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SUMMARY

Plants deploy a variety of secondary metabolites to
fend off pathogen attack. Although defense compounds are generally considered toxic to microbes,
the exact mechanisms are often unknown. Here, we
show that the Arabidopsis defense compound sulforaphane (SFN) functions primarily by inhibiting Pseudomonas syringae type III secretion system (TTSS)
genes, which are essential for pathogenesis. Plants
lacking the aliphatic glucosinolate pathway, which
do not accumulate SFN, were unable to attenuate
TTSS gene expression and exhibited increased susceptibility to P. syringae strains that cannot detoxify
SFN. Chemoproteomics analyses showed that SFN
covalently modified the cysteine at position 209 of
HrpS, a key transcription factor controlling TTSS
gene expression. Site-directed mutagenesis and
functional analyses further confirmed that Cys209
was responsible for bacterial sensitivity to SFN
in vitro and sensitivity to plant defenses conferred
by the aliphatic glucosinolate pathway. Collectively,
these results illustrate a previously unknown mechanism by which plants disarm a pathogenic bacterium.

INTRODUCTION
Plants possess a large number of secondary metabolites, which
serve as foot soldiers in the fight against pathogenic microbes

and animal pests (Mithöfer and Boland, 2012; Piasecka et al.,
2015; Rajniak et al., 2015). Some of these defense metabolites
are produced constitutively in plants and are thus termed phytoanticipins, whereas others are synthesized upon pathogen attacks and are called phytoalexins (Paxton, 1981; VanEtten et al.,
1994). Phytoanticipins are structurally diverse and include saponins, cyanogenic glucosides, glucosinolates, fatty acid derivatives, and terpenoids (Piasecka et al., 2015; Pedras and Yaya,
2015). Likewise, phytoalexins are also structurally diverse and
different in plant species. At least 44 phytoalexins have been isolated from Brassicaceae alone, most of which are derived from
(S)-tryptophan (Ahuja et al., 2012).
Although an increasing number of phytoaniticipins and phytoalexins has been discovered and their biosynthetic pathways
elucidated, little is known about mechanisms by which these defense metabolites confer disease resistance. It is assumed that
defense metabolites function through their antimicrobial activities. Indeed, high doses of the defense metabolites can inhibit
or even kill microbes in vitro (Kliebenstein et al., 2005; Rogers
et al., 1996; Sanchez-Vallet et al., 2010; Sellam et al., 2007b).
For example, a-tomatine has been reported to inhibit mycelial
growth of Colletotrichum orbiculare, Septoria linicola, and Helminthosporium turcicum at concentrations from 130 mM to
2 mM (Arneson and Durbin, 1968), and 500 mM brassinin can
cause 50% growth inhibition of Leptosphaeria maculans (Pedras
et al., 2017). However, it is not clear whether these concentrations tested in vitro correspond to the concentrations at the
site of infection in plants. Camalexin has been reported to disrupt
membrane integrity of Pseudomonas syringae maculicola
ES4326 when applied at high concentration to the bacterium
in vitro, but it does not play a role in disease resistance against
the bacterium in plants (Rogers et al., 1996). Camalexin-
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mediated toxicity studies on Alternaria brassicicola and Botrytis
cinerea have suggested a link to cell wall permeability, ER stress,
and induction of apoptosis in the fungi (Joubert et al., 2011; Shlezinger et al., 2011; Sellam et al., 2007a). Although camalexin is
known to contribute to disease resistance to these fungal pathogens, it is not clear whether the mode of action observed in vitro
accounts for disease resistance in plants (Kliebenstein et al.,
2005; Schlaeppi et al., 2010).
Glucosinolates, mainly produced by Brassicaceae, belong to
a major class of phytoanticipins. Glucosinolates are constitutively synthesized, amino-acid-derived secondary metabolites,
which can be converted by myrosinases into bioactive compounds (Halkier and Gershenzon, 2006). These breakdown
products serve as weapons against insects, bacteria, and fungi
(Piasecka et al., 2015). An indolic glucosinolate 4-methoxy-indol-3-ylmethylglucosinolate is needed for the flg22-induced
callose response and antifungal defense (Clay et al., 2009;
Bednarek et al., 2009). Sulforaphane (4-methylsulfinylbutyl isothiocyanate) (SFN), a natural product derived from an aliphatic
glucosinolate called glucoraphanin, possesses high chemical
and biological activities (Piasecka et al., 2015). It has been
shown that SFN is bactericidal against P. syringae bacteria
non-adapted to Brassicaceae rather than adapted P. syringae
strains such as Pst DC3000, because the latter possess a
detoxification system encoded by multiple survival in Arabidopsis extracts (sax) genes (Fan et al., 2011). As a breakdown
product of glucoraphanin, SFN concentrations dramatically increase upon tissue damage and can reach extremely high
levels during incompatible interactions as a result of plant cell
death (Andersson et al., 2015). However, it has been reported
that broccoli sprouts contain basal levels of SFN in the absence
of tissue damage (Esfandiari et al., 2017; Fahey et al., 1997).
High concentration of SFN (about 450 mM) has been reported
to increase H3K4me3 and H3K9ac marks in WRKY6 and
PDF1.2 promoter region to prime WRKY6 expression and
enhance resistance to Hyaloperonospora arabidopsidis (Schillheim et al., 2018).
Phytopathogenic microbes reprogram their transcriptomes
€ ttner and He,
immediately upon infecting their host plants (Bu
2009; Sánchez-Vallet et al., 2018; Xin et al., 2018). For example,
many gram-negative pathogenic bacteria utilize the type III
secretion system (TTSS) to inject effector proteins into host cells
to subvert host defense and promote virulence (Boller and He,
2009; Feng and Zhou, 2012). TTSS in P. syringae is encoded
by hypersensitive response and pathogenicity (hrp) genes, which
are induced by the alternative sigma factor HrpL. HrpR and HrpS
form a hetero-hexameric transcription factor and activate the
expression of hrpL (Lan et al., 2006; Xiao and Hutcheson,
1994). The function of HrpR and HrpS is regulated by upstream
regulators HrpV, HrpG, and Lon-1 (Tang et al., 2006). Mutations
that disrupt TTSS often abolish pathogenicity in the bacterium
€ttner and He, 2009; Lindgren et al., 1986). It has been re(Bu
ported that flavonoids produced in tomato plants can inhibit
the expression and assembly of P. syringae TTSS system, but
it is not clear whether these activities contribute to disease resistance in plants as flavonoids have pleiotropic effects on the bacterium (Vargas et al., 2011, 2013). Thus, whether and how defense metabolites contribute to disease resistance by inhibiting
pathogen pathogenicity or virulence remains unknown.
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In this study, we identified SFN as an Arabidopsis defense
metabolite that preferentially inhibits P. syringae TTSS gene
expression at concentrations observed in the apoplast without
adverse effect on bacterial viability. We further demonstrated
that this electrophilic metabolite could exert inhibitory effects
on TTSS by covalently modifying Cys209 of HrpS, a key factor
controlling transcription of P. syringae TTSS genes (Hutcheson
et al., 2001; Jovanovic et al., 2011). The work demonstrates
that plants indeed possess secondary metabolite(s) that inhibits
virulence rather than broad killing of bacteria and elucidated
mode of action of one such defense compound, SFN.
RESULTS
Identification of SFN as an Inhibitor of P. syringae
TTSS Genes
We tested a crude extract (Figure 1A) from Arabidopsis plants for
its ability to inhibit the accumulation of AvrPto, a TTSS effector
targeting plant immune receptors (Boller and He, 2009). The
crude extract was further diluted with methanol before treating
P. syringae pv tomato DC3000 (Pst DC3000) bacteria in a minimal medium that induces TTSS gene expression (Huynh et al.,
1989). Notably, 6 h after treatment, the crude extract inhibited
AvrPto accumulation in bacterial cells in a concentration-dependent manner, and only 7% of AvrPto was detected when a 1:200fold dilution of extract was used (Figure 1A). In contrast, the control protein RNA polymerase beta (RNAP) was much less
affected by the crude extract, and 57% protein was detected
at 1:200 dilution of the extract (Figure 1A), indicating that the
accumulation of AvrPto protein in the bacterium was much
more sensitive to the crude extract. At the end of treatments,
bacterial titers of the treated samples were similar and indistinguishable compared with those of mock-treated cells (Figure S1B). We next asked whether the reduction of AvrPto was
caused by inhibition of transcription of its own gene or the
hrpL gene, which encodes a master transcription activator for
genes encoding TTSS structural proteins and effectors (Lan
et al., 2006; Xiao and Hutcheson, 1994). Promoter reporter assays indicated that both avrPto and hrpL transcriptions were
strongly inhibited by the crude extract 6 h after treatment (Figures 1B and S1C). In contrast, the transcription of a house-keeping gene trp was only slightly reduced by the crude extracts (Figure 1B). We further tested transcript levels of selected TTSS
genes, avrPto, hrpL, hopC1, and hopT1, and all four genes
were inhibited by crude extracts at transcript level 6 h after treatment (Figure S1C). Altogether, these results demonstrate that
Arabidopsis plants indeed possess metabolites that are inhibitory to transcription of P. syringae TTSS genes.
To identify compounds that inhibit P. syringae TTSS gene transcription, we scaled up the extraction and performed bioassayguided chemical purification (Figure 1C). After successive partitioning of the crude extracts (see Method Details), the ethyl acetate fraction showed the greatest TTSS inhibition activity followed by the petroleum ether and cyclohexane fractions,
whereas the H2O fraction exhibited no detectable activity (Figures S1D–S1G). The final purification of the ethyl acetate fraction
involved separation by using reverse-phase high-performance
liquid chromatography (HPLC), resulting in a pure, colorless oil
(C7 fraction) that strongly inhibited AvrPto accumulation and

