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Summary

High atmospheric humidity levels profoundly impact host-pathogen interactions in plants by 

enabling the establishment of an aqueous living space that benefits pathogens. The effectors 

HopM1 and AvrE1 of the bacterial pathogen Pseudomonas syringae have been shown to induce an 

aqueous apoplast under such conditions. However, the mechanisms by which this happens remain 

unknown. Here, we show that HopM1 and AvrE1 work redundantly to establish an aqueous 

living space by inducing a major reprogramming of the Arabidopsis thaliana transcriptome 

landscape. These effectors induce a strong abscisic acid (ABA) signature, which promotes 

stomatal closure, resulting in reduced leaf transpiration, and water-soaking lesions. Furthermore, 

these effectors preferentially increase ABA accumulation in guard cells, which control stomatal 

aperture. Notably, a guard-cell specific ABA transporter, ABCG40, is necessary for HopM1 

induction of water-soaking lesions. This study provides molecular insights into a chain of events 

of stomatal manipulation that create an ideal microenvironment to facilitate infection.
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Graphical Abstract

eTOC Blurb

Roussin-Léveillée et al. demonstrate that two Pseudomonas syringae effector proteins induce 

abscisic acid (ABA) biosynthesis and signaling in Arabidopsis. Although stomatal opening early 

in infection allows access to the leaf apoplast, they show that ABA induces stomatal closure in 

later stages, leading to water soaking lesions that benefit the bacteria.

Introduction

Many biotrophic pathogens secrete proteins, known as effectors, that manipulate their host 

to their benefit. These effectors are delivered, in many cases, to the cytoplasm of their host’s 

cells via diverse mechanisms. Bacterial pathogens deliver such effectors via a needle-like 

structure, known as the type-3 secretion system (T3SS). In a compatible host-pathogen 

interaction, effector activity results in effector-triggered susceptibility (ETS) to infection. A 

conserved and essential strategy used by microbial invaders is to employ effectors to subvert 

the host immune system (Macho, 2016; Toruño et al., 2016). However, this aspect of ETS 

is not sufficient for optimal pathogen growth as full pathogenicity is not restored to effector-

less pathogens in mutant plants that are near completely compromised in their immune 

system (Xin et al., 2016). This indicates that effectors are required to induce physiological 

microenvironments favorable to pathogen growth in addition to inhibiting plant defenses.

Recent reports indicate that an important aspect of ETS involves the establishment of an 

ideal microenvironment in the apoplast (Bezrutczyk et al., 2018; Cohn et al., 2014; Cox 

et al., 2017; Xin et al., 2016). Elevated humidity levels in the environment are widely 

acknowledged as a key contributing factor to disease development in the field. During 

infection, such conditions have been shown to allow microbial pathogens to induce an 

aqueous living space in the apoplast, referred as “water-soaking lesions”. In addition to 

Roussin-Léveillée et al. Page 2

Cell Host Microbe. Author manuscript; available in PMC 2023 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



suppressing host defenses (Hauck et al., 2003; Lozano-Durán et al., 2014; Xin et al., 2015), 

the widely conserved effectors HopM1 and AvrE1 were previously identified as the main 

inducers of water-soaking lesions in an Arabidopsis-Pseudomonas pathosystem (Xin et al., 

2016). HopM1 has been shown to interact with the regulator of endocytic trafficking MIN7 

(Nomura, 2006). It has also been reported that HopM1 triggers proteaphagy, whereas the 

selective autophagy receptor NBR1 antagonizes HopM1-induced water-soaking (Üstün et 

al., 2018). A functional homolog of AvrE1 from Pantoea stewartii, WstE, interacts with 

the protein phosphatase 2A B’ (PP2A) subunit in maize (Jin et al., 2016). However, the 

molecular and physiological basis for the ability of HopM1 and AvrE1 to induce water-

soaking lesions remain elusive.

Stomata are formed by specialized cells that mediate gas exchange and water transpiration in 

plants. Many plant pathogens gain access to the leaf interior through these same structures. 

Upon sensing of microbe-associated molecular patterns (MAMPs), stomata close, thereby 

preventing pathogen entry (Melotto et al., 2006). This phenomenon, known as stomatal 

immunity, is the first line of defense in MAMP-triggered immunity (MTI) and is often 

targeted by pathogens. Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) produces 

a phytotoxin, known as coronatine (COR), that induces a re-opening of closed stomata, 

allowing the pathogen access to the host apoplastic environment (Melotto et al., 2006). 

Although stomatal behavior during the early stages of infection has been the subject of 

numerous studies, their role in late stages is still unclear.

In this study, we have investigated the molecular and physiological basis for HopM1/AvrE1 

induction of an aqueous microenvironment in the apoplast. Transcriptional profiling of 

Arabidopsis thaliana during an infection revealed that HopM1 and AvrE1 are functionally 

redundant in triggering abscisic acid (ABA) biosynthesis and signaling pathways. We show 

that ABA accumulation induced by HopM1 and AvrE1 triggers stomatal closure after 

an initial opening by coronatine and that manipulation of stomata has a dramatic effect 

on pathogenesis. Our study identifies a molecular and physiological explanation behind 

humidity-driven pathogenesis through the manipulation of ABA signaling.

Results

Water-soaking effectors induce a major reprogramming of the Arabidopsis transcriptome 
and induce ABA pathways

To characterize the role of water-soaking effectors, we profiled the transcriptome of A. 
thaliana inoculated with Pst using RNA-sequencing (RNA-Seq). We included hopM1− and 

avrE1− single and double mutants of Pst, as these two effectors have been reported to be 

required for the induction of water-soaked lesions (Xin et al., 2016). Leaves were syringe-

infiltrated with a low dose of inoculum (1 × 106 CFU/ml) and tissues harvested during the 

Pst DC3000 exponential growth phase at 36 hpi, as determined by bacterial growth curve 

dynamics (Figure S1A and S1B). This time point was selected to provide insights into 

the transcriptional profile of Arabidopsis during the active growth phase of the pathogen, 

when we expect effector proteins to be highly active. Transcriptional responses induced 

by Pst were highly influenced by the presence of HopM1 and AvrE1 (Figure 1A, 1B and 

1C). A principal component analysis of the RNA-Seq data revealed a close transcriptional 
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relationship between Pst DC3000, hopM1− and avrE1− infected plants, but a more distant 

relationship to the hopM1−/avrE1− (h−/a−) infected plants (Figure 1B). The number of 

differentially expressed genes (DEGs) in Arabidopsis Col-0 plants infected by Pst DC3000 

was strikingly higher than in their h−/a− infected counterparts (9623 vs 4906, respectively) 

(Figure 1C and S1C–G). We also compared the transcriptome of plants infected with Pst 
h−/a− to a previously described dataset from plants treated with the MTI-inducing peptide 

flg22 (Winkelmüller et al., 2021) to compare HopM1/AvrE1 transcriptional reprogramming 

in contrast to the response of an Arabidopsis immune response. Although these datasets 

were generated from different experimental conditions, we nonetheless find that they result 

in distinct transcriptional signatures. That is, less than half of the genes upregulated by the 

flg22 response were also induced by Pst h−/a− and there was only a very minor overlap in 

downregulated genes (Figure S1G). This suggests that Pst effectors other than HopM1 and 

AvrE1 contribute to countering the transcriptional reprogramming associated with an MTI 

response.

