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Stomata are leaf pores that regulate gas exchange and water
transpiration in response to environmental cues. They also
function in innate immunity by limiting pathogen entry
through actively closing in so-called stomatal defense. How-
ever, roles of stomata in plant disease resistance are not
fully elucidated, especially in monocots. Here, we report that
non-race specific resistance of the rice abscisic acid-deficient
mutant Osabal to Xanthomonas oryzae pv. oryzae is due to in-
creased stomatal conductance. Reducing stomatal conductance
in the Osabal mutant increases its susceptibility to X. oryzae pv.
oryzae. Artificial opening of stomata in wild-type plants leads to
enhanced resistance to X. oryzae pv. oryzae. The rice mutant
es1-1 with constitutively higher stomatal conductance exhibits
strong resistance to X. oryzae pv. oryzae. Additionally, Osabal
and esI-1 are resistant to X. oryzae pv. oryzicola. The data
support that open stomata confer postinvasive resistance
against bacterial pathogens in rice, and such resistance prob-
ably results from decreased leaf water potential. Our findings
reveal a novel role of stomata in plant immunity through
modulation of leaf water status, which provides physiological
insight into the interactions between plant, pathogen, and
environment.

Bacterial pathogens cause major crop diseases worldwide
(Bashan 1987). On the other hand, plants combat invading
pathogens with a layered immune system, including immunity
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triggered by perception of conserved, microbe-associated mo-
lecular patterns (MAMPs) or by direct or indirect recognition of
bacterial effectors deployed as virulence factors (Jones and
Dangl 2006; Sanabria et al. 2008). Successful infection also
depends on the ability of a pathogen to modulate the physiology
of the host to favor pathogen multiplication and colonization
(Beattie and Lindow 1999; Le Fevre et al. 2015; Xin et al. 2016).
However, the cellular and physiological details of plant—bacterial
pathogen interactions remain, to a great extent, unclear. For ex-
ample, how do adapted pathogenic bacteria acquire nutrients and
water from plants, and how do the bacteria grow and spread in
plant tissues (Fatima and Senthil-Kumar 2015)? Understanding
of these mechanisms might lead to novel strategies to enhance
plant defenses against pathogenic bacteria.

After host recognition, most foliar bacterial pathogens must
enter leaf tissue to obtain nutrients and water for multiplication
and establish substantial infective populations (Melotto et al.
2008). These bacteria get into host tissue typically through
wounds or natural openings on the leaf surface such as hyda-
thodes and stomata (Lindow and Brandl 2003). Stomata are
pores formed by pairs of guard cells on leaves (Underwood
et al. 2007). Stomata function in innate immunity by actively
closing to limit pathogen entry. This so-called stomatal defense
is triggered by MAMPs (Melotto et al. 2006, 2017). In turn,
bacterial pathogens have evolved virulence factors that sup-
press stomatal closure to facilitate their entry and colonization
of host tissues (Lozano-Duran et al. 2014; Melotto et al. 20006).

Stomata control gas exchange between the atmosphere and
leaves that is required for photosynthesis. Additionally, stomata
mediate transpiration, which drives water transport from root
to shoot and, finally, evaporation from leaves (Underwood
et al. 2007). Therefore, stomata play a major role in plant—
environment interactions (Zhu et al. 2012). Consistently,
stomatal conductance changes in response to various abiotic
and biotic stimuli such as drought, light, and microbial in-
fection. Plants have evolved complicated mechanisms to con-
trol stomatal opening and closure to balance interior water
homeostasis and carbon dioxide intake for survival and optimal
growth (Chavarria and dos Santos 2012). The phytohormone
abscisic acid (ABA) is a major regulator of stomatal closure.
Varieties of abiotic stress induce ABA biosynthesis, which re-
sults in stomatal closure and prevents plant water loss (Tuteja
2007). Recently, ABA emerged as an important regulator of
plant immunity (Asselbergh et al. 2008; Cao et al. 2011).
Clearly, understanding the interactions between environmental
cues and the immune system is a prerequisite for successful
plant disease management (Webb et al. 2010). Most details of
the interplay between abiotic and biotic defense pathways re-
main elusive. Although it appears that ABA plays an essential
role in this (Cao et al. 2011), its mode of action is just beginning
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to be understood. Therefore, it is worthwhile to investigate
whether adjustment of stomatal conductance plays a role in this
process.

Transpiration mediated by stomata leads to water loss from
leaves. One key function of stomata is to control leaf water
status (Chavarria and dos Santos 2012). It is not surprising that
foliar bacterial pathogens and plants battle for water during
their interactions (Beattie 2016). Water soaking is commonly
observed on leaves in the infiltration site of bacterial pathogens
(Reimers and Leach 1991). After infiltration into leaves, only
compatible pathogenic bacteria managed to establish large
populations, whereas nonpathogenic and incompatible bacte-
rial strains showed very little growth (Wilson et al. 1999). How-
ever, high humidity and continued water soaking of leaves
promote the growth of both pathogenic and nonpathogenic
foliar bacteria (Xin et al. 2016; Young 1974). It appears that
bacterial pathogens are able to modify the leaf interior envi-
ronment for successful colonization by, in part, modulating
host water status (Beattie 2011; Beattie and Lindow 1995).
Bacterial effectors such as HopM1 in Pseudomonas syringae
and AvrHahl in Xanthomonas gardneri enable apoplast hy-
dration (Schornack et al. 2008; Xin et al. 2016). On the other
hand, plants actively reduce fluid movement and promote
water loss in host cells undergoing effector-triggered immunity
(ETI), suggesting that plants possess a counter-defense against
modulation of host water status by bacterial pathogens. This
idea is supported by the fact that high humidity is able to
suppress host hypersensitive cell death induced by ETI (Freeman
and Beattie 2009). Despite progress on understanding how
bacterial pathogens establish the host interior aqueous environ-
ment, the action mode and physiological basis of host control of
water status against pathogens remain elusive.

