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In plants, membrane-bound receptor kinases are essential for developmental processes, immune responses to pathogens and the
establishment of symbiosis. We previously identified the Arabidopsis (Arabidopsis thaliana) receptor kinase IMPAIRED
OOMYCETE SUSCEPTIBILITY1 (IOS1) as required for successful infection with the downy mildew pathogen Hyaloperonospora
arabidopsidis. We report here that IOS1 is also required for full susceptibility of Arabidopsis to unrelated (hemi)biotrophic
filamentous oomycete and fungal pathogens. Impaired susceptibility in the absence of IOS1 appeared to be independent of
plant defense mechanism. Instead, we found that ios1-1 plants were hypersensitive to the plant hormone abscisic acid (ABA),
displaying enhancedABA-mediated inhibition of seed germination, root elongation, and stomatal opening. These findings suggest
that IOS1 negatively regulates ABA signaling in Arabidopsis. The expression of ABA-sensitive COLD REGULATED and
RESISTANCE TO DESICCATION genes was diminished in Arabidopsis during infection. This effect on ABA signaling was
alleviated in the ios1-1 mutant background. Accordingly, ABA-insensitive and ABA-hypersensitive mutants were more
susceptible and resistant to oomycete infection, respectively, showing that the intensity of ABA signaling affects the outcome of
downy mildew disease. Taken together, our findings suggest that filamentous (hemi)biotrophs attenuate ABA signaling in
Arabidopsis during the infection process and that IOS1 participates in this pathogen-mediated reprogramming of the host.

Membrane-bound receptor-like kinases (RLKs) per-
ceive molecules that mediate cell-to-cell communication
during plant development, sense the biotic and abiotic
environments, and transduce the perceived stimuli into
complex downstream signaling networks. Hormones
govern most of the essential events during vegetative
and reproductive plant growth, and some RLKs are
hormone receptors, integrating stress stimuli into adap-
ted defense responses. The best-known examples are
BRASSINOSTEROID INSENSITIVE1 and its co-RLK,
BRASSINOSTEROID INSENSITIVE1-ASSOCIATED
RECEPTOR KINASE1 (BAK1), which concertedly
perceive brassinosteroid hormones. BAK1 also associates
with pattern-recognition receptors that detect pathogens
and induce innate immune responses (Chinchilla et al.,
2009). Brassinosteroids tune these responses through syn-
ergistic and antagonistic effects on the immune signaling
network triggered by the bacterial patterns recog-
nized (Albrecht et al., 2012; Belkhadir et al., 2012). Another
example involves PHYTOSULFOKINE RECEPTOR1
(PSKR1). Upon perception of the phytosulfokine hor-
mone, PSKR1 modulates cellular dedifferentiation and
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redifferentiation during organ development (Matsubayashi
et al., 2002) but also integrates into the defense signaling
network upon pathogen infection (Igarashi et al., 2012;
Mosher et al., 2013). It was speculated that the principal
function of PSKR1 signaling is to attenuate stress re-
sponses of cells during differentiation processes, such as
vascularization (Motose et al., 2009). Concomitantly,
PSKR1 affects the hormonal cross talk that regulates
plant-pathogen interactions. RLKs also perceive cyto-
kinins (Inoue et al., 2001) and ethylene (Hua and
Meyerowitz, 1998). Other hormones, however, such as
auxins (Tan et al., 2007), GAs (Ueguchi-Tanaka et al.,
2005), and abscisic acid (ABA), interact with intracellular
rather than membrane-bound receptors. ABA recognition
at the membrane has been discussed (Liu et al., 2007), but
it is now well established that the hormone binds
to PYRABACTIN RESISTANCE (PYR)/PYRABACTIN
RESISTANCE1-LIKE (PYL)/REGULATORY COMPO-
NENT OF ABSCISIC ACID RECEPTOR (RCAR), lead-
ing to the formation of stable complexes with type 2C
protein phosphatases (PP2Cs) and to their subsequent
inhibition (for review, see Cutler et al., 2010). These
complexes form the early ABA signaling module, which
interacts with ion channels, transcription factors, and
other targets, providing a mechanistic connection be-
tween the phytohormone and ABA-induced responses.
ABA responses are fine-tuned through a network of
regulators including membrane receptors that sense de-
velopmental processes and environmental conditions.
Examples include FERONIA (FER; Yu et al., 2012), A4
lectin receptor kinases (Xin et al., 2009), and CYSTEINE-
RICH RECEPTOR-LIKE KINASE36 (CRK36; Tanaka
et al., 2012), all of which down-regulate ABA signaling.
Other sensors of environmental stress, such as PROLINE-
RICH EXTENSIN-LIKE RECEPTOR KINASE4 (Bai et al.,
2009) and RECEPTOR-LIKE PROTEIN KINASE1
(Osakabe et al., 2005), act in the opposite direction, up-
regulating ABA signaling. ABA signaling modulates
pathogenesis in diverse plant-pathogen interactions
and is involved in the cross talk with plant defense
pathways (Robert-Seilaniantz et al., 2011).
We previously identified the RLK IMPAIRED

OOMYCETE SUSCEPTIBILITY1 (IOS1; At1g51800) as
required for the full susceptibility of Arabidopsis (Arabi-
dopsis thaliana) to the downy mildew pathogen Hyaloper-
onospora arabidopsidis (Hpa; Hok et al., 2011). IOS1 belongs
to a subfamily of approximately 50 RLKs in Arabidopsis,
which possess an extracellular region composed of a
malectin-like domain (MLD) in addition to (two to three)
leucine-rich repeats (LRRs; Hok et al., 2011). Malectin was
first identified in Xenopus laevis as an endoplasmic
reticulum-localized carbohydrate-binding protein (Schallus
et al., 2008) that controls the N-glycosylation status of
secreted glycoproteins (Chen et al., 2011). The role of
MLDs in plants, notably as elements of the extracellular
region of RLKs, is yet unknown (Lindner et al., 2012). The
protein sequence and domain organization of IOS1 have
strong similarities with the SYMBIOSIS RECEPTOR-
LIKE KINASE (SYMRK) and SYMRK-like RLKs from
legumes, which are key regulators of the accommodation

of fungal and bacterial symbionts (Stracke et al., 2002;
Capoen et al., 2005; Markmann et al., 2008). Similar to
SYMRK, IOS1 contains the conserved sequence GDPC
within the interspace between MLD and LRRs of the
extracellular domain (Hok et al., 2011). This motif is re-
quired for establishing the epidermal symbiotic pro-
gram in roots but not the subsequent cortical symbiosis,
suggesting the perception of distinct signals by the ex-
tracellular domain of SYMRK during the compatible
plant-microbe interaction (Kosuta et al., 2011). IOS1 was
recently shown to form a complex with the pattern rec-
ognition receptors FLAGELLIN SENSING2 (FLS2) and
EF-TU RECEPTOR (EFR), as well as with BAK1, and to
prime pattern-triggered immunity (PTI) to the bacterium
Pseudomonas syringae (Chen et al., 2014). However, during
the interaction of Arabidopsis with Hpa, IOS1 supports
the success of downy mildew infection rather than PTI
(Hok et al., 2011). The physiological programs that are
regulated by IOS1 in this interaction are yet unknown.