Figure 1. Purification of Arabidopsis Compounds Inhibiting P. syringae TTSS Gene
Expression
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avrPto transcription (Figures 1C, S1L, and S1M). Using nuclear
magnetic resonance (NMR) and high-resolution mass spectrometry, we characterize this small-molecule inhibitor as SFN, an
isothiocyanate derived from glucoraphanin, which belongs to
the aliphatic glucosinolate family (Figures 1D and S2A–S2E)
(Halkier and Gershenzon, 2006). To rule out the possibility that
the observed activity was caused by a contaminant co-purified
with SFN, we chemically synthesized SFN and tested its effect.
The newly synthesized SFN diminished AvrPto accumulation in
bacteria at 20 mM 6 h after treatment (Figure 1E). The amounts
of AvrPto in the supernatant were similarly reduced in SFNtreated samples (Figure 1E), indicating that the reduced accumulation of AvrPto led to the reduced protein secretion. At these
concentrations, no significant reduction of bacterial titers was
observed (Figure 1F), indicating that the reduced accumulation
of AvrPto was not caused by a reduction of bacterial cells.
Furthermore, the synthesized SFN inhibited avrPto and hrpL in
a concentration-dependent manner, but only had negligible effects on trp transcription (Figure 1G). The synthesized SFN
also inhibited transcript accumulation of avrPto, hrpL, hopC1,
and hopT1 at 20 mM or higher concentrations 6 h after treatment
(Figure S1N).

trp:luc

(A) Extracts of Arabidopsis plants inhibit AvrPto
protein accumulation in the bacterium. Pst
DC3000 bacteria were incubated with crude extracts at the indicated serial dilution, and total
protein was subjected to immunoblot analyses
with the indicated antibodies. Numbers indicate
relative protein band density of AvrPto and RNAP
normalized to the mock treatment.
(B) Crude extracts inhibit Pst DC3000 TTSS gene
transcription. Bacteria carrying the indicated reporter genes were incubated with crude extracts,
and luciferase activity was measured.
(C) Flow chart for extraction and purification of
TTSS-inhibiting compound. Extract and each
fraction were individually tested for inhibition of
TTSS genes. Fractions with strong activities were
subjected to further purification until a pure fraction was obtained. Abbreviations are as follows:
PE, petroleum ether; CYH, cyclohexane; EA, ethyl
acetate.
(D) Structures of the active compound.
(E) SFN inhibits AvrPto accumulation in vitro. Pst
DC3000 bacteria were incubated with SFN at the
indicated concentrations, and total protein (bacteria) and supernatant protein were analyzed by
immunoblots with the indicated antibodies.
(F) SFN does not inhibit bacterial titers at the tested
concentrations. Bacterial titers of samples from (E)
were determined on agar plates.
(G) SFN inhibits Pst DC3000 TTSS gene transcription in vitro.
Data in (B), (F), and (G) are means ± SD (n = 3), and
significant difference at ***p % 0.001 and *p %
0.05 (one-way ANOVA followed by Tukey’s post
hoc test). Experiments were performed three (A, B,
and G) or two (E and F) times with similar results.
See also Figures S1 and S2.

Pst DC3000 carries a full set of detoxification genes saxAB,
saxD, saxF, and saxG (Fan et al., 2011) and is expected to be
insensitive to SFN, which seemingly contradicts with the results
described above. We further tested transcripts of a panel of five
TTSS genes in Pst DC3000 and Pst DC3000 DsaxAB/F/D/G
(Dsax) strain in which these sax genes were deleted. At 24 h after
treatment with 20 mM SFN, none of these genes in Pst DC3000
were inhibited by SFN treatment, but they were all severely inhibited in the Dsax strain (Figures S2F and S2G). It is consistent
with a previous study showing that SFN was turned over by Pst
DC3000 in planta at 24 h after infection (Andersson et al., 2015).
We further examined transcripts of saxA and saxB in Pst DC3000
at different times after SFN treatment and found that both genes
were strongly induced by SFN treatment, and the induction
reached a maximum level at 12 h after treatment (Figure S2H).
An examination of hrpL and hopT1 transcripts showed that these
two genes were initially inhibited in Pst DC3000 at 3 and 6 h after
exposure to SFN but fully recovered after 12 h (Figure S2H).
These results indicate that SFN can inhibit P. syringae TTSS
gene expression and the SFN detoxification system in Pst
DC3000 allows a full recovery of TTSS gene expression at later
time points of SFN treatment.
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SFN Inhibits TTSS Gene Expression In Planta
A previous study showed that high concentrations of SFN are
bactericidal against non-adapted P. syringae strains (Fan et al.,
2011). However, the concentration of SFN in the apoplast, where
P. syringae bacteria colonize, is unlikely to reach a high concentration as glucoraphanin is thought to be converted by myrosinase primarily during cell damage (Halkier and Gershenzon,
2006; Iori et al., 1999). P. syringae bacteria are semi-biotrophic
pathogens that do not kill plant cells in the first few days of infection with the exception of incompatible bacteria that trigger hypersensitive response (HR). Thus, compatible strains Pst
DC3000 and Dsax are unlikely to trigger SFN accumulation
because they do not induce HR. We therefore sought to determine SFN concentrations in Arabidopsis leaves before and after
inoculation with Dsax bacteria. We first collected apoplastic
wash fluids from fully expanded leaves of wild-type Col-0 plants,
measured SFN in the wash fluids, and calculated apoplast SFN
concentrations by adjusting to the hydration rate in the apoplast
(see Method Details). The calculated SFN concentration in the
apoplast of un-inoculated Col-0 plants was ~40 mM (Figure 2A).
Tests of chlorophyll content in apoplastic washes and conductivity of leaf surface washes indicated that the leaf tissues were
intact after the collection of apoplast washes (Table S1) (Baker
et al., 2012; Gentzel et al., 2019), indicating that the apoplastic
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Figure 2. SFN in the Apoplast Can Inhibit
P. syringae TTSS Gene Expression and
Confer Resistance to P. syringae
(A) The apoplast SFN concentrations before and
after P. syringae inoculation. Leaves of the indicated genotypes were untreated or inoculated
with Dsax bacteria, and apoplastic SFN concdentrations were determined. Means of apoplast
hydration rate (% hydration) is shown below the
graph.
(B) Arabidopsis myb28/29 mutant plants were
unable to inhibit TTSS gene expression of Dsax
bacteria, whereas exogenous application of 20 mM
SFN restores. Dsax strain were inoculated into Col0 or myb28/29 plants with or without 20 mM SFN,
the transcript levels of the indicated TTSS genes
were determined after 24 h inoculation.
(C) SFN, but not allyl cyanide and ethyl thiocyanate, inhibited expression of TTSS genes in vitro.
Dsax bacteria were incubated with 20 mM SFN for
6 h, and transcripts of the indicated TTSS genes
were determined by RT-qPCR.
(D and E) Pst Dsax, Dsax hrcC (D) and Pst T1 (E)
bacterial growth on Col-0 and myb28/29 plants.
(F) Exogenous application of SFN restores resistance to Dsax in myb28/29 plants. Dsax bacteria
were inoculated into the indicated plants with or
without 20 mM SFN and bacterial growth assay
was performed.
Bars shown are means ± SE (n = 3) (A) and ± SD
(n = 3) (B and C). Boxes are means ± SE (n R 6) (D–
F). Different letters indicate significant difference at
***p % 0.001 (C) or ***p % 0.05 (B, D, E, and F)
(one-way ANOVA followed by Tukey’s post hoc
test). Experiments were performed three (A, C, D,
and F) or two (B and E) times with similar results.
Abbreviation is as follows: dpi, days post-inoculation.
See also Figure S3 and Table S1.

SFN observed was not caused by tissue damage. During the first
two days after inoculation with Dsax, the apoplastic SFN concentrations were ~30 mM, which were slightly reduced compared
with those in un-inoculated control (Figure 2A). By 3 days, the
concentration was further reduced to ~15 mM. This reduction
was associated with an increased hydration rate to 20% in these
leaves inoculated for three days compared with 13%–18% during the first two days after inoculation, suggesting a bacteriuminduced hydration (Xin et al., 2016). Consistent with low amounts
of SFN in the apoplast of inoculated leaves, no necrotic lesions
were observed in these leaves. The biosynthesis of aliphatic glucosinolates is governed by a pair of transcription factors MYB28
and MYB29 (Beekwilder et al., 2008; Sønderby et al., 2007).
Consistent with previous reports (Beekwilder et al., 2008; Sønderby et al., 2007), the myb28 myb29 double mutant (myb28/
29) did not accumulate detectable SFN in the apoplast
(Figure 2A).
We next tested whether aliphatic glucosinolate synthesis is
correlated with the inhibition of P. syringae TTSS genes in planta.
Twenty-four h after inoculation, transcript levels of six TTSS
genes in Dsax were significantly higher in myb28/29 compared
with Col-0 plants (Figure 2B). The results indicated that aliphatic
glucosinolate production is needed for the inhibition of TTSS
genes. We further applied 20 mM SFN to plants and found that
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it fully restored the ability of myb28/29 to inhibit TTSS genes to
levels indistinguishable from the Col-0 plants, supporting a role
of SFN in TTSS inhibition in planta (Figure 2B). Consistent with
its ability to remove SFN, the wild-type Pst DC3000 strain
showed similar TTSS gene expression on Col-0 and myb28/29
plants 24 h after inoculation (Figure S3A). Although these experiments supported a role of apoplastic SFN in the inhibition of
bacterial TTSS genes, they did not exclude the possibility that
other derivatives of aliphatic glucosinolates such as nitriles and
thiocyanates might contribute to TTSS gene inhibition (Hossain
et al., 2013). We thus further tested two such representative
compounds, allyl cyanide and ethyl thiocyanate for their ability
to inhibit TTSS genes in the Dsax bacteria in vitro. Whereas
SFN strongly inhibited all six TTSS genes in Dsax bacteria,
neither allyl cyanide nor ethyl thiocyanate affected any TTSS
genes tested (Figure 2C), indicating a specific role of SFN among
aliphatic glucosinolate derivatives. Altogether these results support that apoplastic SFN is necessary and sufficient for the
observed inhibition of P. syringae TTSS gene expression in undamaged Arabidopsis leaves.
SFN Confers Disease Resistance to P. syringae
We further tested whether apoplastic SFN confers disease
resistance to P. syringae. Dsax grew to significantly higher
levels in fully expanded leaves of myb28/29 than in Col-0 plants
(Figure 2D), indicating that the aliphatic glucosinolate pathway
is needed for full resistance to this bacterium. In contrast, Pst
DC3000 grew to similar levels in myb28/29 and Col-0 plants
(Figure S3B), indicating that the SFN detoxification system enables this bacterium to defeat the MYB28/29-mediated defenses. However, P. syringae isolates not adapted to cruciferous plants, such as Pst T1 strain, do not carry a complete
detoxification system, suggesting an important role of SFN in
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Figure 3. SFN at Physiological Concentrations Is Not Bactericidal and Does Not Alter
Leaf Microbiota
(A) Inhibition of Dsax bacteria by different concentrations of SFN.
(B) Inhibition of hrpL and trp transcription by
different concentrations of SFN.
(C) PCoA analyses of leaf bacterial community on
the basis of the Weighted UniFrac distance.
(D) Taxonomic composition of leaf microbiota in the
myb28/29 mutant and Col-0. Abbreviation is as
follows: phyl, epiphytic bacterial microbiota; total,
total bacterial microbiota.
Data in (A) and (B) are means ± SE (n = 3).
See also Figure S4 and Table S2.