Gene ontology (GO) analysis associated with the transcriptional response of Arabidopsis 
to infection by Pst DC3000, hopM1−, avrE1− and h−/a− indicated that HopM1 and AvrE1 

induce a gene expression pattern related to an ABA response (Figure 1D, Table S1). ABA 

signaling is a well-known response to water stress and can impact multiple regulatory 

pathways. Thus, we investigated changes in ABA responses mediated by HopM1 and 

AvrE1. Using ultra performance liquid chromatography-mass spectrometry (UPLC-MS), 

we observed an increase in ABA levels in plants infected with Pst DC3000, compared to 

uninfected plants, but not with h−/a− (Figure 1E). In concordance with this, A. thaliana 
plants infected with Pst DC3000, hopM1− and avrE1− single mutants, but not with h−/a− 

double mutant, showed significantly higher expression levels of the ABA biosynthesis 

marker gene NCED3 than mock infected plants (Figure 1F). Furthermore, inoculation 

with Pst DC3000 resulted in an increase in expression of known components of the ABA 

signaling pathway, HAI1 (negative regulator of ABA signaling; ~24-fold increase) and 

COR15a (cold- and ABA-regulated gene; ~9-fold increase) (Baker et al., 1994; Yoshida 

et al., 2006). In contrast, the h−/a− double mutant showed only a moderate increase (~2.5-

fold for both HAI1 and COR15a) compared to control plants, while the hopM1− and 

avrE1− single mutants showed an intermediate level of expression (at least half the level 

of induction induced by DC3000) (Figure 1G and 1H). Importantly, this ABA signature 

was observed at 24 hpi, at a timepoint when bacterial densities do not significantly differ 

between WT and mutant strains lacking HopM1 and/or AvrE1 (Figure 2F). Together, these 

results indicate a role for water-soaking effectors in increasing ABA accumulation and 

subsequent responses.

HopM1 and AvrE1 induce stomatal closure following leaf entry

Under high levels of humidity, Pst DC3000 induces clear water-soaking lesions, which 

are crucial for its virulence (Xin et al., 2016). Since stomata mediate gas exchange, 

including loss of water vapour, between the leaf apoplast and the extracellular environment, 

we hypothesized that Pst DC3000 might induce stomatal closure following leaf entry to 

maintain high internal levels of humidity. As stomata respond rapidly to changes in relative 

humidity settings, we optimized a stomatal fixation method to prevent stomatal movement 
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during analyses (Eisele et al., 2016). Briefly, we found that treatment of leaves with 

a solution containing 4% formaldehyde allowed for the processing of large numbers of 

leaves in a context where stomatal aperture does not change upon transfer of leaves from 

experimental to analytical conditions (Figure S2A–E).

We investigated A. thaliana stomatal responses to Pst DC3000 under elevated relative 

humidity over the three-day course of an infection. Plants dip inoculated with Pst DC3000 

displayed the well-documented phenomenon of stomatal closure within one hour of 

inoculation, followed by re-opening of stomata after four hours. Interestingly, stomata were 

closed at the 24 hours post inoculation (hpi) timepoint in Pst DC3000 inoculated plants, 

suggesting a dynamic manipulation of stomatal movement (Figure 2A). In agreement with 

this, leaves infected with Pst DC3000 underwent slower water loss than control plants 

(Figure 2B). These phenomena required the bacterial type-three secretion system (T3SS) as 

a Pst mutant lacking this system (Pst hrcC−) did not affect stomatal aperture or water loss 

(Figure 2B, 2D and 2E). Stomatal closure was also observed in Arabidopsis plants that were 

syringe-infiltrated with Pst DC3000, although no reopening was observed at 4 hpi (Figure 

2C).

Given the importance of HopM1 and AvrE1 in inducing ABA responses, we tested the 

importance of these effectors in inducing stomatal closure. Interestingly, Arabidopsis plants 

infected with Pst hopM1− and avrE1− single mutants displayed closed stomata at 24 hpi, 

whereas those infected with the h−/a− double mutant show stomatal aperture values similar 

to uninfected or hrcC- infected plants (Figure 2D and 2B). The differences in aperture 

opening cannot be due to differences in bacterial density as bacterial levels in the apoplast 

are not significantly different at this timepoint (Figure 2F). To further validate the role 

of these two effectors in inducing stomatal closure, we used transgenic Arabidopsis lines 

expressing HopM1 and AvrE1 under the control of a dexamethasone (DEX)-inducible 

promoter. Upon DEX treatment, HopM1 and AvrE1 expressing lines displayed significant 

stomatal closure compared to wild-type and non-DEX-treated plants, as well as induction of 

NCED3 expression (Figure S3A–B). These results suggest that Pst has evolved a strategy 

to initially open stomata to facilitate entry into the apoplast, after which it induces stomatal 

closure to maintain high levels of humidity in its environment.

ABA-mediated stomatal closure as the primary mechanism behind water-soaking lesions

Control of gas exchange by stomata is primarily orchestrated by the phytohormone ABA 

(Kollist et al., 2019). Interestingly, ABA pathway manipulation by microbial invaders is 

also known to contribute to susceptibility in many plant pathosystems (Fan et al., 2009). 

Since ABA is known to be exploited by Pst DC3000 to increase its virulence (de Torres-

Zabala et al., 2007), we hypothesized that this enhanced susceptibility to infection might 

be caused by the pathogen’s ability to induce water-soaking lesions in an ABA-dependant 

manner. To test this, we inoculated WT Arabidopsis and an aba2–1 mutant, which is known 

to produce considerably less ABA (Rook et al., 2001). The induction of water-soaked 

lesions by Pst was completely abolished in the aba2–1 mutant at 24 hpi (Figure 3A). 

Likewise, Pst inoculation did not result in stomatal closure or in the production of ABA 

in the aba2–1 mutant (Figure 3B and 3G) and leaves from aba2–1 plants showed the 
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same degree of water loss in the presence or absence of bacteria (Figure 3C). Importantly, 

the levels of bacteria were the same at the timepoints tested, ruling out bacterial density 

as a factor in these observations (Figure 3D). Furthermore, it is reported that bacterial 

levels of Pst DC3000 in ABA biosynthesis or signaling mutants are similar to the levels 

of Pst h−/a− in WT Arabidopsis (Hu et al., 2022). To strengthen the link between ABA 

and water-soaking lesions, we co-infiltrated Pst with fluridon, which has been shown to 

interfere with carotenoid and ABA biosynthesis (Gamble & Mullet, 1986). We found that 

co-infiltrating the pathogen with fluridon prevented Pst from causing water-soaking lesions 

through stomatal closure, supporting a role for ABA in inducing stomatal closure during an 

infection (Figure 3H–I).