Here, we investigated the function of IOS1 during the
interaction with Hpa and unrelated filamentous bio-
trophic and hemibiotrophic pathogens. Collectively, our
results show that IOS1 down-regulates ABA responses,
thereby creating an environment that favors the bio-
trophic lifestyle of these pathogens.

RESULTS

IOS1 Promotes Infection by Filamentous (Hemi)Biotrophs

The transcription of IOS1was activated by the infection
of cotyledons with Hpa (Hok et al., 2011). This activation
occurred locally at the early appressorium-mediated
penetration stages of infection (Fig. 1A) in the single-cell
layers surrounding the invading hyphae, which harbor
haustoria (Fig. 1B). We further analyzed whether
infection-responsive transcription of the IOS1 gene was
restricted to leaf tissues by inoculating Arabidopsis roots
with the hemibiotrophic oomycete pathogen Phytophthora
parasitica. In noninoculated roots of the IOS1 reporter line,
IOS1 expression was only observed in the elongation
zone but not in the root tip (Fig. 1C). Upon inoculation,
P. parasitica zoospores attach to the root tip, penetrate
the root via an appressorium, grow toward the central
cylinder, and invade the roots and aerial organs (Attard
et al., 2010). The transcription of IOS1 was activated
during the initial biotrophic phase of P. parasitica invasion
(Fig. 1C), and the development of disease was signifi-
cantly delayed in the ios1-1 loss-of-function mutant
(Fig. 1D). The activation of IOS1 transcription by both leaf
and root oomycete pathogens thus appears to be required
for successful infection. A similar observation was made
with the unrelated powdery mildew fungus Erysiphe
cruciferarum. On Arabidopsis leaves, germinating E. cru-
ciferarum conidia develop appressoria, which produce
penetration pegs and haustoria within leaf epidermal
cells, while the fungal mycelium grows on the leaf sur-
face. During E. cruciferarum infection, IOS1 transcription
was activated in the mesophyll cells underlying the
epidermal infection sites (Supplemental Fig. S1A).
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IOS1 expression in the mesophyll appeared to favor
the progression of disease, as inoculated plants from
the ios1-1 mutant line exhibited fewer powdery
mildew symptoms on leaves than wild-type plants
(Supplemental Fig. S1B). Accordingly, significantly
fewer conidiophores were produced on the ios1-1 mu-
tant than on the wild type (Supplemental Fig. S1C).
The observed interaction phenotypes with mildews
are not caused by growth defects of the mutant, as the
vegetative development of ios1-1 was indistinguish-
able from that of the wild type (Supplemental Fig. S2).
Wild-type and mutant plants were equally suscep-
tible to root inoculations with the wilt bacterium
Ralstonia solanacearum (Supplemental Fig. S1D), indi-
cating that the development of bacterial wilt occurs
independently of IOS1. Taken together, our find-
ings suggest that the host receptor IOS1 contributes
to successful leaf and root invasions by filamentous
(hemi)biotrophs.

Absence of IOS1 Does Not Strengthen Defense Responses

The interaction phenotypes of the ios1-1 mutant might
be the consequence of either a loss of susceptibility or a
gain of resistance. We thus analyzed whether the muta-
tion of IOS1 led to increases in the activation of defense
signaling pathways and immune responses. We used re-
verse transcription-quantitative polymerase chain reaction
(RT-qPCR) to determine the expression of a set of genes
that were previously described as being up-regulated
upon the onset of defense signaling. These genes code
for FLAGELLIN22 (FLG22)-INDUCED RECEPTOR-LIKE
KINASE1 (FRK1), NON-RACE-SPECIFIC DISEASE
RESISTANCE1/HAIRPIN-INDUCED1-LIKE10 (NHL10),
PHYTOALEXIN DEFICIENT4 (PAD4), and the tran-
scription factors WRKY29, WRKY33, and WRKY70
(characterized by the conserved amino acid sequence
WRKY). FRK1, NHL1, andWRKY29 are key components
of PTI signaling pathways, and the genes encoding them

Figure 1. The ios1-1 mutation impairs susceptibility to filamentous (hemi)biotrophs. A, Transcriptional activation of IOS1 by
Hpa, as analyzed by transmission light microscopy for GUS activity (blue), 4 h after inoculation of the previously described
IOS1 reporter line (Hok et al., 2011). Nongerminated spores (Sp) and spores penetrating from an appressorium (arrowhead) are
visibly attached to cotyledon surfaces (top). GUS staining is localized to the mesophyll cells underlying the penetration site
(bottom; with a different optic focus). B, Transcriptional activation of IOS1 by Hpa, as analyzed by dark-field microscopy of thin
sections of cotyledons from the reporter line, 3 d after inoculation. GUS activity is shown in red. Cross sections (left) and
tangential sections (right) reveal localized GUS activity in single-cell layers around invading hyphae (Hy) harboring haustoria
(asterisks). C, Transcriptional activation of IOS1 by P. parasitica, as shown by transmission light micrographs of IOS1 reporter
activity in root tips. In the absence of infection, IOS1 is expressed in elongation zones only (left; compare with Fig. 3). In-
oculation with P. parasitica zoospores activates the IOS1 promoter during the initial biotrophic phase, in which hyphae invade
cells from the root cap and the differentiation zone, and 6 h after inoculation (hpi; right). D, P. parasitica disease is delayed in
the ios1-1 mutant. The photograph shows representative wild-type (Wt; left) and mutant (right) plants at 18 d after inoculation.
The development of disease in wild-type and ios1-1 plants was assessed on the basis of an established score (Attard et al., 2010).
The means and 95% two-tailed confidence intervals are shown. Differences in disease development between wild-type and
ios1-1 plants were statistically significant (asterisk), as demonstrated by Scheirer-Ray-Hare nonparametric two-way ANOVA for
ranked data (P = 0.00186).