defenses
against
non-adapted
P. syringae (Fan et al., 2011). Indeed,
Pst T1 grew to a significantly higher level
in myb28/29 than in Col-0 plants (Figure 2E). To determine whether the
MYB28/29-mediated resistance is linked
to bacterial TTSS system, we disrupted
TTSS structural protein coding gene
hrcC in Dsax (Li et al., 2014; Xin et al.,
2016). In planta growth of this bacterium
was indistinguishable between Col-0 and myb28/29 plants (Figure 2D), suggesting that the MYB28/29-mediated resistance to
Dsax is TTSS-dependent. We further tested whether exogenous application of SFN restores disease resistance to
myb28/29 plants. Although the myb28/29 plants supported
greater growth of Dsax, co-inoculation of these plants with
20 mM SFN reduced bacterial growth to a level similar to that
on Col-0 plants (Figure 2F), further supporting a role of SFN
in disease resistance in plants.
Apoplastic SFN Is Not Bactericidal and Does Not Affect
Leaf Microbiota
Isothiocynates have been reported to be bactericidal at concentrations ranging from 100 to 1,176 mM in vitro (Abreu et al., 2013;
Dufour et al., 2015; Fahey et al., 2002; Fan et al., 2011). In accordance with these previous observations, we found that half
maximal inhibitory concentration (IC50) of SFN for Dsax bacterial
growth inhibition in the inducing medium was 162.3 mM (Figure 3A), which was similar to IC50 for the inhibition of trp transcription (177.9 mM) (Figure 3B). However, IC50 for the inhibition
of hrpL transcription was only 17.8 mM (Figure 3B), indicating that
SFN primarily inhibits TTSS genes and is not bactericidal at
physiological concentrations. A previous report showed that
SFN can strongly inhibit P. syringae viability in rich medium
(Fan et al., 2011), suggesting that the SFN sensitivity is influenced by culture medium.
The aforementioned results suggest that the physiological
concentration of SFN is unlikely to cause deleterious effects
on non-pathogenic bacteria. To test this possibility, we investigated the epiphytical and total leaf microbiota of Col-0 and
myb28/29 grown in natural soil and profiled bacterial community for each sample by targeting V5–V7 regions of 16S
rRNA gene. Illumina sequencing generated 4,119,595
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Figure 4. SFN Inhibits TTSS Gene Transcription through Acing Upstream of HrpL
(A) Gene ontology of genes inhibited by SFN. Dsax
bacteria were incubated with or without 20 mM
SFN for 6 h in minimal medium, and transcriptomes were determined by RNA-seq. Differentially expressed genes were identified by DESeg2 (q value % 0.05, fold change R 2). The GO
enrichment analysis of differentially expressed
genes was performed using GO::Term Finder. The
p value of each GO term was further adjusted by
Bonferroni correction, and GO terms with adjusted
p % 0.05 were shown.
(B and C) Venn diagram of SFN-inhibited genes
and hrpL- and hrpRS-regulon genes, at 2-fold (B)
and 3-fold (C) cut-off.
(D) SFN does not affect the expression of genes
upstream of hrpL in vitro. Pst Dsax bacteria were
incubated with 20 mM SFN for 6 h in the inducing
medium, transcripts of the indicated genes were
determined by real-time RT-PCR.
(E and F) The aliphatic glucosinolate pathway does
not affect genes upstream of hrpL (E) and genes
unrelated to TTSS in plants (F). Transcripts of the
indicated genes in Dsax bacteria were determined
by RT-qPCR 24 h after inoculation onto Col-0 and
myb28/29 plants.
Data in (D)–(F) are means ± SD (n = 3), significant
difference at **p % 0.01 (one-way ANOVA followed
by Tukey’s post hoc test). Experiments were performed three (D–F) times with similar results.
See also Tables S3 and S4.

0
PSPTO_1927

high-quality sequences from 45 samples (average: 91,547;
range: 37,470–137,251 reads per sample). We analyzed highquality reads with USEARCH11, removed chimeric and organelle sequences, and discarded low-abundance operational
taxonomic units (OTUs) (minimal unique sequence > 16), finally
obtaining 6,363 OTUs (Table S2). Our analyses showed similar
epiphytic and total leaf microbiota in Col-0 and myb28/29
plants. First, epiphytic and total leaf microbiota separated in
the first and second coordinate axis of unconstrained principal
coordinate analysis (PCoA) of Weighted UniFrac distance, a
result expected according to different sampling methods (Figure 3C). However, Col-0 and myb28/29 samples clustered
together in both epiphytic and total leaf microbiota (Figure 3C).
Second, the Shannon index and OTU richness of Col-0 and
myb28/29 leaf microbiota were similar (Figures S4A and S4B).
Third, no difference between Col-0 and myb28/29 leaf microbiota were detected at the phylum, family, genus, or OTU levels
(Figures 3D, S4C, and S4D). Thus, deficiency of aliphatic glucosinolates and SFN in myb28/29 did not result in detectable difference on leaf microbiota composition by using our microbiota
profiling method and statistical test.
Altogether, the results support that apoplastic SFN or other
glucosinolate derivatives in undamaged Arabidopsis leaf tissues
inhibit P. syringae TTSS gene expression and are not bactericidal
or detrimental to leaf microbiota.
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Identification of P. syringae Protein Modified by SFN
To understand the mechanism by which SFN inhibits TTSS gene
transcription in P. syringae, we first determined transcriptome of
Pst Dsax in the presence or absence of 20 mM SFN. We identified
100 genes downregulated by SFN by using a 2-fold cut-off
threshold (Figure 4B; Table S3). Bioinformatic analysis of these
genes confirmed a major role of SFN in the inhibition of genes
associated with P. syringae pathogenesis, particularly TTSS
genes (Figures 4A–4C; Tables S3 and S4). Sixty-eight of the
100 genes encode TTSS effectors, effector chaperones, and
structural and regulatory proteins for TTSS (Table S3).
P. syringae TTSS genes are directly activated by HrpL (Lan
et al., 2006; Xiao and Hutcheson, 1994), whose transcription
was regulated by a pair of transcription factors, HrpR and
HrpS (Hutcheson et al., 2001; Jovanovic et al., 2011). We
compared SFN-inhibited genes with published transcriptomes;
55 of the 61 HrpL-regulon genes and 65 of 127 HrpRS-regulon
genes were inhibited by SFN by a 2-fold cut-off threshold and
40 of the 47 HrpL-regulon genes and 46 of 56 HrpRS-regulon
genes were inhibited by SFN by a 3-fold cut-off threshold (Figures 4B and 4C) (Lan et al., 2006). We further showed that SFN
does not affect the expression of genes upstream of hrpL
in vitro (Figure 4D). In planta, 24 h after inoculation, transcript
levels of hrpL in Dsax were significantly higher in myb28/29
than in Col-0, whereas transcript levels of all upstream genes

Figure 5. SFN Modifies HrpS
(A) Workflow to quantify proteome-wide cysteine
reactivity in Pst DC3000 bacteria toward SFN
treatment. Pst DC3000 bacterial cells were incubated with 100 mM SFN for 2 h, and total protein
was subject to IPM labeling and QTRP analysis.
(B) QTRP analysis reveals HrpS as a target of SFN
in Pst DC3000 bacterial cells. Shown on top is a
Venn diagram of IPM-modified cysteine sites
identified and quantified in two independent QTRP
experiments. Shown on the bottom is the ranking
order of the determined RCrl/SFN (RH/L) values of
cysteine residues across bacterial proteomes. The
average RH/L values obtained from two independent experiments are displayed below individual
chromatograms. Pst DC3000 bacterial cells were
treated with or without SFN, then the QTRP analysis was performed. Accordingly, the cysteine
residues with RH/L value higher than 2.0 and CV
values less than 20% were defined as potential
targets of SFN.
(C) Extracted ion chromatogram of the IPMlabeled isotopic peptides bearing HrpSCys209,
which is mapped on a schematic diagram of HrpS
protein domains. The average RH/L values obtained from two independent experiments are
displayed below the chromatogram.
(D) Representative MS/MS spectrum of
HrpSCys209 peptide covalently modified with SFN
in situ. Pst DC3000 bacterial cells expressed with
HrpS-FLAG were treated with 100 mM SFN at 16 C
for 2 h and were then lysed. SFN-adducted HrpS
protein was captured with anti-FLAG antibodyconjugated beads and then digested with trypsin
at 25 C for 2 h. The resulting peptides were desalted and analyzed via LC-MS/MS.
See also Figure S5.

were similar in Col-0 and myb28/29 (Figure 4E). To further verify
whether the observed effects on TTSS genes were specific, we
additionally tested transcripts of unrelated genes, including
PSPTO_1927 encoding a chemotaxis protein, flhF encoding a
regulator of flagellar biosynthesis, PSPTO_3645 encoding hypothetical protein, and odaA involved in pyruvate metabolism. The
transcripts of all these genes in Dsax were similar in Col-0 and
myb28/29 (Figure 4F). The results suggested that Col-0 plants
that produce aliphatic glucosinolates specifically inhibit the
expression of hrpL and downstream genes.

