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Abstract
Initial exposure of plants to osmotic stress caused by drought, cold, or salinity leads to acclimation, termed acquired
tolerance, to subsequent severe stresses. Acquired osmotolerance induced by salt stress is widespread across Arabidopsis
(Arabidopsis thaliana) accessions and is conferred by disruption of a nucleotide-binding leucine-rich repeat gene, desig-
nated ACQUIRED OSMOTOLERANCE. De-repression of this gene under osmotic stress causes detrimental autoimmunity via
ENHANCED DISEASE SUSCEPTIBILITY1 and PHYTOALEXIN DEFICIENT4 (PAD4). However, the mechanism underlying
acquired osmotolerance remains poorly understood. Here, we isolated an acquired osmotolerance-defective mutant
(aod13) by screening 30,000 seedlings of an ion beam-mutagenized M2 population of Bu-5, an accession with acquired
osmotolerance. We found that AOD13 encodes the dual-specificity phosphatase MAP KINASE PHOSPHATASE1 (MKP1),
which negatively regulates MITOGEN-ACTIVATED PROTEIN KINASE3/6 (MPK3/6). Consistently, MPK3/6 activation was
greater in aod13 than in the Bu-5 wild-type (WT). The aod13 mutant was sensitive to osmotic stress but tolerant to salt
stress. Under osmotic stress, pathogenesis-related genes were strongly induced in aod13 but not in the Bu-5 WT. Loss of
PAD4 in pad4 aod13 plants did not restore acquired osmotolerance, implying that activation of immunity independent of
PAD4 renders aod13 sensitive to osmotic stress. These findings suggest that AOD13 (i.e. MKP1) promotes osmotolerance
by suppressing the PAD4-independent immune response activated by MPK3/6.
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Introduction
Natural genetic variation in Arabidopsis (Arabidopsis
thaliana) has facilitated the identification of genes govern-
ing complex traits such as growth, flowering, and stress
tolerance in plants (Weigel, 2012). Wild populations of
A. thaliana are distributed widely across the world (Alonso-
Blanco and Koornneef, 2000). They provide diverse acces-
sions useful for genetic studies, such as the 1001 Genomes
collection of 1,135 accessions with whole-genome informa-
tion (Consortium T 1001 G, 2016) and the RegMap collec-
tion of 1,307 accessions with 250K SNP information
(Horton et al., 2012).

Osmotic stress caused by drought, salt, or cold decreases
plant fitness. Acquired stress tolerance defines the ability of
plants to withstand stress following an initial exposure to
stress (Sung et al., 2003). We found previously that acquired
osmotolerance after salt stress is widespread among A. thali-
ana accessions (Katori et al., 2010) and is conferred by a loss
of ACQUIRED OSMOTOLERANCE (ACQOS; Ariga et al., 2017).
Some accessions (e.g. Col-0) carrying functional ACQOS
alleles are impaired in acquired osmotolerance, whereas
other accessions (e.g. Bu-5) with nonfunctional ACQOS
alleles show acquired osmotolerance. ACQOS is identical to
VARIATION IN COMPOUND TRIGGERED ROOT growth re-
sponse, which encodes a nucleotide-binding leucine-rich
repeat (NLR) protein (Kim et al., 2012). In the absence of
osmotic stress, ACQOS contributes to bacterial resistance,
but under osmotic stress it causes detrimental autoimmu-
nity via ENHANCED DISEASE SUSCEPTIBILITY1 (EDS1) and
PHYTOALEXIN DEFICIENT4 (PAD4), thereby reducing osmo-
tolerance (Ariga et al., 2017). Loss of EDS1 or PAD4 confers
acquired osmotolerance in Col-0 plants (Ariga et al., 2017).
Natural variations at the ACQOS locus suggest that a trade-
off between biotic and abiotic stress adaptation maintains
functional and nonfunctional ACQOS alleles (Ariga et al.,
2017). However, the mechanism by which loss of ACQOS
leads to acquired osmotolerance remains unclear.

Although osmotic tolerance often depends on the phyto-
hormone abscisic acid (ABA) (Yoshida et al., 2014), the
acquired osmotolerance of Bu-5 suppressed by ACQOS is
ABA-independent (Ariga et al., 2017). DEHYDRATION-
REPONSIVE ELEMENT BINDING PROTEIN 1 (DREB1)/
C-REPEAT BINDING FACTOR (CBF) and DREB2 regulons
include ABA-independent, osmotic stress-responsive genes
(Yamaguchi-Shinozaki and Shinozaki, 1994; Stockinger et al.,
1997; Maruyama et al., 2004; Nakashima et al., 2009). It has
been widely accepted that INDUCER OF CBP EXPRESSION1
(ICE1) mediates the induction of the DREB/CBF regulons,
possibly through enhanced DREB/CBF expression
(Chinnusamy, 2003; Ding et al., 2015). However, Kidokoro
et al. (2020) reported that DREB/CBF repression in the ice1-1
mutant is not dependent on the known ICE1 (R236H) mu-
tation, but is achieved by DNA methylation-mediated gene
silencing triggered by a T-DNA named New ICE1 (NICE1).
This highlights the need for re-examining the current ICE1–
DREB/CBF regulatory model. CALMODULIN BINDING

