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A number of Arabidopsis (Arabidopsis thaliana) lesion-mimic mutants exhibit alterations in both abiotic stress responses and
pathogen resistance. One of these mutants, constitutive expresser of PR genes22 (cpr22), which has a mutation in two cyclic
nucleotide-gated ion channels, is a typical lesion-mimic mutant exhibiting elevated levels of salicylic acid (SA), spontaneous
cell death, constitutive expression of defense-related genes, and enhanced resistance to various pathogens; the majority of its
phenotypes are SA dependent. These defense responses in cpr22 are suppressed under high-humidity conditions and enhanced
by low humidity. After shifting plants from high to low humidity, the cpr22 mutant, but not the wild type, showed a rapid
increase in SA levels followed by an increase in abscisic acid (ABA) levels. Concomitantly, genes for ABA metabolism were up-
regulated in the mutant. The expression of a subset of ABA-inducible genes, such as RD29A and KIN1/2, was down-regulated,
but that of other genes, like ABI1 and HABI, was up-regulated in cpr22 after the humidity shift. cpr22 showed reduced
responsiveness to ABA not only in abiotic stress responses but also in germination and stomatal closure. Double mutant
analysis with nahG plants that degrade SA indicated that these alterations in ABA signaling were attributable to elevated SA
levels. Furthermore, cpr22 displayed suppressed drought responses by long-term drought stress. Taken together, these results

suggest an effect of SA on ABA signaling/abiotic stress responses during the activation of defense responses in cpr22.

Plants have evolved a large number of defense
systems to protect themselves against pathogen inva-
sion. Whether these defenses are successful depends
on the speed and intensity of their activation. The first
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line of defense is the basal immune system that is
activated by molecules that are conserved among
many pathogens (microbe-associated molecular pat-
terns). Pathogens in turn have evolved a number of
effector molecules that can block the basal resistance
response (Jones and Dangl, 2006; Bent and Mackey,
2007). A second, stronger response to pathogen infec-
tion is mediated by resistance (R) genes that can
interact with particular effectors (previously termed
avirulence factors) from the pathogen or that can
recognize effector-induced modifications of plant pro-
teins (Flor, 1971; Bent and Mackey, 2007). One defense
mechanism activated by R gene-mediated pathogen
recognition is the hypersensitive response (HR), which
is characterized by apoptosis-like cell death at and
around the site of pathogen entry (Hammond-Kosack
and Jones, 1996, Heath, 2000). HR development is
usually accompanied by an increase in salicylic acid
(SA) and the accumulation of defense-related proteins
such as the pathogenesis-related (PR) proteins (Vlot
et al., 2008). At later times after infection, elevated SA
levels and PR gene expression are also detected in the
uninoculated leaves, concurrent with the development
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of systemic acquired resistance (SAR), a long-lasting,
broad-based resistance to subsequent infection (Durrant
and Dong, 2004; Grant and Lamb, 2006; Vlot et al., 2008).

Many studies have demonstrated that SA is an
important signaling molecule in the pathways confer-
ring local and systemic resistance (Dempsey et al.,
1999; Vlot et al., 2008). To identify other components in
the pathogen resistance signal transduction pathway,
many Arabidopsis (Arabidopsis thaliana) mutants with
altered resistance to pathogens have been isolated.
One class exhibits constitutively increased SA levels
and PR gene expression as well as heightened resis-
tance to pathogen infection. This group includes dnd1,
dnd2/hlm1, copinel (cpnl), constitutive expresser of PR
genes22 (cpr22), and ssi4 (Yu et al., 1998; Jambunathan
et al., 2001; Yoshioka et al., 2001; Shirano et al., 2002;
Balague et al., 2003; Jurkowski et al., 2004). The ma-
jority of these mutants share similar phenotypes such
as spontaneous HR-like lesions and thus are catego-
rized as lesion-mimic mutants (Moeder and Yoshioka,
2008). Interestingly, it has been reported that some
lesion-mimic mutants are environmentally sensitive
(i.e. their resistance phenotypes are conditional; Moeder
and Yoshioka, 2009). For instance, under high-humidity
conditions such as on agar plates or when grown at high
temperature, both the spontaneous HR and the enhanced
pathogen resistance are suppressed (Jambunathan et al.,
2001; Yoshioka et al., 2001; Jambunathan and McNellis,
2003; Xiao et al., 2003; Zhou et al., 2004; Noutoshi et al.,
2005). On the other hand, relatively low humidity or
cold temperature enhances their SA-related phenotypes,
including HR-like cell death (Jambunathan et al., 2001;
Zhou et al., 2004).