Notably, SFN possesses an electrophilic isothiocynate group that can covalently modify proteins through addition
reactions onto cysteinyl thiols (Brown
and Hampton, 2011; Fu et al., 2017). To
pinpoint modifications of SFN that are
responsible for the observed inhibition
of TTSS genes, we employed a well-established
chemoproteomic
method
termed Quantitative Thiol Reactivity
Profiling (QTRP) to globally and site-specifically profile modified cysteines of SFN
in situ (Figure 5A) (Araki et al., 2006).
Briefly, Pst DC3000 bacteria cells were
treated with or without SFN for 2 h, and total protein was
isolated, labeled with a ‘‘clickable’’ thiol-reactive probe, and processed into peptides. Peptides harboring probe-labeled cysteines from control and SFN-treated samples were conjugated to
the heavy and light photocleavable azido-biotin, respectively,
via click chemistry; combined; enriched with streptavidin; and
then photoreleased to yield isotopic peptide pairs that are
analyzed by Liquid chromatography–mass spectrometry (LCMS/MS) analysis. The reduction in the thiol-reactive probe reactivity of cysteines in the presence of competing SFN was
Cell Host & Microbe 27, 601–613, April 8, 2020 607

quantified from H (Control)/L(SFN) precursor peptide m/z ratios
for all the Alkynyl lodoacetamide (IPM)-labeled cysteine residues, which indicate their relative reactivity toward SFN. In principle, the higher the measured H/L ratio, the more reactive the
cysteine was toward SFN treatment in bacterial cells. In total,
we identified 2,090 IPM-labeled cysteine residues, 1,260 of
which were reproducibly quantified in 2 independent QTRP analyses (Figure 5B). Only 102 of them (8.1%) corresponding to 91
proteins had RH/L values greater than 2.0 and coefficient of variation values less than 20% were considered likely to be modified
by SFN (Figure 5B; Table S5). Among these cysteine residues is
Cys209 of HrpS (RH/L = 2.54) (Figure 5C), a key upstream regulator of hrpL transcription. Notably, another cysteine on the
same protein HrpSCys278 was insensitive to SFN treatment (RH/
L = 1.37), suggesting the site-specific selectivity of this electrophile. To further determine the specificity of HrpSCys209 modified
by SFN, we used QTRP to analyze a purified recombinant HrpS
protein treated with SFN. An Arabidopsis PP2C (At4G28400) recombinant protein was included as control. Among all measured
cysteine residues in HrpS or PP2C, HrpSCys209 exhibited the
highest reactivity to SFN (RH/L = 1.75) (Figures S5A and S5B).
To further verify whether covalent SFN adduct occurs to
HrpSCys209 in the bacterium, we performed an in situ SFN modification assay. We treated Pst DC3000 cells carrying HrpS-FLAG
with SFN followed by LC-MS/MS analysis of affinity-purified
HrpS-FLAG. As expected, the MS/MS spectrum unequivocally
pinpointed Cys209 as the major SFN adduction site on HrpS
(Figure 5D). Although the detection of SFN-HrpSCys209 adduction
in bacteria on leaf tissue during infection is not amenable with the
current methodology, our results point to the modification of
HrpSCys209 by SFN is likely functional.
HrpS is a NtrC family transcription regulator containing signal
receiver (REC), AAA-type ATPase, and Fis-type DNA-binding
domains (Figure 5C) (Jovanovic et al., 2011). Cys209 resides
within the AAA+ domain, which is involved in the oligomerization
of HrpS and HrpR necessary for function (Figure 5C) (Jovanovic
et al., 2011; Rappas et al., 2006). An SFN adduct in Cys209 might
impede the oligomerization. Indeed, glutathione S-transferase
(GST) pull-down assays showed that recombinant HrpR and
HrpS interact in vitro and that this interaction was reduced to a
background level upon addition of 20 mM SFN (Figure S5C).
To determine chemical basis of the specificity, we synthesized
six analogs of SFN, AS1–AS6 (Figures S5D and S5E) and tested
their inhibitory activity against the transcription of avrPto-luc,
hrpL-luc, and trp-luc. Variants containing longer aliphatic chains
(AS4 and AS6), larger side group substituents such as phenyl
group on sulfoxide moiety (AS3), or thiol ether moiety instead
of sulfoxide (AS1) displayed reduced activities, whereas a variant
with a shorter aliphatic chain (AS5) displayed better inhibition activity (Figure S5F). The results supported that the specificity of
SFN is determined by its aliphatic chain.
HrpSCys209 Is Conserved in Non-Adapted Pseudomonas
syringae
Sequence alignment indicated that HrpSCys209 is conserved in
the majority of phytopathogenic P. syringae bacteria, but not
commensal bacteria P. fluorescens or Pseudomonads that do
not associate with plants (Figure S6A). P. viridiflava, a prevalent
bacterial pathogen on wild Arabidopsis populations, exists in
608 Cell Host & Microbe 27, 601–613, April 8, 2020

two forms according to pathogenicity islands (PAIs) that encode
TTSS, T-PAI, and S-PAI (Araki et al., 2006). Whereas T-PAI isolates carry a conserved Cys209, S-PAI isolates do not (Figure S6A). The S-PAI isolates additionally carry variations in amino
acids surrounding Cys209, suggesting an involvement of entire
segment in the adaptation to Arabidopsis. Strikingly, S-PAI isolates are dominant (~90%) in natural populations on wild Arabidopsis and induce hypersensitive response more rapidly than
T-PAI isolates on Arabidopsis (Araki et al., 2006), a result consistent with greater TTSS activity in S-PAI isolates on Arabidopsis
plants. An analysis of 74 P. viridiflava isolates independently
collected from wild Arabidopsis populations showed that 72
are S-PAI type (Figure S6B) (Karasov et al., 2018). A previous
study showed that Pst DC3000 and multiple P. s. pv maculicola
strains that are pathogenic on cruciferous plants all carry a complete set of sax genes, whereas P. syringae isolates not adapted
to cruciferous plants do not possess saxA (Fan et al., 2011).
Interestingly, an examination of P. viridiflava S-PAI isolates indicated that 15 of the 72 isolates do not possess saxA. These results suggest that mutations in the motif spanning HrpSCys209
might provide an adaptive advantage to these bacteria on
Arabidopsis.
HrpSCys209 and HrpSCys278 Are Needed for Bacterial
Fitness
To test a role of HrpSCys209 and HrpSCys278 in TTSS gene expression and virulence of P. syringae, we replaced the hrpS gene of
Dsax with hrpSC209A and hrpSC278A variants to produce Dsax
hrpSC209A and Dsax hrpSC278A strains. These strains were tested
for their expression of TTSS genes in inducing medium and in
plants. In the absence of SFN treatment, the Dsax hrpSC209A
strain showed a modest reduction of hrpL and hopT1 expression, whereas the Dsax hrpSC278A strain showed a severe reduction of all four TTSS genes tested (Figures S6C–S6F). When inoculated onto myb28/29 plants, which lack aliphatic
glucosinolates, the Dsax hrpSC209A strain showed a modest
reduction of all four TTSS genes, whereas the Dsax hrpSC278A
strain showed a severe reduction of all four TTSS genes (Figures
6A–6D). These results indicated that the C209A mutation had a
modest fitness penalty, whereas the C278A mutation caused a
severe fitness penalty on the bacterium. Consistent with this
notion, compared with the Dsax strain, the Dsax hrpSC209A and
Dsax hrpSC278A bacterial populations on the Col-0 plants were
reduced (Figure 6E).
HrpSCys209 Confers Sensitivity to SFN In Vitro and
Sensitivity to Aliphatic Glucosinolate Pathway in Plants
We next tested Dsax hrpSC209A and Dsax hrpSC278A strains for
their sensitivity to SFN in vitro. A comparison between control
and SFN treatments showed that SFN strongly inhibited the
expression of all four tested TTSS genes in the Dsax strain, indicating a full sensitivity to SFN (Figures S6C–S6F). In contrast, the
inhibitory effects of SFN on TTSS gene was attenuated (for hrpL)
or even abolished (for hrpW1, hopT1, and hopC1) in the Dsax
hrpSC209A strain but largely retained in the Dsax hrpSC278A strain
(Figures S6C–S6F), confirming Cys209 as the key site responsible for the sensitivity of P. syringae to SFN. We noted that a partial sensitivity of hrpL transcripts to SFN in the Dsax hrpSC209A
strain (~30% reduction) does not seem to explain complete
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(A–D) HrpSC209A renders TTSS gene expression
insensitive to the aliphatic glucosinolate pathway
in plants. Dsax, Dsax hrpSC209A (Dsax C209A) and
Dsax hrpSC278A (Dsax C278A) bacteria were inoculated onto the indicated plants, and expression of
hrpL (A), hopT1 (B), hrpW1 (C), and hopC1 (D) was
examined by real-time RT-PCR 24 h later.
(E) The HrpSC209A mutation specifically allows
Dsax to overcome the MYB28/29-dependent
resistance. Dsax, Dsax hrpSC209A, and Dsax
hrpSC278A bacteria were inoculated onto the indicated plants, and bacterial growth assay was
performed.
Bars shown are means ± SD (n = 3) (A–D) and ± SE
(n R 6) (E), and significant difference at *p % 0.05
and **p % 0.01 (one-way ANOVA followed by Tukey’s post hoc test). Experiments were performed
two (A–D) or three (E) times with similar results.
See also Figure S6.
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insensitivity of downstream genes. It might be that the remaining
70% of hrpL is sufficient to activate downstream genes in the
inducing medium. To test this possibility, we treated the Dsax
strain with lower doses of SFN and examined the expression
of hrpL and downstream TTSS genes. Indeed, 5 mM SFN was
found to inhibit hrpL transcripts by 30% but had no effect on
downstream genes (Figure S6G). The partial sensitivity to SFN
in the Dsax hrpSC209A strain is consistent with a minor role of
HrpSCys278 in SFN action in the inducing medium.
HrpSCys209 Confers Sensitivity to Aliphatic
Glucosinolate Pathway in Plants
We further tested whether the Dsax hrpSC209A and Dsax
hrpSC278A strains were sensitive to MYB28/29-dependent inhibition of TTSS genes and resistance in plants. Within-strain comparisons showed that all four tested TTSS genes in the Dsax
strain were expressed more when inoculated onto myb28/29
than when they were inoculated onto Col-0 plants (Figures 6A–
6D), indicating that the bacterium is sensitive to MYB28/29mediated inhibition. In contrast, the Dsax hrpSC209A strain
showed equal expression of the TTSS genes in myb28/29 and
Col-0 plants (Figures 6A–6D), indicating that the strain is
completely insensitive to the MYB28/29-mediated inhibition.