TRANSCRIPTION ACTIVATOR 3 (CAMTA3) is involved in
rapid induction of CBF1 and CBF2 (Doherty et al., 2009) and
the DREB/CBF pathway is downregulated in the camta1
camta2 camta3 (camta123) triple mutant under normal
growth conditions (Kim et al., 2013). Involvement of ICE1–
DREB/CBF regulation in acquired osmotolerance has yet to
be tested.

Here, we ion-beam-mutagenized Bu-5 seeds and screened
M2 population seedlings to identify acquired osmotoler-
ance-defective (aod) mutants. We identified a gene contrib-
uting to acquired osmotolerance in A. thaliana and
explored the mechanism by which this gene promotes
osmotolerance.

Results

Isolation of aod mutants from Bu-5, an accession
showing acquired osmotolerance
When 7-d-old seedlings were pre-exposed to 100 mM NaCl
for 7 d (acclimation period), A. thaliana accession Bu-5, but
not Col-0, acquired osmotolerance to 750 mM sorbitol
(Figure 1A), in agreement with our previous report (Ariga
et al., 2017). We generated an ion-beam-mutagenized Bu-5
population and screened 30,000 M2 seedlings for aod
mutants. We isolated several candidate mutants with the
phenotype confirmed at the M3 generation. Acquired osmo-
tolerance of aod13 was significantly lower than that of Bu-5
wild-type (WT) (Figure 1, A and B). This mutant was also
defective in osmo-shock tolerance assay (Figure 1, C and D).
We observed no significant difference in ABA sensitivity be-
tween aod13 and Bu-5 WT (Supplemental Figure S1).
Overall, our data suggest that AOD13 plays a positive role in
osmotolerance via an ABA-independent pathway.

Identification of the causal locus in aod13
We crossed aod13 with accession Pog-0, which shows ac-
quired osmotolerance and belongs to the same ACQOS hap-
logroup as Bu-5 (Ariga et al., 2017). The F1 progeny showed
acquired osmotolerance like Pog-0, suggesting that the
osmosensitive phenotype of aod13 is recessive (Figure 2A).
By high-resolution mapping, we found that the locus re-
sponsible for the osmosensitivity of aod13 was located on
the short arm of chromosome 3, near the simple sequence
length polymorphism (SSLP) F24M12 within a 222-kbp re-
gion (Figure 2B). We revealed all sequence variations within
this 222-kbp region of aod13 by whole-genome sequencing
of aod13 and Bu-5 WT. We found nonsynonymous muta-
tions in six genes within the region (Figure 2B). To identify
the causal gene of aod13, we performed complementation
tests in which each of the six genes derived from Bu-5, with
their regulatory region, was introduced into aod13. Of them,
only the introduction of MKP1 (aod13_MKP1) restored ac-
quired osmotolerance, like Bu-5 WT (Figure 3, A and B). We
re-sequenced the MKP1 coding region in aod13 and found a
1-bp deletion, which caused a frameshift leading to trunca-
tion of the C-terminal binding domain for mitogen-
activated protein kinases (MAPKs) (Figure 3C). These data
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Figure 1 Identification of an acquired osmotolerance-defective mutant (aod13) of A. thaliana. A, Flow chart of the acquired osmotolerance assay
(top). Salt-acclimated 2-week-old seedlings of accession Bu-5 were mesh-transferred to MS agar plates containing 750 mM sorbitol for 21 d. The
seedlings showing osmo-hypersensitivity (red circle) were screened as aod mutants. Impaired acquired osmotolerance of the aod13 mutant (bot-
tom). WT Bu-5 is shown as an example of acquired osmotolerance and accession Col-0 is shown as an example of impaired acquired osmotoler-
ance. Bottom panel: Two-week-old Bu-5 WT, aod13, and Col-0 WT seedlings under normal growth conditions. B, Chlorophyll contents of the
seedlings shown in A. FW, fresh weight. C, Osmo-shock tolerance assay comparing aod13 mutant and Bu-5 WT: 2-week-old seedlings were mesh-
transferred to MS agar plates containing 600 mM sorbitol for 21 d. D, Chlorophyll contents of seedlings shown in (C). E, Examples of 4-week-old
plants grown on soil under normal growth conditions. F, Fresh weight of plants grown as described in (E). Differences between WT (black bar)
and aod13 (white bar) were analyzed by Student’s t test (mean ± SE, n = 8, ***P5 0.001).
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suggest that MKP1 was the causal gene for the osmosensi-
tive phenotype of aod13.

