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SUMMARY
Two-component systems (TCSs) consist of the biggest group of signal transduction pathways in biology.
Although TCSs play key roles in sensing signals to sustain survival and virulence, the genome-wide regula-
tory variability and conservation and synergistic actions of global TCSs in response to external stimulus are
still uncharacterized. Here, we integrate 120 transcriptome sequencing datasets and 38 chromatin immuno-
precipitation sequencing datasets of themodel phytopathogen Pseudomonas syringae to illustrate how bac-
terial TCSs dynamically govern their regulatory roles under changing environments.We reveal themes of con-
servation and variability in bacterial gene regulations in response to changing environments by developing a
network-based PSTCSome (Pseudomonas syringae TCS regulome) containing 232 and 297 functional genes
under King’s Bmedium andminimal medium conditions, respectively. We identify 7 TCSs regulating the type
III secretion system, motility, or exopolysaccharide production. Overall, this study represents an important
source to study the plasticity of TCSs among other TCS-containing organisms.
INTRODUCTION

Environmental and host signals play important roles in the estab-

lishment of bacterial infection in vivo (Beceiro et al., 2013; Bren-

cic and Winans, 2005; Francis et al., 2017; Tiwari et al., 2017).

Two-component systems (TCSs), which are widespread in mi-

croorganisms and plants, perceive various environmental sig-

nals (including pH, osmolarity, light, ions, temperature, and small

molecules) to regulate cell behavior (Krell et al., 2010; Mascher

et al., 2006). TCSs are found across almost all sequenced bacte-

rial genomes (Whitworth and Cock, 2008). A canonical TCS is

composed of a sensor histidine kinase (HK) and its cognate

response regulator (RR). HKs contain a highly variable sensor

domain (N-terminal extracytosolic domain) and a conserved

phosphoacceptor domain (C-terminal cytoplasmic transmitter

domain), whereas RRs generally contain a conserved Asp resi-

due in the receiver domain (REC domain) and variable C-terminal

output domains (Galperin, 2004, 2006; Hoch, 2000). Upon detec-

tion of a signal by the extracellular N-terminal sensor domain, the

HK undergoes autophosphorylation of a conserved His residue

in the phosphoacceptor domain and subsequently transfers

the phosphoryl group to the conserved Asp residue in the REC
C
This is an open access article under the CC BY-N
domain of its cognate RR, which then modulates the down-

stream signaling pathways (Gao and Stock, 2009; Zschiedrich

et al., 2016). Occasionally, a phosphoryl group transmitter

domain and a REC domain are fused into one hybrid HK

(HyHK), a process characterized by multi-step phosphotransfer

reactions (Appleby et al., 1996; Grebe and Stock, 1999; Stock

et al., 2000). Based on the genomic organization of various HK

and RR genes, TCSs can be divided into two types: cluster

and orphan (Lavin et al., 2007). In cluster TCSs, HKs and RRs

are encoded by clusters of adjacent genes, usually encoded

within one operon. In contrast, the partners of orphan HKs or

RRs cannot be predicted based on their genomic location.

Pseudomonas syringae is the causal agent of bacterial

speck disease in many staple crops and fruits worldwide, lead-

ing to a reduction in yield of up to 80% in severely affected re-

gions. Thus, P. syringae presents a threat to food security world-

wide (Mansfield et al., 2012; Shenge et al., 2007; Sun et al.,

2017). P. syringae pathovars use a type III secretion system

(T3SS) to invade host plants, but elicit a hypersensitive reaction

in resistant, non-host plants (Cunnac et al., 2009; Galan

and Collmer, 1999; Guo et al., 2009). The P. syringae

genome contains a pathogenicity-related island harboring hrp
ell Reports 41, 111502, October 18, 2022 ª 2022 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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(hypersensitive response and pathogenicity) and hrc (hypersen-

sitive response and conserved) genes, the products of which are

responsible for assembling the T3SS machinery and delivering

T3SS effectors into host cells (Alfano et al., 2000; Arnold et al.,

2003; Shindo et al., 2016). The expression of these P. syringae

T3SS genes is upregulated in response to both in planta infection

and nutrient-deficient conditions, such as minimal medium

(MM). On the other hand, the T3SS genes are only expressed

at modest levels when cultured in high-pH, high-osmolarity,

nutrient-rich media, such as King’s B medium (KB), indicating

the important role of environmental signals in T3SS gene induc-

tion (Huynh et al., 1989; Rahme et al., 1992; Xiao et al., 1992).

Under T3SS-inducing conditions, HrpRS heterodimers and the

sigma factor RpoN cooperatively induce the expression of hrpL,

and the resulting negative self-regulatory feedback protein HrpL

coordinates the expressions of various T3SS genes (Hendrickson

et al., 2000; Lobel and Herskovits, 2016; Waite et al., 2017; Xiao

and Hutcheson, 1994). In addition, HrpS alone can directly regu-

late the expression of some T3SS effectors (Wang et al., 2018).