The Dsax hrpSC278A strain, on the other
hand, was largely sensitive to the
MYB28/29-dependent inhibition, even
though the overall transcript levels were
much lower than in the other strains (Figures 6A–6D). For each strain, in planta
bacterial populations were compared between myb28/29 and Col-0 plants to
determine the effectiveness of the
MYB28/29-mediated resistance. Bacterial titer of the Dsax strain was ~3-fold
higher in myb28/29 than in Col-0 plants
(Figure 6E), indicating that the aliphatic
glucosinolate pathway is functional
against this strain. In contrast, bacterial titers of the Dsax hrpSC209A strain were indistinguishable between
myb28/29 and Col-0 plants (Figure 6E), indicating that the C209A
mutation in the bacterium nullifies resistance conferred by the
MYB28/29 genes in plants. The Dsax hrpSC278A strain, which
had near-normal sensitivity to MYB28/29-mediated inhibition
of TTSS genes, showed 3- to 4-fold greater populations on
myb28/29 than Col-0 plants (Figure 6E), indicating that it is unable to overcome resistance governed by the aliphatic glucosinolate pathway in plants. Given that SFN preferentially modifies
HrpSCys209 and that the Dsax hrpSC209A strain is insensitive to
SFN inhibition, the aforementioned results lend strong support
that an apoplastic glucosinolate derivative, most likely SFN, primarily modifies HrpSCys209 to inhibit TTSS gene expression and
confers resistance to P. syringae.
DISCUSSION
In this study, we demonstrated that plants indeed possess secondary metabolites that inhibit virulence function of pathogenic
microbes. One such compound is SFN, which exists in the apoplast of undamaged leaf tissues at concentrations that are inhibitory to transcription of P. syringae TTSS genes but not

Cell Host & Microbe 27, 601–613, April 8, 2020 609

bactericidal. We further show that SFN adduction to Cys209 of
HrpS as a molecular basis of this inhibition.
Although SFN is bactericidal at high concentrations (Figure 3A)
(Fan et al., 2011), its concentrations in the apoplast are much
lower in healthy and P. sryingae infected leaves (~15–40 mM). It
is worth noting that P. syringae adopts a biotrophic lifestyle in
the early stages of infection and that low amounts of apoplastic
SFN during these stages are relevant to defenses against this
pathogen. In this context, it is worth noting that water soaking
development at late stages of infection might decrease the effectiveness of apoplastic SFN against P. syringae TTSS (Xin et al.,
2016). SFN did not show obvious deleterious effects on bacterial
viability at concentrations % 100 mM. The IC50 of Dsax bacterial
growth inhibition correlates with that of trp inhibition, which is
~10-fold higher than IC50 for the inhibition of hrpL. Consistent
with this, our transcriptome study showed that among the 100
P. syringae genes inhibited by SFN, 68 are TTSS genes, indicating a very high specificity. In addition, myb28/29 plants lacking the aliphatic glucosinolate pathway and SFN production are
enhanced in susceptibility to Dsax but had no effect on Dsax
hrcC, which is consistent with the notion that the SFN-mediated
resistance is primarily associated with TTSS. The lack of inhibitory effect of allyl cyanide and ethyl thiocyanate on TTSS gene
expression further supports a specific role of SFN among
aliphatic glucosinolate derivatives.
Considering the number of reactive cysteines in the bacterial
proteome, the preferential modification on Cys209 of HrpS by
SFN is significant, although ~90 other proteins were also modified by SFN at 100 mM concentration. Our analysis with recombinant protein further demonstrated that 20 mM SFN can modify
Cys209 of HrpS, indicating high specificity. Conformational
microenvironment of HrpSCys209 likely plays a key role in the inhibition by SFN. Consistent with this possibility, analogs of
SFN with different chain length and side groups showed different
inhibitory activities on TTSS gene expression. It is conceivable
that high concentrations of SFN released during necrosis or hypersensitive response might modify more protein cysteines and
non-selectively inhibit bacteria (Fan et al., 2011; Andersson
et al., 2015).
Most importantly, we show that mutation on Cys209 rendered
the Dsax strain insensitive to MYB28/29-dependent inhibition of
bacterial TTSS gene expression and allowed the bacterium to
overcome MYB28/29-mediated disease resistance. These results are consistent with the reduced sensitivity of the Dsax
hrpSC209A strain to SFN in vitro. A major role of Cys209 in the action of SFN is further supported by the analyses of the Dsax
hrpSC278A strain, which showed near-normal sensitivity to SFN
in the culture medium and MYB28/29 in plants. Although we
are unable to completely exclude the possibility that different
isothiocyanates derived from aliphatic glucosinolates are also
involved, our combined data of chemical purification, apoplastic
SFN concentration, transcriptome analysis, target profiling, and
mutagenesis on hrpS collectively lend strong support that SFN is
a major defense compound that confer disease resistance to
P. syringae by inhibiting bacterial TTSS gene expression in the
apoplast.
As demonstrated in a previous report (Fan et al., 2011) and this
study, SFN plays a key role in Arabidopsis resistance to nonadapted P. syringae, whereas several P. syringae isolates adapt610 Cell Host & Microbe 27, 601–613, April 8, 2020

ed to cruciferous plants are known to detoxify SFN. We show
that the SFN modification site Cys209 is highly conserved in
non-adapted P. syringae isolates but the segment containing
Cys209 is often mutated in P. viridiflava strains isolated from
wild populations of Arabidopsis. Thus, SFN might play a role in
the adaptive evolution of Pseudomonas bacteria, a possibility
to be tested in the future work.
The preferential inhibition of bacterial virulence instead of general bactericidal activity of SFN is likely to be advantageous for
plant associations with commensal microbes. Indeed, we
show that SFN production in Arabidopsis does not affect leaf
bacterial microbiota. Furthermore, inhibiting virulence gene
expression instead of killing bacteria might be beneficial in terms
of reducing selective pressure on the pathogen in the agricultural
setting. Our findings raise a question as to how other plant defense compounds confer disease resistance. It has been reported that immune-activated plants affect both gene expression and protein secretion of P. syringae TTSS (Crabill et al.,
2010; Nobori et al., 2018; Oh et al., 2010), although it remains unknown whether this is caused by altered chemical or physical
barriers (Xiao et al., 2004) or inducing metabolites (Anderson
et al., 2014). It will be important to determine whether plants synthesize additional secondary metabolites upon immune activation to disarm P. syringae and other pathogenic microbes.
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Joubert, A., Simoneau, P., Campion, C., Bataillé-Simoneau, N., IacomiVasilescu, B., Poupard, P., François, J.M., Georgeault, S., Sellier, E., and
Guillemette, T. (2011). Impact of the unfolded protein response on the pathogenicity of the necrotrophic fungus Alternaria brassicicola. Mol. Microbiol. 79,
1305–1324.

Rajniak, J., Barco, B., Clay, N.K., and Sattely, E.S. (2015). A new cyanogenic
metabolite in Arabidopsis required for inducible pathogen defence. Nature
525, 376–379.

Jovanovic, M., James, E.H., Burrows, P.C., Rego, F.G.M., Buck, M., and
Schumacher, J. (2011). Regulation of the co-evolved HrpR and HrpS AAA+
proteins required for Pseudomonas syringae pathogenicity. Nat. Commun.
2, 177.

Rappas, M., Schumacher, J., Niwa, H., Buck, M., and Zhang, X. (2006).
Structural basis of the nucleotide driven conformational changes in the
AAA+ domain of transcription activator PspF. J. Mol. Biol. 357, 481–492.
Rogers, E.E., Glazebrook, J., and Ausubel, F.M. (1996). Mode of action of the
Arabidopsis thaliana phytoalexin camalexin and its role in Arabidopsis-pathogen interactions. Mol. Plant Microbe Interact. 9, 748–757.

Karasov, T.L., Almario, J., Friedemann, C., Ding, W., Giolai, M., Heavens, D.,
Kersten, S., Lundberg, D.S., Neumann, M., Regalado, J., et al. (2018).
Arabidopsis thaliana and Pseudomonas pathogens exhibit stable associations
over evolutionary timescales. Cell Host Microbe 24, 168–179.e4.