Dissecting MKP1 function under osmo-shock and
salinity stress
MAPK signaling plays important roles in adaptive responses
to a broad range of environmental stresses, such as salinity,
UV-B radiation, cold, heavy metals, and pathogens
(Colcombet and Hirt, 2008; Suarez Rodriguez et al., 2010;
Besteiro et al., 2011). The magnitude and duration of MAPK
activation are crucial in determining the physiological out-
put of MAPK signaling. Specific dual-specificity phosphatases
(MKPs) dephosphorylate conserved threonine and tyrosine
residues in the activation loop of the MAPK kinase domain,
thereby ensuring adequate intensity and duration of MAPK
activation. In A. thaliana, MKP1 interacts with MAPKs (Ulm
et al., 2002). MPK3/6 activities are significantly higher in
mkp1 than in Col-0 WT (Bartels et al., 2009). We assessed
the activation status of MPK3/6 under osmo-shock stress
and found that it was higher in aod13 than in Bu-5 WT
(Figure 3D).

Ulm et al. (2002) reported enhanced tolerance to salt
stress of mkp1 mutants in the Ws background (Ulm et al.,

2002). Salt sensitivity (as judged from chlorophyll content
and survival rate) of aod13 was lower than those of
aod13_MKP1 and Bu-5 WT (Figure 4, A and B and
Supplemental Figure S2). Shoot Na + contents under salt
stress were lower in aod13 than in Bu-5 WT or
aod13_MKP1 (Figure 4C), suggesting that suppression of
Na + accumulation in shoots contributed to the salt toler-
ance in aod13. Our analysis also showed that aod13 was
more tolerant than Bu-5 WT to salt stress, as indicated by
the Na + contents in the shoots.

Effect of DREB/CBF repression in the acquired
osmotolerance of aod13
Recent studies reported that MPK3 and MPK6 phosphor-
ylate ICE1, thereby inducing its degradation and reducing
DREB/CBF expression and freezing tolerance in A. thali-
ana (Li et al., 2017; Zhao et al., 2017). These findings led
us to hypothesize that loss of MKP1 function in aod13
leads to hyper-activation of MPK3/6 and a decrease in
DREB/CBF expression under osmotic stress, impairing the
acquisition of osmotolerance. We analyzed the expression
of a subset of the DREB/CBF regulon genes (DREB1B/
CBF1, COLD-REGULATED 15A [COR15A], STRESS-
INDUCED PROTEIN [KIN1, KIN2], RESPONSIVE TO
DESICCATION 29A [RD29A], and LOW-TEMPERATURE-
RESPONSIVE PROTEIN 30) under osmotic stress in aod13
and Bu-5 WT and found that all these genes were in-
duced, but the induction levels of DREB1B/CBF1, COR15A,
KIN1, and KIN2 were significantly lower in aod13 than in
Bu-5 WT (Figure 5).

To investigate whether the decrease in DREB/CBF induc-
tion impairs acquired osmotolerance in aod13, we crossed
ice1-1 with NIL-Bu-5, which carried the small chromosomal
segment from Bu-5 containing the ACQOS region in the ge-
netic background of Col-0 (Ariga et al., 2017), and thus in-
troduced a NICE1 transgene in the NIL-Bu-5 background. As
expected, the induction of COR15A and KIN2 was lower in
NICE1 ice1_NIL-Bu-5 than in NIL-Bu-5 in acquired osmotol-
erance assay (Figure 6A). NICE1 ice1_NIL-Bu-5 was indistin-
guishable from NIL-Bu-5 in acquired osmotolerance assay,
but its tolerance was significantly greater than that of aod13
(Figure 6B). However, acquired osmotolerance was lower in
the camta123 triple mutant (Col-0), which exhibits strongly
reduced expression of the DREB/CBF regulons (Kim et al.,
2013; Zhao et al., 2016), than in Col-0 WT (Figure 6C). We
inferred from these results that the DREB/CBF regulon plays
a role in osmotolerance but not in AOD13-mediated
osmotolerance.

aod13 displays enhanced immune responses

Soil-grown mkp1 plants display enhanced immune responses
compared with Col-0 WT, including induction of salicylic
acid (SA)-inducible defense-related genes, PR1 and PR5, and
enhanced resistance against the bacterial pathogen
Pseudomonas syringae pv tomato DC3000 (Bartels et al.,
2009). This is reminiscent of autoimmunity induced via

Figure 2 High-resolution mapping of the causal locus in aod13.
A, Phenotypes of F1 progeny derived from a cross between aod13 and
accession Pog-0. B, High-resolution mapping of the causal locus in
aod13 by using F2 progeny between aod13 and Pog-0. The scores indi-
cate recombination frequencies (%). Genes located in the causal locus
are shown as arrows. Arabidopsis Genome Initiative numbers are
shown above the genes.
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ACQOS under osmotic stress, which likely impairs osmotol-
erance (Ariga et al., 2017). We determined the transcript lev-
els of PR1 and PR5 in aod13 plants. The transcript levels of
both genes were higher in aod13 than in Bu-5 WT in soil-
gown plants without stress (Figure 7A). Osmotic stress in-
duced PR1 only in aod13, but PR5 in both aod13 and Bu-5
WT (Figure 7B). These findings imply defense activation in
aod13 exposed to osmotic stress, despite the lack of func-
tional ACQOS in the Bu-5 background, as described previ-
ously in Col-0 WT carrying functional ACQOS (Ariga et al.,
2017).