1508 Plant Physiol. Vol. 166, 2014

Hok et al.

http://www.plantphysiol.org/cgi/content/full/pp.114.248518/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.248518/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.248518/DC1
http://www.plantphysiol.org/cgi/content/full/pp.114.248518/DC1


are expressed at early time points upon the perception
of pathogen-associated molecular patterns (Asai et al.,
2002; He et al., 2006; Boudsocq et al., 2010). We did not
detect statistically significant differences (P . 0.05) in
the expression of FRK1, NHL10, and WRKY29 between
Hpa-infected wild-type and ios1-1 plants (Fig. 2, A and B).
The expression of FRK1 follows the initial transient
profile, which was previously reported for a compati-
ble interaction with P. syringae (He et al., 2006), and is
then up-regulated at later time points of Hpa infec-
tion in both the wild type and the mutant (Fig. 2A).
Minor but significant differences (P , 0.05) between
wild-type and ios1-1 plants were detectable in the tran-
scriptional activation of PAD4, WRKY33, and WRKY70
(Fig. 2, A and B). An up-regulation of these genes was
observed during the early time points of interaction at 8
to 24 h after inoculation. PAD4 is a central regulator in the
generation of downstream disease resistance responses
following effector-activated TOLL/INTERLEUKIN1
RECEPTOR-NUCLEOTIDE-BINDING-LRR proteins

and is involved in salicylic acid (SA)-mediated signal
transduction (Wiermer et al., 2005). WRKY33 integrates
jasmonic acid (JA)- and ethylene-dependent defense
pathways (Birkenbihl et al., 2012; Meng et al., 2013),
whereas WRKY70 acts as a node of convergence for SA-
and JA-dependent signaling events (Li et al., 2006).
Therefore, we analyzed whether the mild increases in
PAD4, WRKY33, and WRKY70 expression affect the
balance between SA-, JA-, and ethylene-dependent sig-
naling in the mutant. To this end, we determined the
influence of IOS1 on the transcriptional activation of
SA, JA, and ethylene target genes in response to Hpa
infection. The expression of PATHOGENESIS-RELATED
1a (PR1a) reflects the activation of SA-mediated re-
sponses, whereas PLANT DEFENSIN1.2 (PDF1.2) and
PR4 are marker genes for the JA- and ethylene-mediated
defense signaling pathway in Arabidopsis (Robert-
Seilaniantz et al., 2011). During Hpa infection, SA-
dependent responses are the most effective, while JA
and ethylene-dependent responses do not generally

Figure 2. Impaired ios1-1 susceptibility is
unlikely to result from up-regulated de-
fense. A, Expression profile of genes coding
for immune signaling elements in Arabi-
dopsis. RT-qPCR analyses were performed
with seedlings from Hpa-infected wild-type
(Wt) and ios1-1 mutant plants over a time
course of 5 d after inoculation. The data
shown are means and SD of three biological
replicates. B, Summary of the P values as-
sociated with the statistical analysis of the
data presented in A. For each gene, two
factors (genotype and time) were treated as
fixed (model I of three-way ANOVA) and
crossed. For each of the 30 tested individual
situations (two genotypes3five time points3
three biological replicates), the mean expres-
sion of a technical triplicate was taken into
account, assuming a Gaussian distribution
and the homoscedasticity. Analysis was per-
formed using the software R (http://www.
r-project.org/). *0.05 . P . 0.01, **0.01 .
P . 0.001, ***P , 0.001. C, RT-qPCR
analysis for the expression of genes coding
for PR proteins and a plant defensin in
noninoculated and Hpa-infected plants from
the wild type and the ios1-1mutant. Neither
SA- nor JA/ethylene-mediated defense re-
sponses were up-regulated in the ios1-1 mu-
tant. The data shown are means and SD of
two independent biological replicates. NRQ,
Normalized relative quantities.
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play a major role in defense against downy mildew
(Glazebrook, 2005). Accordingly, we found a strong in-
duction of PR1a expression uponHpa infection, whereas
PR1a transcripts were nearly absent from water-treated
controls. The observed induction by Hpa was not en-
hanced in the ios1-1 background but rather reduced,
likely due to the lower infection density in the mutant
(Fig. 2C). Pathogen-responsive transcriptional activa-
tion of PR4 and PDF1.2 occurred to much lower levels
than PR1a, and significant increases in the mutant back-
ground were not detected, when compared with the
wild type (cutoff, P, 0.05). Similar to PR1a, infection-
responsive expression of PR4was lower in ios1-1 (Fig. 2C)
than in the wild type.

We then analyzed whether the reduced susceptibility
of ios1-1 to E. cruciferarum was accompanied by in-
creases in callose deposition. The amount and extent of
callose reflect the defense response of Arabidopsis to-
ward the powdery mildew fungus (Ellinger et al., 2013).
We found no obvious differences between the wild type
and the mutant, and we could not observe an increased
number or size of callose deposits around E. crucifera-
rum penetration sites in the ios1-1mutant (Supplemental
Fig. S3).

Although we cannot exclude that subtle changes in
immune signaling pathways are caused by the ios1-1
mutation, we conclude from our data that the reduced
susceptibility of ios1-1 is unlikely to result from en-
hanced defense activation; rather, it is due to the lack
of a host function, which is required for successful
infection.

Absence of IOS1 Confers Hypersensitivity to ABA

To gather more information on the physiological
function of IOS1, we investigated its expression during
the Arabidopsis life cycle. We observed tissue-specific
IOS1 expression in the radicle emerging from the testa,
in the elongation zones of roots, and in root cap border
cells undergoing detachment (Fig. 3, A–E). In hypo-
cotyls, IOS1 expression was detected only during etio-
lation in the dark (Fig. 3, F and G). In cotyledons and
leaves, expression was restricted to cells surrounding
stomata (Fig. 3H). In reproductive organs, IOS1 ex-
pression was observed in the style after pollination, in
the abscission zones of sepals and petals, in the trans-
mitting tract of developing fruits, and in the abscission
zones of mature siliques (Fig. 3, I–O). In summary, IOS1
was predominantly expressed in tissue with fates con-
trolled by the phytohormone ABA. However, exoge-
nous ABA application to leaves did not activate the IOS1
promoter (Supplemental Fig. S4A), and the elimination
of ABA from roots with an inhibitor of carotenoid syn-
thesis did not impair IOS1 expression (Supplemental
Fig. S4, B and C). IOS1 expression, therefore, is not up-
regulated by ABA.

