. no. 3AT; Sigma Aldrich; http://www.sigmaaldrich.com)
to remove autoactivation. Colonies were picked after 4 d of growth at 28°C and
tested for b-galactosidase activity according to the HybridHunter manual
(Invitrogen). Putative interaction partners in the pYESTrp2 library plasmid
were identified by sequencing.

For BiFC analyses, all constructs were introduced into pGPTVII-backbone
BiFC vectors (Waadt and Kudla, 2008; Waadt et al., 2008) as described in
Supplemental Materials and Methods. For the Nicotiana benthamiana system,
Agrobacterium tumefaciens strain GV3101::pMP90 carrying the fluorescent fusion
constructs was infiltrated into leaves according to Waadt and Kudla (2008). For
the Arabidopsis system, leaves of 4.5-week–old GVG-AvrPto (Hauck et al.,
2003) transgenic plants were sprayed with dexamethasone solution (2 mM of
dexamethasone, 0.01% [v/v] Silwet L-77, and 0.1% ethanol; Tsuda et al., 2012)
on both adaxial and abaxial leaf surfaces and infiltrated 24 h later with the two
BiFC-carrying GV3101::pMP90 and A. tumefaciens strain C58C1 (pBin61-p19,
pGV2260), expressing the silencing inhibitor p19, each at an OD600nm 5 0.1 in
infiltration buffer (10mM ofMES-KOHat pH 5.6, 10mM ofMgCl2, and 150mM of
acetosyringone). After 2.5 d under growth conditions, YFP-fluorescence in
Arabidopsis leaf discs was analyzed.

YFP-fluorescence was imaged with a model no. LSM510 META confocal
laser scanning microscope (Zeiss; http://www.zeiss.com) with excitation at
514 nm and detection at 535–590 nm and with a model no. LSM780 (Zeiss) with
excitation at 514 nm and detection at 519–570 nm (Fig. 1C, SAG12). N. ben-
thamiana leaf discs were incubated in water, and abaxial epidermal cells were
visualized with a Plan-Neofluar 203/0.5 objective (Zeiss). Arabidopsis leaf
discs were preincubated for 7 min in Perfluorodecalin (cat. no. P9900; Sigma
Aldrich), and abaxial epidermal cells were visualized with objectives Plan-
Neofluar 403/0.75 or C-Apochromat 403/1.2 W Korr M27 (Zeiss; SAG12;
Fig. 1C) of the respective microscopes. The images were exported with the
software ZEN 2.1 (Zeiss).

Protein Extraction, PA Gels, and
Lambda-Phosphatase Treatment

For protein extraction and subsequent immunoblotting, pools of three
Arabidopsis rosettes per sample or pools of seven apical or basal leaf halves per
sample were ground in liquid nitrogen and thawed under cooling in extraction
buffer containing 100 mM of Tris at pH 8, 100 mM of NaCl, 10 mM of DTT, 0.5%
(v/v) Triton X-100 protease inhibitor (cat. no. 88665, 1 tablet/10 mL; Pierce),
and phosphatase inhibitor (PhosStop, 1 tablet/10 mL; Roche). Protein concen-
trations were analyzed with the Detergent-Compatible Protein Assay (Bio-
Rad). Sample aliquots with equal total protein amounts (75 mg in the case of
SAG12 gels, otherwise 30 mg) were mixed with Laemmli sample buffer
(Laemmli, 1970) heated 10 min to 74°C and separated by discontinuous gel
electrophoreses on 10% or 12% (w/v) separation PA gels. For immunodetection
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of CPK1, an isoform-specific CPK1-epitope of 18 amino acids was chosen to
generate a custom-made antibody (product no. AS19 4315; Agrisera). The PR1-
and SAG12-specific antibodies were acquired from Agrisera (AS10 687, AS14
2771). For treatment with lambda protein phosphatase (cat. no. P0753S; New
England Biolabs), protein from rosette pool plant extract containing 82.5 mg of
total protein was precipitated with 4-fold volume of 80% (v/v) acetone at 4°C
under centrifugation for 15 min. The pellets were washed twice with 80% (v/v)
acetone under centrifugation and dried in air. The pellets were incubated with
40 mL of lambda-phosphatase reaction mix for 5 min and then dissolved by
pipetting. For the phosphatase reaction, samples were incubated for 30 min at
room temperature and protein was precipitated with a 4-fold volume of 100%
(v/v) acetone overnight. Pellets were heated for 10 min at 65°C in Laemmli
sample buffer, and samples containing 55 mg of total protein of phosphatase-
treated or control samples were loaded on PhosTag gels (WAKO) containing
7.5% (w/v) total acrylamide. PhosTag gel preparation and protein separation
on the gels was performed according to manufacturer’s instructions (www.
wako-chem.co.jp/english/labchem).

