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SUMMARY
Pseudomonas syringae, a Gram-negative plant pathogen, expresses multitudinous transcriptional regula-
tors to control the type III secretion system (T3SS) and response to diverse environmental challenges.
Although themechanisms of virulence-associated regulators of P. syringae have been studied for decades,
the overall crosstalk underlying these regulators is still elusive. Here, we identify five T3SS regulators (EnvZ-
OmpR, CbrAB2, PhoPQ, PilRS, and MgrA), and find that the two-component systems EnvZ-OmpR and
CbrAB2 negatively regulate the T3SS. To elucidate crosstalk between 16 virulence-associated regulators
in P. syringae, we map an online intricate network called ‘‘PSRnet’’ (Pseudomonas syringae regulatory
network) by combining the differentially expressed genes (DEGs) of these 16 regulators by RNA sequencing
(RNA-seq) and their binding loci by chromatin immunoprecipitation sequencing (ChIP-seq). Consequently,
we identify 238 and 153 functional genes involved in the T3SS and other virulence-related pathways in KB
and MMmedia, respectively. Our results provide insights into the mechanism of plant infections caused by
P. syringae.
INTRODUCTION

Pseudomonas syringae is a major Gram-negative pathogen that

causes yield-losing diseases in more than 50 crop and fruit

species worldwide. It can be classified into more than 50 path-

ovars based on its host specificity at plant species level (Gon-

zález et al., 2000; Hirano and Upper, 2000). Like many other

Gram-negative pathogenic bacteria, P. syringae infects host

plant cells and elicits the hypersensitive reaction (HR) in non-

host plants using its highly conserved type III secretion system

(T3SS) (Cunnac et al., 2009; Galán and Collmer, 1999; Guo

et al., 2009; Mudgett and Staskawicz, 1998; Staskawicz

et al., 2001).

P. syringae directly injects a variety of T3SS effectors into host

cells or the intercellular space via the needle-like T3SS machin-

ery to suppress the host immune system or important cellular

processes (Hueck, 1998; Lee, 1997; Oguiza and Asensio,

2005). The T3SS equipment in P. syringae is encoded by the

hrp (hypersensitive response and pathogenicity) and hrc (hyper-

sensitive response and conserved) genes (Alfano et al., 2000;

Arnold et al., 2003; Shindo et al., 2016). The T3SS-encoding

genes are clustered in an approximately 25-kb pathogenicity-

related island, but most of the effector genes are dispersed in

the genome. Some T3SS proteins are called Hop (Hrp-depen-
This is an open access article under the CC BY-N
dent outer proteins), and several T3SS effector genes are desig-

nated as avr (avirulence) genes (Alfano and Collmer, 2004; Leach

and White, 1996; Mansfield, 2009).

The expression of T3SS genes is strictly regulated in

response to environmental conditions and is induced within

the host plant. The T3SS genes are repressed in rich medium,

such as King’s B (KB), but are significantly induced in the host

plant or T3SS-inducing minimal medium (MM) (Huynh et al.,

1989; Rahme et al., 1992; Xiao et al., 2004; Xiao et al., 1992).

The regulation of T3SS mainly depends on the HrpRSL

pathway. HrpR and HrpS form a hetero-hexamer (Xiao et al.,

1994) and activate the transcription of hrpL, which encodes

an alternative RNA polymerase sigma factor (Hutcheson et al.,

2001; Xiao et al., 1994; Zwiesler-Vollick et al., 2002). The tran-

scription of hrpL is also regulated by the sigma factor RpoN

(Hendrickson et al., 2000; Lindeberg et al., 2006; Nissan et al.,

2005; Yu et al., 2014). In the T3SS-inducing conditions, HrpL

binds to the hrp box (GGAACC-N15/16-CCACNNA) located in

the promoter of T3SS genes and induces their expression (Alar-

cón-Chaidez et al., 2003; Chatterjee et al., 2003; Hendrickson

et al., 2000). The T3SS is also regulated by at least 17 additional

regulators, including HrpV (Preston et al., 1998), GacA (Chatter-

jee et al., 2003; O’Malley et al., 2019, 2020), HrpG (Wei et al.,

2005), CorR (Sreedharan et al., 2006), PsrA (Chatterjee et al.,
Cell Reports 34, 108920, March 30, 2021 ª 2021 The Authors. 1
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Figure 1. Virulence-associated transcriptional regulators contributed to P. syringae virulence

(A and B) Bacterial number (colony-forming units; CFUs) of DompR mutant (A) and DpilR mutant (B) on the bean leaf surface after dip inoculation.

(C) OmpR negatively regulated T3SS genes in KB.

(D) Gongo Red assay measured colony morphologies and the exopolysaccharide (EPS) production of the DompR strain.

(E) OmpR positively regulated motility of Psph.

(F) CbrA2 negatively regulated T3SS genes in KB.

(legend continued on next page)
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2007), HrpA (Ortiz-Martı́n et al., 2010a), HrpT (Ortiz-Martı́n et al.,

2010b), Vfr (Taguchi and Ichinose, 2013), AlgU (Fishman et al.,

2018; Markel et al., 2016, 2018), HrpF (Huang et al., 2016),

HrpJ (Charova et al., 2018), CvsR (Fishman et al., 2018), Lon

(Bretz et al., 2002; Lan et al., 2007; Losada and Hutcheson,

2005; Yang et al., 2011; Zhou et al., 2016), AauR (Yan et al.,

2020), RhpRS (Deng et al., 2010, 2014; Xiao et al., 2007; Xie

et al., 2019a), AefR (Deng et al., 2009; Kawakita et al., 2012;

Quiñones et al., 2004; Yu et al., 2014), and RhpPC (Li et al.,

2019).

We previously characterized three T3SS regulators; namely,

RhpRS (Deng et al., 2010; Xiao et al., 2007), AefR (Deng et al.,

2009), and Lon (Zhou et al., 2016). In the RhpRS two-compo-

nent system (TCS), RhpS functions as an autokinase upon itself

and as a phosphatase on RhpR (Deng et al., 2014). The phos-

phorylated RhpR directly regulates the T3SS, swimming

motility, c-di-GMP levels, and biofilm formation (Xie et al.,

2019a). RhpR also directly regulates cytochrome C550 produc-

tion, alcohol dehydrogenase activity, anthranilate synthase ac-

tivity, and protease activity in different nutritional environments

and phosphorylation states (Xie et al., 2019a). AefR is a positive

regulator of the T3SS in P. syringae (Deng et al., 2009). Lon

functions as a suppressor of DrhpS (Zhou et al., 2016). Lon

also regulates virulence and metabolism by acting as both tran-

scription factor (TF) and protease in different environments (Hua

et al., 2020). In addition, our previous study shows that HrpS

directly regulates the expression of T3SS genes independent

of the HrpL pathway and non-T3SS genes (Wang et al., 2018).

Furthermore, the protease system RhpPC regulates T3SS, bac-

terial fitness, and pathogenicity (Li et al., 2019). Recently, we

identified the binding motifs of 100 TFs in P. syringae, which re-

veals the important roles of these TFs in multiple pathways (Fan

et al., 2020).

Although the regulators of P. syringae T3SS have been studied

individually, a complete picture of the T3SS regulatory network

has yet to be provided. Here, we newly found 5 T3SS regulators

(EnvZ-OmpR, CbrAB2, PhoPQ, PilSR, andMgrA). To understand

the genome-wide regulons of 16 key virulence-associated tran-

scriptional regulators (namely, AefR, AlgU, CvsR, GacA, HrpL,

HrpR, HrpS, MgrA, EnvZ-OmpR, PhoPQ, PilSR, PsrA, RhpRS,

RpoN, CbrAB2, and Vfr) and their interactions, we mapped an

intricate network named ‘‘PSRnet’’ (Pseudomonas syringae reg-

ulatory network) using chromatin immunoprecipitation

sequencing (ChIP-seq) and RNA sequencing (RNA-seq) that

identified the functional genes and crosstalk between the regu-

lators. The functional targets were verified by electrophoretic

mobility shift assay (EMSA) and quantitative real-time PCR. In

the PSRnet, we identified the roles of each transcriptional regu-

lator in virulence regulation and many important metabolic path-

ways. We expect that these strategies will significantly facilitate

future studies on the global virulence regulation in P. syringae as

well as other closely related pathogens.
(G) Gongo Red assay measured the EPS production of the DcbrA2 strain.

(H) MgrA negatively regulated the expression of soxA and ohr in KB.

(I) PilR negatively regulated T3SS genes in MM.