To better understand the role of ABA in humidity-driven pathogenesis, we infected WT and 

aba2–1 mutant plants with Pst and maintained two different humidity levels over the course 

of the infection. Differences in bacterial levels between Col-0 and aba2–1 infected plants 

were greater under elevated humidity conditions as compared to ambient humidity levels, 

suggesting that ABA contributes to humidity-driven pathogenesis (Figure 3E and 3F). Next, 

we questioned whether treating plants with ABA would affect the growth rate of the h−/a− 

mutant. A significant difference in bacterial growth at three dpi was observed between the 

h−/a− double mutant in Arabidopsis as compared to DC3000, as well as hopM1− and avrE1− 

single mutants, as expected (Figure 3J). However, treatment of plants with ABA resulted in a 

complete rescue of the double mutant growth rate to the same levels as Pst DC3000 (Figure 

3J). We suggest that ABA’s ability to rescue the h−/a− mutant growth deficiency is due to 

its ability to induce stomatal closure, which in turn results in water-soaking lesions (Figure 

S4A–D) that are beneficial to the bacteria. As such, ABA appears to be both necessary and 

sufficient for the induction of stomatal closure.

Coronatine does not prevent ABA-mediated stomatal closure

Pst produces coronatine in the early stages of an infection to re-open closed stomata to 

gain access to the apoplastic environment (Melotto et al., 2006). We questioned whether 

the amount of COR produced by Pst in planta was sufficient to antagonize ABA-induced 

stomatal closure once the pathogen has entered the apoplast. We measured in planta levels 

of COR and ABA, as well as several other phytohormones, in Arabidopsis plants infected 

by Pst DC3000 over a time course of 24 hours under two different humidity settings (Figure 

S5A–F). Approximate concentrations of these molecules in planta were calculated based on 

the amount of water found in Arabidopsis leaves, as determined by measuring fresh and dry 

weight in leaves of plants grown at 95% humidity (Figure 4A and 4B). ABA and COR were 

then infiltrated into Arabidopsis Col-0 leaves at concentrations approximating those found in 
vivo during a Pst-Arabidopsis interaction. As expected, we found that at concentrations 

found in Pst-infected leaves, COR induced stomatal opening and ABA was sufficient 

to induce stomatal closure and water soaking in the absence of bacteria. However, at 

physiologically relevant concentrations, COR did not prevent ABA from inducing stomatal 

closure or from inducing water soaking lesions (Figure 4C and 4D). Furthermore, a Pst 
mutant deficient in the biosynthesis of COR, DB29 (Brooks et al., 2004), displayed no 

difference in terms of water-soaking symptoms or in its ability to induce stomatal closure, 

compared to wild-type (Figure S5G–I). Thus, although COR and ABA have been shown 
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to have opposite effects on stomatal behavior in early stages of infection, the concentration 

levels found in the later stage of an infection result in stomatal closure.

Importance of late stomatal closure in bacterial pathogenesis

The non-virulent Pst strain hrcC− is unable to grow well in the apoplastic environment of 

Arabidopsis. We therefore questioned whether forcing stomatal closure could re-establish 

virulence to Pst hrcC−. To test this, we established a protocol whereby Arabidopsis plants 

were subjected to a series of treatments to affect stomatal movement either before or after 

inoculation with Pst DC3000 or Pst hrcC− (Figure 5A). Treatments included H2O alone, 

ABA or Tert-butylhydroquinone (TBHQ). TBHQ is an aromatic compound derived from 

hydroquinone, and has been shown to induce stomatal closure in an ABA-independent 

manner (Toh et al., 2018). We find that, like ABA, TBHQ treatment induces water soaking 

lesions at high humidity, as well as stomatal closure, suggesting that the latter is sufficient 

for the former (Figure S4E and S4G).

We found that pre-treatment of Arabidopsis plants with ABA three hours prior to bacterial 

dip-inoculation resulted in enhanced growth of both Pst DC3000 and Pst hrcC−, compared 

to plants pre-treated with H2O (Figure 5B and 5C). However, when Arabidopsis plants were 

instead treated with ABA three hours after bacterial inoculation, this enhanced growth was 

more dramatic, with Pst hrcC− growing at levels nearing those of Pst DC3000 in untreated 

plants (Figure 5B and 5C).

Since ABA has been reported to dampen immune signaling (de Torres Zabala et al., 2009; 

Mine et al., 2017), we sought to test the effect of inducing stomatal closure without 

affecting immunity. Arabidopsis plants treated with TBHQ prior to pathogen challenge 

did not show any difference in proliferation of Pst DC3000 or Pst hrcC− three days post 

inoculation (Figure 5D and 5E). However, plants that were treated with TBHQ three 

hours post pathogen inoculation displayed enhanced growth of both Pst DC3000 and Pst 
hrcC− (Figure 5D and 5E). As TBHQ did not alter the protection provided by a flg22 

pre-treatment (Figure S4F), we suggest that TBHQ does not affect immune signaling, but 

rather, augments bacterial growth by inducing stomatal closure and causing an aqueous 

apoplastic environment.

The interpretation of the above results depends on the actual behavior of stomates in this 

set of experiments. As such, we measured the stomatal apertures of plants treated as above. 

As expected, pretreatment with ABA or TBHQ resulted in stomatal closure (Figure 5F). 

Interestingly, both Pst DC3000 and Pst hrcC− induced a reopening of stomata three hours 

after dip-inoculation, regardless of ABA or TBHQ pre-treatment (Figure 5G and 5H). This 

suggests that the stomatal reopening capacity of the pathogen overcomes the action of ABA 

and TBHQ in this situation. In plants pretreated with H2O alone, post treatments with H2O, 

ABA or TBHQ three hours after DC3000 inoculation all resulted in similar stomatal closure 

activity (Figure 5I). This is presumably because the action of DC3000 effectors is sufficient 

to induce stomatal closure. In contrast, post-treatment of plants inoculated with Pst hrcC− 

with H2O alone did not result in stomatal closure, whereas ABA and TBHQ treatments did 

(Figure 5J). Thus, stomatal closure following leaf entry appears to be an important element 

in bacterial pathogenesis in addition to immune suppression.
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HopM1 induction of water-soaking lesions requires the guard cell-specific ABA transporter 
ABCG40

As guard cells respond rapidly to environmental and hormonal stimuli, we assessed whether 

HopM1 and AvrE1 increase ABA accumulation ubiquitously or in a more localized manner. 

To assess this question, we used Arabidopsis transgenic lines expressing ABAleon2.1, 

a recombinant protein reporter that undergoes FRET between mTurquoise and cpV173 

fluorophores in the absence of ABA (Waadt et al., 2014). We took advantage of the 

molecular quenching that occurs between the mTurquoise and cpV173 fluorophores in 

the presence of ABA to directly visualize ABA concentration changes in planta. We 

found that mTurquoise emission rates were significantly higher in plants infiltrated with 

Pst DC3000, hopM1− and avrE1− as compared to those infiltrated with hrcC−, h−/a− and 

mock-inoculated controls (Figure 6A). These observations suggest that cpV173 is less able 

to quench mTurquoise emission signal due to a higher quantity of ABA present in these 

cells. Interestingly, the mTurquoise emission appeared to be much greater in guard cells 

compared to pavement cells (Figure 6B and 6C).