Sanchez-Vallet, A., Ramos, B., Bednarek, P., López, G., Pislewska-Bednarek,
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EXPERIMENTAL MODELS AND SUBJECT DETAILS
Plant Materials and Growth Conditions
Arabidopsis (Arabidopsis thaliana) plants utilized in this study include wild type (Col-0) and myb28/29 (Sønderby et al., 2007). Plants
were grown in nutrient soil at 22 C with a 10-h-light/14-h-dark photoperiod unless otherwise stated.
Bacterial Strains
The bacterial strains used in this study include P. syringae pv. tomato DC3000 (Pst DC3000) (Cuppels, 1986; Davis et al., 1991), Pst
DC3000 carrying avrPto-luc, hrpL-luc or trp-luc constructs (Xiao et al., 2004), Pst DC3000 DsaxAB/F/D/G (Dsax) (Fan et al., 2011), Pst
T1 (Fan et al., 2011), Dsax carrying avrPto-luc, hrpL-luc or trp-luc constructs (this study), Dsax hrcC (this study), Dsax hrpSC209A and
Dsax hrpSC278A (this study).
METHOD DETAILS
Infection and Bacterial Growth Assay
P. syringae strains were cultured overnight at 28 C in King’s B medium containing appropriate antibiotics. Bacteria were harvested,
washed twice by sterile water and diluted with sterile water or 20 mM SFN aqueous solution to a final density OD600 = 0.001. Fully
expanded leaves of four-week-old plants were infiltrated with bacterial suspensions. Bacterial populations in leaves were determined
at 0 and 3 days after inoculation as described previously (Li et al., 2014).
Purification and Identification of SFN as A TTSS Inhibiting Compound
We conducted the bioassay-guided purification of the active compounds by inhibiting avrPto gene transcription and AvrPto protein
accumulation in P. syringae DC3000 bacteria. Leaves of four-week-old Arabidopsis plants (583 g) were frozen in liquid nitrogen,
ground to powder, then extracted with 75% EtOH under sonication. The debris was filtered, and the solvent was removed under
reduced pressure to afford crude extract (34.2 g). The crude extract was suspended in H2O and partitioned successively with petroleum ether (PE), cyclohexane (CYH) and ethyl acetate (EA). The active EA (201.0mg) fraction was applied to Sephodex LH-20 with
MeOH/H2O = 2/1 to yield seven sub-fractions, A1-A7. The active subfraction A3 (31.3 mg) was passed through a Sephadex LH20 column and eluted with MeOH/H2O = 4/1 to afford five fractions, B1-B5. The active sub-fraction B3 (16.3 mg) was applied to
reverse-phase HPLC separation eluted with a H2O-MeCN (5%–100% MeCN, gradient) to give sulforaphane (1.6 mg) as a colorless
oil. 1H NMR (400 MHz, CDCl3) d 3.60 (t, J = 5.9 Hz, 2H), 2.78-2.66 (m, 2H), 2.60 (s, 3H), 1.99 – 1.84 (m, 4H); 13C NMR (101 MHz, CDCl3)
d 53.5, 44.6, 38.7, 29.0, 20.1; IR(neat) nmax 2923, 2852, 2359, 2180, 2100, 1350 cm–1; HRMS (ESI): [M+H]+ calculated for C6H12NOS2:
178.0355, found: 178.0355; [a]22 D –62.7 (c = 0.2, CHCl3).
Syntheses of Sulforaphane and Its Analogs
The syntheses of R-sulforaphane (natural sulforaphane) and S-sulforaphane have been reported in literature (Khiar et al., 2009). The
synthesis of sulforaphane analogs (AS1-AS6) and rac-sulforaphane are shown in the Figures S5D and S5E. The synthetic routes are
referred to the reported work (Chen et al., 2011; Khiar et al., 2009) with minimal modifications and the characterization data of sulforaphane analogs (AS1-AS6) are as follow.
AS1: 1H NMR (400 MHz, CDCl3) d 3.55 (t, J = 6.4 Hz, 2H), 2.53 (t, J = 6.9 Hz, 2H), 2.10 (s, 3H), 1.86-1.77 (m, 2H), 1.76-1.68 (m, 2H).
13
C NMR (101 MHz, CDCl3) d 44.7, 33.3, 28.8, 25.8, 15.4.
AS2: 1H NMR (400 MHz, CDCl3) d 3.61 (t, J = 6.3 Hz, 2H), 3.06 (t, J = 7.5 Hz, 2H), 2.94 (s, 3H), 2.06-1.96 (m, 2H), 1.95-1.85 (m, 2H).
13
C NMR (101 MHz, CDCl3) d 53.6, 44.5, 40.8, 28.6, 19.8. ESI+-MS: [M+H]+ calculated for C6H12NO2S2+: 194.0304; found: 194.0302.
AS3: 1H NMR (400 MHz, CDCl3) d 7.67-7.58 (m, 2H), 7.58-7.45 (m, 3H), 3.60-3.45 (m, 2H), 2.90-2.73 (m, 2H), 1.93-1.69 (m, 4H). 13C
NMR (101 MHz, CDCl3) d 157.1, 143.4, 131.1, 129.3, 123.9, 115.1, 55.9, 44.6, 28.9, 19.5. ESI+-MS: [M+H]+ calculated for
C11H14NOS2+: 240.0511; found: 240.0516.
AS4: 1H NMR (400 MHz, CDCl3) d 3.58 (t, J = 6.1 Hz, 2H), 2.77-2.60 (m, 4H), 1.98-1.83 (m, 4H), 1.32 (t, J = 7.5 Hz, 3H). 13C NMR (101
MHz, CDCl3) d 50.5, 45.8, 44.6, 29.0, 20.1, 6.7. ESI+-MS: [M+H]+ calculated for C7H14NOS2+: 192.0511; found: 192.0508.
AS5: 1H NMR (400 MHz, CDCl3) d 3.82-3.67 (m, 2H), 2.86-2.73 (m, 2H), 2.63 (s, 3H), 2.26-2.17 (m, 2H). 13C NMR (101 MHz, CDCl3)
d 51.0, 44.1, 38.9, 23.6. ESI+-MS: [M+H]+ calculated for C5H10NOS2+: 164.0198; found: 164.0194.
AS6: 1H NMR (400 MHz, CDCl3) d 3.53 (t, J = 6.4 Hz, 2H), 2.77-2.60 (m, 2H), 2.56 (s, 3H), 1.86-1.77 (m, 2H), 1.77-1.68 (m, 2H), 1.671.51 (m, 2H). 13C NMR (101 MHz, CDCl3) d 54.1, 44.7, 38.6, 29.5, 25.8, 21.9. ESI+-MS: [M+H]+ calculated for C7H14NOS2+: 192.0511;
found: 192.0511.
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GST Pull-Down Assay
The GST-HrpS and HIS-HrpR fusion proteins were expressed in E. coli and affinity-purified. 2 mg GST- HrpS were treated with DMSO
or 20 mM SFN in 100 mL GST buffer containing 25 mM Tris-HCL, pH 8.0, 150 mM NaCl and 1 3 complete protease inhibitors (Roche)
for 30 min at room temperature. 2 mg HIS-HrpR and 30 mL glutathione agarose beads (GE) were then added to the reaction mixture
and incubated at 4 C for 2 h. Glutathione agarose beads were washed with GST wash buffer (25 mM Tris-HCL, pH 8.0, 150 mM NaCl
and 0.5% Triton X-100) for 5 times. Protein was eluted with GST buffer containing 15 mM GSH.
Analysis of TTSS Gene Expression and Type III Secretion
To determine AvrPto protein accumulation and secretion, Pst DC3000 was grown overnight in King’s B medium containing 50 mg/L
rifampicin at 28 C. Bacteria were harvested and washed twice with minimal medium [50 mM KH2PO4 (pH5.7), 7.6 mM (NH4)2SO4,
1.7 mM MgCl2.6H2O, 1.7 mM NaCl, 10 mM Fructose]. Then the bacteria were diluted to an OD600 of 0.4 in the minimal medium containing fructose (Huynh et al., 1989; Rahme et al., 1992) and incubated in the presence of plant crude extracts, SFN (Synthetic) or
vehicle. Total protein from bacteria cells and culture supernatant was analyzed by immunoblot using anti-AvrPto antibodies as
described (Xiang et al., 2008; Anderson et al., 2014). For control, anti-RNAP antibodies (Thermo Fisher Scientific) were used.
To determine TTSS gene transcription, P. syringae strains carrying avrPto-luc, hrpL-luc or trp-luc reporter gene were grown and
treated as above, and reporter gene activity was determined 6 h after incubation with plant crude extracts (Five grams of Arabidopsis
leaves were extracted with 75% ethanol, dried, and re-dissolved in 1 mL methanol), SFN (chemically synthesized in this study for
Figures 1F–1G, purchased from Sigma for other Figures.), or SFN analogs. 150 mL culture from each sample was transferred to a
96-well plate, incubated with 1 mM luciferin (BioVision) for 10min, and luminescence was recorded by the GLO-MAX 96 microplate
luminometer (Promega). The IC50 value of SFN inhibiting hrpL or trp promoter activity was calculated by the dose-response inhibition
model using GraphPad Prism 5.01.
To determine the transcripts of TTSS gene and regulatory gene upstream of hrpL, P. syringae bacteria were treated as above. Total
RNA was extracted by using RNeasy Mini Kit (QIAGEN) and treated with RNase free DNase (Promega) to remove DNA. Subsequently,
RT-qPCR was performed by using SYBR FAST One-Step qRT-PCR Kits (KAPA). Transcript levels were normalized to that of 16S
RNA. Primers used for qPCR are listed in Table S6.
TTSS Gene Expression in Planta
P. syringae bacteria were cultured overnight, harvested, washed twice by sterile water, and diluted with sterile water or 20 mM SFN
aqueous solution to a final density OD600 = 0.1. Fully expanded leaves of four-week-old plants were infiltrated with bacteria suspension and harvested 24 h later. Total RNA was extracted by using Eastep Super Total RNA Extraction Kit (Promega), DNA was removed
by RNase free DNase (Promega). RT-qPCR was performed as described before. 100 ng of total RNA was used to amplify selected
bacterial genes. Transcript levels were normalized to 16S RNA. Primers used for qPCR are listed in Table S6.
Construction of hrcC Knockout and hrpS Variant Strains
Bacteria mutants harboring gene deletion or mutation were constructed by homologous double-cross-over. To constructing of gene
deletion vector, the upstream and downstream fragments of the target gene were PCR-amplified, and the two fragments were recombined to the linearized suicide vector pK18mobsacB by using ClonExpress MultiS One Step Cloning Kit (Vazyme).
To construct of hrpS variant strains, the coding sequence of hrpS was amplified from DC3000 genomic DNA and cloned into
PUC19-35S-FLAG-RBS vector (Li et al., 2014) by using ClonExpress II One Step Cloning Kit (Vazyme). The hrpSC209A or hrpSC278A
mutations were generated by site-directed mutagenesis. The hrpS mutant fragments were PCR-amplified from the corresponding
PUC plasmids and recombined into linearized suicide vector pK18mobsacB by using ClonExpress II One Step Cloning Kit (Vazyme).