Rice (Oryza sativa) is one of the most important staple
crops worldwide and is also a popular model monocot (Bajaj
and Mohanty 2005). Bacterial leaf blight (BLB) caused by
X. oryzae pv. oryzae is one of the most destructive diseases of
rice (Zhang and Wang 2013), and the rice—X. oryzae pv. oryzae
system is an excellent model for studying host—pathogen in-
teractions (Chen and Ronald 2011; Nifio-Liu et al. 2006). Here,
we show that rice mutants with constitutively open stomata
exhibit strong resistance to BLB. In addition, artificial opening
of stomata led to enhanced resistance to X. oryzae pv. oryzae.
This resistance resulted from decreased water potential in these
stomata-open plants.

RESULTS

Rice Osabal mutant exhibits
non-race specific resistance to blight bacteria.

A genetic screen in japonica rice (O. sativa ‘Nipponbare’)
identified a mutant exhibiting strong resistance to X. oryzae pv.
oryzae, here called Osabal. Leaves of Osabal were inoculated
with the virulent X. oryzae pv. oryzae strain PXO99 by the leaf-
tip clipping method (Fig. 1A). In this way, the pathogen gained
access to the vascular system via wounds, multiplied in the
host, and spread systemically through the xylem; thus, lesion
length was an indicator of disease development (Kauffman
et al. 1973; Noda and Kaku 1999). The Osabal mutant dis-
played strong resistance to X. oryzae pv. oryzae. The average
lesion formed on wild-type leaves 12 days after inoculation was
approximately 10 cm in length whereas, on the mutant, it was
only approximately 3 cm (Fig. 1A). We further tested several
other virulent X. oryzae pv. oryzae strains (PXO061, PXO86,
PXO071,PX0112,PX0145, and Zhel73), and Osabal exhibited
strong resistance to all these strains (Fig. 1B). This indicates that
the Osabal mutant exhibits non-race specific resistance to
bacterial blight pathogens.
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Map-based analysis of 534 individuals with a X. oryzae pv.
oryzae-resistant phenotype from a segregating F2 population
derived from a cross between Osabal and Minghui 63 indica
variety located the mutation to a region on chromosome 4 be-
tween markers S4-19.8 and S4-23. Genome sequencing of this
region revealed a G-to-T substitution in OsZEP or OsABAI
(LOC_0s04g37619) gene in the mutant (Fig. 1C). To further
verify the identity of OsABAI locus, a binary vector carrying
full-length OsABA1 cDNA was transformed into Osabal mu-
tants. The transgenic progeny exhibited restored X. oryzae pv.
oryzae susceptibility of the Osabal mutant to the level of wild-
type plants (Fig. 1D). These results indicate that the X. oryzae
pv. oryzae resistance phenotype of the Osabal mutant is due to
mutation in the OsZEP or OsABAI gene.

When grown in a paddy field, the Osabal mutant displayed a
lesion mimic phenotype. Small reddish-brown lesions were
scattered over the leaves exposed to sunlight at the tillering
stage (Supplementary Fig. S1). In contrast, no lesions were
visible on Osabal leaves when they were grown in a controlled
growth chamber under a cycle of 13 h of light at 28°C and 11 h
of darkness at 26°C, and this was further confirmed by trypan
blue staining of the leaves. Osabal mutants grown in growth
chambers still exhibited strong resistance to X. oryzae pv.
oryzae, suggesting that their resistance is independent of the
lesion-mimic phenotype. In order to avoid the effect of the
lesion-mimic phenotype of Osabal mutants on our work, all of
the following experiments were performed with plants grown in
a controlled-growth chamber.

Decreased ABA content leads
to X. oryzae pv. oryzae resistance in rice.

The G-to-T mutation in the Osabal mutant converts Arg424
to Ile in zeaxanthin epoxidase (ZEP), a key enzyme in ABA
biosynthesis, resulting in extremely low ABA content (Fig. 1E).
To confirm that X. oryzae pv. oryzae resistance in Osabal is
caused by OsZEP/OsABA1 dysfunction, we sprayed exoge-
nous ABA on Osabal seedlings to see whether this would re-
verse the resistance phenotype. Indeed, the ABA-treated mutant
plants became susceptible to X. oryzae pv. oryzae, and their
susceptibility increased with increasing concentrations of ABA
such that, ultimately, there was no difference in lesion lengths
induced in the wild type or mutants sprayed with 100 uM ABA
(Fig. 1F). These data point to a direct role of ABA in the disease
resistance of the Osabal mutant.

To further investigate whether ABA deficiency leads to
X. oryzae pv. oryzae resistance, we generated transgenic plants
expressing RNAi for the ABA biosynthesis genes OsABA2
and OsABA3, and plants overexpressing the ABA catabolic
gene OsABAS8oxI (Fang and Chu 2008; Saika et al. 2007).
Expression levels of these transgenes were analyzed by reverse-
transcription polymerase chain reaction (RT-PCR), and repre-
sentative lines were chosen for further inoculation experiments
with PX099. Disease lesions formed on these transgenic lines
were significantly shorter than on the wild type (Fig. 1G and
H). These results reveal that suppression of ABA biosynthesis
genes and overexpression of an ABA catabolic gene lead to
X. oryzae pv. oryzae resistance in rice.