Based on the IOS1 expression profile, we investigated
the possible involvement of the receptor kinase in ABA
signaling. Exogenous ABA application to seeds and

seedlings inhibits seed germination and cell elongation,
respectively. We found that ios1-1 mutant plants were
significantly more sensitive to ABA-induced inhibition
of both seed germination (Fig. 4A) and primary root
elongation (Fig. 4B) when compared with wild-type
plants and the complemented mutant line ios1-1cp4.
ABA also modulates stomatal aperture and regulates
foliar transpiration, thus influencing the leaf surface
temperature. We investigated the effect of IOS1 on
stomatal aperture by subjecting leaves from wild-type
and mutant plants to thermographic measurements
(Jones, 1999). We found that the rosette leaf tempera-
tures of ios1-1 were significantly higher under continu-
ous light than those of the wild type but similar to those
of the ABA-hypersensitive abh1 mutant (Hugouvieux
et al., 2001; Fig. 4C). Since we could not distinguish the
ios1-1 mutant from the wild type in terms of stomata
morphology or density (Fig. 4D), we concluded that the
higher leaf surface temperature of ios1-1 resulted from
limited pore aperture. The transition from darkness to
light induces stomatal opening, which is inhibited by
ABA (Mustilli et al., 2002). By contrast, the treatment of
epidermal strips with the ATP-sensitive potassium
channel inhibitor glibenclamide leads to the concerted
inhibition of outward Cl2 and K+ channels in guard
cells, inducing stomatal opening even in the dark
(Leonhardt et al., 1999). We measured stomatal pore
width on epidermal strips from wild-type and mutant
leaves treated with water or ABA in the dark before
exposure to light. Alternatively, epidermal strips were
treated with water and glibenclamide in the dark and
were then further incubated in the dark. We observed
that ABA inhibited stomatal opening in the light by
about 0.5 mm on epidermal strips from wild-type plants
but by about 2.5 mm on those from the ios1-1 mutant.
Stomatal opening, therefore, was more sensitive to ABA
in the mutant than in the wild type. Glibenclamide
treatment induced stomatal opening in the dark by
about 1 mm in both the wild type and the mutant
(Fig. 4E), suggesting that the ios1-1mutation had no effect
on ABA-responsive ion channels. We then compared
the stomatal conductance of leaves in response to dif-
ferent ABA concentrations. In the absence of ABA, sto-
matal conductance did not differ significantly between
mutant and wild-type plants under our experimental
conditions. Increasing ABA concentrations decreased
conductance in all lines (Fig. 4F). This effect was signi-
ficantly stronger in the ios1-1 mutant than in the wild
type or the ios1-1cp4 line. Taken together, our findings
show that a loss of IOS1 confers ABA hypersensitivity to
Arabidopsis.

ABA Signaling Interferes with Infection by Downy
Mildew and Is Attenuated by IOS1

We analyzed the ABA contents in noninoculated
and Hpa-infected cotyledons from wild-type plants,
the ios1-1 mutant, and the complemented mutant ios1-
1cp4 and did not find significant differences in ABA
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levels between genotypes (Supplemental Fig. S5). These
data suggest that IOS1 interferes with ABA signaling or
the onset of responses, rather than with the accumula-
tion of the hormone, and that the ABA hypersensitivity
of ios1-1 derives from the absence of a negative regu-
latory element in ABA signaling. We thus analyzed the
transcriptional induction of genes coding for COLD
REGULATED (COR) and RESISTANCE TO DESIC-
CATION (RD) proteins in cotyledons from wild-type
and ios1-1 mutant plants at different time points after
water treatment or Hpa inoculation. The transcriptional
up-regulation of COR and RD genes conventionally

reflects activated ABA signaling in Arabidopsis (Guo
et al., 2002). We found that COR15A, COR15B, and
RD29A were transiently activated in the control situation
(i.e. in water-treated cotyledons of plants that were
grown at 20°C and transferred to the inoculation tem-
perature of 16°C). Transcription of these genes was en-
hanced in ios1-1 at all time points, thus confirming the
ABA hypersensitivity of the mutant, and reduced upon
inoculation with Hpa in both genotypes (Fig. 5A). The
reduction in COR/RD gene expression upon infection
was less pronounced in ios1-1 than in the wild type,
particularly during the first day of infection. We found

Figure 3. Tissue specificity of IOS1 expression in Arabidopsis organs at different developmental stages. The transcriptional
activation of IOS1 in vivo is revealed either by enzymatic GUS activity (blue) or by GFP fluorescence in transgenic lines
carrying the pIOS1::GFP-GUS reporter gene construct. A to H, IOS1 expression during vegetative growth. I to O, IOS1 ex-
pression during reproduction. Reporter activity is not detectable in the embryo (A) but can be seen in the radicle emerging from
the testa (B), indicating transcriptional IOS1 activation in the elongation zone (arrow). In primary roots, GUS activity is limited
to the elongation zone (C) and to root cap border cells undergoing detachment (arrow). The GUS reporter gene is not tran-
scribed in fully expanded root cells (D and E), but the transcription of this gene is reinitiated in emerging (D) and elongating (E)
secondary roots. In hypocotyls, GUS activity is detected only during etiolation, in the dark (G), with no activity detected in
nonetiolated tissues in the light (F). In cotyledons and leaves, IOS1 expression is restricted to the cells surrounding the stomata,
as shown by confocal microscopy of the GFP reporter (H). GFP appears in green, and red spots represent chloroplasts within
stomatal guard cells. GUS activity is observed after pollination, in the style (I; arrow), corresponding to the development of
pollen tubes (K). During the subsequent development of the pollinated flowers, IOS1 activation occurs in the abscission zones
of sepals and petals (L and M; arrows), in the transmitting tract of developing fruits (N), and, finally, in the abscission zones of
mature siliques (O; arrow). Bars = 10 mm (H), 50 mm (F and G), 100 mm (A–E, K, and L), and 500 mm (I and M–O).
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that COR15A and COR15B were transiently induced
upon exogenous application of ABA to cotyledons and
that transcript accumulation peaked around 2 to 4 h after
spray treatment of the wild type or of ios1-1cp4. In ABA-
treated ios1-1 mutant plants, a maximum of COR gene
transcripts accumulated already 1 h after ABA applica-
tion (Supplemental Fig. S6). IOS1 thus appears to inter-
fere with the timing of ABA signaling rather than with its
amplitude.

Among the COR/RD marker genes that were ana-
lyzed by RT-qPCR for infection-related regulation in

the absence or presence of IOS1, we found weak dif-
ferences in RD29B transcript levels. We thus used an
experimental approach that allowed measuring the cu-
mulative, ABA-dependent transcriptional activation of
this gene over 3 d of treatment. We generated ios1-1
mutant and wild-type lines harboring a fusion between
the RD29B promoter (Christmann et al., 2005) and the
b-D-glucuronidase (gusA) gene (Jefferson et al., 1987),
which allowed us to measure the activity of the stable
GUS reporter as a readout for in planta and in vitro
studies. We stimulated ABA signaling in water-treated