The suicide plasmid was introduced into Dsax competent cells by electroporation. Single crossover strains were selected on KB
plates containing kanamycin and confirmed by PCR. Single crossover mutants were then grown in 2 mL KB liquid medium for 2 h
before spreading on KB plates containing 10% sucrose to select gene-deletion mutants, which were further confirmed by PCR
analysis.
Primers used for vector construction are listed in Table S6.
Transcriptome Analysis
Pst DC3000 DsaxAB/F/D/G strain was grown, harvested and washed as above, then the bacteria were diluted to an OD600 of 0.4 in
the minimal medium containing fructose and incubated with vehicle or 20 mM SFN at 16 C for 6 h. Total RNA was extracted by using
RNeasy Mini Kit (QIAGEN). Ribosome RNA was then depleted from total RNA using biotin-label specific probe. Next generation
sequencing libraries were constructed according to the manufacturer’s instructions (Illumina TruSeq Stranded Kit). Sequencing
was carried out by Illumina HiSeq X Ten.
The GO enrichment analysis of differentially expressed genes was performed by GO::Term Finder. The P value of each GO term
was further adjusted by Bonferroni correction. Finally, the GO terms with the adjusted P value % 0.05 were considered as significant
terms in this study.
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Determination of Bacteriostatic Activity
The bacteriostatic activity of sulforaphane for Dsax was evaluated by determining the IC50 value of SFN inhibiting growth. Dsax was
grown overnight in KB medium. Bacteria were harvested by centrifugation and washed twice by minimal medium. Then the cultures
were diluted with the minimal medium at a final density of OD600 = 0.05. Aliquots of 500 mL bacterial inoculum were supplemented
with SFN and cultured in a shaking incubator at 16 C, 220 rpm, for 24 h. Two-fold dilutions of SFN ranging from 640 mM to 20 mM were
tested. Subsequently, 100 mL cultures were serially diluted and plated onto TSA plates to determine bacterial numbers. IC50 value of
SFN inhibiting Dsax growth was calculated by the dose-response inhibition model using GraphPad Prism 5.01.
Collection of Apoplastic Wash Fluids and Calculation of Apoplast Hydration Percentage
Apoplastic wash fluids of Col-0 were collected as described (Gentzel et al., 2019; Madsen et al., 2016). In brief, ten expanded leaves
were excised from four week-old plants and weighed (initial weight; IW). The leaves were then submerged in deionized water and
vacuum infiltrated. After vacuum infiltration, the leaves were gently blotted to remove surface H2O and weighed (after infiltration
weight; AIW). These leaves were placed side by side on a sheet of parafilm. The parafilm-leaf-sandwich was taped onto the outside
of a 15-mL falcon tube (leaf tip down), inserted into a 50-mL falcon tube, and taped firmly so that leaves would not reach the bottom of
the 50-mL falcon tube during centrifugation in the next step. The 50-mL falcon tubes were then centrifuged at 1200 g for 15 min to
collect the apoplastic wash fluid, the volume of apoplasic wash fluid was measured with a pipette. This gentle centrifugation was
designed to avoid any potential damage to leaf tissues. This apoplastic wash fluid was used for measurements of SFN and chlorophyll content. The 15 mL Falcon tube mounted with leaves was then tapped onto a new 50 mL Falcon tube and centrifuged at 2500 g
for 10 min to empty the apoplast, and after spin weight (ASW) was measured. The apoplast hydration percentage was calculated by
using the formula (IW -ASW)/(AIW-IW) as described previously (Gentzel et al., 2019).
Measurement of Chlorophyll Content in Apoplastic Wash Fluid and Conductivity of Leaves Surface Wash Fluid
Chlorophyll content was measured as described (Baker et al., 2012) with minor modifications. Apoplastic wash fluids were centrifuged at 1200 g for 10 min, and the pellet at the bottom of tube was extracted by 1 mL 95% ethanol, the absorbance of extract
was measured at 664 nm. After final centrifugation of leaves at 2500 g, leaves were submerged in 30 mL deionized water with gentle
shaken for 1 h, the conductivity of leaves surface wash fluid was measured as described (Gentzel et al., 2019).
Measurement of SFN Concentrations in Plant Apoplastic Wash Fluids
Ten ng of D8-SFN (Toronto Research Chemicals INC, Canada) was added to aplastic wash fluid as internal standard for quantitation.
The mixture was then dried under N2 stream. The sample was re-dissolved in 100 mL 40% ACN and filtered through 0.22 mm membrane for detection.
LC-MS detection was performed on a UPLC (Waters) combined with QTof-MS (Synapt G2, Waters) equipped with an ESI source.
Five microliters of each sample were injected onto a BEH C18 column (100 mm*2.1 mm, 1.7 mm). The inlet method was set as follows:
mobile phase A, 0.05% (v/v) HAc in water and B, 0.05% (v/v) HAc in ACN. The flow rate was at 0.3 mL/min. The gradient profile was as
follows: 0 to 7.5 min, 10% B to 40% B; 7.5 to 8.5 min, 40% B to 80% B; 8.5 to 9.5 min, 80% B to 10% B; and 9.5 to 10.5 min, 10% B.
The ESI source parameters were set as: capillary voltage, 3.0 KV; sampling cone voltage, 25 V; extraction cone voltage, 4 V; source
temperature, 110 C; desolvation temperature, 350 C; desolvation gas, 800 L/h; and cone gas, 50 L/h. QTof-MS worked in positive
resolution mode to provide a resolution at 20,000. To ensure the accurate mass measurement, Leu-enkephalin was used as lockmass in MS/MS mode (m/z 278.1141 and 556.2771 for positive ion mode) at a concentration of 200 pg/mL with a flow rate at
10 mL/min. SFN was quantified using D8-SFN as internal standard. SFN (m/z = 178.0360) and D8-SFN (m/z = 186.0862) were extracted from the MS full scan spectra with the mass tolerance window at 0.02 Da for quantitation.
Microbiota Analysis
For plant growth, we discard the 5 cm surface and collect the top 20 cm of soil from experimental station of IGDB, Beijing, 40.109N,
116.424E. Collected soil was dried and crushed, and any debris and plant materials were removed by screening with 3 3 3 mm metal
sifter to make a very fine soil. The resulting soil was used to grow plants in 8 3 8 cm square pots for plant growth.
Seeds of Col-0 and myb28/29 were surface sterilized, cold-treated at 4 C for 2 days, sown to the surface of sifted soil, and grown at
22 C with a 10-h-light/14-h-dark photoperiod for 5 weeks. The plants were watered with sterile distilled water 2-3 times a week. The
aerial part was excised with sterile scissors and divided into two parts. One part was for total leaf microbiota analysis in which the
entire leaf material was used for total DNA isolation with FastDNA SPIN Kit (MP Biomedicals, USA) following manufacturers instruction. The other part was used for epiphytic microbiota (Phyllosphere) analysis. Leaf samples were washed twice with autoclaved PBS
(NaCl 0.76%, Na2HPO4 0.25%, NaH2PO4 0.0468%, pH = 7.6, 0.07% silvet) by shaking at 180 rpm for 5 min, and the two washes were
combined and centrifuged at 8000 g for 10 min. The pellets were collected for DNA isolation.
For 16S amplicon DNA pooling, the Total and Phyl DNA concentrations were measured with PicoGreen dsDNA Assay Kit (Invitrogen, USA), and subsequently diluted to 3.5 ng/mL. The V5-V7 region of bacterial 16S rRNA gene was amplified by 799F and 1193R
(Bulgarelli et al., 2012). Each sample was amplified in triplicate in 30 mL reaction system. Each reaction contained 3 mL diluted DNA,
0.75 U PrimeSTAR HS DNA Polymerase, 1x PrimSTAR Buffer (Takara), 0.2 mM dNTPs, 10 pM of barcoded forward and reverse
primers. After an initial denaturation step at 98 C for 30 s, the targeted region was amplified by 25 cycles of 98 C for 10 s, 55 C
for 15 s and 72 C for 60 s, followed by a final elongation step of 5 min at 72 C. PCR products were mixed and purified using an
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AMPure XP Kit (Beckman Coulter). The purified PCR products were measured by Nanodrop (NanoDrop 2000C, Thermo Fisher Scientific), and diluted into 10 ng/mL as templates for the following steps. In the 2nd step PCR, all samples were amplified in triplicate for
8 cycles with second step primers, using identical conditions of the first-step PCR. Technical replicates were combined, run on a
1.2% (w/v) agarose gel and the bacterial 16S rRNA gene amplicons were cut and extracted using the Wizard  SV Gel and PCR
Clean-up system (Promega). Purified DNA were measured by the PicoGreen dsDNA Assay Kit (Invitrogen) and 200 ng of each sample
were mixed. Final amplicon libraries were purified twice using the Agencourt AMPure XP Kit (Beckman Coulter GmbH) and subjected
to sequence on the HiSeq 2500 platform (Illumina Inc. USA).
The sequences were processed using QIIME 1.9.1 (Caporaso et al., 2011), USEARCH 10.0 (Edgar, 2010), and in-house scripts
(Zhang et al., 2018, 2019). The paired-end Illumina reads was checked by FastQC (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/), and processed as the following steps: joined paired-end reads and relabeled sequencing names by -fastq_mergepairs, removed barcodes and primers by -fastx_truncate, filtered low quality reads by -fastq_filter, and obtained non-redundancy