X. oryzae pv. oryzae resistance in Osabal is due
to increased stomatal conductance and transpiration rate.
ABA has been proposed to enhance the susceptibility of rice
to X. oryzae pv. oryzae and Magnaporthe grisea by attenuating
salicylic acid (SA) signaling (Jiang et al. 2010; Xu et al. 2013;
Yazawa et al. 2012). However, the basal level of SA is high in
rice and pathogen infections do not significantly change its
level in local or systemic leaves (Silverman et al. 1995). We
found that transcript levels of the SA signaling marker genes
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Fig. 1. Abscisic acid (ABA) deficiency in rice leads to strong resistance to bacterial leaf blight. A, Disease lesion development on leaves of wild-type (WT)
plants and the Osabal mutant 12 days after leaf-clip inoculation with Xanthomonas oryzae pv. oryzae strain PX099. Lesion lengths were measured and
analyzed (right panel). Photographs of representative leaves are shown in the left panel. Bar = 1 cm. B, Lesion lengths measured 12 days after leaf-clip
inoculation with indicated X. oryzae pv. oryzae strains. C, Map-based cloning of Osabal. The locus was mapped to a region between marker S4-19.8 and
marker S4-23 of chromosome 4. The exon (closed rectangle) and intron (line) organization of the OsABAI gene is illustrated, and the position of the Osabal
mutation (a G-to-T mutation converts Arg424 to Ile) is indicated by an arrow. D, Lesion lengths of WT plants, Osabal, and Osabal plants transformed with
OsABAI (OsABA1/Osabal) were measured and analyzed at 12 days postinoculation (dpi). E, ABA content of WT and Osabal plants. FW = fresh weight. F,
Exogenous ABA restores the susceptibility of the Osabal mutant to X. oryzae pv. oryzae. Rice plants were pretreated by spraying with ABA at the indicated
concentrations 1 day before X. oryzae pv. oryzae inoculation, and lesion lengths were measured at 12 dpi. G, Lesion lengths were measured on leaves of the
OsABA2 and OsABA3 RNAI lines at 12 dpi. H, Lesion lengths were measured on the leaves of the OsABASox1-overexpressing lines at 12 dpi. Values are means +
standard deviation, n > 8, and * and ** indicate P < 0.05 and 0.01, respectively (z test).
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OsWRKYI13 and OsPR-la were comparable in the Osabal
mutant and wild-type Nipponbare plants (Supplementary Fig.
S2), indicating that SA signaling is not activated by ABA de-
ficiency. Similar results were previously obtained in rice treated
with fluridone, an inhibitor of ABA biosynthesis (Xu et al.
2013). Interestingly, expression of OsPR-Ia was still induced
by X. oryzae pv. oryzae infection in the Osabal mutant, even to
a higher level than in wild-type plants. To further investigate the
role of SA in Osabal X. oryzae pv. oryzae resistance, we in-
troduced the bacterial salicylate hydroxylase gene nahG into
Osabal by crossing with a rice transgenic line (Tang et al.
2011). As expected, the SA level in the Osabal/nahG plants
was greatly reduced. Resistance to PXO99 was not compro-
mised in the Osabal/nahG plants, even though nahG plants are
more susceptible to PXO99 than wild-type plants. Similarly,
RNAI for OsNPRI1, a key component of the SA signaling, did
not affect X. oryzae pv. oryzae resistance of Osabal mutants.
Together, these observations indicate that SA plays arole inrice
disease resistance but that the resistance of Osabal to X. oryzae
pv. oryzae is largely independent of SA.

ABA regulates stomatal closure and, thereby, controls tran-
spiration and leaf water status (Kim et al. 2010; Mittelheuser
and Van Steveninck 1969). The Osabal mutant loses water
faster than the wild type (Fig. 2A), and its stomatal conductance
and transpiration rate are greatly elevated (Fig. 2B), in agree-
ment with the idea that ABA deficiency leads to larger steady-
state stomatal opening (Merilo et al. 2018). To test whether the
resistance of Osabal to X. oryzae pv. oryzae is due to the
increased stomatal opening, we checked its disease resis-
tance after treating leaves with antitranspirant and chemicals
or environmental cues that induce stomatal closure or opening.
Because long-term treatments may damage leaves, we exam-
ined X. oryzae pv. oryzae infection just 3 or 4 days post-
inoculation (dpi). To facilitate observation of X. oryzae pv.
oryzae migration inside rice leaves, we used an enhanced
green fluorescent protein (EGFP) tagged X. oryzae pv. oryzae,
PXO099gGrp, Which exhibits virulence similar to that of PX099
(Han et al. 2008) (Supplementary Fig. S3). Disease develop-
ment was quantified by measurement of X. oryzae pv. oryzae
migration in rice leaves with microscopic observation of the
fluorescence of PXO99:gEp.