ACQOS-mediated autoimmunity is activated via EDS1 and
PAD4, and loss of EDS1 or PAD4 leads to acquired osmotol-
erance in Col-0 (Ariga et al., 2017). To test whether en-
hanced defense activation in aod13 requires PAD4 or not,
we produced a pad4 aod13 mutant by editing the PAD4
gene in aod13 with the CRISPR/Cas9 system (Supplemental

Figure S3A; Hellens et al., 2002; Fauser et al., 2014; Yan et al.,
2015; Endo et al., 2019). This mutant had a 1-bp insertion in
the second exon of PAD4, leading to a frameshift and pre-
mature termination codon (Figure 7C and Supplemental
Figure S3B). Unlike pad4 (Col-0) (Ariga et al., 2017) and Bu-
5 WT, pad4 aod13 and aod13 plants were not osmotolerant
(Figure 7D). We then examined the transcript levels of PR1
and PAD3; the latter encodes an enzyme for the biosynthesis
of the antimicrobial camalexin and is regulated by an SA-
independent MPK3/6 pathway (Qiu et al., 2008; Zhou et al.,
2020). In acquired osmotolerance assay, PR1 and PAD3 were
strongly induced in pad4 aod13 and aod3, but not in Bu-5
WT, although PR1 expression was lower in pad4 aod13 than
in aod13 (Figure 7E). Sustained activation of MPK3 and
MPK6 increases transcript levels of FLG22-INDUCED
RECEPTOR-LIKE KINASE1 (FRK1), WRKY DNA-BINDING
PROTEIN29 (WRKY29), and EXOCYST SUBUNIT EXO70

Figure 3 Identification of the causal gene in aod13. A, Complementation test performed by transforming aod13 with MKP1. T3 homozygous
plants transformed with native promoter: MKP1 (aod13_MKP1) derived from Bu-5 WT were used in an acquired osmotolerance assay.
B, Chlorophyll contents of WT, aod13, and aod13_MKP1 as described in (A). Differences between Bu-5 WT and aod13, and between aod13 and
aod13_MKP1 were analyzed by Student’s t test (mean ± SE, n = 8, **P5 0.01, ***P5 0.001). C, Schematic representation of MKP1 and aod13
(i.e. mkp1) proteins. AAs, amino acids. D, Seven-day-old Bu-5 WT and aod13 plants were treated with or without 600 mM sorbitol for the times
indicated. As a positive control for activated MPK3/6 detection, the plants were treated with flg22, a conserved 22-amino-acid peptide derived
from P. syringae flagellin, or water (mock). Proteins from treated leaf tissue were separated by SDS–PAGE and immunoblotting was performed
using an anti-Phospho-p44/p42 MAPK (anti-pTEpY) (upper panel) to detect phosphorylated MAPKs. Extracted total proteins (input) stained
with Coomassie brilliant blue served as a loading control (bottom panel).
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FAMILY PROTEIN H4 (EXO70H4) in the absence of SA
(Tsuda et al., 2013). To investigate whether MKP1 represses
PAD4-independent immunity under osmotic stress, we
assessed the transcript levels of FRK1, WRKY29, and
EXO70H4 in aod13 and pad4 aod13 plants. In acquired

osmotolerance assay, all the transcript levels were higher in
aod13 and pad4 aod13 than in WT plants under osmotic
stress but not under normal conditions (Figure 7F). We con-
cluded that under osmotic stress, the loss of MKP1 function
activates PAD4-independent defense responses and reduces
osmotolerance in the aod13 mutant.

Discussion
Here, we describe the aod13 mutant, in which loss of func-
tion of MKP1 impairs acquired osmotolerance in the acces-
sion Bu-5 that lacks functional ACQOS. In A. thaliana, five
dual-specificity MKPs, including MKP1, have been annotated
(Bartels et al., 2010). MKP genes are often induced in re-
sponse to stimuli triggering MAPK activation, thereby form-
ing a negative feedback loop to dampen MAPK signaling

Figure 4 Salt tolerance of aod13. A, Flow chart of the salt-tolerance as-
say. Ten-day-old seedlings were mesh-transferred to MS agar plates
containing 225 mM NaCl for 9 days (top). Salt tolerance of aod13 was
compared with Bu-5 WT and aod13_MKP1 (bottom). B, Chlorophyll
content (top) and survival rate (bottom) of WT, aod13_MKP1, and
aod13 treated as described in (A). C, Na + contents in shoots under
salt stress. Ten-day-old seedlings of WT, aod13_MKP1, and aod13 were
cultured on MS agar plates supplemented with 100 mM NaCl for 24
or 72 h. Differences between WT, aod13_MKP1, and aod13 were ana-
lyzed by Student’s t test (mean ± SE, n = 5, *P5 0.05, **P5 0.01,
***P5 0.001).