reads by -fastx_uniques. The representative sequences were picked by UPARSE (Edgar, 2013). Unique reads were clustered into
operational taxonomic units (OTUs) with 97% similarity. OTUs were aligned to the SILVA database to remove sequences from
chimera and host plastids (Quast et al., 2013). The taxonomy of the representative sequences was classified with the RDP classifier
(Wang et al., 2007). Analysis of the differential OTU abundance and taxa were performed using Wilcoxon rank sum test, and corresponding P values were corrected for multiple tests using a false discovery rate (FDR) set at 0.05.
SFN Target Profiling of P. syringae DC3000 Bacterial Proteins
A well-established quantitative chemoproteomic approach termed as QTRP (Quantitative Thiol Reactivity Profiling) (Fu et al., 2017)
was used to profile SFN-targeting cysteines in Pst DC3000 bacterial cells. In brief, bacterial cells were treated with vehicle or 100 mM
SFN at 16 C for 2 h. Bacterial cells were resuspended and sonicated in lysis buffer (25 mM Tris-HCL, pH 8.0, 150 mM NaCl, 0.3%
Triton X-100 and 1 3 complete protease inhibitors [04693116001, Roche]) in the presence of 200 unit/mL catalase and 100 mM thiolreactive probe, IPM (KeraFast). The labeling reactions were incubated at 25 C for 1 h with light protection. The labeled proteome was
further incubated with 32 mM iodoacetamide for 30 min in the dark at 25 C. Proteins were then precipitated with a methanol-chloroform system (aqueous phase/methanol/chloroform, 4:4:1 (v/v/v)) as previously described (Fu et al., 2017). The precipitated protein
pellets were resuspended with 50 mM ammonium bicarbonate containing 0.2 M urea. Resuspended protein concentrations were
determined with the BCA assay (Pierce, Thermo Fisher Scientific) and adjusted to a concentration of 1 mg/mL. Resuspended proteins were first digested with sequencing grade trypsin (Promega) at a 1:50 (enzyme/substrate) ratio overnight at 37 C. A secondary
digestion was performed by adding additional trypsin to a 1:100 (enzyme/substrate) ratio, followed by incubation at 37 C for additional 4 h. The tryptic digests were desalted with HLB extraction cartridges (Waters). The desalted samples were then evaporated to
dryness under vacuum and were reconstituted in a solution containing 30% acetonitrile (ACN) at pH ~6. Click chemistry was performed by the addition of 1 mM either light or heavy Azido-UV-biotin (1 mL of a 40 mM stock), 10 mM sodium ascorbate (4 mL of a
100 mM stock), 1 mM TBTA (1 mL of a 50 mM stock, and 10 mM CuSO4 (4 mL of a 100 mM stock). Samples were allowed to react
at 25 C for 2 h with rotation and light protection. The light and heavy isotopic tagged samples were then mixed immediately following
click chemistry. The samples were cleaned by strong cation exchange (SCX) spin columns and then allowed to interact with prewashed streptavidin beads for 2 h at 25 C. Streptavidin beads then was washed with 50 mM NaAc (pH4.5), 50 mM NaAc containing
2 M NaCl (pH4.5), and water twice each with votexing and/or rotation to remove non-specific binding substances and resuspended in
25 mM ammonium bicarbonate. The suspension of streptavidin beads was transferred to several glass tubes (VWR), irradiated with
365 nm UV light (Entela, Upland, CA) for 2 h at 25 C with stirring. The supernatant was collected, evaporated to dryness under vacuum, and stored at 20 C until LC-MS/MS analysis.
Measurement of SFN-Sensitivity of HrpS Cysteines
In vitro SFN-sensitivity of HrpS cysteines was also measured with QTRP (Chi et al., 2018). In brief, 10 mg of purified recombinant HrpS
proteins in buffer (25mM Tris-HCl, 150mM NaCl, 1mM TCEP, pH = 8.0) were treated with Zeba Spin Desalting Column (Thermo Fisher
Scientific) pre-equilibrated with buffer for removing excess TCEP. Proteins were then reacted with or without SFN (0.25 mM) at 25 C
for 2 h. Proteins were then labeled with 50 mM IPM at 25 C for 1 h. Proteins were then digested with sequencing grade trypsin (Promega) at a 1:50 (enzyme/ substrate) ratio for 2 h at room temperature. The resulting tryptic peptides were desalted with C18 tips, evaporated to dryness under vacuum, and reconstituted in a solution containing 30% ACN at pH 6.0. An isotopically labeled Az-UV-Biotin
was then conjugated to the IPM-modified peptides using copper catalyzed alkyne azide cycloaddition reaction (CuAAC, click chemistry) as described above. After CuAAC reaction, the light and heavy biotinylated peptide samples were then mixed together, cleaned
with SCX spin columns to remove excess reagents, and captured with pre-washed streptavidin Sepharose beads at 25 C for 2 h.
Streptavidin beads then was washed with 50 mM NaAc, 50 mM NaAc containing 2 M NaCl, and water twice, respectively, and resuspended in 25 mM ammonium bicarbonate buffer. The probe-modified peptides were then photoreleased under 365 nm UV light,
desalted with C18 tips, evaporated to dryness, and stored at 20 C until LC-MS/MS analysis. The negative control PP2C protein was
processed in the same way.
HrpS Adduction by SFN In Situ
Pst DC3000 bacterial cells expressing FLAG-tagged HrpS were treated with 100 mM SFN at 16 C for 2 h, resuspended in lysis buffer
and sonicated. Cell lysates were incubated with FLAG antibody-conjugated beads (Sigma) at 4 C for 2 h to immunoprecipitate
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FLAG-HrpS, washed with 25 mM Tris-HCL buffer containing 150 mM NaCl, 0.5% Triton X-100 (pH 8.0) for five times. The beads were
collected and subjected to on-beads tryptic digestion at 25 C for 2 h. The resulting peptides were desalted, evaporated to dryness by
speed vacuum, and stored at 20 C until LC-MS/MS analysis.
Liquid Chromatography-Tandem Mass Spectrometry (LC-MS/MS) Analysis
LC-MS/MS analyses were performed on Q Exactive plus (Thermo Fisher Scientific) operated with an Easy-nLC1000 system (Thermo
Fisher Scientific). Samples were reconstituted in 0.1% formic acid and pressure-loaded onto a 2 cm microcapillary precolumn
packed with C18 (3 mm, 120 Å, SunChrom, USA). The precolumn was connected to a 12 cm 150-mm-inner diameter microcapillary
analytical column packed with C18 (1.9 mm, 120 Å, Dr. Maisch GebH, Germany) and equipped with a homemade electrospray emitter
tip. The spray voltage was set to 2.0 kV and the heated capillary temperature to 320 C. LC gradient consisted of 0 min, 7% B; 14 min,
10% B; 51 min, 20% B; 68 min, 30% B; 69-75 min, 95% B (A = water, 0.1% formic acid; B = ACN, 0.1% formic acid) at a flow rate of
600 nL/min. HCD MS/MS spectra were recorded in the data-dependent mode using a Top 20 method. MS1 spectra were measured
with a resolution of 70,000, an AGC target of 3e6, a max injection time of 20 ms, and a mass range from m/z 300 to 1400. HCD MS/MS
spectra were acquired with a resolution of 17,500, an AGC target of 1e6, a max injection time of 60 ms, a 1.6 m/z isolation window and
normalized collision energy of 30. Peptide m/z that triggered MS/MS scans were dynamically excluded from further MS/MS scans for
18 s.
Peptide Identification and Quantification
Raw data files were searched against Pst DC3000 Uniprot canonical database. Database search were performed with pFind studio
(Version 3.0.11) (Liu et al., 2014). Precursor ion mass and fragmentation tolerance was set as 10 ppm and 20 ppm, respectively. The
maximum number of modifications allowed per peptide was three, as was the maximum number of missed cleavages allowed. Mass
shifts of + 15.9949 Da (methionine oxidation), + 57.0214 Da (iodoacetamide alkylation), and + 252.1222 (light IPM-triazohexanoic
acid) were searched as variable modifications. A differential modification of 6.0201 Da on probe-derived modification was used
for stable-isotopic quantification. The FDRs were estimated by the program from the number and quality of spectral matches to
the decoy database. The FDRs at spectrum, peptide, and protein level were < 1%. Quantification of heavy to light ratios (RH/L)
was performed using pQuant as previously described (Fu et al., 2017), which directly uses the RAW files as the input. pQuant calculates RH/L values based on each identified MS scan with a 15 ppm-level m/z tolerance window and assigns an interference score
(Int. Score, also known as confidence score) to each value from zero to one. In principle, the lower the calculated Int. Score, the less
co-elution interference signal was observed in the extracted ion chromatograms. In this regard, the median values of IPM-modified
peptide ratios with s less than or equal 0.5 were considered to calculate site-level ratios. Quantification results were obtained from
two independent experiments with single 75-min LC-MS/MS run for each.
Sequence Alignment
Proteins orthologous to Pst DC3000 HrpS were identified from other Pseudomonas stains. Representative sequences were selected
for alignment using MEGA and edited by GeneDoc. The amino acids were colored according to conserved percentage.
DATA AND CODE AVAILABILITY
The published article includes all datasets generated or analyzed during this study; the accession number for the raw sequencing
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