Wilt-Pruf (terpene oligomers) is a film-forming antitranspirant.
After spraying on leaf surfaces, Wilt-Pruf spray dries to form a
clear, transparent, and flexible protective coating that seals the
stomata and prevents transpiration (Walters 2006). As expec-
ted, stomatal conductance and transpiration rate were greatly
decreased in Wilt-Pruf-treated wild-type and Osabal plants
(Fig. 2C). Importantly, Wilt-Pruf treatment largely restored the
susceptibility of Osabal to X. oryzae pv. oryzae (Fig. 2D),
indicating a link between stomatal conductance and disease
resistance against X. oryzae pv. oryzae. Similarly, when Osabal
mutants were exposed to 100 uM atrazine (2-chloro-4-ethylamino-
6-isopropylamino-s-triazine), a herbicide which closes sto-
mata and inhibits transpiration (Jachetta et al. 1986; Powles
and Yu 2010), their stomatal conductance and transpiration
rate declined (Fig. 2E), and they became more susceptible to
X. oryzae pv. oryzae (Fig. 2F). These data support an impor-
tant role of open stomata in the X. oryzae pv. oryzae resistance
of Osabal mutants.

Incremental increases in stomatal conductance
and transpiration rate leads
to X. oryzae pv. oryzae resistance in rice.

We further checked whether manipulation of stomatal open-
ing affected the resistance of rice to X. oryzae pv. oryzae. Each
stoma is composed of a pair of guard cells, and stomatal open-
ing is caused by swelling of the guard cells due to accumulation
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of potassium salts (Sun et al. 2014). The fungal toxin fusicoccin
stimulates potassium uptake by guard cells and causes stomatal
opening (Kinoshita et al. 2001; Turner 1972). When leaves of
wild-type Nipponbare were sprayed with 10 uM fusicoccin,
stomatal conductance and transpiration rate increased dramat-
ically (Fig. 3A) and the plants exhibited increased resistance to
X. oryzae pv. oryzae (Fig. 3B).

We next investigated the effect of environmental cue-
induced stomatal opening on disease resistance. Stomata close
in the dark and open in the light (Zeiger 1983). Wild-type
plants were inoculated with X. oryzae pv. oryzae and half of
the inoculated plants were placed under continuous light,
while the other half were grown under 13 h of light and 11 h of
darkness. Plants illuminated continuously were more resistant
to X. oryzae pv. oryzae, forming significantly shorter disease
lesions (Fig. 3C). This result further supports the idea that
open stomata confer X. oryzae pv. oryzae resistance in rice. In
agreement with this, treatment of wild-type rice leaves with
Wilt-Pruf led to enhanced susceptibility to X. oryzae pv.
oryzae (Fig. 2D).

The rice mutant esZ-1 with constitutively higher
stomatal conductance exhibits strong resistance
to X. oryzae pv. oryzae.

The role of stomatal conductance and transpiration rate in
disease resistance was further explored with a genetic approach.
The rice mutant es/-7, harboring a mutation in LOC_
0s01g11040, resulted in loss of function of OsSCAR?2. Sto-
matal conductance and transpiration rate were significantly
higher in the es/-1 mutant (Fig. 3D), due to higher stomatal
density and increased number of semiopen stomata under
steady state (Rao et al. 2015). Intriguingly, this mutant also
displayed strong resistance to X. oryzae pv. oryzae (Fig. 3E),
and Wilt-Pruf treatment could partially rescue the resistance
phenotype of the mutant (Fig. 3F). This result provides ad-
ditional evidence for an essential role of stomatal opening in
rice disease resistance.

Water status affects rice resistance
against bacterial blight.

X. oryzae pv. oryzae enters the rice leaf through wounds
when inoculated by the clipping method, then spreads via the
xylem (Noda and Kaku 1999). Therefore, it seems that stomata
opening does not directly affect rice defense against the bac-
terial pathogen. Stomata opening increases transpiration rate
(Figs. 2 and 3) and, thereby, decreases water availability in the
leaf interior (Xu and Zhou 2008). Because water status in leaf
tissues greatly affects growth and infection of bacterial
pathogens (Beattie 2011; Xin et al. 2016), stomatal opening
may modulate host water status to confer resistance against
X. oryzae pv. oryzae in rice. Therefore, we measured water
potential, an indicator of water status, in rice leaves. Water po-
tential in the Osabal mutants was approximately —1.6 MPa, much
lower than in wild-type rice plants (approximately —1.0 MPa)
(Fig. 4A).

Ambient humidity can directly affect plant water status via
stomata. To confirm that altered water status in Osabal leads to
enhanced X. oryzae pv. oryzae resistance, we shifted plants at
day 0O postinoculation from conditions of regular (50% relative
humidity) to high (90% relative humidity) humidity. The sus-
ceptibility of Osabal to X. oryzae pv. oryzae was largely re-
stored by growing under high-humidity conditions (Fig. 4B).
Interestingly, wild-type plants grown under high humidity also
exhibit slightly increased susceptibility to X. oryzae pv. oryzae
(Fig. 4B). These data support a role of leaf water status in rice
resistance against bacterial blight.
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Both multiplication and spread
of leaf-infiltrated X. oryzae pv. oryzae are compromised
in the Osabal mutant.

To examine how the infection of X. oryzae pv. oryzae is
affected in Osabal, we infiltrated PXO99ggep into leaves.
Multiplication and spread of the bacteria was measured by
quantification of X. oryzae pv. oryzae in contiguous, 3-cm-long
leaf segments at and around the infiltration site (Fig. SA). In
Osabal, the population of X. oryzae pv. oryzae was slightly
reduced at the infiltration site but greatly decreased in adja-
cent leaf segments, and no bacteria could be detected in leaf
segments 3 cm further away (Fig. 5A). Confocal imaging of
cross-sections of leaf segments (segment B) adjacent to the
infiltration site revealed that the fluorescence of PXO99:grp
was only present in the xylem of wild-type plants but not of the
Osabal mutant, whereas the fluorescence was observed in the
intercellular spaces of both wide-type and mutant leaves (Fig.
5B). This indicates that X. oryzae pv. oryzae fails to colonize

>

the xylem of the Osabal mutant. Consistently, 8 dpi, necrotic
lesions spread in both directions from the infiltration site in the
wild-type leaves but were restricted to a small region around
the infiltration site in Osabal (Fig. 5C). Together, these results
indicate that multiplication and spread of leaf-infiltrated X. oryzae
pV. oryzae are compromised in the Osabal mutant.