Plant cells are equipped with a variety of ABA transporters involved in either ABA export or 

import, often expressed in a cell-type and/or tissue-specific manner (Kuromori et al., 2018). 

We explored the possibility that Pst DC3000 might increase ABA accumulation in guard 

cells by increasing the expression of a guard-cell specific ABA transporter. We found that 

inoculation of plants with Pst DC3000, Pst hopM1−, Pst avrE1−, induced a dramatic increase 

in the expression levels of ABCG40, which is involved in stomatal ABA import (Kang 

et al., 2010) (Figure 6D). In contrast, transcripts encoding the non-tissue-specific ABA 

exporter ABCG25 were not upregulated by Pst infection to the same extent as ABCG40 
(Figure 6D). Bacterial growth assays showed that WT Pst DC3000 grew somewhat less in 

the abcg40 mutant compared to WT, whereas Pst hopM1− growth was unaffected (Figure 

6E). In contrast, Pst avrE1− displayed a more dramatic growth deficiency in abcg40 plants, 

compared to Col-0 (Figure 6E). Consistent with this, Pst avrE1− can no longer induce 

stomatal closure or water-soaking lesions in the abcg40 mutant, whereas Pst DC3000 and 

Pst hopM1− show only minor difference between WT and abcg40 plants in these assays 

(Figure 6F and 6G). In combination with the fact that only the h−/a− double mutant is 

affected in guard cell ABA accumulation (Figure 6A and 6B), this suggests a certain 

redundancy between HopM1 and AvrE1 in ABA induction and its concentration in guard 

cells. Interestingly, in the absence of ABCG40, Pst avrE1− induces almost no accumulation 

of ABA in contrast to Pst hopM1− (Figure 6H). Thus, since HopM1 cannot compensate 

for a lack of AvrE1 in the abcg40 mutant, this suggests that the effects of HopM1 on 

ABA-associated virulence are mediated at least in part through ABCG40.

Discussion

High humidity following consecutive rains is a factor well known to contribute to disease 

development in the field (Aung et al., 2018). Such conditions are often associated with the 

induction of water-soaking lesions, which are thought to be crucial for virulence (Xin et 

al., 2016). Homologues of HopM1 and AvrE1 are present in the genomes of a variety of 

bacterial pathogens, and functional homologues of AvrE1 have been identified in oomycete 
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pathogens (Deb et al., 2018; Degrave et al., 2015). Here, we provide evidence that HopM1 

and AvrE1 induce stomatal closure upon pathogen entry, which prevents transpiration, 

resulting in an accumulation of water in the apoplast. Through transcriptome analysis, we 

show that HopM1 and AvrE1 act redundantly in affecting the Arabidopsis transcriptome 

(Figure 1A). Among the most prominent differences in the transcriptional signatures induced 

by WT Pst versus Pst lacking HopM1 and AvrE1, we found an important induction of 

genes associated with ABA-related pathways (Figure 1D). Some transcriptional changes 

between WT and mutant strains could be due to the differences in levels of bacteria present 

in the leaf at the time of sampling (36h). However, ABA-related gene expression, as well 

as ABA levels, are clearly increased at earlier time points when bacterial levels are similar 

(Figure 1E–H, 2F). It has been previously reported that transgenic expression of the Pst 
effector AvrPtoB leads to increased ABA biosynthesis in Arabidopsis (de Torres-Zabala et 

al., 2007). However, we found that expression levels of the ABA biosynthesis marker gene 

NCED3 was unaltered in Arabidopsis plants infected with an avrPtoB mutant or with an 

effector-less strain in which AvrPto and AvrPtoB have been reintegrated (Figure S3C–D). 

Interestingly, ABA has also been implicated in the induction of water soaking lesions in 

rice, and rice mutants with reduced ABA synthesis show decreased growth of Xanthomonas 
bacteria, likely due to increased transpiration rates (Peng et al., 2019; D. Zhang et al., 2019). 

Thus, manipulating the ABA pathway to mediate stomatal closure may be a widely used 

strategy employed by pathogens to induce water-soaking lesions in plants. At the same time, 

although stomatal closure induced by ABA or TBHQ is sufficient to induce water soaking 

and increase pathogenicity (Figure 5, S4), additional mechanisms undoubtedly contribute to 

creating aqueous apoplastic environments, such as promoting water intake in the apoplast 

(Schwartz et al., 2017). Whether such mechanisms are dependant on ABA or not remains to 

be elucidated.

Considering that many bacterial pathogens have evolved to overcome stomatal immunity 

by producing diverse toxins, such as COR and SyrA, manipulating ABA to close stomata 

while producing COR might seem counterintuitive (Melotto et al., 2006; Schellenberg et al., 

2010). The actions of such toxins are presumably required to allow pathogens access to the 

leaf interior only in the early stages of infection and would be detrimental to water-soaking 

induction at later stages. Indeed, Pst DC3000 can reopen stomata previously closed by ABA 

or TBHQ (Figure 5G–H). Thus, at three hours post treatment, stomatal opening activity 

appears to dominate. The interplay between COR and ABA at this early phase remains to be 

elucidated however, as COR is barely detectable in planta at this timepoint (de Torres Zabala 

et al., 2009) (Figure S5E). Nonetheless, by measuring the levels of COR and ABA present 

in late-stage infected leaves, we find that physiologically relevant levels of ABA could 

override COR-induced stomatal closure. This would be consistent with a chain of events 

wherein COR allows the pathogen to gain access to the apoplast during the early stage of 

an infection, but whose stomatal opening activity is subsequently countered by ABA after an 

eventual accumulation of T3SS effectors in infected tissues. At the same time, COR appears 

to have stomate-independent roles in virulence by interfering with immune signaling in the 

post-invasive stages (Brooks et al., 2005; Mine et al., 2017; Zheng et al., 2012). However, 

with respect to stomata, in later stages ABA signaling would appear to predominate over 

COR signaling, effectively closing the doors previously opened by COR.
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Growth levels of Pst hrcC− in Arabidopsis plants treated post-infection with ABA reached 

those of Pst DC3000 in untreated plants (Figure 5B and 5C). When stomatal closure and 

water-soaking was induced with TBHQ, a similar effect was seen on Pst hrcC− growth, but 

to a lesser extent (Figure 5D and 5E). We interpret the greater effect of ABA on bacterial 

growth as being consistent with the ability of ABA to interfere with immune signaling in 

addition to inducing water-soaking lesions (de Torres Zabala et al., 2009).