**p < 0.01; ***p < 0.001. Results are indicated as mean ± SD. All experiments we
RESULTS

EnvZ-OmpR, CbrAB2, PhoPQ, PilSR, and MgrA
contribute to P. syringae virulence
Previously, we have identified and characterized three T3SS reg-

ulators; namely, RhpR (Xiao et al., 2007), AefR (Deng et al., 2009),

and RhpPC (Li et al., 2019). To identify more T3SS regulators,

here, we performed EZ::Tn5 < Kan-2 > transposon insertion

mutagenesis in P. syringae pv. phaeseolicola (Psph) carrying

the avrPto-luc reporter plasmid (Xiao et al., 2004). Over 40,000

mutants were screened to identify the ones showing significantly

higher or lower avrPto promoter activity in KB or MM, respec-

tively. We identified three TCS mutants (envZ-ompR, pilSR,

and PSPPH_0858-0857) displaying higher avrPto expression in

KB and one mutant (phoQ) showing lower avrPto-luc expression

in MM compared with the wild-type strain. We named

PSPPH_0858/0857 as CbrAB2 (sensory box histidine kinase/

Fis family transcriptional regulator). mgrA (PSPPH_3645) en-

codes a putative transcription factor that is homologous with

MgrA, an oxidative pressure sensor that plays an important

role in host infection and antibiotic resistance in Staphylococcus

aureus (38% identity) and P. aeruginosa (78.92% identity) (Chen

et al., 2006, 2008).

To further evaluate the roles of these 5 identified regulators in

T3SS regulation and plant infection, we first constructed their

deletion mutants (DenvZ, DompR, DcbrA2, DphoQ, DpilR,

DpilS, and DmgrA) and tested their contributions to virulence in

host bean leaves. As shown in Figures S1A–S1G, deletion of

envZ, cbrA2, mgrA, phoQ, ompR, pilR, and pilS did not signifi-

cantly change the symptom (top) and bacterial numbers (bottom)

in bean leaf by infiltration inoculation. In the dip inoculation for

these 7 strains, the bacterial number of the DompR-dipping

group significantly decreased (�1.5-fold) on the leaf surface

compared with those of the wild-type/empty vector (WT/EV)

and the complemented strain (DompR/p-ompR-HA [hemaggluti-

nin; HA]) (Figure 1A). TheDpilR showed stronger ability to survive

and colonize on the surface of bean leaf (�2.0-fold) than thewild-

type and the complementary strain (DpilR/p-pilR-HA) (Figure 1B).

The bacterial numbers of the other deletion strains (DenvZ,

DcbrA2, DmgrA, DphoQ, and DpilS) on the surface of bean leaf

by dip inoculation experiment did not show significant difference

(Figures S1H–S1L).

TCS EnvZ-OmpR represses T3SS and motility
Although EnvZ-OmpR functions as an osmosensor in Escheri-

chia coli (Aiba et al., 1989; Forst and Inouye, 1988), Acineto-

bacter baumannii (Tipton and Rather, 2017), and Salmonella

(Chakraborty and Kenney, 2018; Chakraborty et al., 2015), the

functions in P. syringae are still unknown. We first performed

RNA-seq on both DompR and DenvZ, which found that 18

T3SS genes (such as hrpA2, hrpZ1, and hrpK1) were upregu-

lated in KB (Table S1A), but the expression of these genes was
re repeated at least three times.
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not significantly different in MM (Figures S2A and S2B; Table

S1B). As expected, quantitative real-time PCR confirmed that,

in KB, the expression of hrpR, hrpL, hrpA2, hrpZ1, and hrpK1

was significantly upregulated in the DompR and recovered in

the complemented strain (DompR/p-ompR-HA) compared with

that in the wild-type (Figure 1C). Similarly, the DenvZ had the

same inhibitory effect on the T3SS genes (Figure S2C). This

finding proved that EnvZ-OmpR is a repressor of the T3SS in

P. syringae in KB. In addition,DompR andDenvZ showedwrinkly

colony morphology compared to the wild-type, indicating the

higher exopolysaccharide (EPS) production in these two strains.

Their complemented strains (DompR/p-ompR-HA and DenvZ/p-

envZ) recovered the colony morphology (Figures 1D and S2D).

Moreover, DompR showed deficient motility compared with

the wild-type and its complemented strain (DompR/p-ompR-

HA) (Figure 1E).

To further determine the binding genes of OmpR, we per-

formed ChIP-seq by overexpressing OmpR-HA in the wild-

type, which identified 229 specific OmpR-binding genes that

were annotated by peaks located in the gene promoter region,

the region overlapped with the transcription start site (TSS), or

the whole coding region (q < 0.01) (Table S1C). HA-tagged

OmpR functionally recovered themotility ofDompR (Figure S3F).

OmpR bound to the promoters of gacA, algD, algU, and fleQ,

indicating that OmpR regulates the GacAS and the alginate syn-

thesis pathway. Given that EnvZ indirectly regulates hrpR

expression, we evaluated whether EnvZ also regulates the

expression of other regulatory genes of hrpR, such as rhpR.

The rhpR mRNA level was significantly downregulated in

DenvZ but highly expressed (�7-fold) in the complemented

strain (DenvZ/p-envZ), suggesting that EnvZ positively regulated

rhpR expression (Figure S2C). Taken together, the results indi-

cate that EnvZ-OmpR regulates the expression of T3SS genes,

motility, and colony morphology.

TCS CbrAB2 inhibits T3SS
Homologs of Psph CbrAB2 (PSPPH_0857-0858) are found in

other Pseudomonas, such as PA4725-4726 in P. aeruginosa

PAO1 (79.07%/78.86% identity), Pput_4560/4561 in P. putida

F1 (82.24%/80.79% identity), and PSPTO_0965/0964 (anno-

tated as CbrAB) in P. syringae pv. tomato DC3000 (Pst)

(90.07%/89.51% identity) (Filiatrault et al., 2013; Garcı́a-Mauriño

et al., 2013; Sonnleitner et al., 2009; Yeung et al., 2011). CbrAB

regulates virulence, antibiotic resistance, and the expression of

the crcZ small RNA (sRNA) gene in P. aeruginosa (Sonnleitner

et al., 2009; Yeung et al., 2011), P. putida (Garcı́a-Mauriño

et al., 2013), and Pst (Filiatrault et al., 2013). Two other genes

PSPPH_2757-2758 in the Psph 1448A genome have been anno-

tated as cbrAB, although they are not homologous. To avoid the

duplicate gene names of cbrAB in Psph 1448A, we renamed

PSPPH_0857-0858 as cbrAB2 in this study. In Psph, cbrA2

(PSPPH_0858) has the same operon as cbrB2 (PSPPH_0857)

(https://pseudomonas.com/). The RNA-seq data revealed that

12 T3SS genes (such as hrpA2, hrpZ1, and hrpK1) were upregu-

lated in theDcbrA2 in KB. Similar to the results for theDenvZ, the

expression of T3SS genes (such as hrpL) was 10-fold higher in

the DcbrA2 in KB and 2.5-fold higher in MM compared with

that in the wild-type (Figure S2E; Tables S1A and S1B). Quanti-
4 Cell Reports 34, 108920, March 30, 2021
tative real-time PCR confirmed that the expression of T3SS

genes (including hrpR, hrpL, hrpK1, hrpZ1, and hrpA2) was upre-

gulated in the DcbrA2 and normalized in the complemented

strain (DcbrA2/p-cbrA2), compared with that in the wild-type

(Figure 1F). This finding proved that CbrAB2 is a repressor of

the T3SS in P. syringae. DcbrA2 produced more EPS with rough

colony morphology, compared to the wild-type and the comple-

mented strain (Figure 1G).

To determine the CbrB2-binding genes in the P. syringae

genome, we performed ChIP-seq analysis by overexpressing

CbrB2-HA in the wild-type Psph. The results revealed that

CbrB2 directly bound to 429 genes, which were annotated to

244 gene promoters, including the promoters of hrpR, hopAJ1,

and hopAF1 (Table S1C), indicating that CbrAB2 regulated the

HrpRSL pathway and downstream T3SS effector genes. Taken

together, our results identified that the TCS CbrAB2 negatively

regulates the expression of T3SS genes in rich medium.

MgrA directly regulates virulence and oxidation
resistance
To identify the binding genes of MgrA in the P. syringae genome,

we performed a ChIP-seq by overexpressing MgrA-HA in the

wild-type. Consequently, we identified 588 MgrA-binding target

genes (Table S1C), 34.0% of which were in genes involved in

transcriptional regulation and 21.2% were in genes involved in

DNA binding (Figure S2J). To further identify the regulon of

MgrA, we constructed amgrA deletion mutant (DmgrA) and per-

formed RNA-seq in KB and MM. The DmgrA mutant showed 26

differentially expressed genes (DEGs) in KB and 109DEGs inMM

(Tables S1A and S1B). Deletion of mgrA highly induced the

expression of ohr that encodes the organic hydroperoxide resis-

tance protein Ohr in KB andMM (Figures 1H and S2F). MgrA also

negatively regulated the expression of the glyA-soxG operon

(Figures 1H andS2F) involved in the glycine biosynthetic process

and the oxidation-reduction process. Taken together, the results

demonstrated that MgrA is an important regulator of virulence

and oxidation resistance in P. syringae.