CPK In-Gel Kinase Assay

Protein extracts (three rosettes of 4-week–old plants per sample) were pre-
paredwith 25mM of HEPES at pH 7.5, 10mM ofMgCl2, 10mM of DTT, and 0.5%
(v/v) Triton X-100, and samples containing 60mg of total proteinwere heated at
65°C for 10 min in Laemmli sample buffer. Thereafter, 30 mg of total protein per
sample was separated on 10% SDS-PA gels containing 0.25 mg/mL histone
type III-S (cat. no. H5505; Sigma-Aldrich) as kinase substrate. For the in-gel
kinase assay, the buffers and conditions for washing, renaturation, and stop-
ping were as described in Gao et al. (2013). The kinase reaction was performed
for 2 h in the reaction buffer (Gao et al., 2013) containing 10 mCi 32P-ATP. After
stopping the reaction, the gel was dried and bands were visualized by auto-
radiography by exposure to Super RX film (product no. 47410-19236; Fujifilm).
Aliquots of the same samples (containing 30 mg of total protein) were separated
on PA gels for CPK1 immunoblotting.

Analysis of Gene Expression by Microarray and RT-qPCR

Formicroarray analysis of 4-week–old plants, rosettes of wild type, pp2a-b9g,
pp2a-b9z, and pp2a-b9gz double mutant plants were collected 4 h after the onset
of light period. RNA from four biological replicates was isolated using an
Agilent Plant RNA IsolationMini Kit (Agilent Technologies), and 200 ng of total
RNA was amplified and Cy-3 labeled using a one-color Low Input Quick Amp
Labeling Kit (product no. 5190-2331; Agilent Technologies) and processed with
the RNA Spike-in Kit (product no. 5188-5282; Agilent Technologies). RNA/
complementary RNA quality control was performed using a 2100 Bioanalyzer
RNA 6000 Nano Kit (product no. 5067-1511; Agilent Technologies). Cy-3 la-
beled samples (1.65 mg) were hybridized to Arabidopsis (V4) Gene Expression
Microarrays, 4344K (Design ID 021169; Agilent Technologies) according to the
manufacturer’s instructions, and finally scanned with a model no. G2565CA
scanner with a profile AgilentHD_GX_1Color. Numeric data were produced
with the program Feature Extraction, v0.7.3 (Agilent Technologies). Gene ex-
pression data were analyzed using scripts in the R software package (https://
rstudio.com). First, the average of processed signal of probes targeting each
gene was computed. Then, a linear model with genotype, tissue, and their in-
teraction as fixed effects was estimated. The P values from the linear model
were then subjected to false discovery rate (FDR) correction using the qvalues
package. Genes with FDR-corrected P values , 0.05 were considered statisti-
cally significant. Model comparisons and their P values were estimated using
the multcomp package in R (Storey, 2002; Hothorn et al., 2008).