The Osabal and esI-1 mutants are resistant
to leaf streak bacteria.

X. oryzae pv. oryzicola, a nonvascular bacterial pathogen
causing rice bacterial leaf streak, infects leaves through sto-
mata and colonizes intercellular spaces of the parenchyma,
finally resulting in necrotic lesions between the veins (Nifio-
Liu et al. 2006). To test whether the resistance in the Osabal
mutant is limited to vascular pathogens such as X. oryzae pv.
oryzae, we infiltrated X. oryzae pv. oryzicola into the rice
leaves. The Osabal mutant also exhibited strong resistance to
X. oryzae pv. oryzicola (Fig. 5D). Similarly, the rice mutant
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Fig. 3. Opening of stomata increases the resistance of rice against bacterial leaf blight. A, Stomatal conductance and transpiration rate of wild-type (WT) plants
6 h after treatment with 10 uM fusicoccin (FC). B, Migration distances of PXO99ggpp on rice leaves measured 3 days post leaf-clip inoculation. WT plants
were inoculated with PXO99gggp 6 h after FC treatment. C, Migration distances of PXO99gggp on rice leaves measured 3 and 4 days post leaf-clip inoculation.
After inoculation, WT plants were maintained in a growth chamber either with constant light or with a cycle (in phase) of 13 h of light and 11 h of darkness. D,
Stomatal conductance and transpiration rate of WT and es/-/ mutant rice leaves. E, The es/-1 mutant is highly resistant to X. oryzae pv. oryzae. Disease lesion
lengths were measured 12 days post leaf-clip inoculation with PX099. Photographs of representative leaves are shown in the right panel. Bar = 1 cm. F, Wilt-
Pruf treatment partially rescues the resistance phenotype of the es/-/ mutant. Plants were leaf-clip inoculated with PXO99ggrp 1 day after Wilt-Pruf treatment,
and distances migrated by the bacteria were measured at 3 days postinoculation. Values are means + standard deviation, n > 8, and asterisks (**) indicate P <

0.01 (¢ test).
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esl-1 also showed strong X. oryzae pv. oryzicola resistance
(Supplementary Fig. S4). Because X. oryzae pv. oryzicola
infects rice via stomata, we also spray inoculated X. oryzae pv.
oryzicola on leaves of wild-type and Osabal mutant plants.
Osabal again exhibited enhanced resistance to X. oryzae pv.
oryzicola (Fig. SE). Together, these results suggest that open
stomata confer postinvasive resistance to bacterial pathogens.

Rice leaf water status changes
upon X. oryzae pv. oryzae infection.

It is possible that X. oryzae pv. oryzae is able to modulate
stomatal conductance in rice leaves. To examine this, we in-
oculated wild-type rice plants with X. oryzae pv. oryzae by leaf
clipping. At 3 dpi, a disease lesion was visible around the in-
oculation site of the leaf and, at 4 dpi, the lesion spread from the
tip of the leaf (Supplementary Fig. S5). In order to avoid effects
of the disease lesion, we measured the stomatal conductance
and transpiration rate at 3 dpi. Both stomatal conductance and
transpiration rate were greatly reduced in the infected leaves
(Fig. 6A). This result indicates that X. oryzae pv. oryzae in-
fection can induce host stomatal closure. Interestingly, the ABA
content was also induced by X. oryzae pv. oryzae infection (Fig.
6B), suggesting that X. oryzae pv. oryzae-induced stomata
closure may be due to increased ABA levels.

Water-soaked lesions are an early symptom of rice bacterial
blight. We observed that water soaking appeared around the
infiltration areas in wild-type leaves 1 dpi. This water soaking
became darker and extended along veins in both directions
from the infiltration sites as the disease developed (Fig. 6C). In
contrast, water soaking was barely detectable in Osabal mu-
tants at infiltration sites and also spread much more slowly (Fig.
6C). Next, we quantified the leaf interior water potential by
introducing into X. oryzae pv. oryzae the water-potential
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reporter proU-inaZ fusion (Wright and Beattie 2004). In wild-
type plants, water potentials sensed by X. oryzae pv. oryzae
increased from —1.26 MPa at 1 dpi to —0.92 MPa at 3 dpi,
whereas it only slightly increased in the Osabal mutant (Fig.
6D). Together, these data support the idea that X. oryzae pv.
oryzae infection modulates host leaf water status.

DISCUSSION

Understanding the physiological processes by which plants
defend against bacterial pathogens is a prerequisite for crop
disease management. Stomata are natural openings on plant
leaves which open and close in response to various extracellular
and intracellular stimuli. A major function of stomata is to
regulate gas exchange and water transpiration. In this work, we
found that open stomata in rice lead to resistance to leaf blight
bacteria, and this resistance is conferred through modulation
of host water status. Stomata conductance and water status are
affected by environmental cues such as light, drought, and hu-
midity (Schulze and Hall 1982). In addition, environmental
conditions affect the outcome of host—pathogen interactions
(Scholthof 2007). Our findings offer new insight into the in-
teractions between plant, pathogens, and environment.