Figure 5 Expression profiles of the DREB/CBF regulon in aod13.
Expression of DREB1B/CBF1, COR15A, KIN1, KIN2, RD29A, and LYI30 in
Bu-5 WT and aod13 plants under normal (control) and acquired
osmotolerance assay (100 mM NaCl for 7 d and subsequent 750 mM
sorbitol) conditions; expression levels were determined by reverse
transcription quantitative PCR relative to those of Actin2 (mean ± SE,
n = 3). Differences between WT and aod13 were analyzed by
Student’s t test. *P5 0.05.
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(Mart�ın et al., 2005). MKP1 can be phosphorylated by MPK6
(Park et al., 2011) and functions as a negative regulator of
MPK3/6 (Bartels et al., 2009; Besteiro et al., 2011).
Consistently, we show that a frameshift mutation in the
MKP1 gene in aod13 increases MPK3/6 activation under os-
motic stress. The DREB/CBF regulons constitute an impor-
tant transcriptional regulatory network, which functions
independently of ABA during various abiotic stress
responses (Nakashima et al., 2009). MPK3/6 phosphorylate
ICE1, which was initially thought to be a positive regulator
of DREB/CBF, thereby leading to ICE1 degradation through
the 26S proteasome pathway (Li et al., 2017; Zhao et al.,
2017). Constitutive activation of MPK3/6 decreases the ex-
pression of the DREB/CBF regulons and freezing tolerance (Li
et al., 2017; Zhao et al., 2017). Consistently, the expression
levels of the tested DREB/CBF regulons were lower in aod13
than in WT under osmotic stress. Given the contribution of
NICE1, but not the ice1 mutation per se, to DREB/CBF re-
pression in ice1-1 (Kidokoro et al., 2020), we also showed
that the transcript levels of two DREB/CBF regulon genes in
NICE1 ice1_NIL-Bu-5 were about half of those in NIL-Bu-5.
Importantly, however, the acquired osmotolerance was not
affected by NICE1 ice1 in the NIL_Bu-5 background
(Figure 6B). These findings point to the existence of a differ-
ent mechanism from the DREB/CBF regulons, by which
AOD13 (i.e. MKP1) promotes acquired osmotolerance. The
acquired osmotolerance of the camta123 (Col-0) mutant is
even lower than that of Col-0 WT, which is inherently defec-
tive in this respect. Future studies are required to test the
combined effects of camta123, ice1, and cbf123 mutations
(Zhao et al., 2016) on the expression of DREB/CBF regulons
and acquired osmotolerance in the NIL-Bu-5 background, to
precisely assess the possible contribution of the DREB/CBF
regulons to acquired osmotolerance.

Notably, CAMTA3 not only positively regulates DREB/CBF
regulons, but also represses SA biosynthesis and SA-
mediated immunity (Du et al., 2009). In camta123, SA accu-
mulation is increased and PR genes are induced (Du et al.,
2009; Kim et al., 2013). MPK3/6 directly phosphorylate
CAMTA3, inducing its degradation (Jiang et al., 2020).
Therefore, it is conceivable that CAMTA3 degradation via
MPK3/6 activation contributes to the enhanced defense ac-
tivation in aod13 under osmotic stress (Figure 3D), in addi-
tion to the reduced expression of DREB/CBF regulons, and
that both defects collectively cause the hypersensitivity to
osmotic stress.

High concentrations of NaCl cause osmotic stress and also
Na + toxicity. Enhanced tolerance to salt and decreased tol-
erance to osmotic stress in aod13 suggest that MKP1 is a
negative regulator for salt stress and positive regulator for
osmotic stress. MPK6 physically interacts with and phos-
phorylates the plasma membrane Na + /H + antiporter SALT
OVERLY SENSITIVE1 (SOS1), a master regulator of salt toler-
ance (Yu et al., 2010), which suppresses Na + accumulation
in shoots (Ji et al., 2013). The salt tolerance of mkp1 may be
attributable to the activation of SOS1 via elevation of MPK6

