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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 �nd 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 signi�-
cantly affect plant �tness and productivity by pre-
venting unnecessary defense activation and premature
aging, which may severely penalize reproductive suc-
cess. To date, transcript pro�ling 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 identi�ed
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-speci�city 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 unidenti�ed. In
developmental leaf senescence, a few protein phospha-
tases that positively or negatively in�uence the induc-
tion or progression of this process have been identi�ed.
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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 �ve 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 speci�city of PP2As is conferred
by the variable PP2A-B subunits, which direct the hol-
oenzymes toward speci�c 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 �rst 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 de�-
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 and bears 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 identi�cation of CPK1
(AT5G04870) and the Cys 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 veri�ed 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). It was therefore of
interest that the yeast two-hybrid screen trapped a poly-
peptide comprising the �rst 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 identi�ed 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
�uorescence 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 in�uences 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-B9k was coexpressed with CPK1
or CPK1-VKm, or when the C-terminal part of yellow
�uorescent protein (YFP) was coexpressed with either

of the CPK1 constructs (Fig. 1B). The �uorescence
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
ef�cient 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 �uorescence 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 and CPK1 raised the question whether PP2A-
B9g exerts a control over CPK1 kinase activity. To an-
swer this question, we �rst analyzed the abundance of
CPK1 using an antibody raised against a CPK1-speci�c
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). Two major 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-speci�c 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 veri�ed in vivo phosphoryla-
tion sites (Supplemental Table S1; PhosPhAt-database,
Durek et al., 2010), which could speci�cally 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 speci�city on the
resistance phenotype and subjected pp2a-b9g, pp2a-b9z,
de�cient 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 signi�cantly

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 bars 5 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 from Arabidopsis wild 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-infected with B. cinerea and the level of CPK1 was
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

CPK1 was 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 de�cient
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
pro�ling of unchallenged 4-week–old short day-grown
wild type, pp2a-b9g, pp2a-b9z, and pp2a-b9gz.

The pp2a-b9g mutant showed signi�cantly 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 signi�cant
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 and Dong, 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 �ve 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 signi�cant
changes in mRNA amount of the �ve 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 signi�cantly 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 �ndings 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 signi�cantly
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. Means 6 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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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 �ndings 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 signi�cantly higher than those of pp2a-b9g. This
biochemical characteristic displayed an intermediate
phenotype in pp2a-b9g npr1 (Supplemental Fig. S8B).
Moreover, the early �owering 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 �ve
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 of wild-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 signi�cantly
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