For RT-qPCR analysis, RNA was isolated from rosettes of 4-week–old wild-
type, pp2a-b9g, and pp2a-b9g P35S:PP2A-B9g plants in three to four biological
replicates, using the innuPREP Plant RNA Kit (cat. no. 845-KS-2060250; Ana-
lytik Jena). One mg of RNA was DNAseI-treated and used for cDNA synthesis
with Maxima Reverse Transcriptase according to the manufacturer’s instruc-
tions (Thermo Fisher Scientific). The reverse transcription reaction was diluted
to a final volume of 100 mL, and 1 mL was used per PCR reaction. qPCR was
performed in triplicate with EvaGreen Supermix (Solis Biodyne) on a CFX384
Thermal Cycler 1000 (Bio-Rad), as described in Brosché et al. (2014). Normali-
zation of the data were performed in the program qBase1 2.3 (Biogazelle;
https://www.qbaseplus.com/), with three reference genes (PP2AA3, TIP41,
andYLS8), whichwere validatedwith the tool geNorm (https://genorm.cmgg.
be) to have stable expression in the samples used in this study. Amplification
efficiency of all primer pairs was calculated through amplification of serially

diluted cDNA. Primer sequences and amplification efficiency are provided in
Supplemental Materials and Methods. Data were tested with a one-way
ANOVA followed by a Tukey posthoc test.

Analysis of Gene Expression by RNA-Seq

For RNA-seq, RNA was isolated from seven apical leaf halves and the
corresponding seven basal halves in five biological replicates using the innu-
PREP Plant RNA Kit (cat. no. 845-KS-2060250; Analytik Jena). Libraries were
prepared according to a TruSeq Stranded mRNA Sample Preparation Guide
(part no. 15031047; Illumina). Total RNA and library quality was assessed with
an Advanced Analytical Fragment Analyzer and Qubit Fluorometric Quanti-
tation (Life Technologies). The libraries were sequenced in single-ended, 50-bp
reads using HiSeq 3000 technology (Illumina) at the Turku Bioscience Centre.
Gene expression was analyzed using the software Strand NGS 3.11 (Agilent
Technologies). Sequence reads were aligned to the Arabidopsis TAIR10
(https://www.arabidopsis.org/download/index-auto.jsp?dir5/down-
load_files/Genes) reference genome with Ensembl gene and transcript anno-
tation. Aligned reads were normalized and quantified using DESeq
Bioconductor package (R). Replicate analysis was performed by a two-way
ANOVA and a Shapiro–Wilk test of normality (cutoff P , 0.1). The
Benjamini–Hochberg procedure was applied to obtain corrected P values rep-
resenting an FDR for each gene in each comparison (i.e. genotype or tissue).

GO term enrichment analyses were performed using the tool PANTHER
(http://pantherdb.org; GO Ontology database release date: 2019-01-01). Sta-
tistically significant enrichment was calculated by a Fisher’s Exact Test, cor-
rected according to the calculated FDR, with background reference set to all
Arabidopsis genes in the database. Venn diagrams were drawn using the
software Venny2.1 (http://bioinfogp.cnb.csic.es/tools/venny/).