Some of these lesion-mimic phenotypes are caused
by mutations in R genes, such as 5S4 and SLHI
(Shirano et al., 2002; Noutoshi et al., 2005), or by the
overexpression of an R gene, such as RPW§ (Xiao et al.,
2003), indicating the involvement of environmental
factors on R gene-mediated signaling pathway(s).
Indeed, similar environmental effects were also re-
ported for the response of wild-type R genes. It is well
known that the HR induced by the recognition of
Tobacco mosaic virus by the N protein can be completely
suppressed when plants are kept above 28°C. When
plants are shifted back to 22°C, the HR starts to de-
velop, indicating that there is a temperature-sensitive
step in the signaling pathway (Samuel, 1931). Both
basal and R gene-mediated resistance against the bac-
terial pathogen, Pseudomonas syringae, is attenuated
by a moderate increase in temperature (Wang et al.,
2009). It has also been reported that high humidity
(greater than 95% relative humidity [RH]) delayed or
reduced the HR and other resistance responses in-
duced by the interaction of the Cladosporium fulvum
avirulence factors Avr2, Avr4, and Avr9 and their cog-
nate tomato R proteins Cf-2, Cf-4, and Cf-9, respec-
tively (Hammond-Kosack et al., 1996; May et al., 1996;
Wang et al., 2005). These findings suggest that there is
a universal factor(s) in defense signaling that is envi-
ronmentally sensitive.
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Abscisic acid (ABA) controls various environmental
(abiotic) stress responses, including drought, salinity,
and temperature stress, and many components involved
in these responses have been identified (Shinozaki
et al., 2003). Additionally, it is becoming clear that ABA
is also involved in biotic stress responses in a complex
manner. For instance, treatment with exogenous ABA
prior to pathogen infection induces enhanced sus-
ceptibility in various plant species (Mauch-Mani and
Mauch, 2005). Mohr and Cahill (2003, 2006) suggested
that the mechanisms behind this phenomenon are
likely related to the antagonistic effect of ABA on SA
signaling. Similarly, several groups have reported that
virulent P. syringae DC3000 enhances the production of
ABA during pathogenesis (Schmelz et al., 2003; de
Torres-Zabala et al., 2007). Furthermore, Yasuda et al.
(2008) suggested the antagonism between SA and ABA
signaling in SAR. These studies suggest that ABA
plays a negative role in pathogen resistance. In con-
trast, Melotto and colleagues (2006) reported that
ABA-dependent stomata closure is part of plant innate
immunity against bacterial invasion and that SA is
required for this response. They also reported that
aba3-1, an ABA-deficient mutant, was more suscepti-
ble to P. syringae DC3000, suggesting a positive role of
ABA in innate immunity (Melotto et al., 2006).

Here, we attempt to characterize the effects of hu-
midity on pathogen resistance responses using the
lesion-mimic mutant cpr22. Previously, we reported
that most phenotypes of cpr22, such as spontaneous
lesion formation, SA accumulation, and constitutive
PR gene expression, were suppressed under high
RH (Yoshioka et al., 2001). cpr22 contains a deletion that
fuses two cyclic nucleotide-gated ion channel (CNGC)-
encoding genes, AftCNGC11 and AtCNGC1I2, generat-
ing the novel chimeric AtCNGC11/12 (Yoshioka et al.,
2006). We proposed that the expression of AtCNGC11/
12 activates pathogen resistance responses through
the same signal transduction pathway used by R genes
and that cell death induced by the expression of
AtCNGC11/12 is HR-like programmed cell death
(Yoshioka et al., 2006; Urquhart et al., 2007). Here, we
report intriguing alterations in ABA-related pheno-
types in cpr22. Our data demonstrate that elevated
SA accumulation is the cause of these alterations, sug-
gesting complex SA-ABA cross talk during lesion
formation.

RESULTS
Humidity Shift Influences cpr22 Phenotypes

Under moderate RH (approximately 65%), hetero-
zygous cpr22 plants display stunted growth, HR-like
cell death, and induction of PR genes. Furthermore,
cpr22 in the homozygous state is lethal (Yoshioka et al.,
2001). However, when grown under high RH (greater
than 90%), all SA-related phenotypes including spon-
taneous cell death and lethality were suppressed
(Fig. 1A, top row; Yoshioka et al., 2001). To test the
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effects of environmental conditions further, plants
grown under high RH on soil were shifted to moderate
RH. HR-like cell death appeared approximately 2 d
after shifting and gradually became more visible and
severe (Fig. 1A). Quantitative analysis using ion con-
ductivity measurements also supported this observa-
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Figure 1. Effectof humidity on cpr22 phenotypes. A, Morphology, chlo-
rotic phenotypes, and spontaneous cell death formation of 4-week-old
cpr22 and Ws-wt plants grown under 65% RH (top row), under 95%
RH (middle row), or under 95% RH and shifted to 65% RH for 2 d
(bottom row) at 22°C. B and C, Growth of H. arabidopsidis Emwal on
Ws-wt and cpr22 plants grown under 65% or 95% RH conditions.
Cotyledons of 7-d-old seedlings were inoculated with H. arabidopsidis
Emwal (10° spores mL™"). At 7 d post infection, infected cotyledons
were stained by trypan blue to visualize pathogen growth (B) or the
number of sporangiophores on two cotyledons per plant was deter-
mined (C). Experiments were done three times with similar results.
Bars = 1 cm (plants) and 125 um (trypan blue staining).
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tion (Supplemental Fig. S1A). When grown under
slightly cooler temperature conditions (16°C versus
22°C), the cpr22 phenotypes were enhanced and plants
were even more stunted. Additionally, plants shifted
from 22°C to 16°C showed more intense cell death (Sup-
plemental Fig. S1, A and B). In contrast, Wassilewskija
(Ws; the background ecotype of cpr22) wild-type plants
(Ws-wt) that underwent the same treatments did not
exhibit cell death (Fig. 1A; Supplemental Fig. S1). Sim-
ilar phenomena have also been observed in other lesion-
mimic mutants, such as ssi4¢ and cpnl (Jambunathan
et al., 2001; Zhou et al., 2004).