We found that ABA appears to accumulate to a greater degree in guard cells than pavement 

cells in infected Arabidopsis leaves (Figure 6A–E). One possible explanation for this would 

be that HopM1 and AvrE1 might be delivered in a cell-type specific manner by the pathogen 

to induce ABA specifically in stomata. Alternatively, this could be due to a concentration 

of ABA in guard cells through the activity of ABA transporters. ABCG40, also known 

as PDR12, has previously been identified as an ABA transporter specifically expressed 

in guard cells (Kang et al., 2010). We found that Pst DC3000 induces an increase of 

ABCG40 expression levels in a HopM1 and AvrE1-dependent manner. Moreover, Pst avrE1, 

but not Pst hopM1−, was unable to cause stomatal closure or water-soaking lesions in an 

abcg40 mutant plant. This suggests that HopM1 requires the presence of ABCG40 to induce 

stomatal closure. Interestingly, ABCG40 has been identified as an important contributor 

to plant immunity alongside PEN3 against Botrytis cinerea via camalexin secretion (He et 

al., 2019). Thus, ABCG40 might have different functionalities in host-pathogen interactions 

depending on the type of interaction. Another explanation for the observation of specific 

ABA accumulation in guard cells may be related to global control of ABA movement and 

homeostasis. It has been proposed that during a drought response, less ABA is imported 

into mesophyll cells, whereas its accumulation reaches high levels in guard cells, possibly 

due to the activity of ABCG40 (Kang et al., 2010; Y. Zhang et al., 2021). Therefore, 

HopM1 and AvrE1 modulation of ABA accumulation in guard cells could be attributable 

to the fact that they may prompt a drought-like transcriptional response during an infection. 

Indeed, it has been reported that the Pst transcriptional signature resembles what is observed 

during a drought stress (Gupta & Senthil-Kumar, 2017). Nonetheless, regardless of the 

redundancy of both effectors in inducing ABCG40 expression, the requirement for ABCG40 

for HopM1-induced disease development appears to represent a divergence in the functions 

of these two effectors.

Previous studies have identified MIN7 and PP2A subunits as HopM1 and AvrE1 interactors, 

respectively (Jin et al., 2016; Nomura, 2006). Arabidopsis min7 mutants have previously 

been reported to display partial water-soaking lesions following infiltration with Pst h−/a− 

(Xin et al., 2016). The Arabidopsis min7 mutant is highly sensitive to changes in growth 

conditions (Nomura et al., 2011), and under the growth conditions used in this study for 

stomatal analyses, infection with Pst h/a− did not lead to water-soaking lesions in the 

min7 mutant. In these conditions, min7 mutants showed no significant differences in either 

stomatal closure or in ABA accumulation following infection with Pst DC3000, h−/a− or 

hrcC− when compared to wild-type plants (Figure S6A and S6B). Interestingly, however, 

min7 mutant plants display an ABA hypersensitive phenotype (Figure S6C). Furthermore, in 

growth conditions where min7 mutants display partial water-soaking lesions upon infection 

with Pst h−/a−, although there was no significant difference in the accumulation of NCED3 
transcripts between plants infected with Pst DC3000 or h−/a− at 24 h post-infection, 
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intermediate NCED3 transcript levels were observed at 7 h post-infection in min7 plants 

(Figure S6D and S6E). Because HopM1 targets multiple host proteins (Nomura 2006), the 

partial water-soaking phenotype of the min7 mutant indicates that MIN7 is involved in a 

water-soaking step that does not lead to full-scale ABA induction. Water soaking induced by 

Pst h−/a− may be due in part to the fact that min7 mutants are hypersensitive to ABA (Figure 

S6C) and future research is needed to determine which other HopM1 host targets contribute, 

additively or synergistically, to full-scale water-soaking.

The interactions between several PP2A subunits and AvrE1 could also be linked to increased 

ABA signaling. Indeed, PP2A catalytic subunits have been associated with negative 

regulation of ABA signaling (Hu et al., 2014; Luo et al., 2006; Pernas et al., 2007). At 

the same time, it has been reported that AvrE1 targets Type One Protein Phosphatases 

(TOPPs), which are also negative regulators of ABA signaling (Hu et al., 2022). Ablation 

of TOPPs leads to enhanced water-soaking and stomatal closure, even in the absence of the 

pathogen, and recues the virulence phenotype of Pst h−/a−. These results further highlight 

the important role for ABA production and signaling in the establishment of an aqueous 

living space for the pathogen.

In conclusion, our data provide a comprehensive portrait of stomatal behavior during 

an infection and highlight the role of stomatal movement manipulation in bacterial 

pathogenesis. How HopM1 and AvrE1 induce the expression of ABA biosynthesis and 

transporter genes remains to be investigated. By understanding how pathogens induce water-

soaking lesions, we anticipate that broad disease resistance in plants may be achieved by 

interfering with these mechanisms.

STAR METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents 

should be directed to and will be fulfilled by the lead contact, Peter Moffett 

(peter.moffett@usherbrooke.ca).

Materials availability—This study did not generate new unique reagents.

Data code availability

• RNA-seq data have been deposited at GEO and are publicly available as of the 

date of publication. Accession numbers are listed in the key resources table. 

Microscopy data reported in this paper will be shared by the lead contact upon 

request.

• This paper analyzes existing, publicly available data (GSE115991) from 

(Winkelmüller et al., 2021).

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this work 

paper is available from the Lead Contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant material and growth conditions—The Arabidopsis thaliana (L.) Heynh. ecotype 

Columbia (Col-0) was used in this study. The T-DNA insertional mutants (Alonso et 

al., 2003) CS156 (AtABA2) and SALK_148565C (AtABCG40) were obtained from the 

Arabidopsis Biological Resource Center (ABRC, https://abrc.osu.edu/ /).

Arabidopsis thaliana plants were grown in Promix™ Premium potting mix (PremierTech, 

Rivière-du-Loup, QC) in Sherbrooke or in “Arabidopsis Mix” soil (equal parts of 

SUREMIX [Michigan Grower Products Inc., Galesburg, MI], medium vermiculate and 

perlite) at Michigan State University and Duke University in growth chambers with 12 hours 

light/dark photoperiod, with relative humidity of approximately 60% at 21°C. Nicotiana 
benthamiana and Solanum lycopersicum plants were grown in BM6 soil (Berger) in growth 

chambers under with 16 hours light/8 hours dark photoperiod, with relative humidity of 

approximately 60% at 23°C.

Four to five-week-old Arabidopsis plants were used for bacterial disease assay and stomatal 

aperture measurement assay. Six to seven-week-old Nicotiana and Solanum plants were used 

for stomatal aperture measurement assay.

Bacterial strains—Pseudomonas syringae pv. tomato DC3000 strains were from 

laboratory stocks and originated from studies described in the key resources table.

METHOD DETAILS

Stomatal aperture assay—Leaves were cut at the base of the petiole and immediately 

immersed in stomatal fixation solution (formaldehyde 4%, rhodamine 6G 0.5 μM) for 1 min 

to stop stomatal movement and excess of solution was removed by blotting. A quarter of 

each leaf was cut with a razor blade and stomata observed by epifluorescence microscopy 

(see Figure S2A). Stomatal aperture was measured by using the software OMERO. Between 

150 to 400 stomata were measured for each data point. Data collection and analysis was 

performed by using double-blinded standards to avoid bias.

For analysis of stomata in infected leaves, plants were kept at room humidity levels for two 

hours to allow infiltrated apoplastic liquid to dissipate following bacterial infiltration. Once 

apoplastic water evaporated, plants were domed and kept at 95% relative humidity (RH) 

levels to allow development of disease symptoms, unless stated otherwise.