Figure 6 Contribution of the DREB/CBF regulon to the acquired
osmotolerance. A, Expression levels of COR15A and KIN2 in NIL-Bu-5
and NICE1 ice1_NIL-Bu-5 plants under normal and acquired osmo-
tolerance assay (100 mM NaCl for 7 d and subsequent 750 mM sorbi-
tol) conditions; expression levels were determined relative to those
of Actin2 by reverse transcription quantitative PCR. Differences be-
tween NIL-Bu-5 and NICE1 ice1_NIL-Bu-5 were analyzed by Student’s
t test (mean ± SE, n = 3, **P5 0.01). B, Assay of acquired osmotoler-
ance of Col-0, Bu-5, aod13, NIL-Bu-5, and NICE1 ice1_NIL-Bu-5 (top
panel). Chlorophyll contents of seedlings (bottom panel). Within
each line, bars with different letters are significantly different
(P5 0.01, one-way ANOVA with post hoc Tukey’s HSD test,
mean ± SE, n = 3). C, Assay of acquired osmotolerance of Col-0-back-
ground camta123 triple mutant (left panel). Chlorophyll contents of
Col-0 and camta123 triple mutants (right panel); Difference between
Col-0 and camta123 was analyzed by Student’s t test (mean ± SE,
n = 3, *P5 0.05).
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activity. Interestingly, following pre-exposure to 100 mM
NaCl, aod13 acquired tolerance to high NaCl concentra-
tions (300–400 mM; equivalent to 750 mM sorbitol in
terms of osmotic stress) which severely damaged WT and
aod13_MKP1 plants (Supplemental Figure S2). This finding
supports MKP1 as a negative regulator of salinity stress
tolerance, whether the plants are exposed directly or after
acclimation.

The forward genetic screening of aod mutants identified
AOD13/MKP1 as playing important roles in osmotolerance
of A. thaliana by suppressing PAD4-independent immunity
activated by MKP3/6 under osmotic stress.

Materials and methods

Plant materials and growth conditions
Arabidopsis (A. thaliana) seeds (Bu-5 or Col-0) were sown
on agar (0.8%, w/v) plates containing full-strength
Murashige and Skoog (MS) salts with a vitamin mixture
(10 mg L–1 myoinositol, 200 lg L–1 glycine, 50 lg L–1 nico-
tinic acid, 50 lg L–1 pyridoxine hydrochloride, and 10 lg L–1

thiamine hydrochloride, pH 5.7) and 1% (w/v) sucrose.
Plates were sealed with surgical tape; the seeds were strati-
fied at 4�C for 4–7 d and then transferred to a growth
chamber (80 lmol photons m2 s–1; 16-h/8-h light/dark cycle;
22�C) for germination and growth.

Seeds of the following A. thaliana mutants were obtained
from the Arabidopsis Biological Resource Center (Ohio State
University): ice-1-1 (CS67843); dreb1b/cbf1 (CS866868); and
camta123 (CS71606).

Irradiation
Bu-5 seeds were irradiated in the azimuthally varying field
cyclotron at the Japan Atomic Energy Agency (Takasaki,
Japan). To select the appropriate dose, we irradiated the
seeds with carbon ion beams in a dose range of 25–250 Gy
and assessed plant development. Doses of 200 Gy or higher
inhibited secondary leaf development or induced sterility.

Figure 7 Impact of immune response on the acquired osmotolerance
of aod13. A, Expression of PR1 and PR5 in Bu-5 WT and aod13 plants
grown on soil under normal conditions determined by RT-qPCR
(mean ± SE, n = 3). B, Expression of PR1 and PR5 in Bu-5 WT (black)
and aod13 (white) plants under normal (control) and acquired

Figure 7 (Continued)
osmotolerance assay (100 mM NaCl for 7 d and subsequent 750 mM
sorbitol) conditions; expression relative to Actin2 was determined by
RT-qPCR. C, Editing of the PAD4 gene in aod13 by the CRISPR/Cas9
system. pad4 aod13 carries a 1-bp insertion mutation leading to a
frameshift and premature termination codon. D, Acquired osmotoler-
ance of WT, pad4 aod13, and aod13 (top panel). Chlorophyll contents
(bottom panel). E, Expression of PR1 and PAD3 in Bu-5 WT, pad4
aod13, and aod13 plants under normal and acquired osmotolerance
assay stress (100 mM NaCl for 7 d and subsequent 750 mM sorbitol)
conditions; expression relative to Actin2 was determined by RT-qPCR.
F, Expression of FRK1, WRKY29, and EXO70H4 in Bu-5 WT, pad4
aod13, and aod13 plants under normal and acquired osmotolerance
assay (100 mM NaCl for 7 d and subsequent 750 mM sorbitol) condi-
tions; expression relative to Actin2 was determined by RT-qPCR.
Differences between Bu-5 WT and aod13 or pad4 aod13 were analyzed
by Student’s t test (mean ± SE, n = 3, *P5 0.05, **P5 0.01,
***P5 0.001).
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Thus, we irradiated seeds at 150 Gy in a single layer within a
plastic bag.

Stress treatment for the acquired osmotolerance
assay
Seven-day-old seedlings grown on nylon mesh (990 lm) on
an MS agar plate were mesh-transferred to a plate supple-
mented with 100 mM NaCl for 7 d. The seedlings were then
mesh transferred to a plate supplemented with 750 mM sor-
bitol for 14 d.