Figure 4. The ios1-1 mutant is ABA hypersensitive. A, Seed germination on medium containing ABA is more strongly inhibited
in ios1-1 seeds than in both the wild type (Wt; Ler, Landsberg erecta) and the complemented mutant line ios1-1cp4 (Hok et al.,
2011). Values shown are means and SD for radicle emergence rates determined for three plates, each containing about 100
seeds, for line, and for (6)-ABA concentration. B, The ios1-1 mutant is more sensitive to the ABA-induced inhibition of primary
root elongation. Seven-day-old plantlets were transferred to medium containing or not 10 mM (6)-ABA, and primary root
elongation was measured 2, 4, 8, 9, and 10 d later. Shown are means and SE of 30 individual plants per line. Without ABA, wild-
type, ios1-1, and complemented mutant plants attained similar mean primary root lengths of 73.4 6 2.1, 73.1 6 2, and 71.4 6
1.5 mm, respectively, 10 d after transfer. C, Leaf surface temperature is higher in the ios1-1 mutant than in the wild type. El-
evated leaf temperatures of ios1-1 were similar to those of the abh1 mutant (background Columbia [Col]). Shown are ther-
mographs of a representative plant from each line and the means and SD of 20 measured replicates of eight plants per line,
which were obtained 48 h after exposure of the plants to continuous light. The significance of differences was determined in
Student’s t test (identical letters, not significantly different with P. 0.01; different letters, P, 0.01). D, Stomatal development is
not affected in the ios1-1 mutant. The micrographs illustrate representative, fully developed stomata on epidermal strips from
rosette leaves of wild-type and mutant plants. The graph shows the mean stomatal density and SD of four independent ex-
periments. E, The ios1-1 mutant is hypersensitive to the ABA-regulated inhibition of stomatal opening, but its ion channel-
mediated stomatal movement appears normal. Plants were treated as indicated in the sketch above the graph. Values shown are
mean aperture changes and SD of 70 stomata on treated strips, based on the apertures of the same number of stomata from
untreated controls from mutant and wild-type plants. The beginning (S [for start]) and end (A [for analysis]) of the experimental
onsets are indicated. F, Stomatal conductance in response to various concentrations of ABA (in mM). Values indicate means and
SD of measurements of at least five plants per line and per treatment. Specific treatments of leaves prior to measurements are
indicated in “Materials and Methods.” Asterisks in A, B, and E indicate significant differences, with P , 0.01, as determined in
Student’s t test. Asterisks in F indicate significant differences, with P , 0.05, as determined by a modified Welch-Satterthwaite
test implemented in the VANTED software package. [See online article for color version of this figure.]
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andHpa-infected cotyledons, either by applying ABA or
by lowering relative humidity to stimulate drought re-
sponses (Uno et al., 2000). Both treatments enhanced
RD29B promoter activity and stimulated synthesis of
the GUS reporter protein in uninfected cotyledons from
both wild-type and ios1-1 plants. Reporter activity was

substantially reduced in Hpa-infected cotyledons of the
wild type but not in Hpa-infected cotyledons of the
ios1-1 mutant (Fig. 5B; Supplemental Fig. S7). To obtain
quantitative data, we measured GUS activity under the
different experimental conditions. In the wild-type
background, infection with Hpa decreased GUS by up

Figure 5. ABA signaling interfering with disease is attenuated by IOS1. A, RT-qPCR experiments to determine the time course of
ABA-regulated COR15A/B and RD29A/Bmarker gene transcript levels in Hpa-infected and noninfected wild-type (Wt) and ios1-1
plants. Represented are means and SD of normalized relative quantities, which were obtained for samples from three independent
biological replicates. The insets represent the mean normalized relative quantity ratios and SD between inoculated and non-
inoculated plants from the same genotype at 8 and 24 h after inoculation (Hpi). The table below the graphs summarizes the
P values that were associated with the statistical analysis of the data. For each gene, three factors (genotype, treatment, and time)
were treated as fixed (model I of three-way ANOVA) and crossed. For each of the 60 tested individual situations (two genotypes 3
two treatments 3 five time points 3 three biological replicates), the mean expression of a technical triplicate was taken into
account. Analysis was performed using the software R. *0.05 . P . 0.01, **0.01 . P . 0.001, ***P , 0.001. B, Representative
cotyledons from the wild type (left) and the ios1-1mutant (right) harboring the pRD29B::GUS construct 3 d after control treatment
(water) or after inoculation withHpa. ABA signaling and reporter gene expression were either not particularly induced (Untreated)
or stimulated by spraying ABA onto cotyledons (ABA) or by lowering relative humidity (Drought). For a compiled view of the
experiment and for quantitative analyses, see Supplemental Figure S7. C, Exogenous application of ABA (10 mM) decreases the
reproduction of Hpa on the wild type and the complemented ios1-1 mutant (ios1-1cp4). It does not further decrease the lowered
susceptibility of ios1-1. D, ABA signaling interferes with Hpa infection. The Landsberg erecta (Ler) wild type and mutants in this
background (abi1-1 and ios1-1) were inoculated with the compatible Hpa isolate Wela. The Columbia (Col) wild type and the
abh1 mutant were inoculated with the compatible isolate Noco2. The values shown in C and D are means and SE of 20 replicates.
The significance of differences was determined in Student’s t test (different letters, P , 0.001). FW, Fresh weight.
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to 60%. No down-regulation of ABA-sensitive reporter
gene expression occurred in the ios1-1 mutant back-
ground, and GUS activity was comparable in the pres-
ence and absence of infection (Supplemental Fig. S7B).

Our findings suggest that IOS1 down-regulates ABA
signaling, thereby promoting disease progression in
downy mildew-infected tissue (Supplemental Fig. S8).
This implies that ABA signaling impedes the infection
process and that its down-regulation promotes disease.
Consistent with this hypothesis, we found that exogenous
ABA application to cotyledons significantly interfered
with downy mildew disease on the wild type and the
complemented mutant, whereas it did not further reduce
sporulation on ios1-1 (Fig. 5C). In further support of
this hypothesis, we noted that ABA-insensitive (abi1-1;
Koornneef et al., 1984) and ABA-hypersensitive (abh1)
signaling mutants were significantly more susceptible
and more resistant toHpa infection, respectively (Fig. 5D).