Bacterial disease assay—Pst DC3000 and mutant strains were cultured overnight 

at 28°C in Luria-Bertani (LB) media containing 50 mg/L of rifampicin (and/or other 

appropriate antibiotics if necessary). On the day of the infection, fresh LB media was 

inoculated with 0.5 mL of the overnight culture and bacteria collected when OD600 

reaches between 0.8–1. Bacteria were centrifuged at 4000 g for 10 minutes and the pellet 

resuspended in MgCl2 10 mM. Bacterial density was adjusted to 0.2 (~ 1 × 108 CFU/ml) 

prior to further dilutions.

For syringe infiltration, bacterial suspensions were infiltrated directly into the apoplast. 

Infiltrated plants were kept under ambient humidity levels for 1–2 h to allow water to 
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evaporate and let plant leaves return to a pre-infiltration appearance, unless stated otherwise. 

Thereafter, plants were domed with a plastic unit to maintain high humidity (>95% RH), 

unless stated otherwise. For dip-inoculation method, plants were dipped in the bacterial 

suspension of OD600 = 0.2, with 0.025% Silwet L-77 added. Plants were domed as 

mentioned previously once surface liquid had evaporated to allow disease to develop.

Bacterial populations were monitored by harvesting infected Arabidopsis leaves, surface 

sterilizing in ethanol 80% for one minute and rinsing in sterile water twice. Leaf disks 

were taken from three leaves from the same plant (one per leaf; total of three leaf disks) 

using a cork borer (0.58 mm in diameter) and ground in sterile MgCl2 10 mM. This served 

as biological replicates. Three biological replicates were performed for each biological 

experiment. Colony-forming units were determined by making serial dilutions (100–10−6) 

and plating on LB plates containing 50 mg/L of rifampicin. Each dilution was plated in three 

technical replicates. Experiments were at least three times for biological repeatability.

Water loss assay—Arabidopsis leaves were detached at the base of the petiole and 

weighed over time to quantify water loss as described previously (Takahashi et al., 2018).

Chemical treatments—To assess the potential of ABA and TBHQ in inducing water-

soaking lesions, plants were either infiltrated, sprayed or dipped with/in an ABA (30 μM) or 

TBHQ (100 μM) solution. For spraying and dipping experiments, Silwet L-77 (0.025%) was 

added to each solution.

Inhibition of the ABA biosynthesis pathway was made possible by syringe infiltrating 

fluridon (10 μM) in Arabidopsis leaves.

RNA extraction and qPCR—RNA was extracted from flash-frozen, ground leaf tissue 

followed with QIAZOL (QIAGEN) reagents followed by on-column DNase treatment 

(QIAGEN), according to the manufacturer’s protocol. RNA purity was assessed with a 

spectrophotometer and quality by gel electrophoresis. cDNA was generated by using 5X 

All-In-One RT Master Mix (ABM).

Quantitative real-time PCR was performed with a Bio-Rad CFX96 machine. Each reaction 

was composed to 1X Wisent Advanced SYBR Master Mix, specific primers and a 1:20 

dilution of 500 ng of cDNA stock. Amplification cycle setups will be as follow: 2 min 

at 95°C; 40 cycles of 6 seconds at 95°C and 30 seconds at 60°C. Melting curves were 

verified at the end of the 40 cycles for the confirmation of primer specificities. All reactions 

were performed in three technical and biological replicates. Three biological replicates were 

performed to confirm significance and repeatability. Average Cq values were normalized by 

ΔΔCT formula against the indicated reference gene ACT2. Primers used in this study are 

listed in Table S3.

RNA-sequencing and data analysis—RNA integrity was evaluated by an Agilent 

Bioanalyzer 2100 with the Eukaryote Total RNA Nano Series II. cDNA libraries were 

generated with NEBNext® Multiplex Oligos for Illumina®, according to the manufacturer’s 

protocol. cDNA libraries were sequenced by RNA-seq at the Université de Sherbrooke 
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RNomics Platform using an Illumina NextSeq 500 system with 43-bp strand-specific paired-

end read. Approximately 20 million reads were generated per sample.

Reads quality was assessed using FastQC and low-quality sequences removed by using 

cutadapt with a quality cutoff of 30. The resulting reads were mapped onto the 

Arabidopsis thaliana genome (TAIR10) using RNA STAR. Mapped reads were counted 

using featureCounts. Differential gene expression analysis was performed by using the 

DESeq2 package. A cutoff of q-value <0.01 and absolute log2 fold change > 1 was applied 

to identity DEGs. The R function plotPCA was used for principal component analysis. 

GO analysis was performed with the R package for PANTHER/REVIGO. Differentially 

expressed genes (DEG) are listed in Tables S2.

Phytohormone extraction and quantification—Fully expanded four weeks-old 

Arabidopsis leaves were harvested and weighed for fresh weight calculation and 

immediately flash-freeze in liquid nitrogen. Tissues were ground with a plastic pestle and 

phytohormones extracted overnight using 0.5–1 ml of ice-cold extraction buffer (methanol: 

water (80:20 v/v), 0.1% formic acid, 0.1 g/L butylated hydroxytoluene and 100 nM ABA-d6 

as an internal standard). Extracted phytohormones were filtered using centrifugal filter units.

Filtered extracts were quantified using an Acquity Ultra Performance Liquid 

Chromatography system (Waters Corporation, Milford, MA) as described previously (Huot 

et al., 2017) with some modifications. Briefly, capillary, cone and extractor voltage were 

set at 3.5 kV, 25 V and 5 V, respectively. Desolvation and cone gas will be set to a flow 

rate of 600 L/hrs and 50 L/hrs, respectively. Selected ion monitoring was conducted in the 

negative ES mode for all processed analytes (SA, SAG, ABA, JA, JA-Ile, COR). Analyte 

responses based on peak area integrations relative to internal standard was determined by 

using QuanLynx 4.1 software (Waters, Milford, MA). All analytes were quantified based 

on their standard curve to calculate sample concentration (nM), which was converted to ng 

using the molecular weight of each specific compound and the extraction volume used. All 

data was normalized to initial fresh weight in grams.

ABA visualization by molecular quenching—Four-week-old Arabidopsis leaves 

expressing the ABAleon2.1 construct were harvested with forceps and a quarter of the leaf 

cut with a razor blade before being mounted on a microscopy slide to avoid any major veins. 

mTurquoise was excited at a wavelength of 440 nm and emission was monitored at 476 nm. 

Images were acquired on a FV3000 Olympus confocal microscope. Images were analyzed 

and quantified using ImageJ software [National Institutes of Health (NIH)].

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were carried out at least three times with at least three biological replicates 

for each experiment. Statistical significances correspond to Tukey’s HSD test, Student’s T-

test, One-way or Two-way ANOVA as indicated in the respective figure legends. Statistical 

analyses were performed using the GraphPad Prism 8.4.3 software.