Stress treatments for salt tolerance and osmo-shock
tolerance assays
Ten-day-old seedlings grown on nylon mesh (990 lm) on an
MS agar plate were mesh-transferred to a plate supple-
mented with 225 mM NaCl for 7 d for the salt-tolerance as-
say or mesh-transferred to a plate supplemented with
600 mM sorbitol for 21 d for the osmo-shock tolerance
assay.

Chlorophyll determination
Aerial parts of five randomly chosen seedlings from each
group treated with or without various stresses were har-
vested and then homogenized in cold acetone. Chlorophyll
content was determined using the method described by
Porra et al. (1989). Differences were analyzed by Student’s
t test.

Genetic mapping of aod13
The mutant aod13 was crossed with an osmo-tolerant ac-
cession, Pog-0, and the resulting F1 progeny were selfed to
generate F2 populations. Genomic DNA was prepared from
individual F2 plants with the recessive phenotype for use as
PCR templates. The SSLP markers listed in Supplemental
Table S1 were used for mapping. PCR conditions were as fol-
lows: (94�C for 2 min) 1 cycle, (94�C for 20 s, 52�C–55�C for
20 s, 72�C for 20 s) 34 cycles, and (72�C for 2 min) 1 cycle.
The microsatellites were fractionated in a 5%–7% (w/v) aga-
rose gel and the recombination frequencies (%) were calcu-
lated from the band pattern.

DNA library construction and sequencing of aod13
and Bu-5
Each genomic DNA (1 lg) was sheared to an average frag-
ment size of 300 bp by using an Adaptive Focused Acoustics
sonicator (Covaris, Inc., Woburn, MA, USA). After purifica-
tion with a QIAquick PCR Purification Kit (Qiagen, Valencia,
CA, USA), DNA libraries were constructed using a NEBNext
DNA Library Prep Master Mix Set for Illumina and NEBNext
Multiplex Oligos for Illumina (New England Biolabs, Ipswich,
MA, USA). Briefly, the fragmented DNAs were end-repaired,
dA-tailed, and ligated with the NEBNext adapter. Size selec-
tion was conducted using AMPure XP magnetic beads
(Beckman Coulter, Brea, CA, USA) following the manufac-
turer’s instructions. The adapter-ligated DNAs were ampli-
fied by eight cycles of high-fidelity PCR with different index
primers. The PCR products were cleaned up using the

AMPure XP magnetic beads. Each library’s quality and
concentration were assessed using an Agilent Bioanalyzer
2100 (Agilent Technologies, Santa Clara, CA, USA). The
concentrations were then determined more precisely by real-
time quantitative PCR (qPCR) using a KAPA Library
Quantification Kit (Kapa Biosystems, Wilmington, MA, USA).

All libraries were diluted to 10 nM and then mixed in
equal amounts. The library mixture was sequenced by
1 � 100-bp single-read sequencing using an Illumina HiSeq
2500 sequencing system (Illumina, San Diego, CA, USA).
Reads in FASTQ format were generated using bcl2fastq2
Conversion Software version 2.18 (Illumina). The read data
were submitted to the DNA Data Bank of Japan (DDBJ)
Read Archive (Accession Number: DRA012094).

Detection of nonsynonymous mutations
Adapter sequences in each read were removed using CLC
Genomics Workbench version 9.0 (Qiagen, Hilden, Germany).
Then, the clean read data were mapped to the reference ge-
nome of A. thaliana (TAIR10) retrieved from the Ensembl
Plants database (https://plants.ensembl.org/index.html).
Mapping parameters were as follows: (1) mismatch cost, 2;
(2) insertion cost, 3; (3) deletion cost, 3; (4) length fraction,
0.9; and (5) similarity fraction, 0.9. After local realignment of
the mapped reads, PCR duplicate reads were discarded.
These processes were carried out with default parameters.
Variant calling was performed using the built-in tool, “Basic
Variant Detection,” which detects single-nucleotide polymor-
phisms and insertion–deletion mutations. The detection
parameters were as follows: (1) minimum coverage, 15; (2)
minimum count, 2; and (3) minimum frequency, 50%.
Nonsynonymous mutations between the two lines, Bu-5 and
aod13, were detected by the built-in tools, “Amino Acid
Changes” and “Annotate with Overlap Information.”

Plasmid construction and transformation
For complementation analysis, the genomic region of MKP1
(2.0-kb upstream of the ATG initiation codon and 1.0-kb
downstream of the termination codon of Bu-5) was ampli-
fied by PCR with XbaI linker primers and cloned into the
XbaI sites introduced into the binary vector pBIG2113 with
35S promoter deleted by HindIII and EcoRI digestion. The
construct was introduced into Agrobacterium tumefaciens
strain GV3101. Plants were transformed with the agrobacte-
ria using the floral dip method. Primers for cloning are listed
in Supplemental Table S2. Transgenic plants were selected
on MS agar plates containing 200mg mL–1 claforan and
20mg mL–1 hygromycin. Ten-day-old seedlings (T1 plants)
were transferred to soil pots.