DISCUSSION AND CONCLUSION

Our findings identify IOS1 as a novel element in the
network regulating ABA responses. IOS1 expression is
specific to particular tissues or developmental stages
exhibiting a tight control of ABA responses (Fig. 3) and
becomes induced in response to infection with filamen-
tous, hemibiotrophic, or biotrophic pathogens (Fig. 1).
Our data thus suggest that these pathogens benefit from
the IOS1-mediated down-regulation of ABA signaling to
accomplish their infection cycle. The role of ABA in
plant-microbe interactions is ambiguous but seems to be
dependent on the lifestyle of infecting pathogens, the
plant tissue, and the time point of infection (Ton et al.,
2009). The Arabidopsis abi1-1ABA signaling mutant was
previously shown to be susceptible to Hpa but more re-
sistant to P. syringae, thus indicating that ABA signaling
promotes the multiplication of the bacterium but not the
development of Hpa in plant tissues (Mohr and Cahill,
2003). We show that susceptibility to downy mildew is
increased in cotyledons of the signaling mutant abi1-1,
supporting that P. syringae and Hpa require ABA sig-
naling in Arabidopsis in an opposite manner during the
initial infection process. Consistent with this, we found
the ABA-hypersensitive mutant abh1 more resistant to
Hpa infection, whereas the opposite effect was observed
when this mutant interacted with P. syringae (de Torres-
Zabala et al., 2007). Since our data show that neither the
IOS1 genotype nor Hpa infection had an influence on
ABA levels in cotyledons (Supplemental Fig. S5), we
conclude that IOS1 interferes with ABA signaling rather
than with its accumulation. Although ios1-1 has an ABA-
hypersensitive-like phenotype, susceptibility to downy
mildew is less strongly reduced in ios1-1 than in abh1. We
previously showed that IOS1 is encoded by a gene that
gave rise to a cluster of 11 IOS1-like MLD-RLKs through
successive gene duplications (Hok et al., 2011). Three
other genes from the cluster were found to be coregu-
lated with IOS1 during downy mildew infection (Hok
et al., 2011). The weaker interaction phenotype of the

ios1-1 mutant, when compared with abh1, might reflect
that other members of the cluster participate in the down-
regulation of ABA signaling and cooperate in disease
promotion.

The oomycete pathogens studied here sporulate
through stomata, and P. parasitica also employs stomata
to reenter leaf tissues (Supplemental Fig. S8). Increasing
stomatal opening due to a down-regulation of ABA
signaling would thus favor the entry and exit of these
pathogens. However, powdery mildew infection is
largely independent of stomatal opening, as the fungus
feeds on epidermal cells and does not enter the leaf tis-
sue. Furthermore, IOS1 appears to play a predominant
role during the early stages of infection, whereas the
sporulation of Hpa through open stomata characterizes
the end of the disease cycle. Induced stomatal opening
might thus favor other parameters affecting biotrophic
infection, such as the increase in transpiration and water
loss from leaf cells. The resulting decrease in leaf cell
turgor pressure might induce phloem cells with a higher
turgor pressure to discharge their metabolites into the
leaf cells, which would potentially become sinks for
nutrients that might then become available to the feeding
structures of biotrophic pathogens. Independent of the
effects on stomata, ABA influences stress responses as
well as the aging of plant tissues (Lim et al., 2007). IOS1-
mediated down-regulation of ABA signaling results in
the activation of COR and RD gene expression. These
genes are transiently expressed during the cooling re-
sponses of Arabidopsis (Wang and Hua, 2009), which
we likely induced in our experimental setup, and are
also expressed during the senescence of plant tissues
(Yang et al., 2011). The down-regulation of COR/RD
genes upon infection might thus indicate that biotrophs
attenuate stress-associated senescence programs of the
host cells for successful infection.

ABA also interferes with signaling pathways involv-
ing the defense hormones SA, JA, and ethylene. One
would expect that an interference of IOS1 with defense
hormone signaling upon Hpa infection would influence
the expression of defense-related genes that are con-
trolled by these hormones. However, the conventional
marker genes PR1a, PR4, and PDF1.2 were not more
responsive in ios1-1 upon Hpa infection when compared
with the wild type. By contrast, genes encoding the
defense regulators WRKY33, WRKY70, and PAD4 were
up-regulated to some extent in ios1-1 at the early stages
of infection. WRKY33 seems also to be involved in the
regulation of thermotolerance (Li et al., 2011), and
WRKY70 was recently described as a negative regulator
of stomatal closure and osmotic stress tolerance in
Arabidopsis (Li et al., 2013). PAD4 is essential in
effector-triggered immune signaling, but it is also re-
quired for the down-regulation of ABA signaling (Kim
et al., 2011). These genes are thus involved both in de-
fense and in the negative regulation of ABA signaling.
Their activation in ios1-1 might reflect the existence of a
feedback loop, which counteracts excessive ABA sig-
naling. We cannot exclude that a subtly nuanced cross
talk between ABA and defense hormones contributes to
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the observed interaction phenotypes of the ios1-1 mu-
tant. But taken together, our findings indicate a loss of
susceptibility to (hemi)biotrophic filamentous pathogens
rather than a gain of defense in plants that lack IOS1.
IOS1 appears to have a multifaceted role in the in-

teraction of Arabidopsis with microbes, depending on
the kind of infecting pathogen. Our findings determine
IOS1 as a plant factor promoting infection by filamen-
tous (hemi)biotrophs and as a negative regulatory ele-
ment of ABA signaling. By contrast, IOS1 plays a critical
role in the onset of PTI during the interaction of Arabi-
dopsis with P. syringae (Chen et al., 2014). It associates
with the recognition receptors for bacterial pathogen-
associated molecular patterns, FLS2 and EFR, and their
coreceptor BAK1. The absence of IOS1 in mutant plants
confers an attenuated PTI response and increased sus-
ceptibility to the bacteria. In this interaction, IOS1 acts as
a positive regulatory element in PTI upstream of mito-
gen-activated protein kinase signaling. Consequently,
both the expression of PTI marker genes (such as FRK1)
and callose deposition were attenuated in the absence of
IOS1 upon bacterial perception. During the interaction
with filamentous (hemi)biotrophs, however, IOS1 seems
to be engaged in a PTI-independent signaling pathway,
as we found that the induction of genes involved in
early defense signaling (FRK1, NHL10, and WRKY29)
upon Hpa infection and callose deposition in the inter-
action with powdery mildew did not change in ios1-1
when compared with the wild-type plants. Chen et al.
(2014) also found that IOS1 did not interfere with in-
fection by the necrotrophic fungal pathogen Botrytis
cinerea, further supporting a pathogen-dependent role
of IOS1. It has to be noted that three allelic mutants,
ios1-1, ios1-2, and ios1-3, are available. The mutant ios1-1
is a full knockout, whereas both ios1-2 and ios1-3 pro-
duce transcripts that probably translate for IOS1 pro-
teins with a truncated kinase domain (Chen et al., 2014;
Supplemental Fig. S9). In the interaction with P. syringae,
ios1-1, ios1-2, and ios1-3 showed similar PTI defects, and
it was also shown that IOS1 requires an active kinase
for the association with FLS2 and BAK1 and for the
concomitant activation of the PTI response after chal-
lenge with P. syringae (Chen et al., 2014). By contrast,
signaling is probably independent of the IOS1 kinase ac-
tivity upon infection with Hpa, because in our hands only
ios1-1, but not ios1-2 or ios1-3, was hypersensitive to ABA
and more resistant to Hpa (data not shown). We suppose
that IOS1may associate with other protein(s) that ensure(s)
the downstream signaling events during the interaction
with Hpa and other filamentous (hemi)biotrophs, inde-
pendent of the intrinsic IOS1 kinase domain. Interest-
ingly, a recent large-scale analysis of the membrane
protein interactome of Arabidopsis indicated that IOS1
interacts with a PP2C (Jones et al., 2014) that belongs to
the ABI1-related PP2C family (Schweighofer et al., 2004).
This finding requires confirmation, but it may indicate
that IOS1 down-regulates ABA signaling at the PP2C
node, where the ABA signal is transduced through the
inhibition of PP2Cs by activated PYR/PYL/RCAR re-
ceptors (Cutler et al., 2010). The same screen revealed

CRK50, a Cys-rich RLK, as another protein that poten-
tially interacts with IOS1 (Jones et al., 2014). This may
further support that IOS1 employs different modes of
signaling for the activation of PTI in the interaction with
P. syringae and for the down-regulation of ABA upon
infection with Hpa.