Zhou et al. (2004) reported that in addition to HR-
like cell death, enhanced pathogen resistance is also
affected by RH in ssi4. To test if this is also the case in
cpr22, Ws-wt and cpr22 plants that had been grown
under moderate and high RH were infected with the
oomycete pathogen Hyaloperonospora arabidopsidis iso-
late Emwal, which is virulent on the Ws ecotype.
While cpr22 plants grown under moderate RH dis-
played strong resistance compared with wild-type
plants, cpr22 plants grown under high RH displayed
a partial breakdown of its enhanced resistance pheno-
type (Fig. 1, B and C). The reason we observe only a
partial breakdown is likely related to the fact that our
high-humidity condition does not suppress cpr22 phe-
notypes perfectly (e.g. we have to open the growth
chamber’s door for irrigation). Slight accumulation of
SA and up-regulation of defense-related genes were
observed under this condition in cpr22 (see Fig. 3B
below; Supplemental Table S1).

In order to test whether the suppression of HR in
high RH can be generalized to natural pathogen
resistance responses, Arabidopsis wild-type plants
were grown under moderate RH and shifted to high
RH for 7 d prior to pathogen infection. Plants that had
been shifted to high RH exhibited less visual AvrRpt2-
induced HR formation as shown by trypan blue
staining (Supplemental Fig. S2A). Quantitative ion
leakage also supported this observation (Supplemen-
tal Fig. 52B). Bacterial growth was also enhanced in
high-humidity plants, indicating an attenuated resis-
tance response under high-humidity conditions (Sup-
plemental Fig. S2C; note that bacterial inoculum was
infiltrated, so altered stomata conductance is not the
cause of the observed difference.). These data support
the notion that an environmentally sensitive factor(s)
is part of at least some R gene signal transduction
pathways.

Expression of a Subset of ABA Signaling Genes Is
Altered in cpr22 after Humidity Shift

To determine how humidity alters defense responses,
microarray analysis was performed to screen for al-
tered gene expression. cpr22 and wild-type plants were
grown in high RH, and samples were taken before
and 24 h after the plants had been shifted to moderate
RH. Two independent experiments were performed,

1903



Mosher et al.

and more than 10 plants were pooled for each RNA
extraction. Comparison of gene expression between
the mutant and the wild type at 0 and 24 h after the
shift identified genes that showed more than 2-fold
changes (induced or repressed) in both experiments.
Many up-regulated genes were related to pathogen
defense, such as PR-1, EDS1, PAD4, WRKY70, and
various R genes (Uknes et al., 1992; Falk et al., 1999;
Jirage et al., 1999; Li et al., 2004), suggesting that the
shift from high to low humidity induced resistance
responses in cpr22 as we expected (Supplemental
Table S1). Similar results were obtained in the micro-
array analysis of another defense mutant, ssi4 (Sup-
plemental Table S1). In addition, the SA biosynthesis
genes, ISC1 and EDS5, were up-regulated in ssi4 after
the shift. However, in cpr22, these genes were already
up-regulated before the shift. This could be due to the
imperfect suppression of defense responses as men-
tioned above.

Interestingly, a number of genes related to ABA
biosynthesis and signaling were also altered in cpr22
(Supplemental Table S1). For example, the ABA biosyn-
thetic genes 9-cis-epoxycarotenoid dioxygenase3 (NCED3)
and abscisic aldehyde oxidase3 (AAO3) were up-regulated.
One ABA 8'-hydroxylase isoform, CYP707A4, was
also induced. ABA 8’-hydroxylases are considered to
be the key catabolitic enzymes for ABA metabolism
(Nambara and Marion-Poll, 2005). Several protein
phosphatases of the 2C class (PP2C) including ABA-
insensitivel (ABI1), HAB1, and At5g59220 (PP2C) were
also induced. Other induced ABA signaling compo-
nents included RD26, ERA1, and RD20. These genes
have previously been shown to be induced by ABA
and drought stress (Shinozaki et al., 2003). Although
the expression of the transcription factors AtMYC2
and ABF3/4, which are in the ABA signaling pathway,
was not significantly altered, a number of components
that are under the control of these transcription fac-
tors, such as RD22, RD29A, KIN1/2, and ERD3, were
down-regulated after the shift. Additionally, the newly
identified ABA receptor genes, Pyrabactin resistancel
(PYR1) and some PYRI1-like (PYL) genes (Park et al.,
2009), were suppressed (Supplemental Table S1). Sup-
pression of PYR1/PYL genes by exogenous ABA has
been reported by Park et al. (2009). The expression pat-
terns of NCED3, AAO3, PP2C, ABI1, RD29A, and KIN1/
2 were monitored by quantitative real-time PCR, in-
cluding an additional time point (12 h after the shift;
Fig. 2). As observed in the microarray analysis, NCED3,
AAQO3, PP2C, and ABI1 were induced while RD29A
and KIN1/2 were down-regulated after the humidity
shift. Again, similar results were obtained in the micro-
array analysis in ssi4 (Supplemental Table S1).