TCS PilRS negatively regulates the expression of T3SS
effector genes
As mentioned earlier, we identified that the DpilR mutant

enhanced the colonization ability of P. syringae on leaf surface

(Figure 1B). To further identify the function of PilRS, we explored

the binding genes of PilR and performed transcriptome profiling

ofDpilR andDpilS in KB andMM. RNA-seq revealed 553 and 252

DEGs involved in divergent functions in the DpilR and DpilS in

KB, respectively (Figures S2K and S2L; Table S1A). PilR nega-

tively regulated the expression of algA, mucA, and algU in KB

(Table S1A). In MM, the DpilR and DpilS mutants showed 137

and 215 DEGs, respectively (Figures S2M and S2N; Table

S1B). Quantitative real-time PCR confirmed that the expression

of six T3SS genes (hrpW1, hopI1, hrpK1, hopX1, hopG1, and

hopF3) was upregulated in the DpilR strain (�2.5-fold) in MM,

which was recovered in the complemented strain (DpilR/p-

pilR-HA) (Figure 1I). However, this upregulation was not

observed in the DpilR strain in KB (Figure S2G) and the DpilS

strain in both MM and KB (Figures S2H and S2I). The ChIP-seq

results revealed 66 PilR-binding genes, including mucA, adhB,

https://pseudomonas.com/
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and cbrB2 (Table S1C). Collectively, the results indicated that

PilRS negatively regulates the expression of T3SS effector genes

in P. syringae.

TCS PhoPQ positively regulates alginate biosynthesis
To identify the functions of the TCS PhoPQ in P. syringae, we

performed transcriptome profiling of the DphoQ strain in KB

and MM, which identified 457 and 363 DEGs, respectively

(Tables S1A and S1B). Compared with the wild-type, the

DphoQ strain showed downregulation in the expression of algi-

nate genes (Tables S1A and S1B). To identify the direct targets

of PhoP, we performed a ChIP-seq assay by overexpressing

PhoP-HA in the wild-type and identified 288 PhoP-binding genes

(Table S1C). Taken together, our results suggested that the TCS

PhoPQ regulates alginate biosynthesis.

Binding patterns of genome-wide virulence-associated
transcriptional regulators in P. syringae

The T3SS and other virulence-associated pathways in

P. syringae are also regulated by 13 known transcriptional regu-

lators; namely, AefR (Deng et al., 2009; Kawakita et al., 2012;

Quiñones et al., 2004; Yu et al., 2014), AlgU (Markel et al.,

2016), CvsR (Fishman et al., 2018), GacA (Chatterjee et al.,

2003), HrpL (Lam et al., 2014; Xiao and Hutcheson, 1994), HrpRS

(Hendrickson et al., 2000; Hutcheson et al., 2001; Wang et al.,

2018; Xiao and Hutcheson, 1994), PsrA (Chatterjee et al.,

2007), RhpR (Deng et al., 2014; Xiao et al., 2007; Xie

et al., 2019b; Zhou et al., 2016), RpoN (Hendrickson et al.,

2000), Vfr (Taguchi and Ichinose, 2013), CorR (Sreedharan

et al., 2006), and AauR (Yan et al., 2020). However, the crosstalk

among them remains largely unknown. To this end, we attemp-

ted to reveal the genome-wide landscape of crosstalk between

all 16 virulence-related transcriptional regulators (11 of the 13

abovementioned regulators and 5 identified regulators in this

study; namely MgrA, OmpR, PhoP, PilR, and CbrB2) in medium

conditions, whose functions are summarized in Table S2,

and eventually mapped an integrated regulatory network of

P. syringae virulence regulation.

To identify the direct targets of these 16 transcriptional regula-

tors on a genomic scale, we performed ChIP-seq and identified

1,196 target genes by overexpressing each regulator with pHM1

plasmid (Labes et al., 1990) in KB and MM (Table S3A). The HA-

tagged OmpR and FLAG-tagged AlgU constructs functionally

complemented their corresponding deletion strains in the

motility assay (Figures S2O and S2P). All 16 HA/FLAG-tagged

transcriptional regulators showed similar functionswith their cor-

responding native transcriptional regulators in quantitative real-

time PCR assay (Figures S3A–S3P). For each regulator, the

raw ChIP-seq reads were mapped to the P. syringae pv. phaseo-

licola 1448A genome using Bowtie2 (Langmead et al., 2009), and

the enriched loci were identified using MACS2 (q < 0.01) (Zhang

et al., 2008) followed by BEDtools (Quinlan and Hall, 2010) to
Figure 2. Genome-wide identification of binding peaks of 16 virulence

(A) Genome-wide distribution of binding peaks for each transcriptional regulator

(B) Pie charts illustrate the distribution of genomic features of different transcriptio

(log2-transformed) of transcriptional regulators.

(C) Histogram and heatmap illustrate the number of genes uniquely targeted by
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ensure its reproducibility. Details of the ChIP-seq experiment

and bioinformatic analysis are provided in the STAR methods

section.

The results showed that the regulator-binding peaks were

widely distributed across the genome (Figure 2A). Subsequently,

we investigated the genomic distribution features (including up-

stream, overlap start, inside, include gene, overlap end, and

downstream) of the binding regions for each regulator. As shown

in Figure 2B, more than 50% of the binding sites of all regulators

were located upstream of, or overlapped with, a TSS, indicating

that the functional regulation to the downstream genes.

All 16 transcriptional regulators had 1,196 target genes in total,

targeting for 22% of the total number of genes in the P. syringae

genome (5,437 genes; http://Pseudomonas.com) (Table S3A).

MgrA, RpoN, CbrB2, GacA, OmpR, and PhoP had 588, 110,

244, 357, 229, and 288 target genes, respectively (Table S3A).

Among all target genes, 603 were co-targets regulated by at

least two regulators (Figure S4A; Table S3B). MgrA individually

bound to 219 target genes and co-bound 71 genes with OmpR

(Figure 2C). Notably, AefR, GacA, MgrA, PhoP, PsrA, and

CbrB2 co-bound to 11 genes, indicating that these genes were

co-regulated (two or more TFs regulate the same gene simulta-

neously) by these regulators (Figure 2C; Table S3B). AefR, GacA,

PhoP, and PsrA simultaneously bound to 20 genes. Seven regu-

lators co-bound to 6 genes simultaneously (Figure 2C; Table

S3B). AefR, GacA, PhoP, and PsrA simultaneously bound to 20

genes. Seven regulators co-bound to 6 genes simultaneously

(Figure 2C; Table S3B). hrpR was regulated by 8 TFs (GacA,

HrpR, PhoP, CbrB2, PsrA, AefR, RhpR, and MgrA); and fleQ,

by 6 (OmpR, CvsR, MgrA, CbrB2, GacA, and PhoP). In addition,

the hopG1 promoter was co-bound by five regulators; and the

hopAJ1 promoter, by four (Figures 2C and S4A; Table S3B).

cbrB2was also bound by five regulators. Taken together, the re-

sults revealed the overall DNA-binding patterns of 16 virulence-

associated transcriptional regulators and their complicated

crosstalk in P. syringae.

Transcriptome profiling of 16 virulence-associated
transcriptional regulators in P. syringae

The multifaceted regulation of the T3SS in P. syringae suggests

that a highly intricate T3SS regulatory network controls

P. syringae pathogenicity (Xie et al., 2019a). To further charac-

terize the regulons of the abovementioned 16 regulators and

the crosstalk among them in medium conditions, we performed

RNA-seq for all 18 deletion strains. The transcriptomes of six

regulators, including HrpRSL (Lan et al., 2006), RhpR (Xie

et al., 2019b), AlgU (Markel et al., 2016), and CvsR (Fishman

et al., 2018), have been previously characterized by RNA-seq

or microarray analyses in different conditions or growth phases.

Given the potentially different functions of their cognate histidine

kinases, we also constructed the ompR and pilR deletion mu-

tants for the following analyses. Subsequently, we standardized
-associated transcriptional regulators in P. syringae

.

nal regulator-binding peaks. The y axis represents the number of binding peaks

transcriptional regulators or co-targeted by multiple transcriptional regulators.

http://pseudomonas.com
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the experimental conditions for the transcriptomes of all 18

P. syringae deletion strains (DaefR, DalgU, DcvsS, DenvZ,

DgacA, DgacS, DhrpL, DhrpR, DhrpS, DmgrA, DompR, DphoQ,

DpilR, DpilS, DpsrA, DrhpS, DcbrA2, and Dvfr) and the OX-

rpoN (overexpression of rpoN) strain by culturing in KB to an op-

tical density at 600 nm (OD600) of 0.6 (KB samples). To test the

contribution of these regulators to the T3SS regulatory network

at the same condition referring to the expression of the hrpL

gene, the T3SS genes were induced in MM for 6 h based on

our previous studies (Deng et al., 2009, 2010, 2014; Lan et al.,

2006, 2007; Wang et al., 2018; Xiao et al., 2007; Xie et al.,

2019a), which is also consistent with the time points of the

following quantitative real-time PCR validation experiments. By

integrating all RNA-seq datasets, we found that 1,729 and 934

out of the total 5,437 genes (31.8% and 17.3%, respectively) in

the genome were regulated by these 16 regulators in KB (Table

S3C) and MM (Table S3E), respectively.