For bacterial titer quantification, dots in figures represent nine plants from three independent 

experimental replicates. For stomatal aperture assays, each dot in figures represent one 
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stomate. At least 50 stomates were quantified per biological replicate and carried out three 

times (> 150 stomates/experiment). For phytohormone and COR quantification, data points 

represent three biological replicates from a representative experimental replicate.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Pseudomonas syringae HopM1 and AvrE1 markedly affect the Arabidopsis 
transcriptome

• HopM1 and AvrE1 induce stomatal closure by inducing ABA biosynthesis 

and signaling

• Bacterial manipulation of ABA pathways is required to cause water-soaking 

lesions

• Induction of water-soaking by HopM1 involves the Arabidopsis ABA 

transporter ABCG40
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Figure 1. Water-soaking effectors induce a major transcriptional reprogramming and increase 
ABA biosynthesis
(A) Venn diagrams displaying specific and shared differentially expressed genes (DEGs) 

in A. thaliana Col-0 challenged with Pst DC3000, hopM1−, avrE1− and hopM1−/avrE1− 

(h−/a−) (1 × 106 CFU/ml) at 36 hours post inoculation (hpi). (B) Principal component (PC) 

analysis showing expression changes of transcriptomic data from the conditions described in 

a, as indicated. (C) Volcano plot representing DEGs in Arabidopsis plants infected with Pst 
DC3000 or h−/a− (1 × 106 CFU/ml at 36 hpi). Blue, red and gray dots represent significantly 

down-regulated, upregulated and not significantly altered DEGs, respectively. (D) Heat map 

representing expression differences of genes with gene ontologies involved in ABA-related 

processes, as indicated, upon infection of Arabidopsis plants with the indicated Pst strains. 

(E) ABA quantification in Arabidopsis Col-0 leaves infected with 0.5 × 108 CFU/ml of 

the indicated Pst strains by UPLC-MS at 24 hpi. (F) Relative expression of the ABA 

biosynthesis marker gene NCED3 in Arabidopsis Col-0 plants infiltrated with the indicated 

Pst strains (1 × 108 CFU/ml) at 24 hpi measured by real-time quantitative PCR (RT-qPCR). 

(G-H) Relative expression of the ABA signaling pathway marker genes HAI1 (G) and 

COR15a (H) in Arabidopsis Col-0 plants inoculated as in (E). Data are represented as mean 
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of total experimental replicates ± SEM. Different letters indicate statistically significant 

differences (adjusted P < 0.01, one-way ANOVA).
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Figure 2. Pseudomonas syringae water-soaking effectors induce stomatal closure in the late 
stages of infection
(A) Arabidopsis Col-0 plants were dip-inoculated in a Pst DC3000 bacterial suspension (2 

× 108 CFU/ml) containing 0.025% Silwet L-77. Epifluorescence microscopy images were 

used to measure stomatal apertures (n > 150) at the indicated hours post infection (hpi). 

(B) Water loss in Arabidopsis Col-0 plants inoculated as in a with mock (control), WT 

(DC300), or T3SS defective (hrcC−) strains at 24 hpi. Leaves were detached from plants and 

stomata were fixed in stomatal fixation solution at the beginning of water loss measurement. 

(C) Stomatal aperture measurements of Arabidopsis Col-0 plants syringe-infiltrated with Pst 
DC3000 (1 × 108 CFU/ml) measured over time (n > 150 stomata). (D) Microscopy images 

of abaxial sides of four-week-old A. thaliana Col-0 leaves infiltrated with MgCl2 10 mM 

(control), Pst DC3000, hrcC−, hopM1−, avrE1− and h/a− (1 × 108 CFU/ml), as indicated, 

at 24 hpi. Upper panel: bright field, lower panel: GFP field to visualize Rhodamine 6G 

fluorescence. Bar scales represent 2 μm. (E) Stomatal aperture measurements of Arabidopsis 
Col-0 plants inoculated as in D at 24 hpi. (F) Bacterial counts found in plants analyzed in 

(D) and (E). Data are represented as median values, with minimum and maximum values 

indicated (A, C, E) or as means of total experimental replicates, ± SEM (B, F). Different 

letters indicate statistically significant differences (adjusted P < 0.01, one-way ANOVA).

Roussin-Léveillée et al. Page 23

Cell Host Microbe. Author manuscript; available in PMC 2023 April 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Abscisic acid biosynthesis is required for humidity-driven pathogenesis in Arabidopsis
(A) Leaves of Col-0 Arabidopsis and the aba2–1 mutant were infiltrated with Pst DC3000 

(1 × 108 CFU/ml) and plants grown at 95% humidity. Photos taken at 24 hpi. (B) Stomatal 

aperture measurements of Col-0 and the aba2–1 mutant inoculated with Pst DC3000 under 

the same conditions as in (A) (n > 150 stomata). (C) Water loss was measured in leaves 

of Arabidopsis Col-0 and aba2–1 mutant plants inoculated with 10 mM MgCl2 (control) 

or Pst DC3000 (1 × 108 CFU/ml). Leaves were detached at 24 hpi and stomata fixed in 

stomatal fixation solution at the beginning of water loss measurements. (D) Bacterial titres 

measured in plants analyzed in (A) at 24hpi. (E) Col-0 and aba2–1 mutant plants were 

infected with Pst DC3000 (1 × 105 CFU/ml) and kept under either 60% or >95% RH 

levels. Bacterial titers were quantified 3 days post infection. (F) Average log difference in 

bacterial titers between WT and aba2–1 plants assayed under the conditions as in (E). (G) 

Quantification of ABA in Arabidopsis Col-0 and aba2–1 mutant plants mock inoculated 
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(control) or inoculated with Pst DC3000 (1 × 108 CFU/ml), as measured by UPLC-MS at 

24 hpi. (H) Water-soaking lesion phenotypes in Arabidopsis leaves syringe-inoculated with 

MgCl2 10 mM (control), Pst DC3000 (1 × 108 CFU/ml), fluridon (100 μM), or both Pst 
DC3000 and fluridon. (I) Stomatal aperture measurements from leaves described in (H). 

(J) ABA-mediated rescue of the hopM1−/avrE1− double mutant. Arabidopsis Col-0 plants 

were infected with the indicated Pst mutants (1 × 105 CFU/ml) followed by treatment, at 

2, 24, and 48 hpi, with either ABA (30 μM) or control solution (0.5% ethanol). Plants 

were treated at 2, 24 and 48 hpi. Treatments were carried out by spraying each solution 

on the abaxial and adaxial part of each plant. Bacterial titers were evaluated at 3 dpi. Data 

are represented as median values, with minimum and maximum values indicated (B, I) or 

as mean of total experimental replicates, ± SEM (C-–G, and J). Different letters indicate 

statistically significant differences, P < 0.0005, two-tailed Student’s t-test (B, F) or ANOVA 

(E, I, J).
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Figure 4. COR levels found in vivo do not prevent ABA from inducing stomatal closure and 
water-soaking lesions
(A) COR and ABA levels found in planta during a Pst DC3000 infection. COR and 

ABA levels were quantified by UPLC-MS in Arabidopsis Col-0 leaves mock inoculated 

(control) or infiltrated with Pst DC3000 (5 × 107 CFU/ml) at 24 hpi. (B) Average calculated 

concentration of ABA and COR found in Arabidopsis leaves infiltrated with Pst DC3000 (5 

× 107 CFU/ml) at 24 hpi (n = 6 plants from three independent experimental replicates). (C) 