MLD-RLKs constitute a large protein family in Ara-
bidopsis, but functional data have only recently become
available for some of the family members. The MLD-
RLKs described to date control several processes involved
in reproduction. MLD-RLKs from the OUTGROWTH-
ASSOCIATED PROTEIN KINASE cluster control the
combination quality of intraspecific hybrids after fertil-
ization (Smith et al., 2011). THESEUS1 and HERKULES1
govern cell elongation in flower stalks (Guo et al., 2009).
ANXUR (ANX1 and ANX2) and FER coordinate the
behavior of male and female reproductive organs, re-
spectively, during pollen tube perception in fertilization
(Boisson-Dernier et al., 2009; Miyazaki et al., 2009). FER
is responsible for egg cell polarization, and fer mutants
are particularly resistant to powdery mildew fungi
(Kessler et al., 2010). FER has recently been shown to
down-regulate ABA signaling (Yu et al., 2012), and it
has been suggested that tip-growing hyphae from the
fungus resemble progressing pollen tubes (Kessler et al.,
2010). In this scenario, the hyphae make use of FER,
as a conserved component, to polarize host cells before
establishing haustoria and to down-regulate ABA sig-
naling to facilitate disease progression. The functional
analogy of IOS1 with FER (negative regulation of ABA
signaling), and its structural similarity with SYMRK,
suggest that IOS1 is one of the conserved elements that
evolved in plants for the detection of beneficial filaments
and that may have since been exploited by pathogens
for the establishment of disease.

In conclusion, we show that IOS1 negatively regulates
ABA signaling and that an absence of the MLD-RLK
confers ABA hypersensitivity to Arabidopsis. Our find-
ings strongly suggest that mildews exploit the receptor to
down-regulate ABA signaling in the host upon infection.
IOS1 thus appears to pivot the outcome of interactions
between Arabidopsis and the biotic environment, as it
both primes PTI to P. syringae and supports the infection
success of filamentous biotrophs.

MATERIALS AND METHODS

Plant Material

The Arabidopsis (Arabidopsis thaliana) mutants ios1-1 (Hok et al., 2011), abh1
(Hugouvieux et al., 2001), and abi1-1 (Koornneef et al., 1984) and the com-
plemented ios1-1cp4 line (Hok et al., 2011) have been described. A line har-
boring the pRD29B::GUS reporter (Christmann et al., 2005) in the Landsberg
erecta background was crossed with ios1-1, and lines homozygous for both the
mutation and the reporter transgene were used for analysis.

Plant Growth Conditions and Treatments

If not stated otherwise, plants were grown in growth cabinets at 20°C with a
12-h photoperiod (Hok et al., 2011). For germination assays, seeds were sown
on Gamborg’s B5 medium including vitamins (Duchefa), which was com-
plemented with 1% (w/v) Suc and ABA (6racemate containing 50% [w/v]
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active ABA; Sigma-Aldrich A1049). For growth assays, seeds were sown without
ABA and transferred to medium containing 10 mM (6)-ABA 1 week later. Root
elongation was measured from this time point. Alternatively, 1-week-old plant-
lets from the reporter line were transferred to medium containing Fluridon
(Sigma-Aldrich 45511). The responsiveness of COR genes to exogenous ABA
application was analyzed after spraying water or (6)-ABA at 0.5 and 5 mM onto
8-d-old seedlings and further incubation at 20°C in the light in a water-saturated
atmosphere. To analyze the influence of exogenously applied ABA on the in-
teraction with Hyaloperonospora arabidopsidis, 7-d-old seedlings were sprayed
twice with water or 10 mM (6)-ABA 6 h prior to inoculation and 24 h after in-
oculation with conidiospores. To stimulate RD29B expression, plants were
sprayed with a solution containing 10 mM (6)-ABA, 0.1% (v/v) dimethyl sulf-
oxide, and 0.005% (v/v) Silwett 1 d after inoculation with Hpa or treatment with
water. Alternatively, plants inoculated or not withHpawere placed in a Superdry
SD 302-21 cabinet (Totech) at 15% relative humidity 2 d after inoculation.

Pathogen Assays

Interaction studies with Hpa and Phytophthora parasitica were performed
and analyzed according to Hok et al. (2011) and Attard et al. (2010), respec-
tively. Conidia from Erysiphe cruciferarum were sprayed on 5-week-old plants
at an inoculation density of 3 to 5 conidia mm22. Powdery mildew symptoms
were examined 7 d after inoculation. For conidiophore production, leaves
were fixed 5 d after inoculation, and fungal structures were stained with acetic
ink (Hoefle et al., 2011). Inoculations with Ralstonia solanacearum strain
GMI1000, and the scoring of disease symptoms, were performed according to
Hirsch et al. (2002).

Determination of ABA Concentrations in Plant Tissues

Lyophilized plant material (100mg fresh weight equivalent per sample) was
homogenized. Each sample was analyzed as two technical and three biological
replicates. [2H6]ABA was supplied by the Plant Biotechnology Institute,
National Research Council of Canada. Further sample preparation was
performed according to Meixner et al. (2005) with some modifications. After
centrifugation of the samples at 10,000g for 10 min, the supernatant was re-
moved and evaporated to dryness under a stream of N2. The residue was
resuspended in 200 mL of methanol and centrifuged again under the same
conditions, and the supernatant was removed and placed in a glass vial. The
methanol was evaporated under a stream of N2, and the sample was resus-
pended in methanol. Methylation was performed by adding equal sample
amounts of a 1:10 diluted solution (in diethylether) of trimethylsilyldiazo-
methane solution (Sigma-Aldrich) for 30 min at room temperature. The mix-
ture was then evaporated and resuspended in 50 mL of ethyl acetate for gas
chromatography-mass spectrometry analysis.