The phytohormone ABA modulates the interplay between
responses to abiotic and biotic stresses. However, the effects of
ABA on plant disease resistance are not fully understood (Cao
et al. 2011; De Vleesschauwer et al. 2013). We found that ABA
negatively regulates the defense of rice to X. oryzae pv. oryzae
(Fig. 1) because the ABA-deficient Osabal rice mutant ex-
hibited strong resistance to X. oryzae pv. oryzae. SA also
plays a role in rice disease resistance (Xu et al. 2013). Ex-
ogenous treatment of rice leaves with ABA promoted plant
susceptibility to pathogens, probably by antagonizing SA
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Fig. 4. Water status affects rice resistance against bacterial blight. A, Leaf water potentials of wild-type (WT) and Osabal plants. Values are means + standard
deviation (SD), n = 3, and asterisks (**) indicate P < 0.01 (¢ test). B, High humidity reverses the resistance phenotype of Osabal. WT and Osabal plants were
leaf-clip inoculated with PXO99ggrp and then grown under indicated relative humidity (RH). Migration distances of PXO99ggrp were measured under a
fluorescence stereo microscope at 4 days post leaf-clip inoculation. Values are means + SD, n > 10, and asterisks (**) indicate P < 0.01 (¢ test).
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signaling (Cao et al. 2011; Jiang et al. 2010; Xu et al. 2013).
Interestingly, rice seedlings treated with the ABA biosynthesis
inhibitor fluridone exhibited increased resistance to X. oryzae
pv. oryzae, and the resistance appeared to be independent of
SA (Xu et al. 2013). Our results also indicate that X. oryzae pv.
oryzae resistance of the ABA-deficient mutant Osabal is
unlikely due to activation of SA-dependent pathways. This
was supported by our demonstration that Osabal/nahG plants
still exhibited strong resistance. ABA plays a crucial role in
controlling stomatal closure and, thereby, regulates water
transpiration in plants (Daszkowska-Golec and Szarejko
2013). Stomatal conductance and water transpiration were
greatly increased in the Osabal mutant (Fig. 2B). We provide
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several lines of evidence indicating that increased stomatal
conductance and water transpiration lead to strong resistance to
X. oryzae pv. oryzae. Therefore, ABA regulates plant disease
resistance through controlling stomatal opening, in addition to
its antagonistic role to SA.

Plants have a complex innate immune system that has
coevolved with pathogens (Jones and Dangl 2006). Similar to
Osabal, esl-1, a rice mutant with constitutively half-open
stomata, exhibits strong resistance to X. oryzae pv. oryzae. We
also show that incremental changes in stomatal conductance
induced by chemical and environmental cues result in enhanced
resistance of rice to bacterial blight pathogens (Fig. 3). It has
previously been shown that MAMP-triggered stomatal closure,
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Fig. 5. Multiplication and spread of bacterial pathogens are compromised in the Osabal mutant. A, Titers of PXO99gggp in the indicated leaf segments (3 cm
long each) at or around infiltration site of the wild-type (WT) and Osabal plants 4 days after infiltration. The black-filled circle in segment A indicates the
infiltration site (left panel). ND = not detected and dpi = days postinoculation. Values are means + standard deviation (SD), n = 3, and asterisks (**) indicate P <
0.01 (z test). B, Transverse sections of the leaf of WT and Osabal plants at a position near the junction of segments A and B as indicated in A. PXO99gggp
colonization of leaf tissues was visualized using a confocal microscope 4 days after infiltration. Bar = 25 pm. C, Representative disease symptoms on leaves of
WT and Osabal plants 8 days after infiltration inoculation with PXO99ggrp. Representative leaves are shown. Bar = 1 cm. D, Osabal plants exhibit strong
resistance to Xanthomonas oryzae pv. oryzicola. Disease lesion development on WT and Osabal rice leaves 12 dpi. Photographs of representative leaves are
shown (left panel). Bar = 1 cm. Lesion lengths were measured and analyzed (right panel); values are means + SD, n > 15, and asterisks (**) indicate P < 0.01
(t test). E, Titers of X. oryzae pv. oryzicola in leaves of WT and Osabal plants after spray inoculation. Values are means + SD, n > 3, and asterisks (* and