In KB, 1,121 genes were co-regulated by at least two regula-

tors (Figures 3A and S4B; Table S3C). gacA and ompRmutations

affected the expression of 800 and 765 genes, respectively

(Table S3C). HrpL regulated three DEGs (algR3, PSPPH_2593,

and PSPPH_3689) (Figure 3A; Table S3D). OmpR and PilR

co-regulated 89 DEGs (Figure 3A; Table S3D). ompR was co-

regulated by 6 regulators (Table S3D). Further, the expression

of the T3SS helper gene hopAK1 was co-regulated by 8 regula-

tors, and hopR1 was co-regulated by 2 (CbrB2 and OmpR)

(Table S3D). CbrB2 and OmpR negatively co-regulated the

expression of 12 T3SS genes (such as hrpA2, hrpZ1, and

hrpK1) in KB (Table S3C).

InMM, as expected, HrpRSL regulated the expression of most

of the T3SS genes (Table S3E). In total, 584 genes were co-regu-

lated by at least 2 regulators (Figure S4C; Table S3E). In DphoQ,

363 DEGs were identified (Figures 3B and S5C; Table S3E).

CvsR, OmpR, and AefR regulated 302, 270, and 263 DEGs,

respectively. In theDcbrA2 strain, 220 DEGswere identified (Fig-

ures 3B and S4C; Table S3E). AefR and CvsR co-regulated 30

DEGs (Figures 3B and S4C). AefR, CvsR, OmpR, PsrA, CbrB2,

and Vfr co-regulated 33 genes (Figures 3B and S4C); and at least

2 regulators co-regulated 37 T3SS genes (Table S3F). Remark-

ably, hopR1 was co-regulated by 12 regulators; 7 T3SS genes,

by 12 regulators; hrpF, hrpG, avrB4-1, and hopF3, by 11 regula-

tors; and hopAJ1, hrpB, hrpJ, and hopAK1, by 10 regulators

(Table S3F). In addition, hrpL was co-regulated by 8 (Table

S3F). Furthermore, 4 alginate regulatory genes were co-regu-

lated by more than 2 regulators (Table S3F). These identified

co-targets ofmultiple regulators strongly suggested that alginate

biosynthesis and the T3SS pathway share extensive crosstalk.

Taken together, our results revealed 1,121 intersections of

1,729 DEGs in KB and 584 intersections of 943 DEGs in MM,

all of which were controlled by 16 transcriptional regulators.

This finding indicates that the T3SS in P. syringae has a highly

intricate regulatory network in KB and MM conditions.
Figure 3. Transcriptomic analysis of virulence-associated transcriptio

(A and B) Hierarchical clustering based on DEGs in the absence of TFs using Pears

differentially regulated by 16 transcriptional regulators obtained from RNA-seq da

white. Co-expression patterns of differentially regulated genes dependent upon 1

regulators circles represent the number of genes that are co-regulated by multip
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An integrated regulatory network in P. syringae

To reveal the direct regulons of the 16 regulators in P. syringae,

we used the intersections of all ChIP-seq and RNA-seq data to

map a P. syringae regulatory network called PSRnet. We defined

the identified direct targets as functional genes. In PSRnet, the

definition of a functional gene was based on two criteria: (1)

the upstream or overlap start region or the whole gene was

bound by at least one regulator in ChIP-seq (q < 0.01), and (2)

the absolute log2-transformed fold change was higher than 0.5

in the mutant strain compared with the wild-type strain (Benja-

mini-Hochberg-adjusted p < 0.05).

We identified 238 functional genes in the KB regulome called

KBRnet (King’s B-dependent regulatory network), of which 55

were directly regulated by multiple regulators (at least two regu-

lators) and 183, by individual regulators (Figures 4A, S5A, and

S5C; Tables S4A and S4B). OmpR and GacA regulated 84 and

87 functional genes in KBRnet (Figure 4A; Table S4A). The

HrpRSL pathway controlled only two functional genes

(PSPPH_1496 and PSPPH_1525) (Figure 4A; Table S4A). As a

global regulator, RhpR controlled 20 functional genes in KB

(including algD, ccmA, adhB, fimA, flhA, trpG, rpoD,

PSPPH_2653, and hemB). PhoP, PilR, and CbrB2 regulated

26, 23, and 10 functional genes in KB, respectively. Co-regula-

tions were also present in KBRnet. For example, PSPPH_5102

(encoding a hypothetical protein) was directly co-regulated by

five regulators (PilR, OmpR, PhoP, CvsR, and CbrB2) (Figures

4A, S5A, and S5C; Table S4B); adhB (encoding alcohol dehydro-

genase), by four (GacA, PilR, PsrA, and RhpR); algD, by three

(PhoP, OmpR, and RhpR); and hopAJ1, by three (OmpR,

CbrB2, and PhoP).

We identified, in total, 153 functional genes in the MM regu-

lome (Figure 4B; Table S4C) calledMMRnet (T3SS-inducingmin-

imal medium-dependent regulatory network), of which 32 were

directly regulated by multiple regulators (at least two regulators)

and 121, by only one regulator (Figures 4B, S5B, and S5D; Table

S4D). Notably, the RhpRS-HrpRSL pathways directly controlled

42 functional genes inMM significantly more than that in KB (Fig-

ures 4B, S5B, and S5D). MgrA regulated 29 functional genes

(including hopG1 and adhB) in MM, which was more than in

KB (five genes) (Figures 4B, S5B, and S5D; Table S4D). OmpR,

GacA, PhoP, PilR, and CbrB2 had 23, 16, 28, 8, and 23 functional

genes in MM, respectively (Table S4C), suggesting that these

TCSs contributed to multiple regulations in P. syringae virulence.

Further, we identified 10 T3SS genes (such as hrpR, hrpA2, and

hrpL) and 21 non-T3SS genes (including algD, adhB, and

PSPPH_1181) as the co-targets in MMRnet (Table S4D). For

example, hopR1 was directly co-regulated by four regulators

(GacA, PhoP, PsrA, and RhpR); hrpR, by three (RhpR, HrpR,

and CvsR); and hrpA2, by three (HrpL, HrpR, and HrpS) in MM

(Table S4D).

To validate the functions of the regulators involved in PSRnet,

we performed functional annotation using hypergeometric tests
nal regulators in P. syringae

on correlation coefficients. 1,729 genes in KB (A) and 934 genes inMM (B) were

ta. Genes regulated by more than one transcriptional regulator are indicated in

6 transcriptional regulators; white circles lined between different transcriptional

le transcriptional regulators.
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Figure 5. Functional characterization of PSRnet

The PseudoCAP annotationwas used to identify biological functions associatedwith functional targets of the 16 transcription factors in KBRnet andMMRnet. The

size of circles indicates the significance of each functional category, quantified by �log10 (P).
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based on PseudoCAP (Winsor et al., 2016) and gene sets from

the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and

Genomes (KEGG) databases (Figure 5). The functional cate-

gories associated with the regulons of these 16 regulators

showed divergent functions, including T3SS regulation, the
Figure 4. An integrated regulatory network in P. syringae

(A and B) KBRnet (A) and MMRnet (B) regulatory networks were established by in

data in KB and MM, respectively. Rectangles represent transcription factors, an

indicated in orange and green represent positive and negative regulations, res

MMRnet.
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oxidation-reduction process, nitrogen metabolism, transcrip-

tion, and metal ion binding (Figure 5; Table S5). As expected,

most of the regulators were involved in ribosome biogenesis,

transport, translation, and transcription in KB. We observed

that GacA, HrpL, HrpR, HrpS, RhpR, AefR, PsrA, and PhoP
tegrating the regulons of 16 transcription factors from ChIP-seq and RNA-seq

d circles represent their functional targets. Among all functional targets, those

pectively. Gray nodes denote absent regulatory relationships in KBRnet or
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were significantly involved in the T3SS pathway in MM (p < 0.05)

(Figure 5; Table S5). In addition, CvsR, MgrA, and OmpR were

also involved in T3SS regulation (Figure 5). To further identify

the master regulators in the T3SS regulon, we performed a mas-

ter regulator analysis (MRA) in MM and identified RhpR (Fig-

ure S5E), HrpR, HrpS, and HrpL as the master regulators in the

T3SS regulon in MM (p < 0.05) (Figure S5F).

In summary, we mapped two independent but interrelated reg-

ulatory networks (KBRnet and MMRnet) of P. syringae virulence-

associated regulators in a T3SS-repressing condition (KB) and a

T3SS-inducing condition (MM). We identified 238 functional

genes and 55 co-targets in KBRnet, as well as 153 functional

genes and 32 co-targets in MMRnet. These two regulatory net-

works with multiple functions provided us with a database and

perspective to aid more in-depth comprehension of the compli-

cated signaling pathways involved in P. syringae virulence.