Analysis of Metabolites

Frozen fresh material (,200 mg) was homogenized in a bead mill (3-mm
chrome balls, 23 30 s at 30 Hz) and subsequently extracted with 1-mL ice-cold
85% (v/v) methanol (HPLC grade) containing 10 mM of p-hydroxybenzyl
glucosinolate (pOHb, cat. No. 89793; PhytoLab), 0.215 mM of (2H6)-abscisic
acid ([2H6]-ABA, cat. No. 0342722; Olchemim), and (2H5)-transzeatin ([2H5]-
tZ, cat. No. 0010302; Olchemim) as internal standards. After centrifugation (20
min, 4700g, 4°C), 20 mL of the supernatant was diluted with 80 mL of MilliQ-
gradewater (1:5;MerckMillipore) and filtered (Durapore 0.22-mmPVDF filters;
Merck Millipore) for the analysis of SA and camalexin (Sample 1). For the
analysis of JA and ACC, 800 mL of the supernatant was dried in a vacuum
concentrator, resuspended in 150-mL 20% (v/v) methanol, and filtered with
0.22-mm PVDF filters (Sample 2). Liquid chromatography tandem mass spec-
trometry analysis was carried out on an Advance UHPLC system (Bruker)
equipped with a Kinetex XB-C18 column (100 3 2.1 mm, 1.7 mm, 100 Å; Phe-
nomenex) coupled to an EVOQ Elite TripleQuad Mass Spectrometer (Bruker)
equipped with an electrospray ionization source. The injection volume was
1 mL for Sample 1 and 5 mL for Sample 2. Separation was achieved with a
gradient of water/0.05% (v/v) formic acid (solvent A) and acetonitrile (solvent
B) at a flow rate of 0.4 mL/min at 40°C (formic acid, cat. no. F0507, reagent
grade; acetonitrile, HPLC grade l; Sigma-Aldrich). The elution profile was:
0–0.5 min 2% (v/v) B; 0.5–1.2 min 2% to 30% (v/v) B; 1.2–2.0 min 30% to 100%
(v/v) B; 2.0–2.5 min 100% (v/v) B; 2.5–2.6 min 100% to 2% (v/v) B; 2.6% to
4.0 min 2% (v/v) B. Instrument parameters were optimized by infusion ex-
periments with pure standards. For Sample 1, the mass spectrometer parame-
ters were as follows: ionspray voltage was maintained at 22,500 V, cone
temperature was set to 300°C and heated probe temperature to 400°C, cone gas
flow was set to 20 psi, probe gas flow to 40 psi, nebulizer gas to 60 psi, and
collision gas to 1.5mTorr. For Sample 2, themass spectrometer parameters were
as follows: ionspray voltage was maintained at 3,500 V and 23,300 V, cone
temperature was set to 300°C and heated probe temperature to 120°C, cone gas
flow was set to 20 psi, probe gas flow to 40 psi, nebulizer gas to 60 psi, and
collision gas to 1.5 mTorr. Nitrogen was used as cone and nebulizer gas, and
argon as collision gas. Multiple reaction monitoring was used to monitor ana-
lyte parent ion . product ion transitions [collision energy]: camalexin (nega-
tive) 199. 141 [15 V], SA (negative) 137. 93 [13 V], pOHb (negative) 425. 97
[24 V], (2H5)-tZ (positive) 225. 137 [15 V], (2H6)-ABA (negative) 269. 159 [7
V], ACC (positive) 102 . 56 [15 V], JA (negative) 209. 59 [11 V]. Both Q1 and
Q3 quadrupoles were maintained at unit resolution. Camalexin and SA were
quantified relative pOHb, JA to (2H6)-ABA and ACC to (2H5)-tZ using ex-
perimentally determined response factors with commercially available
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standards in a representative plant matrix. Statistical analysis was performed
using the software R (v3.3.2; http://www.R-project.org/). Data were con-
trolled for statistical prerequisites such as homogeneity of variances and nor-
mality. Metabolite concentrations in apical and basal leaf parts of the genotype
(Fig. 5) were analyzed with a two-way ANOVA using the linear model (general
formula: metabolite ; genotype*leaf part) followed by a Tukey posthoc test.
Metabolite concentrations of mock- and B. cinerea-treated genotypes
(Supplemental Fig. S6) were analyzed with a Kruskal–Wallis one-way ANOVA
against genotype and the combined genotype*treatment term, and the
Mann–Whitney U test for the treatment term. Camalexin concentrations in
rosettes (Supplemental Fig. S8B) were analyzed with a one-way ANOVA using
the lm model (general formula: metabolite ; genotype) followed by a Tukey
posthoc test.

Accession Numbers

The AGI locus numbers (www.arabidopsis.org) for the genes discussed in
this article are as follows: At4g15415 (PP2A-B9g), At3g21650 (PP2A-B9z),
At5g04870 (CPK1), At1g74710 (SID2/ICS1), At5g45890 (SAG12), At1g64280
(NPR1), and At5g39610 (ORE1/ANAC092). The RNA-seq data discussed in this
publication have been deposited in National Center for Biotechnology’s Gene
Expression Omnibus and are accessible through GEO Series accession number
GSE136944 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc5GSE136944).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Specificity of the affinity-purified anti-CPK1 an-
tibody employed in this study.