*#) indicate P < 0.05 and 0.01, respectively (7 test).
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known as stomatal defense (Melotto et al. 2017; Sawinski et al.
2013), represents a layer of immunity active during pathogen
invasion. In turn, bacterial pathogens have evolved virulence
factors or effectors that promote reopening of stomata (Melotto
et al. 2006; Montillet et al. 2013). We show here that open
stomata confer rice resistance to pathogenic bacteria. This re-
sistance remained even when the bacterial pathogens were in-
filtration inoculated (Fig. 5), suggesting that (open) stomata in
some circumstances confer an additional layer of immunity at
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the postinvasive level. The dual functions of stomata might
ensure a robust plant immunity against bacterial pathogens.
X. oryzae pv. oryzae generally infects leaves through wounds
or hydathodes, and spreads systemically through xylem (Nifio-
Liu et al. 2006). Thus, the kind of stomata noted above that
physically limit pathogen entry may not be effective against
X. oryzae pv. oryzae. If so, stomatal opening may affect disease
resistance by other physiological processes. Stomatal conduc-
tance controls water transpiration and, thereby, modulates the
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Fig. 6. Xanthomonas oryzae pv. oryzae modulates water status of rice leaves to facilitate infection. A, Stomatal conductance and transpiration rate of wild-type
(WT) plants decrease upon X. oryzae pv. oryzae infection. Measurements were made on leaves 3 days post leaf-clip inoculation with suspension solution
(mock) or X. oryzae pv. oryzae. Values are means + standard deviation (SD), n > 8, and asterisks (**) indicate P < 0.01 (¢ test). B, X. oryzae pv. oryzae infection
induces biosynthesis of abscisic acid (ABA) in rice. ABA contents of WT plants were measured at indicated time points after PXO99 infection. FW = fresh
weight. Values are means + SD and n = 3. C, Water soaking develops on leaves of WT (upper panel) and Osabal (lower panel) infiltration inoculated with
PXO099gcrp Pictures were taken at the times indicated, and representative leaves are shown. Bar = 1 mm. D, Leaf water potentials of WT and Osabal sensed by
X. oryzae pv. oryzae cells as measured using a proU-inaZ fusion reporter system. Leaves were infiltration inoculated with PXO99 expressing proU-inaZ fusion.
Measurements were taken at the indicated times. Values are means + SD, n = 3, and asterisks (**) indicate P < 0.01 (¢ test).
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water status in leaves (Sheriff 1979). We show that water po-
tential is lower in Osabal than wild-type plants both before and
after X. oryzae pv. oryzae infection (Figs. 4 and 6). Growth
under high ambient humidity reduces resistance to X. oryzae pv.
oryzae in Osabal. Moreover, X. oryzae pv. oryzae actively
modulates stomatal conductance and water potential of rice
leaves (Fig. 6). Interestingly, it was previously shown that
X. oryzae pv. oryzae infection reduced stomatal conductance
and transpiration rates of leaves significantly more in a sus-
ceptible genotype than in resistant genotypes (Kumar et al.
2013). These data together support the idea that stomata modu-
late leaf water status to regulate disease resistance.

Leaf interior water status is also modulated by altering water
flow from the xylem. Several studies revealed that limitation of
water supply from vascular tissues occurs during both MAMP
and ETI. Xylem conductivity is greatly reduced at leaf sites
treated with MAMPs or at sites undergoing the hypersensitive
response (HR) (Freeman and Beattie 2009; Oh and Collmer
2005; Wright and Beattie 2004). Interestingly, high relative hu-
midity suppresses HR development in plants (Hammond-Kosack
et al. 1996; May et al. 1996; Zhou et al. 2004). This supports an
essential role of leaf water status in plant immunity. Moreover,
bacterial effectors may target other host cellular compartments to
create an aqueous living space (Schwartz et al. 2017; Xin et al.
2016), supporting the idea that there exist ways other than sto-
mata for a host to ration water during interactions with bacterial
pathogens.

In summary, our work reveals that leaf water status con-
trolled by stomata plays an essential role in rice resistance
against bacterial pathogens. Interestingly, this resistance ap-
pears to be broad spectrum. Therefore, modification of stomatal
opening and leaf water status may represent novel strategies to
improve plant disease resistance.

MATERIALS AND METHODS

Plant materials and growth conditions.

Rice (O. sativa subsp. japonica ‘Nipponbare’) plants were
grown in a field paddy in Beijing from May to October of each
year for genetic analyses and seed set. For disease resistance
assays, rice seedlings were grown in a chamber with a light
intensity of 110 umol m™ s™' under a cycle of 13 h of light at
28°C and 11 h of darkness at 26°C, with 50% relative humidity,
unless otherwise indicated.

Chemical treatments.

Working solutions of 5, 10, and 100 uM ABA (Phyto Tech-
nology Laboratories); 100 uM atrazine (Aladdin-reagent.com);
and 10 uM fusicoccin (Sigma-Aldrich.com) were prepared in
water containing 0.02% (vol/vol) Tween 20. Wilt-Pruf (Wilt-
Pruf Products, Inc.) was diluted 1:80 in water to make a
working solution. All chemicals were applied by spraying with
a vaporizer until leaves were finely coated.

ABA and SA content measurement.

For each sample, leaf tissue (fresh weight) was collected
from plants at the six-leaf stage, weighed, and frozen in liquid
nitrogen. ABA extraction and content measurement were
performed as previously described (Fu et al. 2012). Total SA
contents of rice leaves were determined as previously de-
scribed (Liu et al. 2012).

Bacterial pathogens.

X. oryzae pv. oryzae strains were PX099, PXO061, PXO86,
PXO71, PXO112, and PXO0O145 from the Philippines and
Zhel73 from China. The X. oryzae pv. oryzicola strain used was
RS105. Strains were grown in peptone sucrose (PS) medium
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(Tsuchiya et al. 1982) or on peptone sucrose agar (PSA) plates.
PX099 expressing green fluorescent protein (PXO99ggrp) was
generated as previously reported (Han et al. 2008). A fragment
encoding EGFP was excised from the pEGFP vector (Clontech)
by Pstl and EcoRI digestion, subcloned into pHM1 (Wang et al.
2011), and transformed into PXO99 by electroporation. Pos-
itive clones were obtained on PSA containing spectinomycin
(100 pg/ml), and confirmed by colony PCR and confocal
observation.

Pathogen inoculation and virulence assay.