Experimental validation of PSRnet
To verify the functional genes in the two regulatory networks, we

performed EMSA in vitro and quantitative real-time PCR in both

the KB and MM conditions. As shown in Figure 6, PsrA bound to

the promoters of psrA (positive control) but not to the hrpL pro-

moter (negative control) (Figures S6A and S6H). PsrA negatively

regulated the expression of PSPPH_4715 (encoding acyl-CoA

dehydrogenase), PSPPH_1963 (encoding electron transfer

flavoprotein-ubiquinone oxidoreductase) and fabB (encoding

multifunctional fatty acid oxidation complex subunit alpha) in

both KB and MM (Figures 6A–6C). We further identified

nine functional genes regulated by CbrB2, as shown in Figures

6D–6L. CbrB2 directly downregulated the expression of

PSPPH_3845 (encoding an arsC family protein), PSPPH_3576

(encoding a LysR family transcriptional regulator of dihydroxy-

acid dehydratase), PSPPH_3022 (encoding a LysR family

transcriptional regulator), PSPPH_5102, and PSPPH_0688

(encoding a tyrosyl-tRNA synthetase), while it upregulated the

expression of adhB (encoding alcohol dehydrogenase) and

PSPPH_2825 (encoding a hypothetical protein) in both KB and

MM. CbrB2 also downregulated the expression of PSPPH_2186

(encoding ametalloprotease) and PSPPH_4432 (encoding a pilin

protein) in MM. CbrB2 also directly regulated hrpR, fleQ, and

PSPPH_2314 (Figures S6B–S6D) but did not bind to the rpoD

promoter (negative control) (Figure S6I). GacA directly bound

to its own promoter (positive control) (Figure S6E). GacA nega-

tively regulated the expression of PSPPH_3845 (encoding arsC

family protein), PSPPH_4318, PSPPH_0596, PSPPH_1142 (en-

coding hypothetical protein), PSPPH_2825 (encoding hypothet-

ical protein), and PSPPH_4834 (encoding hypothetical protein) in

KB but positively regulated its expression in MM (Figures 6M–6Q

and S6F). In addition, GacA positively regulated the expression

of two hypothetical protein-encoding genes, including

PSPPH_2506 and PSPPH_1613 (Figures 6R and S6G). GacA

did not bind to the PSPPH_2079 promoter (negative control)

(Figure S6J). These results indicated that the success rate of

EMSA and quantitative real-time PCR was more than 75%.

PSRnet online analysis platform
A web application implementing PSRnet (Figure S6K) was de-

ployed as a freely accessible online platform at https://
miaomitan.shinyapps.io/psrnet/. This platform provides network

visualization, subnetwork filtering, and downloading services for

both KBRnet and MMRnet to the users (Figure S6L). The plat-

form uses an optimized, dynamic layout based on the

visNetwork package to facilitate the visualization and exploration

of a regulatory network. This layout allows the users to filter the

full network by selecting at least 1 regulator to obtain a subnet-

work of interest. A brief summary of the subnetwork, with infor-

mation about the regulators and their target genes, is also

provided.

In addition to these basic functions, the PSRnet online plat-

form also enables analyses of master regulators for the identifi-

cation of key regulators that mediate a biological process or

pathway (Figure S6M). First, users can select the default KBRnet

or MMRnet or upload their own regulatory network in a prede-

fined format. Second, users can specify a gene signature asso-

ciated with a biological function or pathway of interest, either by

selecting a gene set from public databases or by uploading a

user-customized gene list. The current version of the platform

provides gene sets from GO and KEGG databases obtained

from the PseudoCAP (Winsor et al., 2016). Having completed

the master regulator analysis, a table will be returned with infor-

mation about the corresponding gene ID, gene name, number of

target genes, total number of hits (all signature genes in the

network), observed hits (signature genes in the regulon of the

regulator), and a p value calculated based on a hypergeometric

test for each regulator. This table will be sorted according to the

statistical significance indicated by the p values, allowing the pri-

oritization of the top significant regulators as master regulators.

DISCUSSION

A group of previous studies of P. syringae have identified the

functions of 14 virulence-associated TFs (GacA, CorR, PsrA,

Vfr, AlgU, CvsR, RpoN, RhpR, AefR, HrpR, HrpS, HrpL, Lon,

and AauR) in vitro or in planta. However, only six TFs (AlgU,

CvsR, RhpR, HrpR, HrpS, and HrpL) were studied with ChIP-

seq. To fully understand the integrated regulatory network of

the P. syringae T3SS in medium conditions, we performed

ChIP-seq and RNA-seq of 16 transcriptional regulators and

mapped PSRnet, including KBRnet and MMRnet. We identified

238 functional targets in KBRnet and 153 in MMRnet. The

functional targets were distributed in different key virulence-

associated regulatory pathways, such as the T3SS, motility

and alginate biosynthesis, and important cellular processes.

Importantly, we found that the two-component systems EnvZ-

OmpR and CbrAB2 negatively regulated the T3SS.

The functional genes and crosstalk in PSRnet provided

substantial insights into the complex regulatory network in

P. syringae. In total, 55 co-targets out of 238 functional genes

were revealed in KBRnet and 32 co-targets out of 153 functional

genes were revealed in MMRnet. As expected, T3SS genes

were significantly regulated in MMRnet. Ten T3SS genes were

directly co-regulated by at least two regulators in MMRnet.

PSPPH_5102 (encoding a hypothetical protein) was directly

regulated by five regulators (PilR, OmpR, PhoP, CbrB2, and

CvsR) in both KBRnet and MMRnet. The algD gene (encoding

alginate biosynthesis protein AlgD), needed for infection in the
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Figure 6. Experimental validation of functional genes in PSRnet

(A–C) PsrA bound to PSPPH_4715, PSPPH_1963, and fabB.

(D–L) CbrB2 directly regulated PSPPH_3845, PSPPH_3576, PSPPH_3022, PSPPH_5102, PSPPH_0688, adhB, PSPPH_2825, PSPPH_2186, and PSPPH_4432.

(M–R)GacA directly regulated PSPPH_3845, PSPPH_4318, PSPPH_0596, PSPPH_1142, PSPPH_2855, and PSPPH_2506. The original sequence peaks showed

the regulator binding regions. ns, no significance. *p < 0.05; **p < 0.01; and ***p < 0.001, and results are indicated in mean ± SD. All experiments were repeated at

least three times.
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apoplast (Peñaloza-Vázquez et al., 1997) was directly bound by

RhpR, PhoP, and OmpR in KBRnet and MMRnet. The algU pro-

moter was directly bound only by OmpR in KBRnet. In KB, three

regulators (OmpR, GacA, and CvsR) co-regulated the expres-

sion of the flagellar regulator FleQ, which plays important roles

in P. syringae virulence (Markel et al., 2018; Pérez-Mendoza

et al., 2019). In addition, adhB was co-regulated by four regula-

tors (PilR, GacA, RhpR, and CbrB2) in KBRnet and by three

regulators (PilR, MgrA, and CbrB2) in MMRnet. Although the

molecular regulatory mechanism of RhpR-HrpRSL has been

revealed (Deng et al., 2014; Xie et al., 2019b), the crosstalk

with other virulence-associated regulators is still elusive. Here,

through the regulatory network construction, we concluded

that RhpR acts as a master regulator in the T3SS regulatory sys-

tem. Therefore, the present study further revealed the crosstalk

between HrpRSL and other key virulence regulators.

AlgU negatively regulates alginate synthesis and positively

regulates swimming motility in Pst (Bao et al., 2020; Markel et

al., 2016; Markel et al., 2018). However, this study showed that

AlgU positively regulated motility in Psph (Figure S2P). AlgU

had 82 binding peaks by expressing its full-length protein in

the wild-type Psph strain. CvsR activates the expression of

hrpRS but represses the production of alginate in Pst DC3000

(Fishman et al., 2018). In this study, the ChIP-seq in Psph re-

vealed that CvsR bound to the upstream region of fleQ and

four T3SS genes (hrpL, hopAT1, hopAH1, and hopG1) (Table

S1C). Two reasons can explain the difference: (1) different

P. syringae pathovars were used, and (2) different cultural condi-

tions were used. The nutrient broth (NB) agar plate supple-

mented with Ca2+ and succinate was used in Pst DC3000, while

KB liquid medium was used in Psph 1448A. GacA regulates

T3SS, N-acyl-homoserine lactone (AHL) production, growth,

motility, pigment, siderophore production, and pathogenicity in

PstDC3000 (Chatterjee et al., 2003). AC811, a Tn5::gacAmutant

in Pst DC3000, causes a nonsense mutation in the anmK gene

and a polar effect on the uvrC gene (O’Malley et al., 2019). How-

ever, a recent study reports that GacA is a negative regulator on

T3SS in DC3000 (O’Malley et al., 2020). GacA is not required for

Pst DC3000 virulence inside Arabidopsis leaf tissue but is

required for that on leaf surface (O’Malley et al., 2020). In this

study, GacA had a mild negative regulatory effect on T3SS in

Psph 1448A. Taken together, we propose that GacA also has

different functions on virulence in different subspecies.