Increased ABA Levels Were Observed in cpr22 after
Humidity Shift

Since ABA biosynthetic genes were up-regulated
after humidity shift, the endogenous levels of ABA
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Figure 2. Quantitative real-time PCR analysis of NCED3, AAO3, PP2C,
ABI1, RD29A, and KIN1/2 expression in cpr22 at 0, 12, and 24 h after
shift from 95% RH to 65% RH conditions. Transcript levels were
normalized to the expression of 785 RNA. Shown is the ratio of cpr22 to
Ws-wt. Each bar represents the mean level of three replicates = se. The
experiment was repeated three times with similar results.

were analyzed. At 0 h, the levels of ABA were identical
in mutant and wild-type plants. At 24 h after the shift,
ABA levels were significantly increased in cpr22,
whereas in Ws-wt they did not change substantially
(Fig. 3A). These data, together with the microarray/
quantitative PCR results, indicate that the humidity
shift induces the ABA biosynthetic pathway and leads
to heightened accumulation of ABA in cpr22 mutants.
The increased level of ABA was transient, gradually
decreasing by 36 h post humidity shift. Although the
absolute amount of ABA increase was variable from
experiment to experiment, we observed the same
trend in four independent experiments. Endogenous
SA levels also were analyzed to determine whether the
humidity shift altered SA accumulation. Similar to
ABA, although the absolute amount was variable in
each experiment, we observed increased SA levels in
cpr22 in four independent experiments and also in ssi4
(Fig. 3B; Supplemental Fig. S3).
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Figure 3. ABA and SA increase after humidity shift in cpr22. ABA (A)
and SA (B) levels in Ws-wt (white bars) and cpr22 (gray bars) at 0, 12,
24, and 36 h after the shift from 95% RH to 65% RH conditions were
measured. The data represent mean levels of three extracts. Each extract
was made from three to five plants. Experiments were repeated four
times with similar results. DW, Dry weight.

cpr22 Plants Display Partial Insensitivity to ABA

Since the microarray/quantitative PCR data indi-
cated an alteration in ABA signaling in cpr22, we
suspected that cpr22 may have altered sensitivity to
ABA. To address this point, the rate of water loss was
analyzed using a well-established method (Nambara
et al., 1998). Interestingly, cpr22 showed enhanced
water loss compared with wild-type plants (Fig. 4A),
indicating reduced responsiveness to dehydration.
Similar results were also obtained with the other
humidity-sensitive lesion-mimic mutants, ssi4 and
cpnl (Supplemental Fig. S4A).

The increased water loss in cpr22 plants suggested
that guard cell response in cpr22 might be attenuated.
Therefore, the responsiveness of cpr22 guard cells to
exogenous ABA was assessed by monitoring stomotal
closure. As expected, guard cells in cpr22 plants were
significantly less responsive to ABA than those of
wild-type plants (Fig. 5A). We also tested whether
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ABA-induced inhibition of seed germination was al-
tered. Sixty percent of cpr22 seeds were able to germi-
nate in the presence of 3 um ABA compared with only
5% of wild-type seeds, indicating reduced sensitivity
to ABA (Fig. 5B). However, with increasing ABA
concentrations, germination of cpr22 seeds was grad-
ually suppressed (Supplemental Fig. S5). To further
investigate this ABA insensitivity at the molecular
level, the expression of several ABA marker genes
upon ABA treatment was analyzed in soil-grown
plants. The induction of RABI8 and RD29B was at-
tenuated in cpr22 after ABA treatment under am-
bient humidity (Fig. 5C). In summary, all of the
above analyses indicate a reduced sensitivity of cpr22
to ABA.

Elevated Levels of SA Are the Cause of the Alterations in
ABA-Related Phenotypes in cpr22

A major change in cpr22 after humidity shift is an
increase in its endogenous SA levels. Therefore, we
assessed whether increased accumulation of SA in
cpr22 causes the observed partial insensitivity to ABA.
Since cpr22 does not accumulate SA on Murashige and
Skoog (MS) agar plates (Yoshioka et al., 2001) and this
condition suppresses cpr22 phenotypes even more
efficiently than a high-RH growth chamber, we tested
how plants grown on MS agar plates respond to ABA
treatment with respect to ABA-responsive genes.
While cpr22 plants that were grown on soil under
ambient RH displayed a clear attenuation in RD29B
and RAB18 gene expression upon ABA treatment (Fig.
5C), cpr22 plants that were grown on MS agar plates
showed almost no difference in the induction of these
genes (Fig. 5D), indicating that heightened SA levels
may result in ABA insensitivity.

These results led us to test whether the enhancement
of water loss in cpr22 is also due to SA accumulation.
As shown in Figure 4B, high-RH growth conditions
suppressed the enhanced water loss observed in cpr22
plants. This observation led us to assess the effect of
SA treatment on water loss in wild-type plants. Strik-
ingly, pretreatment with 1 mm SA by soil drenching
increased water loss in wild-type plants. This in-
creased water loss was not observed in wild-type
plants treated with control solution or the biologically
inactive SA analog 4-hydroxybenzoic acid (Fig. 4C).
These data indicated that SA has a strong effect on the
water loss stress responses in general and that elevated
levels of SA are the likely cause of enhanced water loss
in cpr22. We also investigate if ABA can rescue this
water loss phenotype in cpr22. Strikingly, 10 um ABA
treatment partially rescued the phenotype, suggesting
an SA-ABA antagonism (Supplemental Fig. S4B). To
further test whether ABA is required for the SA-
induced water loss phenotype, we used the ABA
biosynthesis mutant aba2-2 (Nambara et al., 1998).
As shown in Supplemental Figure S4C, we did not
observe any difference between control solution-
or SA-treated aba2-2 mutants, suggesting that the
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Figure 4. cpr22 displays enhanced dehydration. Plants were weighed
at various times after detachment from their roots. A, Ws-wt (black
circles) and cpr22 heterozygous (white squares) plants grown under
ambient humidity conditions. B, Ws-wt (black circles) and cpr22
homozygous (white squares) plants grown under 95% RH conditions.
C, Ws-wt plants 16 h after soil drenching with 1 mm SA (white circles),
4-hydroxybenzoic acid (4-HBA; white squares), or control solution
(0.1% methanol in water, the same solution in which SA was dissolved;
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SA-inducible enhanced water loss phenotype of wild-
type plants (Fig. 4C) in our experimental setting re-
quires functional ABA biosynthesis. Alternatively,
since aba2-2 plants lose water much faster than wild-
type plants, SA effects may not be seen (Supplemental
Fig. 54C). Collectively, the data suggested that the
elevated level of SA is responsible for the observed
attenuation of ABA responses in cpr22.