The two most recent fully expanded leaves of rice plants at
the six-leaf stage were inoculated with X. oryzae pv. oryzae by
leaf-tip clipping or at the four-leaf stage by syringe infiltration
methods, as described (Yang and Bogdanove 2013). Disease
symptoms were scored by measuring lesion lengths. To quantify
bacterial growth in rice leaves, infected leaves were detached and
surface sterilized with 75% ethanol, then homogenized in 3 ml of
sterile distilled water with a mortar and pestle. Extracts were
diluted serially and plated on PSA containing spectinomycin.
Plates were incubated at 28°C for 3 days. Colonies were then
counted and the mean number in at least three repeats was
calculated.

For experiments with rice treated with chemicals and con-
stant light, a shorter duration (3 to 4 days instead of 12 days) of
X. oryzae pv. oryzae infection was adopted. To facilitate the
observation of disease development, the rice plants were leaf-
clip inoculated with PXO99ggrp. Disease development was
detected under a fluorescence microscope by observing GFP
fluorescence in the veins. Disease symptoms were scored by
measuring the distance migrated by PXO99gggp along the
vascular system.

X. oryzae pv. oryzicola was inoculated on leaves of rice
seedlings by syringe infiltration methods, as previously de-
scribed (Yang and Bogdanove 2013). For spray inoculation,
X. oryzae pv. oryzicola was suspended in sterile 10 mM MgCl,
with 0.1% Tween-20 to an optical density at 600 nm of 0.3.
Following inoculation, plants were maintained under high hu-
midity (90 to 100%) for 3 h before moving them to a growth
chamber with 50% relative humidity. To quantify bacterial growth
in rice leaves, 10-cm-long infected leaf segments were detached,
surface sterilized in 75% ethanol, then ground in sterile water.
CFU were determined by serial dilutions and plating on PSA
plates containing rifampicin.

Vector construction and rice transformation.

To overexpress OsABAS8ox1, the full-length cDNA was am-
plified and cloned into the binary vector pCAMBIA2300 and
driven by the maize Ubiquitin 1 promoter (Gao et al. 2014). To
generate the RNAI constructs for OsABA2 and OsABA3, gene-
specific fragments of the coding regions of approximately
300 bp were amplified and inserted into pTCK303 (Wang et al.
2004) in both sense and antisense directions. Primer sequences
used for vector construction are listed in Supplementary Table
S1. The constructs were introduced into Agrobacterium tume-
faciens AGL1 by electroporation, then transformed into rice
callus, as previously described (Hiei et al. 1994).

RT-PCR and quantitative RT-PCR.

Total RNA was extracted from rice leaves with TRIzol re-
agent (Invitrogen). Each RNA sample (2 pg) was treated with
DNase I (Invitrogen) and reverse transcribed with M-MLV RT
(Takara) according to the manufacturer’s instructions. For
semiquantitative RT-PCR, PCR parameters were as follows:
preincubation at 94°C for 3 min, followed by 25 or 28 cycles of
94°C for 30 s, 60°C for 30 s, and 72°C for 1 min. Quantitative
(q9)RT-PCR was performed on a Bio-Rad CFX96 (Bio-Rad


http://Aladdin-reagent.com
http://Sigma-Aldrich.com

Laboratories) using TakaRa SYBR Premix Ex Taq II following
the manufacturer’s instructions. qRT-PCR was performed in
triplicate for each sample. Normalized expression levels were
calculated using Ubigitin5 as an internal reference gene (Jain
et al. 2006) with CFX Manager Software (Bio-Rad) and the
2744C0 method.

Confocal microscopy and fluorescence stereomicroscopy.
To visualize X. oryzae pv. oryzae inside leaves, thin trans-
verse sections (0.1 mm) of rice leaves were prepared as pre-
viously described (Han et al. 2008). Confocal imaging used a
Leica TCS SP8 with excitation at 488 nm and emission at 500
to 550 nm for EGFP. A fluorescence stereomicroscope (Leica
M205 FA) was used to observe PXO99ggrp colonization in
leaves. Leaf segments were mounted on a microscope slide, and
photographs were taken using LAS V4.2 software.

Stomatal conductance and
transpiration rate measurements.

Stomatal conductance and transpiration rate were measured
using a portable photosynthesis system (Model LI-6400XT; Li-
Cor Inc.) with a leaf chamber (2 by 3 cm) supplied with a red-
blue LED light source. Measurements were made inside the
growth chamber to minimize environmental noise. Measure-
ment parameters were CO, at 400 umol mol™" and photosyn-
thetic photon flux density of 200 pmol m2s~!. The light source
was turned off when measurements were made in the dark.

Water potential measurement.

Water potentials were measured with a WP4-T Dewpoint
Potential Meter (Decagon Devices Inc.) under continuous
mode. Leaves were cut into segments and placed in a sample
cup to fully cover the bottom of the cup. Each measurement
was an average of six independent repeats.

Measuring the water potential sensed
by X. oryzae pv. oryzae with proU-inaZ fusion.

The plasmid pPProlce containing a proU-inaZ fusion was
introduced into PX099. Measurement of ice nucleation activity
(INA) was performed as previously described, with minor
modifications (Wright and Beattie 2004). The INA of X. oryzae
pv. oryzae cells recovered from plants was evaluated by ho-
mogenizing infected leaves, subjecting dilutions made with PS
medium, and measuring by a droplet-freezing assay at —9°C.
The water potential sensed by X. oryzae pv. oryzae cells was
calculated using the relations between INA and water potential
that were established by growing X. oryzae pv. oryzae cells on
solid medium supplied with various concentrations of NaCl.
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