In summary, we found seven virulence-associated mutants

(envZ, ompR, cbrA2, phoQ, pilR, pilS, andmgrA). To fully under-

stand the genome-wide regulons of virulence-associated tran-

scriptional regulators and their interactions in P. syringae, we

added a total of 16 regulators in the P. syringae regulatory

network. Using the ChIP-seq assay, we identified 1,196 target

genes in the P. syringae genome and 603 co-targets among

these 16 virulence-related transcriptional regulators. Using tran-

scriptome profiling, we observed that 1,121 of the 1,729 DEGs in

the KB regulon and 584 of the 943 DEGs in the MM regulon were

co-regulated; the KB and MM regulons together represent the

complete regulome of the 16 key virulence-associated TFs.

Finally, we mapped two independent but interrelated regulatory

networks (KBRnet and MMRnet) of P. syringae virulence-associ-

ated regulators in KB and MM. In KBRnet, 238 functional genes
and 55 co-targets were identified with divergent functions,

including T3SS regulation, the oxidation-reduction process, ni-

trogen metabolism, transcription, and metal ion binding. One

hundred fifty-three functional genes and 32 co-targets, including

10 T3SS genes (such as hrpR, hopR1, and hrpA2), were identi-

fied in MMRnet. In addition, the complementary phenotypes of

16 TFs in this study are summarized in Table S6A. Taken

together, the data in this study reveal the intricate architecture

underlying P. syringae virulence, which provides a database for

uncovering the regulatory mechanism of P. syringae and other

related pathogens.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Monoclonal Anti-HA�Agarose antibody produced in mouse Sigma-Aldrich Catalog # A2095; RRID:AB_257974

ANTI-FLAG� M1 Agarose Affinity Gel Sigma-Aldrich Catalog # A4596; RRID:AB_10062709

Bacterial and Virus Strains

E. coli strains

DH5a (endA hsdR17 supE44 thi-1 recA1 gyrA relA1 D (lacZYA-argF)

U169 deoR (ɸ80dlacD (lacZ) M15))

Tiangen Biotech Catalog # CB101

BL21 (F ompT hsdS B (r B-m B-) gal dcm met (DE3)) Tiangen Biotech Catalog # CB105

P. syringae strains

Pseudomonas syringae pv. phaseolicola 1448A (Psph) (Deng et al., 2014) N/A

DaefR (clean deletion of aefR) This study N/A

DalgU (clean deletion of algU) This study N/A

DcvsS (clean deletion of cvsS) This study N/A

DompR (clean deletion of ompR) This study N/A

DenvZ (clean deletion of envZ) This study N/A

DgacA (clean deletion of gacA) This study N/A

DgacS (clean deletion of gacS) This study N/A

DhrpL (clean deletion of hrpL) This study N/A

DhrpR (clean deletion of hrpR) This study N/A

DhrpS (clean deletion of hrpS) This study N/A

DmgrA (clean deletion of mgrA) This study N/A

DphoQ (clean deletion of phoQ) This study N/A

DpilR (clean deletion of aefR) This study N/A

DpilS (clean deletion of pilS) This study N/A

DcbrA2 (clean deletion of cbrA2) This study N/A

DcbrB2 (clean deletion of cbrB2) This study N/A

DpsrA (clean deletion of psrA) This study N/A

DrhpS (clean deletion of rhpS) This study N/A

Dvfr (clean deletion of vfr) This study N/A

OX-rpoN (Overexpressed rpoN in wild-type Psph) This study N/A

Chemicals, Peptides, and Recombinant Proteins

BamHI-HF NEB Catalog # R3136M

HindIII-HF NEB Catalog # R3104M

EcoRI-HF NEB Catalog # R3101M

XbaI NEB Catalog # R0145M

His-tagged GacA This study N/A

His-tagged CbrB2 This study N/A

His-tagged PsrA This study N/A

Critical Commercial Assays

ClonExpress MultiS One Step Cloning Kit Vazyme Biotech Catalog # C113-02

NEXTflex ChIP-Seq Kit Bioo Scientific Catalog # 5143-01

RNeasy mini kit QIAGEN Catalog # 74106

MICROBExpress kit Ambion Catalog # AM1905

NEBNext� UltraTM II RNA Library Prep Kit for Illumina NEB Catalog # E7770L

FastKing RT Kit Tiangen Biotech Catalog # KR116

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

SuperReal Premix Plus (SYBR Green) Kit Tiangen Biotech Catalog # FP205

Agarose Gel DNA Purified Kit Tiangen Biotech Catalog # DP219

Deposited Data

Raw and analyzed data This study GSE138204

Codes This study https://github.com/CityUHK-

CompBio/PSRnet

Experimental Models: Organisms/Strains

Phaseolus vulgaris cv. Red Kidney (Xiao et al., 2007) N/A

Oligonucleotides

Primers for mutant construction, recombinant proteins, EMSA probes,

qRTqRT-PCR, see Table S6B

This study N/A

Recombinant DNA

pHM1-GacA-HA (Overexpressed protein for ChIP-seq & complementary

plasmid, Sper)

This study N/A

pHM1-GacA (Native complementary plasmid, Sper) This study N/A

pHM1-OmpR-HA (Overexpressed protein for ChIP-seq & complementary

plasmid, Sper)

This study N/A

pHM1-OmpR (Native complementary plasmid, Sper) This study N/A

pHM1-envZ (Native complementary plasmid, Sper) This study N/A

pHM1-MgrA-HA (Overexpressed protein for ChIP-seq & complementary

plasmid, Sper)

This study N/A

pHM1-MgrA (Native complementary plasmid, Sper) This study N/A

pHM1-CbrB2-HA (Overexpressed protein for ChIP-seq & complementary

plasmid, Sper)

This study N/A

pHM1-CbrB2 (Native complementary plasmid, Sper) This study N/A

pHM1-CbrA2 (Native complementary plasmid, Sper) This study N/A

pHM1-PilR-HA (Overexpressed protein for ChIP-seq & complementary

plasmid, Sper)

This study N/A

pHM1-PilR (Native complementary plasmid, Sper) This study N/A

pHM1-PilRS (Native complementary plasmid, Sper) This study N/A

pHM1-PhoP-HA (Overexpressed protein for ChIP-seq & complementary

plasmid, Sper)

This study N/A

pHM1-PhoP (Native complementary plasmid, Sper) This study N/A

pHM1-RpoN-FLAG (Overexpressed protein for ChIP-seq & complementary

plasmid, Sper)

This study N/A

pHM1-RpoN (Native complementary plasmid, Sper) This study N/A

pHM1-AefR-FLAG (Overexpressed protein for ChIP-seq & complementary

plasmid, Sper)

This study N/A

pHM1-AefR (Native complementary plasmid, Sper) This study N/A

pHM1-AlgU-FLAG (Overexpressed protein for ChIP-seq & complementary

plasmid, Sper)

This study N/A

pHM1-AlgU (Native complementary plasmid, Sper) This study N/A

pHM1-PsrA-FLAG (Overexpressed protein for ChIP-seq & complementary

plasmid, Sper)

This study N/A

pHM1-PsrA (Native complementary plasmid, Sper) This study N/A

pHM1-Vfr-FLAG (Overexpressed protein for ChIP-seq & complementary

plasmid, Sper)

This study N/A

pHM1-Vfr (Native complementary plasmid, Sper) This study N/A

pHM1-CvsR-FLAG (Overexpressed protein for ChIP-seq & complementary

plasmid, Sper)