To further confirm this possibility, we asked
whether removal of SA would reverse the observed
ABA-related phenotypes. To test this, we took a ge-
netic approach utilizing cpr22 plants carrying the nahG
gene, which degrades SA into biologically inactive
catechol (Gaffney et al., 1993; Yoshioka et al., 2001). We
first tested the effect of nahG on SA accumulation after
humidity shift. As shown in Supplemental Figure S6A,
humidity shift induced a significant increase of SA in
cpr22 plants (Ws and Nossen [N6] mixed background;
¢/—/—/-) but not in cpr22/nahG plants (Ws and N&
mixed background; ¢/—/N/=), indicating that the
nahG transgene effectively suppresses the accumula-
tion of SA. Cell death enhancement after humidity
shift was also suppressed in cpr22/nahG plants (Sup-
plemental Fig. S6B). The suppression of cell death was
further supported by quantitative ion leakage analysis
(Supplemental Fig. S6C). These results indicate that
the nahG transgene suppresses humidity shift-induced
cell death formation in cpr22 through the suppression
of SA accumulation.

To further confirm the role of SA, ABA-related
phenotypes in cpr22/nahG were determined. As ex-
pected, cpr22/nahG (Ws and N6 mixed background;
¢/—/N/=* in Fig. 4D) plants displayed significantly
less water loss than cpr22. Moreover, induction of the
ABA biosynthetic gene NCED3 as well as the ABA
signaling genes ABI1 and PP2C after humidity shift
was significantly suppressed in cpr22/nahG double
mutant plants (Ws and N6 mixed background; c/
—/N/= in Fig. 6A) compared with cpr22 (Ws and N6
mixed background; ¢/ —/—/— in Fig. 6A).

In addition, endogenous levels of ABA were signif-
icantly suppressed in cpr22/nahG (Ws and N6 mixed
background; c¢/—/N/=* in Fig. 6B) compared with
cpr22 (Ws and N6 mixed background; ¢/—/—/— in
Fig. 6B). Taken together, these data suggest that ele-
vated SA levels are the cause of alterations of ABA-
related phenotypes and enhanced ABA accumulation
in cpr22. Note that we do not know whether reduced
amounts of basal SA can affect ABA signaling. That is

black diamonds). D, F2 progeny of cross-pollination between nahG
transgenic (N6 background) and cpr22 (Ws background) plants.
—/—/—/— plants carry neither cpr22 nor nahG (black diamonds),
—/=/N/* plants carry nahG but not cpr22 (white squares), ¢/—/N/=
plants are heterozygous for cpr22 and carry nahG (white triangles), and
¢/—/—=/— plants are heterozygous for cpr22 but do not carry nahG
(black circles). All plants were genotyped prior to experiments by PCR-
based molecular markers (see “Materials and Methods”). Each bar
represents the mean level of five plants = se. All experiments were
repeated three times with similar results. FW, Fresh weight.
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difference between Ws-wt and cpr22. The experiment was

repeated more than three times with similar results. C, Four-week-old plants grown on soil were sprayed with 0, 10, and 100 um
ABA. Samples were taken at 0, 6, and 24 h after treatment, and gene expression was analyzed by semiquantitative RT-PCR. D,
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Actin (ACT2) served as a loading control in both experiments. All

beyond the scope of this study. However, we have not
seen any significant change in the water loss pheno-
type in nahG plants, which have a slightly lower basal
level of SA compared with wild-type plants.

cpr22 Exhibits an Attenuated ABA Response upon
Moderate Drought Stress

In order to subject plants to a more natural drought
situation, we mimicked drought stress by terminating
irrigation and monitored ABA levels over a time
course of 120 h. Interestingly, while ABA levels in
cpr22 plants increased initially and then returned to
control levels, those of wild-type plants increased
continuously over the time period analyzed (Fig.
7A). In addition, while the transcript levels of
NCED3 and PP2C in cpr22 were mostly comparable
to those of the wild type, the expression of KIN1/2 and
RD29A showed a delayed and lower peak than in

Plant Physiol. Vol. 152, 2010

experiments were repeated three times with similar results.

wild-type plants (Fig. 7B). These data suggest that
under ambient humidity conditions, when SA levels
are already increased in cpr22 plants (Supplemental
Fig. S7), both ABA biosynthesis and downstream gene
expression are attenuated. This attenuation likely pre-
vents cpr22 from responding properly to this abiotic
stress, suggesting another node of antagonism be-
tween SA and ABA in moderate long-term drought
stress responses in addition to the one observed in
acute stress induced by humidity shift.