Gas chromatography-mass spectrometry analysis was carried out on a Varian
Saturn 2100 ion-trap mass spectrometer, using electron-impact ionization at
70 eV, connected to a Varian CP-3900 gas chromatograph equipped with a
CP-8400 autosampler (Varian). For the analysis, 1 mL of the methylated sample
was injected in the splitless mode (splitter opening 1:100 after 1 min) onto a
Phenomenex ZB-5 column (30 m3 0.25 mm3 0.25 mm) using helium carrier gas
at 1 mL min21. Injector temperature was 250°C, and the temperature program
was 60°C for 1 min, followed by an increase of 25°C min21 to 180°C, 5°C min21

to 250°C, 25°C min21 to 280°C, and then 5 min isothermically at 280°C. For
higher sensitivity, the mSIS mode (Varian manual; Wells and Huston, 1995) was
used. The endogenous hormone concentrations were calculated by the principles
of isotope dilution (at mass-to-charge ratio 190/194 [endogenous and labeled
standard]; note that during fragmentation of ABA, two deuteriums are lost) for
methylated ABA (Walker-Simmons et al., 2000).

Detection of Reporter Gene Expression

Samples were analyzed by confocal microscopy for fluorescence of the GFP
reporter. GUS activity was stained histochemically with 5-bromo-4-chloro-
3-indolyl-b-glucuronic acid (Eurogentec) and analyzed with an Axioplan 2
microscope (Carl Zeiss) using transmission light optics. For localization in
thin-sectioned tissues, 5-bromo-4-chloro-3-indolyl-b-glucuronic acid-stained
cotyledons were fixed in 2% (v/v) glutaraldehyde in 50 mM PIPES, pH 6.9,
dehydrated, and embedded in Technovit 7100 (Heraeus Kulzer) as described
by the manufacturer. Embedded tissues were sectioned (6 mm) and mounted
in Depex (Sigma-Aldrich). Microscopy was performed on the Zeiss Axioplan 2
microscope using dark-field optics. In vitro GUS activity was determined

through the enzymatic conversion of 4-methylumbelliferyl-glucuronide (Jefferson
et al., 1987). The fluorescence of generated methylumbelliferone was determined
with an automated Xenius fluorimeter (SAFAS) under continuous agitation (600 V;
excitation, 350 nm; emission, 450 nm; bandwith, 10 nm). Specific enzymatic activity
was calculated according to a calibration curve established with commercial
methylumbelliferone (Sigma-Aldrich).

Confocal Microscopy

Optical sections were obtained using an inverted confocal microscope
(model LSM 510 META; Carl Zeiss) equipped with an argon ion and helium-
neon laser as excitation source. GFP fluorescence emission in samples was
detected after excitation at 488 nm through a 505- to 530-nm band-pass
emission filter.

Reverse Transcription-PCR

RNA was extracted from 50 mg of seedlings with the Isolate II RNA Plant
Kit (Bioline). Reverse transcription, quantitative PCR, and data analysis were
performed according to Hok et al. (2011). For primer sequences, see Supplemental
Table S1.

Thermography

Plants were grown for 4 weeks at 20°C with an 8-h photoperiod. Before
thermography, plants were exposed for 48 h to continuous light at room tem-
perature under low relative humidity. In three experimental repetitions, infrared
recordings were performed with a Thermacam PM250 (Inframetrics, FLIR Sys-
tems) on at least 20 positions per rosette for eight different plants per line.

Measurement of Stomatal Density, Aperture,
and Conductance

Epidermal peels of leaves from 4-week-old plants were prepared on a mi-
croscope slidewithmedical adhesive TelesisV (Premiere Products). Stomatawere
allowed to close for 2.5 h in the dark in a medium containing 10 mM MES, 10 mM

KCl, and 7.5 mM iminodiacetic acid at pH 6.2 and were then either incubated for
3 h in white light in the same medium containing 50 mM (6)-ABA or kept in the
dark for 3 h after the addition of 10 mM glibenclamide (Enzo Life Sciences). All
peels were analyzed with an Axioplan 2 microscope equipped with an Axiocam
camera (Carl Zeiss). Stomatal density and aperture were determined with the
Zeiss Axiovision digital image-processing software, version 4.4. Stomatal con-
ductance was measured with leaves of 6-week-old short-day-grown plants using
a GFS-3000 infrared gas analyzer (Walz). Assimilation rate, transpiration rate,
and stomatal conductance were calculated using the GFSwin version 2.0 soft-
ware (Walz). To analyze ABA-dependent stomatal closure, leaves were detached,
transferred to 2 mL of water, and adapted for 10 min to light (200 mE m22 s21),
temperature (22°C), and CO2 (350 mL L21). Petioles were then transferred to
different ABA concentrations, and gas exchange was recorded in a 3-cm2 cell at
200 mE m22 s21, 22°C, and 13,000 mL L21 water (56% relative humidity) until
stomatal aperture reached steady state at about 25 to 40 min after transfer. To
increase reproducibility, measurements were conducted only during the first half
of the light period.

Sequence data from this article, and details for Arabidopsis loci, can be
found at the GenBank/EMBL data libraries and The Arabidopsis Information
Resource under accession numbers At1g51800 (IOS1), At2g19190 (FRK1),
At2g35980 (NHL10), At2g38470 (WRKY33), At3g52430 (PAD4), At2g14610
(PR1a), At2g26020 (PDF1-2), At3g04720 (PR4), At4g23550 (WRKY29),
At3g56400 (WRKY70), At5g52310 (RD29A), At5g52300 (RD29B), At2g42530
(COR15B), At2g42540 (COR15A), At5g10790 (UBIQUITIN-SPECIFIC PROTE-
ASE22), At5g11770 (NADH-UBIQUINONE OXIDOREDUCTASE 20 kD SUB-
UNIT), and At5g62050 (HOMOLOG OF YEAST OXIDASE ASSEMBLY1).

Supplemental Data

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

Supplemental Figure S1. IOS1 affects powdery mildew disease but not
bacterial wilt.
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Supplemental Figure S2. ios1-1 mutants have no aberrant developmental
phenotypes.

Supplemental Figure S3. The ios1-1 mutation does not affect callose depo-
sition in powdery mildew-infected leaves.

Supplemental Figure S4. ABA does not induce IOS1 expression.

Supplemental Figure S5. ABA levels in cotyledons from Arabidopsis
plants.

Supplemental Figure S6. ABA-induced, transient expression of COR genes
is accelerated in the ios1-1 mutant.

Supplemental Figure S7. ABA-sensitive reporter gene expression is down-
regulated in Hpa-inoculated wild-type plants but not in ios1-1.

Supplemental Figure S8. Proposed role of IOS1 during infection with fil-
amentous (hemi)biotrophs.

Supplemental Figure S9. Transcripts produced by ios1 mutants.

Supplemental Table S1. Accession numbers, names, and primer sequences
for genes analyzed in this study.
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