MAP kinase assay
One-week-old A. thaliana seedlings were removed from
plates and placed in the other plates filled with or without
600 mM sorbitol solution and then proteins were extracted
using extraction buffer (50 mM Tris–HCl [pH 7.5], 10 mM
MgCl2, 15 mM EGTA, 100 mM NaCl, 2 mM dithiothreitol,
1 mM sodium fluoride, 0.5 mM Na3VO4, 30 mM b-
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glycerophosphate, 0.1% [v/v] NP-40 detergent, and one
Complete tablet, EDTA-free per 50 mL) (Roche, Basel,
Switzerland). Total proteins (30 lg) were separated by elec-
trophoresis on 10% (v/v) acrylamide (Wako, Tokyo, Japan)
and transferred to Immobilon-FL PVDF membrane (Merck,
Darmstadt, Germany) and the blotted membrane was
stained with Coomassie Brilliant Blue to verify equal loading.
Phosphorylated MAPK proteins were detected by immuno-
blot analysis with antiphospho-p44/42 MAPK (Erk1/2)
(Thr202/Tyr204) (D13.14.4E) rabbit mAb (Cell Signaling
Technology, MA, USA). Blotting Grade Anti-Rabbit IgG
(H + L) (Human IgG Absorbed) Horseradish Peroxidase
Conjugate (Bio-Rad, Hercules, CA, USA) was used as second-
ary antibody.

Measurement of Na + contents
Seven-day-old Bu-5 and aod13 seedlings grown on nylon
mesh on MS agar plates were mesh transferred to plates
supplemented with 100 mM NaCl. Aerial parts of the seed-
lings were harvested at 0, 1, and 3 d after the transfer. Plants
were soaked in 5 mL of sterile distilled water for 5 s. The so-
lution was then boiled for 15 min, passed through a 0.2-lm
filter (Toyo Roshi, Tokyo, Japan), and diluted 20 times with
distilled water. The Na + content of the solution was mea-
sured by using a Dionex IonPac CS12A column on a Dionex
ICS-900 ion chromatography system (Dionex, Sunnyvale, CA,
USA). Differences were analyzed by Student’s t test.

RT-qPCR
Total RNA (2mg) was isolated with a RNeasy Plant Mini Kit
(Qiagen, Hilden, Germany), treated with DNase I (Invitrogen,
Waltham, MA, USA), and used as a template to synthesize
first-strand cDNA using SuperScript II Reverse Transcriptase
(Invitrogen) and an oligo dT primer. Then, reverse
transcription-quantitative PCR (RT-qPCR) was performed us-
ing a LightCycler 96 (Roche Diagnostics) with FastStart
Essential DNA Green Master (Roche Diagnostics) in a total
volume of 12mL under the following conditions: 95�C for
10 min followed by 45–50 cycles of 95�C for 20 s, 54�C
for 20 s, and 72�C for 20 s. Actin2 was used as an internal
standard. Primers and their efficiencies are listed in
Supplemental Table S3. Differences were analyzed by
Student’s t test.

Generation of the pad4 aod13 mutant using the
CRISPR-Cas9 system
For the construction of all-in-one CRISPR-Cas9 vectors, we
generated pGK-YC9 (accession number: LC636137, see also
Supplemental Figure S3A). For sgRNA expression, a comple-
mentary oligonucleotide pair comprising the target sequence
of the PAD4 gene (ACCGAGGAACATCAGAGGTA) was
annealed and then inserted into the BsaI site between the
AtU6-26 promoter and the sgRNA scaffold in pGK-YC9. To
isolate aod13 plants carrying a mutation in the PAD4 gene
from among T1 seedlings, T7 endonuclease 1 (T7E1, New
England Biolabs) assay was performed using primers (F:
GACCTCGTTCCTAGAAGCAGCAA, R: CCTAGCTGCTCTTC

TGATGCAT). Null segregants (lacking T-DNA) carrying a ho-
mozygous PAD4 mutation were detected in the T2 genera-
tion by PCR and confirmed by Sanger sequencing. The T3
generation of pad4 aod13 plants was used in this study.

Accession numbers
The read data were submitted to the DDBJ Read Archive
(accession number DRA012094). Sequence data of the
MKP1 gene can be found in the GenBank/EMBL data librar-
ies under accession number At3g55270. Accession numbers
for genes used in RT-qPCR experiments are listed in
Supplemental Table S3.

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. ABA sensitivity of aod13.
Supplemental Figure S2. Tolerance of aod13 to severe

salt stress.
Supplemental Figure S3. Editing of the PAD4 gene in

aod13 using the CRISPR/Cas9 system.
Supplemental Table S1. Primer sets for the SSLP markers

used in this study.
Supplemental Table S2. Primers for cloning and sequenc-

ing of MKP1.
Supplemental Table S3. Primer sets for RT-qPCR.
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