DISCUSSION

It has been known for a long time that HR and
pathogen resistance are influenced by temperature
and humidity (Samuel, 1931; Hammond-Kosack et al.,
1996; May et al., 1996). Here, we also show that the HR
induced by avirulent P. syringae (avrRpt2) is sup-
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pressed when Arabidopsis plants are kept under high
RH. However, when analyzing the effect of environ-
mental conditions on pathogenesis, difficulties arise if
both plants and microorganisms are used, because we
cannot conclude whether the plant, the microorgan-
ism, or both are being affected by environmental
factors. Furthermore, it has been reported that some
effectors of microbes manipulate plant hormonal sig-
naling (de Torres-Zabala et al., 2007; Grant and Jones,
2009). Therefore, it is difficult to study the environ-
mental effect on the plant defense response using
pathogens from a hormonal point of view. Interest-
ingly, spontaneous HR-like cell death and pathogen
resistance in some Arabidopsis mutants/transgenic
plants have also been revealed to be sensitive to
temperature, humidity, and light conditions, as in the
aforementioned plant-pathogen systems (Moeder and
Yoshioka, 2009). Therefore, the use of these environ-
mentally sensitive mutants can be an effective way to
analyze these phenomena.

Here, we used a well-studied environmentally sen-
sitive lesion-mimic mutant, cpr22, whose conditional
phenotype is useful to analyze the induction of HR
and other defense responses (Moeder and Yoshioka,
2009). Our study revealed alterations in ABA signaling
and ABA-related phenotypes in this mutant. In con-
trast to the wild type, cpr22 transiently increased
endogenous ABA after being shifted from high RH
to ambient RH, coincident with an increase in SA.
cpr22 also exhibited ABA-insensitive phenotypes, such
as reduced stomatal closure and enhanced water loss.
Some of these findings were also confirmed with other
lesion-mimic mutants such as ssi4 and cpnl (Supple-
mental Fig. S4A). Both the ABA increase and ABA
insensitivity are due to enhanced SA levels. Why ABA
levels transiently increase during HR development in
cpr22 is currently not known. There are three likely
possibilities: (1) it is the consequence of the plants
sensing increased dehydration caused by acute cell
death; (2) it is the consequence of the suppression of
downstream ABA signaling by SA (possible positive
feedback mechanism or loss of negative feedback); or
(3) ABA may play an active role to promote HR cell
death in these mutants. Since cold shift treatment also
enhanced HR development (Supplemental Fig. S1)
and such conditions generally induce ABA accumu-
lation, it is tempting to favor the third possibility.
Interestingly, Dong et al. (1999, 2005) reported that
HrpN, a protein that is produced by the plant patho-
genic bacterium Erwinia amylovora and stimulates
pathogen resistance responses including HR develop-
ment in a SA-dependent manner, also increased plant

65% RH conditions. ABA levels at 0 and 24 h after the shift from 95%
RH to 65% RH conditions were measured. All plants were genotyped
prior to experiments (see “Materials and Methods”). The data represent
mean levels of three extracts. Each extract was made from three to five
plants. Student’s t test shows significant difference between cpr22 and
cpr22/nahG plants. DW, Dry weight.
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script levels were normalized to the expression of 7185 rRNA (multiplied
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the mean level of three replicates = se. Experiments were repeated
three times with similar results. DW, Dry weight.
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ABA levels. This suggests a connection between the
increased amounts of ABA and SA accumulation and
HR development. To address this question, we tested
the effect of ABA treatment on various environmen-
tally sensitive lesion-mimic mutants. However, so far
we have not obtained conclusive results. This could be
due to difficulties in experimentally recreating the fine
balance and timing of endogenous levels of ABA and
SA by exogenous treatment.

The observed partial insensitivity to ABA in cpr22 is
intriguing, since there are many reports suggesting
that ABA-insensitive mutants display enhanced resis-
tance against various pathogens. For example, the
ABA-deficient tomato (Solanum lycopersicum) mutant
sitiens shows both an increase in SA-mediated re-
sponses and greater resistance to P. syringae DC3000
and Botrytis cinerea (Audenaert et al., 2002). Further-
more, the ABA-insensitive Arabidopsis mutants abil-1
and abi2-1, as well as a 355:HABI transgenic line, were
20- to 80-fold more resistant to virulent P. syringae than
wild-type plants (de Torres-Zabala et al., 2007). These
reports and our data strongly suggest the importance
of the suppression of ABA signaling to enhance path-
ogen resistance. Additionally, our data indicate that
this partial ABA insensitivity is correlated with the
suppression of a subset of genes, such as RD29A and
KIN1/2, in the ABA signaling pathway through the
action of SA.

There was a significant induction of several PP2C
genes, including ABI1, in cpr22 as well as ssi4 after
humidity shift. The products of the ABA-inducible
group of PP2C genes have been reported to antagonize
the action of some kinases that are regulated by ABA,
through dephosphorylation of their targets, and to
play a significant role in ABA signaling (Schweighofer
et al., 2004; Yoshida et al., 2006; Park et al., 2009).
Therefore, it is tempting to think that SA, induced by
humidity shift, activates these phosphatase genes in
order to suppress the subset of genes that play a role in
abiotic stress responses in ABA signaling, such as
RD29A. In this scenario, SA may play a role to shift
plants from abiotic stress to biotic stress response
mode. Further analysis is required for complete un-
derstanding of the role of PP2C genes.