This study N/A

pHM1-CvsR (Native complementary plasmid, Sper) This study N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

pK18mobsacB (Suicide plasmid for deletion mutant construction, Kanr) ATCC ATCC� 87097

pK18mobsacB-aefR (Suicide plasmid for Psph aefR deletion mutant,Kanr) This study N/A

pK18mobsacB-algU (Suicide plasmid for Psph algU deletion mutant,Kanr) This study N/A

pK18mobsacB-cvsS (Suicide plasmid for Psph cvsS deletion mutant,Kanr) This study N/A

pK18mobsacB-gacA (Suicide plasmid for Psph gacA deletion mutant,Kanr) This study N/A

pK18mobsacB-gacS (Suicide plasmid for Psph gacS deletion mutant,Kanr) This study N/A

pK18mobsacB-hrpR (Suicide plasmid for Psph hrpR deletion mutant,Kanr) This study N/A

pK18mobsacB- hrpS (Suicide plasmid for Psph hrpS deletion mutant,Kanr) This study N/A

pK18mobsacB- hrpL (Suicide plasmid for Psph hrpL deletion mutant,Kanr) This study N/A

pK18mobsacB-envZ (Suicide plasmid for Psph envZ deletion mutant,Kanr) This study N/A

pK18mobsacB-ompR (Suicide plasmid for Psph ompR deletion mutant,Kanr) This study N/A

pK18mobsacB-cbrA2 (Suicide plasmid for Psph cbrA2 deletion mutant,Kanr) This study N/A

pK18mobsacB-cbrB2 (Suicide plasmid for Psph cbrA2 deletion mutant,Kanr) This study N/A

pK18mobsacB-mgrA (Suicide plasmid for Psph mgrA deletion mutant,Kanr) This study N/A

pK18mobsacB-pilR (Suicide plasmid for Psph pilR deletion mutant,Kanr) This study N/A

pK18mobsacB- pilS (Suicide plasmid for Psph pilS deletion mutant,Kanr) This study N/A

pK18mobsacB-phoQ (Suicide plasmid for Psph phoQ deletion mutant,Kanr) This study N/A

pK18mobsacB-psrA (Suicide plasmid for Psph psrA deletion mutant,Kanr) This study N/A

pK18mobsacB-vfr (Suicide plasmid for Psph vfr deletion mutant,Kanr) This study N/A

pK18mobsacB-rhpS (Suicide plasmid for Psph rhpS deletion mutant,Kanr) This study N/A

pET28a (For the expression of His-tagged protein in E. coli BL21, Kanr) Novagen Cat#69864

pET28agacA (For the expression of His-tagged GacA in E. coli BL21, Kanr) This study N/A

pET28a-cbrB2 (For the expression of His-tagged CbrB2 in E. coli BL21, Kanr) This study N/A

pET28a-psrA (For the expression of His-tagged PsrA in E. coli BL21, Kanr) This study N/A

pET28a-aefR (For the expression of His-tagged AefR in E. coli BL21, Kanr) This study N/A

Software and Algorithms

GraphPad Prism 8 Software RRID: SCR_002798;

https://www.graphpad.com/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Xin

Deng (xindeng@cityu.edu.hk).

Materials availability
Plasmids and bacterial strains generated in this study are available from the Lead Contact without restriction upon request.

Data and code availability
The accession number for the ChIP-seq and RNA-seq reported in this paper is Gene Expression Omnibus: GSE138204. The original

codes have been deposited to GitHub: https://github.com/CityUHK-CompBio/PSRnet.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains and growth conditions
The Pseudomonas syringae strain and its derivatives were grown at 28�C in KB (King’ B) (King et al., 1954) broth with shaking at

220 rpm or on KB agar plates. T3SS genes were induced in MM (T3SS-inducing minimal medium) (Huynh et al., 1989) for 6 hours

based on our previous studies (Deng et al., 2009, 2010, 2014; Lan et al., 2006, 2007; Wang et al., 2018; Xiao et al., 2007; Xie

et al., 2019a). The Escherichia coli strain and its derivatives were grown at 37�C in LB (Luria-Bertani) broth with shaking at

220 rpm or on LB agar plates. Antibiotics were used for Escherichia coli at the following concentrations: kanamycin at 50 mg/ml

and spectinomycin at 50 mg/ml. Antibiotics were used for P. syringae at the following concentrations: rifampicin at 25 mg/ml,
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spectinomycin at 100 mg/ml and kanamycin at 100 mg/ml. All experiments were done in the biosafety level 2 laboratory at City

University of Hong Kong, China and were performed in accordance with the University guidelines.

METHOD DETAILS

Transposon insertion mutant screen
The transposon insertion mutant library was constructed in P. syringae pv. phaseolicola 1448A strain carrying the pHM2:: avrPto-luc

reporter plasmids as described previously (Xiao et al., 2007). Mutant colonies grown on KB agar plates supplemented with rifampcin,

kanamycin, and spectinomycin were picked with 10 ml sterile pipette tips into 150 mL of liquid KB containing the same antibiotics in

96-well plates and cultured for 36 hours. For KB-dependent screen, 100 mL of cell cultures were transferred from each sample corre-

spondingly to a new 96-well plate andmixed with 10 mL of 0.1mM luciferin. LUC activity wasmeasured using a cooled charge-couple

device (CCD, Roper Scientific, Trenton, NJ, U.S.A.). For KB-dependent screen, the 96-well plates were centrifuged, and the bacteria

were washed twice with MM and resuspended in 150 mL of MM. After induction in MM for 6 hours, the LUC activity was measured as

described in KB-dependent screen. Mutants with approximately 20% LUC activity relative to the wild-type clones in the same plate

were selected as putative mutants. Thesemutants were confirmed for the induction of reporter genes in MM as described previously

(Xiao et al., 2007).

Psph deletion mutant construction
A SacB-based strategy was employed for the construction of gene knockout mutants (Hoang et al., 1998; Zhao et al., 2016). The

pK18mobsacB suicide plasmid (Kvitko and Collmer, 2011) was digested by using EcoRI and HindIII. The upstream (�1500-bp)

and downstream (�1000-bp) of transcriptional regulator opening reading frame were amplified from Psph genome and digested

with XbaI respectively (All primers are listed in Table S6B). Then the XbaI or BamHI digested upstream(�1500-bp) and downstream

fragments were ligated with T4 DNA ligase, the ligated DNA products were inserted into the digested pK18mobsacB plasmids (EcoRI

/HindIII) using ClonExpress MultiS One Step Cloning Kit (Vazyme, China) generating the pK18mobsacB-transcriptional regulator

plasmid. The resultant plasmids were electroporated into Psph 1448A strain with selection for kanamycin resistance. Colonies

were selected for loss of sucrose (5%) susceptibility on KB agar plates containing 5% sucrose. The Psph 1448A transcriptional regu-

lator deletion mutants were further confirmed by PCR and detected the mRNA level of their own expression.

Epiphytic fitness assay
Bean (Phaseolus vulgaris cv. Red Kidney) plants were used for pathogenicity. Plant materials were grown in a greenhouse as

described previously (Xiao et al., 2007). The dip inoculation experiment was done as our previous study with minor modifications

(Deng et al., 2009). Overnight bacterial cultures were diluted to OD600 = 0.3. The diluted cultures were washed three times by sterile

water resuspend with equal volume of bacterial solution (potassium phosphate plus Silwet L-77 at 25 ml/liter). Dipped the week-old

bean leaf into the last diluted bacterial solution individually for 1 min. The dip inoculated beans were covered with plastic bags imme-

diately after inoculation, and were continued to culture at 28�C at plant light incubator for 2 days. After 2 days, the plastic bags were

removed and continued to culture at 28�C in a plant incubator for 4 days. Wash the whole leaf 50 mL washing buffer (100 mM po-

tassium phosphate buffer containing 0.1%Bacto-peptone) in a 50mL sterile centrifuge tube. Bacteria on leaf surface were diluted to

proper concentration and plated on a KB plate containing rifampicin at 25 mg/ml (Xiao et al., 2007) for bacterial count. The bacterial

number represented colony-forming unit (CFU) on the leaf surface with four repeats.

Motility assay
The motility assay was performed as our previous study (Xie et al., 2019b). Swimming KB agar plates consisting of 0.3% agar (MP

Biomedicals, UK) supplemented with rifampicin at 25 mg/ml were used for motility experiment. Overnight KB cultures were inoculated

on swimming plates as 2.5 mL aliquots. Swimming plates were incubated at room temperature for 3�5 days. Finally, the diameter of

motility trace represented the swimming motility of P. syringae strains. Photographs were taken by using the Bio-Rad imaging

system.

Congo red assay
Congo red assay was performed based on the previous study (Xie et al., 2019b) with minor modifications to measure the production

of exopolysaccharide. KB agar plates consisting of 1.0% agar (MP Biomedicals, UK) supplemented with rifampicin at 25 mg/ml were

used for Congo Red assay. Two ml of the diluted culture was spotted onto the surface of the Congo red plates and cultivated at 28�C .

The colony staining was photographed after 5-7 days.