Stomatal apertures of Arabidopsis Col0 leaves infiltrated with ABA (10 μM) and/or COR 

(80 μM), as measured from epifluorescence images from stomata-fixed leaves at 8 hours 

post treatment. (D) Appearance of water-soaking lesions in leaves described in (C). Data are 

represented as mean of total experimental replicates ± SEM (A, B), or as median values, 

with minimum and maximum values indicated (C). Different letters indicate statistically 

significant differences, P < 0.05, one-way ANOVA.
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Figure 5. A role for late stomatal closure in bacterial pathogenesis
(A) Schematic diagram depicting the experimental design setup to evaluate the importance 

of pre- vs post-infection stomatal closure. Created with BioRender. (BE) All plants were 

subjected to three dip treatments. In the Pre-treatment, plants were first dipped in a solution 

containing either 0.05% ethanol plus 0.025% Silwet L-77 in water (H2O) or the same 

solution also containing either ABA (30 μM) or TBHQ (100 μM). Three hours after pre-

treatment, plants were dip-inoculated with a solution of 2 × 108 CFU/ml of Pst DC3000 or 

hrcC−, as indicated. All plants were subsequently dip-inoculated in H2O, ABA or TBHQ 

solutions, as in the pretreatment (Post-treatment). (B-E) Bacterial titers were evaluated 

3 days post infection (dpi). Bacterial titers are shown from plants subjected to different 

combinations of pre- and post-treatments, as indicated, for DC3000 (B and D) or hrcC− 
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(C and E). Data are represented as mean of total experimental replicates, ± SEM. (F-J) 

Stomatal apertures measured in WT Arabidopsis plants treated as in (B-E). Apertures were 

measured three hours after pre-treatment with H2O, ABA or TBHQ (F). (G-H) Plants 

were pre-treated with H2O, ABA or TBHQ, as indicated, followed by bacterial inoculation. 

Stomatal apertures were measured three hours after inoculation with Pst DC3000 (G) or with 

hrcC− (H). (I-J) Plants were pretreated with H2O only, followed by inoculation with Pst 
DC3000 (I) or with hrcC− (J) and Post-treatment with H2O, ABA or TBHQ, as indicated. 

Stomatal apertures were measured three hours after post-treatment. Data are represented 

as median values, with minimum and maximum values indicated (F-J). Different letters 

indicate statistically significant differences, P < 0.05, one-way ANOVA.
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Figure 6. Pseudomonas syringae enhances ABA accumulation in guard cells and requires the 
ABA transporter ABCG40 to induce water-soaking lesions
(A) Confocal microscopy images of Arabidopsis Col-0 leaves expressing the ABAleon2.1 

reporter, mock inoculated (control) or inoculated by syringe with different Pst strains, as 

indicated. Images represent the emission of mTurquoise following excitation to evaluate the 

quenching of cpV173 fluorescence in the presence of ABA. Leaves were infected with 1 × 

108 CFU/ml of bacteria and harvested at 24 hpi before being mounted on microscopy slides. 

Bar scale represents 20 μm. (B-C) mTurquoise emission in guard cells (B) and pavement 

cells (C) of plants infected and harvested as in (A). Each data point represents mean of 

mTurquoise emission in specific cells of one image (n = 30 images/condition). (D) Relative 

expression at 24 hpi of the guard cell ABA transporters involved in export (ABCG25) or 

import (ABCG40) in leaves inoculated with the indicated Pst strains (1 × 108 CFU/ml). 

(E) Bacterial titers in Col-0 and abcg40 mutant plants inoculated with 1 × 105 CFU/ml 

of the indicated Pst strains at 3 dpi. (F) Stomatal aperture measurements in wild-type and 
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abcg40 mutant plants infected with the indicated Pst strains at 24 hpi (1 × 108 CFU/ml). 

(G) Water-soaking phenotypes in Col-0 and abcg40 mutants evaluated in (F). (H) ABA 

quantification in Col-0 and abcg40 mutant plants at 24 hpi with the indicated Pst strains (1 

× 108 CFU/ml). Data are represented as median values, with minimum and maximum values 

indicated (B, C) or as mean ± SEM (D, E, H). *P < 0.05, **P < 0.05, ***P < 0.005, ****P < 

0.0005, one-way ANOVA.
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Key resources table

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Bacterial and virus strains

Pst DC13000 wild-type (Cuppels, 1986) N/A

Pst hopM1 − (Badel et al. 2003) CUCPB5368

Pst avrE1 − (Badel et al. 2006) CUCPB5374

Pst hopM1 − /avrE1 − (Badel et al. 2006) CUCPB5377

Pst hrcC − (Wei et al. 2000) N/A

Pst DB29 (Brooks et al. 2004) N/A

Pst avrPtoB (Lin and Martin, 2005) N/A

Pst D28E + AvrPtoB (Cunnac et al. 2011) CUCPB6012

Biological samples

Promix Premium Potting Mix PremierTech Inc. N/A

SUREMIX Michigan Grower Products Inc. N/A

Chemicals, peptides, and recombinant proteins

Abscisic acid Millipore-Sigma CAT#C8115

Coronatine Millipore-Sigma CAT#45511

Jasmonic acid Millipore-Sigma CAT#14631

Fluridon Millipore-Sigma CAT#45511

Water suitable for HPLC Millipore-Sigma CAT#270753

Methanol Millipore-Sigma CAT#34860

Rhodamine 6G Millipore-Sigma CAT#R4127

Formaldehyde Millipore-Sigma CAT#252549

Dexamethasone Millipore-Sigma CAT#D4902

tert-Butylhydroquinone Millipore-Sigma CAT#112941

QIAzol Reagent QIAGEN CAT#79306

Advanced Q-PCR Mastermix With Supergreen LO-ROX Wisent Bioproducts CAT#800–431-UL

SuperScript™ II Reverse Transcriptase ThermoFisher Sci. CAT#18064022

Ambion™DNase I (RNase-free) ThermoFisher Sci. CAT#AM2222

Jasmonic acid - isoleucine Cayman Chemical CAT#10740

Abscisic acid-d6 Cayman Chemical CAT#29093

Critical commercial assays

NEBNext® Multiplex Oligos for Illumina New England BioLabs E7335L
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Deposited data

GEO Submission (RNA-Seq) GSE186836 

Experimental models: Cell lines

Experimental models: Organisms/strains

A. thaliana: Col-0 wild-type TAIR CS70000

A. thaliana: aba2–1 ethylmethane sulfonate mutant TAIR CS156

A. thaliana: abcg40 TDNA insertion mutant TAIR SALK_148565C

A. thaliana: min7 TDNA insertion mutant (Nomura et al. 2006) N/A

Oligonucleotides

All primers are listed in Table S3 N/A

Recombinant DNA

Software and algorithms

R statistical environment https://www.r-project.org/ N/A

CutAdapt (Martin, 2005) N/A

featureCounts (Liao et al. 2014) N/A

DESEQ2 (Love et al. 2014) N/A

Galaxy (Blankenberg et al. 2010) N/A

PANTHER (Mi et al. 2013) N/A

REVIGO (Supek et al. 2011) N/A

Other
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