We also have observed different responses in exper-
iments applying acute stress (humidity shift) and
moderate long-term stress (drought) in cpr22. Under
long-term drought stress, accumulation of ABA was
suppressed in cpr22 compared with the wild type, and
the mutant showed less tolerance to drought stress. A
major difference that may have affected the results of
the two types of experiments is the SA level at the start
of the experiment. Plants used for the drought exper-
iment were grown in ambient humidity; thus, cpr22
plants already contain high SA levels, which mimic a
state of pathogen infection. On the other hand, in the
humidity shift experiment, plants started with rela-
tively low levels of SA, which then increased greatly
over the course of the experiment. Mohr and Cahill
(2003, 2006) suggested that the levels of ABA at the
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time of pathogen challenge may be crucial for resis-
tance phenotypes. Our data suggest that the same may
be true in the opposite direction; that is, the levels of
SA at the time of an abiotic stress challenge may be
crucial for the abiotic stress response. Alternatively,
since our analysis could not detect ABA derivatives, it
is possible that under drought stress responses, ABA
derivatives accumulated but could not be detected.
This possibility should be addressed in the future.

Regarding this, Yasuda et al. (2008) reported that
SAR activators that can induce SA accumulation sup-
press salt-induced expression of ABA-inducible genes,
indicating that SA may negatively affect ABA signal-
ing. Our drought stress experiment supports their
findings; however, the humidity shift experiments
contradict their data, indicating that the SA-ABA cross
talk could be more complex than previously thought.
Further detailed studies are required to address this
discrepancy.

The observed antagonistic effects of ABA and SA on
the water loss phenotype is intriguing. It has been
reported that some phenolic compounds, including
SA, reverse ABA-induced stomatal closure (Rai et al.,
1986), thus supporting our results. Although the bio-
logical significance of this phenomenon in defense
responses is not known, our data further indicate
antagonism between ABA and SA in response to water
stress. Interestingly, Noutoshi et al. (2005) analyzed
drought stress responses of the Arabidopsis mutant
sensitive to low humidityl (slh1). This mutant has a
mutation in a TIR-NBS-LRR-WRKY-type R gene and
shows typical lesion-mimic phenotypes, such as
heightened levels of SA and enhanced pathogen re-
sistance resembling those of cpr22. However, slhl
exhibits normal responses to drought stress and ABA
(Noutoshi et al., 2005). Therefore, the comparison of
ABA-related phenotypes between slh1 and cpr22 could
provide further evidence for signaling complexity.

Recently, a suppressor screen for sncl, another gain-
of-function R gene mutant like ssi4, identified mos§,
which is a novel allele of ENHANCED RESPONSE TO
ABA1 (ERA1; Goritschnig et al., 2008). ERAI encodes
the B-subunit of a protein farnesyltransferase that
plays an important role in ABA responses (Cutler
et al.,, 1996). This indicates that hypersensitivity to ABA
may suppress the sncl enhanced pathogen resistance
phenotypes, including SA accumulation. This correlates
well with ABA insensitivity in the pathogen-resistant
mutants cpr22 and ssi4. Additionally, Wawrzynska et al.
(2008) also conducted a suppressor screen of enhanced
disease resistancel and identified a suppressor that has
a mutation in the Keep on going gene, a regulator of
ABA (Stone et al., 2006). Although in both cases the
mechanism of suppression of pathogen resistance by
these ABA-related mutations is not yet clear, this type
of forward genetics approach could be a powerful
method to investigate ABA-SA cross talk.

Hormonal cross talk is essential for living organisms
to survive under natural conditions. This is especially
important for plants, since they must continuously
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adjust their physiology to the ever-changing environ-
ment throughout their life cycle. The primary focus of
this study is to understand the effect of environmental
conditions on pathogen resistance. An increasing body
of evidence suggests that the environmental condi-
tions affect defense responses against pathogens and
that these effects are likely related to hormonal cross
talk. The data presented here demonstrate, to our
knowledge for the first time, both SA-induced over-
induction of ABA and ABA insensitivity in lesion-
mimic mutants. A future challenge is to uncover
the key elements that act as nodes during this cross
talk and how these elements work at the molecular
level.

MATERIALS AND METHODS

Plant Growth Conditions and Pseudomonas syringae and
Hyaloperonospora arabidopsidis Infections

Arabidopsis (Arabidopsis thaliana) plants were grown on Pro-Mix soil
(Premier Horticulture; http:/ /www.premierhort.com/) in a growth chamber
under RH 65% or RH 95% under a 14-h/10-h light/dark regimen at 22°C.
Pathogen infections were conducted as described previously (Yoshioka et al.,
2006).

Genotyping, RNA Extraction, and
Reverse Transcription-PCR

PCR-based marker analysis for cpr22 and its homozygosity and the nahG
gene was performed as described previously (Yoshioka et al., 2001, 2006;
Baxter et al., 2008). RNA extraction and reverse transcription-PCR were
performed as described previously (Baxter et al., 2008). For primer sequences,
see Supplemental Table S2.