ChIP-seq analyses
For the HA-tagged and FLAG-tagged plasmids, the open reading frame of each regulator coding gene was amplified by PCR from

Psph 1448A genome and cloned into the pHM1 plasmid to overexpress the transcriptional regulators through HindIII site by using

ClonExpress MultiS One Step Cloning Kit (Vazyme, China). Wild-type Psph1448A containing empty pHM1 or pHM1- transcriptional

regulator-HA/FLAG was cultured in 20 mL KB until mid-log phase (OD600 = 0.6). Then KB cultured bacteria was then respectively
e4 Cell Reports 34, 108920, March 30, 2021
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treated with 1% formaldehyde for 10 min at 28�C . Cross-linking was stopped by the addition of 125 mM glycine. Bacterial pellets

were washed twice with a Tris buffer (20 mM Tris-HCl [pH 7.5] and 150 mMNaCl), re-suspended in 500 mL IP buffer (50 mMHEPES–

KOH [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS, and mini-protease inhibitor

cocktail (Roche), and then subjected to sonication to produce 100-300 bp DNA fragments. Insoluble cellular debris was removed

by centrifugation at 4�C and the supernatant was used as the input sample in IP experiments. Both control and IP samples were

washed with protein A beads (General Electric) and then incubated with 50 mL agarose-conjugated anti-HA or anti-FLAG antibodies

(Sigma) in IP buffer. Washing, crosslink reversal, and purification of the ChIP DNA were conducted (Blasco et al., 2012). DNA frag-

ments (150-250 bp) were selected for library construction and sequencing libraries were prepared using the NEXTflex ChIP-Seq Kit

(Bioo Scientific). The libraries were sequenced using the HiSeq 2000 system (Illumina). Two biological replications have been per-

formed for all ChIP-seq experiments. ChIP-seq reads were mapped to the Pseudomonas syringae pv. phaseolicola 1448A genome

(NC_005773.3) using Bowtie2 (version 2.3.4.3) (Zhang et al., 2008). Uniquely mapped reads were retained for the subsequent ana-

lyses. Binding peaks (q < 0.01) were identified using MACS2 software (version 2.1.0). Reproducible binding sites in both replicates

were identified by BEDtools software (version 2.27.1) (Quinlan and Hall, 2010) and used for the following analysis. Subsequently, the

enriched loci for each regulator were annotated using the R package ChIPpeakAnno (version 3.18.2) (Zhu et al., 2010). Target genes

were annotated by peaks located in gene promoters defined as upstream of transcription start site (TSS), overlapping with TSS or

encompassing the whole gene.

A permutation test was performed to evaluate the statistical significance of the co-occurrence (co-binding) of multiple transcrip-

tional regulators on the same promoter of a gene using the following steps: 1) For each of the transcriptional regulators co-binding a

particular promoter of interest, we counted the real number of binding sites for the transcriptional regulator on all promoters in the

entire genome and randomly distributed the same number of binding sites to all promoters. 2) Step (1) was iterated 100,000 times

to generate an empirical background distribution of co-occurrence of the transcriptional regulators on the promoter of interest. 3)

Based on the empirical background distribution, we calculated the number of co-occurrence (or co-binding) events by chance

(termed N) on the promoter of interest. 4) P values were derived from N/100,000) The raw P values were finally adjusted for multiple

hypothesis testing by the Benjamini-Hochberg procedure.

RNA-seq analyses
To examine the effect of transcriptional regulators (taking an example of HrpL) on the transcriptome, 2 mL of mid-log-phase (OD600 =

0.6) bacterial cultures or 2 mL cultures of mid-log-phase induced in MM for 6 hours based on our previous studies (Deng et al., 2009,

2010, 2014; Lan et al., 2006, 2007; Wang et al., 2018; Xiao et al., 2007; Xie et al., 2019a). Wild-type Psph 1448A and transcriptional

regulator mutant strains were collected by centrifugation (12,000 rpm, 4�C). A RNeasy mini kit (QIAGEN) was used for subsequent

RNA purification with DNaseI (NEB) treatment. After removing rRNA by using the MICROBExpress kit (Ambion), mRNA was used to

generate the cDNA library according to the, which was then sequenced using the HiSeq 2000 system (Illumina). Two biological rep-

lications have been performed for all RNA-seq experiments. For each RNA-seq sample, raw reads were mapped to the Pseudo-

monas syringae pv. phaseolicola 1448A genome (NC_005773.3) using STAR (version 2.6.1) (Dobin et al., 2013), and uniquely mapped

reads were kept for further analyses. Differentially NEBNext� UltraTM II RNA Library Prep Kit protocol (Illumina) expressed genes

were identified using DESeq2 (Benjamini-Hochberg-adjusted p < 0.05 and log2 Fold Change| > 0.5) (Love et al., 2014). The statistical

significance of co-occurrence of differential gene expression observed inmultiple mutant transcriptional regulators was evaluated by

100,000 times permutation tests similarly to what was performed in the ChIP-seq data analysis.

Quantitative RT-qPCR
For real-time quantitative PCR (RT-qPCR), all strains were cultured at the conditions used in RNA-seq. RNA purification was

performed by using RNeasy minikit (QIAGEN). RNA concentration was measured by Nanodrop 2000 spectrophotometer

(ThermoFisher). The cDNA synthesis was performed using a FastKing RT Kit (Tiangen Biotech). RT-qPCR was performed by

SuperReal Premix Plus (SYBR Green) Kit (Tiangen Biotech) and prepared by following the manufacturer’s instruction. Each reaction

was performed in triplicate in 20 mL reaction volumes with 300 ng cDNA and 16S rRNA of Psph 1448A as an internal control. For each

reaction, 100 nM primers (Table S6B) were used for RT-qPCR. The reactions were run at 42�C for 15 min, 95�C for 3 min, and kept at

4�C until used. The fold change represents relative expression level of mRNA, which can be estimated by the values of 2-(DDCt). For

RT-qPCR, the relative expression of target genes in the wild-typewas set to 1, and the other values were adjusted accordingly. All the

reactions were conducted with three repeats.

Cloning and recombinant protein purification
Primers used for cloning of His tagged proteins analyzed in this study were listed in Table S6B. DNA fragments (psrA, cbrB2 and

gacA) acquired from the Psph 1448A genome DNA amplified by polymerase chain reaction (PCR). The PCR products were inserted

into the digested pET28a plasmids (BamHI) using ClonExpress MultiS One Step Cloning Kit (Vazyme, China) generating the pET28a-

transcriptional regulator plasmid. The successfully constructed plasmidswere transformed into E. coliBL21 (DE3) strain respectively.

Subsequently, a single colony on the plate was inoculated into 10mL sterilized LB broth containing 50 mg/ml kanamycin for 12 hours.

Then, we transferred the culture into 500 mL the same medium as above and the cells were grown at 37�C, 220 rpm to OD600 = 0.6.

0.5 mM IPTG (Isopropyl b-D-1-Thiogalactopyranoside) was added into the culture to induce protein expression at 16�C for 16 hours.
Cell Reports 34, 108920, March 30, 2021 e5
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The culture was centrifuged at 4�C, 7000 rpm, for 5 min to harvest the bacteria. The whole processes were performed at 4�C . The

pellet was suspended in 20 mL buffer A (500 mM NaCl, 25 mM Tris-HCl, pH 7.4, 5% glycerol, 1 mM dithiothreitol, 1 mM PMSF

(Phenyl-methanesulfonyl fluoride)). The cells were lysed with sonication at six seconds interval and centrifuged at 4�C
(12000 rpm, 30 min). The supernatant was filtered with a 0.45 mm filter and the filtrate was added into a Ni-NTA column (Bio-Rad)

which had been equilibrated with buffer A before using. After the Ni-NTA column was washed three times with buffer A, the column

was eluted with 30mL 300mM imidazole prepared in buffer A. Fractions were pooled and sodium dodecyl sulfate polyacrylamide gel

electrophoresis (SDS-PAGE) was used to verify the molecular weight of target protein.

Electrophoretic mobility-shift assay
DNA probes were PCR-amplified using primers listed in Table S6B. The probes were amplified from Psph 1448A genome by Poly-

merase Chain Reaction (PCR). The PCR products were purified using Agarose Gel DNA Purified Kit (Tiangen Biotech). The probes

(20 ng) weremixedwith various amounts of proteins in 20 mL of gel shift buffer (10mMTris-HCl, pH 7.4, 50mMKCl, 5mMMgCl2, 10%

glycerol). After incubation at room temperature for 20 min, the samples were analyzed by 6% native polyacrylamide gel electropho-

resis (90 V for 90min for sample separation). The gels were subjected to GeneRed dye (Tiangen Biotech) for 5 min and photographed

by using a gel imaging system (Bio-Rad). The assay was repeated at least three times with similar results.

Network Inference
Regulatory network was inferred by integrating regulatory relationships that were experimentally validated in the literature and those

newly identified by our integrative analysis of ChIP-seq and RNA-seq data. For transcription factors with ChIP-seq and mutant RNA-

seq data generated in this study, the transcriptional targets that are differentially expressed were identified as functional targets.

Experimentally validated transcriptional factors and their targets were subsequently integrated to the network directly. The statistical

significance of a gene functionally co-regulated by multiple transcriptional regulators was evaluated by permutation tests similarly to

what was performed in the ChIP-seq data analysis. A transcriptional regulator was defined as a T3SS master regulator if its regulon

(the set of all its target genes) is significantly overrepresented for T3SS signature genes (p < 0.05, hypergeometric tests). R package

RedeR was used to visualize the network (Castro et al., 2012).

QUANTIFICATION AND STATISTICAL ANALYSIS

Graphs were plotted using Prism 8.0.2 (GraphPad Inc.) Differences between groups were analyzed using Student’s t test (paired,

two-sided) if not stated in the figure legends otherwise. Data are presented as themeans ± standard deviation (SD). In the other parts,

it refers to the number of dependent experiments.
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