Supplemental Figure S2. ELISA of the affinity-purified anti-CPK1
antibody.

Supplemental Figure S3. Loading controls and full-length immunoblots
for Figures 2–4.

Supplemental Figure S4. Disease resistance in 4-week–old B. cinerea-
infected pp2a mutant plants.

Supplemental Figure S5. RT-qPCR analysis of transcript abundance of
PR1 and strongly PR1-coexpressed genes (genes chosen from microarray
results; Table 1) in 4-week–old wild-type, pp2a-b9g, and p2a-b9g
P35S:PP2A-B9g plants.

Supplemental Figure S6. Contents of SA, JA, ACC, and jasmonoyl-Ile in 4-
week–old mock-treated and B. cinerea-infected Arabidopsis plants.

Supplemental Figure S7. Phenotypic characteristics of 7-week–old short
day-grown wild-type, pp2ab9g, sag12 and pp2a-b9g sag12 double mutant
plants.

Supplemental Figure S8. Genetic interaction between pp2a-b9g and the SA-
signaling mutant npr1-1.

Supplemental Figure S9. RT-qPCR analysis of transcript abundance of
WRKY75, FRK1/SIRK, SAG13, and SAG21 in apical leaf halves of 7-
week–old wild type, pp2a-b9g, pp2a-b9g P35S:PP2A-B9g, and pp2a-
b9g sid2.

Supplemental Figure S10. Phenotypic characteristics of short day-grown
wild-type, pp2ab9g, ore1, and pp2a-b9g ore1 double mutant plants 45 DAS.

Supplemental Figure S11. Phenotypic characteristics of short day-grown
wild-type, pp2ab9g, ore1, and pp2a-b9g ore1 double mutant plants 50 DAS.

Supplemental Table S1. Candidate Arabidopsis PP2A-B9g interacting pro-
teins related to SA signaling and senescence as identified by yeast two-
hybrid screening.

Supplemental Table S2. Microarray analysis of gene expression in pp2a
mutant plants after a 4-week growth period under 130-mmol photons
m22 s21 in short-day conditions.

Supplemental Table S3. Abundance of transcripts in apical leaf halves of
pp2a-b9g, pp2a-b9g sid2, and pp2a-b9gz double mutants and complementation

line pp2a-b9g P35S:PP2A-B9g relative to those of wild-type plants in RNA-
seq analysis.

Supplemental Table S4. Abundance of transcripts of PP2A-B9g, PP2A-B9z,
SID2, and avrPphB SUSCEPTIBLE3 in apical leaf halves of pp2a-b9g,
pp2a-b9g sid2, and pp2a-b9gz double mutants and complementation line
pp2a-b9g P35S:PP2A-B9g relative to those of wild-type plants in RNA-seq
analysis.

Supplemental Table S5. GO terms overrepresented in transcripts signifi-
cantly induced in apical leaf halves of pp2a-b9g compared with apical leaf
halves of wild type.

Supplemental Table S6. Comparison of gene expression between apical
and basal halves of leaves in wild type and pp2a-b9g.

Supplemental Table S7. Abundance of senescence-related transcripts in
apical leaf halves of 7-week–old pp2a-b9g, pp2a-b9g sid2, and pp2a-b9gz
double mutants and complementation line pp2a-b9g P35S:PP2A-B9g rel-
ative to those of wild-type plants in RNA-seq analysis.

Supplemental Table S8. Abundance of senescence-related transcripts dif-
ferentially expressed in apical leaf halves as compared to basal leaf
halves of 7-week–old pp2a-b9g in RNA-seq analysis.

Supplemental Materials and Methods. Cloning of BiFC constructs and
oligonucleotides for qPCR.
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