Quantitative Real-Time PCR

Quantitative real-time PCR was performed using a Bio-Rad Chromo4
real-time PCR detector. The amplification reaction mixture was created using
Applied Biosystems Power SYBR Green PCR Master Mix (http://www3.
appliedbiosystems.com/) according to the manufacturer’s instructions.
Thermal cycling conditions consisted of 3 min at 95°C and 40 cycles of 10 s
at 95°C, 20 s at 52°C, and 20 s at 72°C. The results were obtained and
analyzed using the Opticon Monitor version 3.1 (Bio-Rad). Transcript levels
were normalized to the expression of 185 rRNA measured in the same
samples (Sakuma et al.,, 2006; for primer sequences, see Supplemental
Table S2).

Microarray Analysis

All plants were grown in high RH, and samples were taken before (0 h) and
24 h after the plants had been shifted to moderate RH. Two independent
experiments were performed (biological replicates), and at least 10 plants
were pooled for each RNA extraction. Total RNA was extracted using the
RNeasy kit (Qiagen; http://www.qgiagen.com/). The microarray procedure
was conducted as described previously (Bassel et al., 2008). Microarrays were
preprocessed together using GC-robust multiarray analysis (Wu et al., 2004).
Expression data were filtered to remove probe sets with low expression and
low variance across all arrays (genefilter; Gentleman et al., 2004; minimum
intensity of 100 on a minimum of 25% of arrays, and minimum interquartile
range of 0.5 on the log, scale). Genes that showed more than 2-fold changes
between mutant and the wild type (induced or repressed) in their expression
levels in both experiments were identified. Annotations of Arabidopsis genes
based on the probe set identifiers were obtained from The Arabidopsis
Information Resource (www.arabidopsis.org).
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Microarray data are available from the Bio-Array Resource for Plant
Functional Genomics (BAR) Web site under Project 50 of BAR’s project
browser (http://bar.utoronto.ca/affydb/cgi-bin/affy_db_proj_browser.cgi)
using the following identifiers: Ws-Oh, bot0848, bot0926; Ws-24h, bot0849,
bot0927; cpr22-0h, bot0850, bot0928; cpr22-24h, bot0851, bot0929; No-0h,
bot0934, bot0930; No6-24h, bot0935, bot0931; ssi4-Oh, bot0936, bot0932; ssid-
24h, bot0937, bot0933. Affymetrix CEL files are available upon request.

Extraction and Determination of ABA and SA

Levels of endogenous ABA were measured as described (Priest et al., 2006)
with some modifications (Supplemental Materials and Methods S1).

Loss of Fresh Weight during Desiccation

Aerial parts of 4-week-old plants were detached from their roots and were
dehydrated on paper towels for 6 h under ambient humidity conditions unless
otherwise stated (Nambara et al., 1998). Plants were weighed at various times
up to 6 h. Hormone treatments were accomplished by drenching the soil with
100 to 125 mL of 1 mm SA or 10 um ABA 16 h prior to analysis.

Drought Treatment

Arabidopsis plants were grown in a growth chamber under RH 65%
conditions. The samples were created by terminating irrigation once plants
were 4 weeks old. Samples were taken for RNA and ABA analysis at 0, 48, 72,
96, and 120 h.

Germination Assays

Approximately 50 seeds were placed on each of three replicate MS agar
plates containing the indicated concentrations of ABA unless otherwise
stated. After stratification at 4°C for 5 d, the plates were transferred to light
racks and germination was scored on day 5 for root radical emergence.

Trypan Blue Staining

Trypan blue staining was performed as described previously (Bowling
et al., 1994).

Ion Leakage

Plant ion leakage was measured using an Oakton CON5 ACORN series
conductivity meter as described before (Urquhart et al., 2007).

Stomatal Response to ABA

Four-week-old plants of wild-type and cpr22 heterozygous plants were
grown under ambient humidity conditions, and their leaves were incubated
for 2 h in stomatal opening buffer (5 mm KCl, 50 um CaCl,, and 10 mm MES-
Tris, pH 6.15) and then treated with 0 or 10 um ABA for 2 h. Data in Figure 5A
were determined as single-blind experiments in which the ABA concentration
was unknown to the experimenter (n = 3 experiments, 30 stomata per
condition and experiment). All data are presented as means * sE.

ABA Treatment for MS Agar-Grown Plants

Plants were grown on MS agar plates vertically for about 3 weeks and
preincubated for 2 h in water prior to each treatment. Plants were then soaked
with 10 or 100 um ABA solution. Samples were taken at 0, 2, and 10 h after
treatment, and gene expression was analyzed by semiquantitative reverse
transcription-PCR.

Supplemental Data

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

Supplemental Figure S1. Humidity and temperature affect spontaneous
cell death formation in cpr22.
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Supplemental Figure S2. High RH attenuates HR formation after infection
with P. syringae DC3000 (AvrRpt2).

Supplemental Figure S3. SA increase after humidity shift in cpr22 and ssi4.

Supplemental Figure S4. Water loss phenotypes in various mutants and
treatments.

Supplemental Figure S5. Effect of higher concentrations of ABA on
germination.

Supplemental Figure S6. nahG transgene suppresses SA levels and cell
death formation after humidity shift in cpr22.

Supplemental Figure S7. cpr22 plants did not show significant changes in
SA accumulation under moderate drought stress.

Supplemental Table S1. Fold differences in cpr22/ssi4 of ABA- and
defense/SA-related genes at high humidity and 24 h after shift to
ambient humidity.

Supplemental Table S2. Primer sequences.

Supplemental Materials and Methods S1.
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