HrpV interacts with and suppresses the activity of HrpRS,

whereas HrpG acts as an anti-repressor by removing HrpV (Jova-

novic et al., 2011, 2014; Preston et al., 1998;Wei et al., 2005). Lon

protease reduces the accumulation of HrpR and T3SS effectors

proteins, whereas RhpP protease cleaves HrpL (Bretz et al.,

2002; Lan et al., 2007; Li et al., 2019; Losada and Hutcheson,

2005; Ortiz-Martin et al., 2010b; Zhou et al., 2016). The regulation

of hrpRS and hrpL is modulated by six TCSs: RhpRS, CvsRS,

GacAS, CorRS, EnvZ-OmpR, and CbrAB2 (Chatterjee et al.,

2003; Deng et al., 2014; Fishman et al., 2018; Shao et al., 2021;

Sreedharan et al., 2006; Xie et al., 2019; Yan et al., 2020). Phos-

phorylated RhpR directly activates itself and suppresses the

hrpRS operon by binding to an inverted repeat motif in promoter

regions, thus downregulating the hrpRS-hrpL-T3SS cascade

(Deng et al., 2009, 2010, 2014; Xiao et al., 2007; Xie et al.,

2019). CvsRS responds to environmental Ca2+ concentrations

and directly activates hrpRS expression (Fishman et al., 2018).

GacAS contributes to the induction of hrpRS and hrpL expression

(Chatterjee et al., 2003; Ortiz-Martin et al., 2010a). A recent study

has found that GacAS negatively regulates T3SS genes, including

hrpL, when infecting the host plant (O’Malley et al., 2020). Finally,

CorR directly stimulates early transcription of the hrpL gene

(Sreedharan et al., 2006).

P. syringae is a model plant pathogen with contrary behaviors

facing changing environments, gifting this pathogen with various

ways of establishing infection and fitting the host plants. A

comparative genomic analysis identifies 62 putative HK genes

and 63 RR-coding genes that are conserved in the genomes of

the three most abundant P. syringae strains (P. syringae pv.

syringae B728a, pv. tomato DC3000, and pv. phaseolicola

1448A), indicating the key roles of TCSs in regulating its stimuli

responses. These features provide an opportunity to use

P. syringae to understand the regulations and functions of

conserved TCSs at the genomic level (Lavin et al., 2007).

Although previous studies have evaluated several virulence-

related TCSs in P. syringae pathovars, the regulatory patterns

of global TCSs remain largely elusive and the variability and con-

servation in TCS regulatory network has been mostly ignored so

far. In this regard, we employed RNA sequencing (RNA-seq) and
2 Cell Reports 41, 111502, October 18, 2022
chromatin immunoprecipitation sequencing (ChIP-seq) to inves-

tigate the core TCSs’ regulatory patterns across the three major

P. syringae lineages. We then established a network-based

PSTCSome (Pseudomonas syringae TCS regulome) that re-

vealed the functions and regulatory patterns of global TCSs.

Beyond the specific regulatory mechanisms gained from the da-

taset, we also presented a broadly applicable source for under-

standing the functions and plasticity of TCSs.

RESULTS

Transcriptome analyses reveal variability in the HK
regulatory network
To systematically profile the function of every TCS in P. syringae,

we analyzed the transcriptome of each TCS mutant. Based on

our previous studies, P. savastanoi pv. phaseolicola 1448A

(Psph, previously known as P. syringae pv. phaseolicola

1448A) has the highest T3SS gene expression level compared

with other tested model P. syringae pathovars, so we used

Psph for RNA-seq experiments in this study (Deng et al., 2009,

2014). After excluding two pseudogenes (PSPPH_1991 and

PSPPH_1362), 32 putative TCS clusters, 11 orphan HKs, 31

orphan RRs, and 17 HyHKs (in total 60 HKs and 63 RRs) were

found to be shared across P. syringae 1448A, B728a, and

DC3000 strains (Lavin et al., 2007). By searching the Related

Structure service in The National Center for Biotechnology Infor-

mation, we found 38 of 63 conserved RRs contain DNA-binding

domains, which potentially function as transcriptional factors.

To determine the functions of individual TCSs, a pK18mobsacB

suicide plasmid was used to knock out putative HK genes (Fig-

ure S1) (Kvitko andCollmer, 2011). TheHKdeletionswere verified

by quantitative reverse-transcription PCR (qRT-PCR), which

showed undetectable expression of the corresponding HK genes

compared with that in the wild-type (WT) strain. We generated

stable, clean deletions for all HK genes except PSPPH_2483

and PSPPH_1874. Since the PSPPH_2483 and PSPPH_1874

deletion stains could not be obtained after many attempts, we

generated their overexpression strains (OX-PSPPH_2483 and

OX-PSPPH_1874). We have verified the RNA-seq for both OX-

PSPPH_2483 and OX-PSPPH_1874 strains and found several

differentially expressed genes (DEGs), which indicated that these

two overexpressed proteins are able to perform their regulatory

functions normally (Figures S1B–S1E). We performed transcrip-

tomeprofilingof all 58HKdeletionstrains and the twooverexpres-

sion strains under both KB and MM conditions. DEGs were iden-

tified using DESeq2 (BH-adjusted p < 0.05 and |log2 fold

change| > 1.0) (Love et al., 2014). By integrating all RNA-seq data-

sets, we found that 2,971 and 2,790 of the total 5,437 genes

(54.6% and 51.3%, respectively) in the genome were regulated

by 60 HKs in KB and MM, respectively (Tables S1 and S2).

To identify the potential functions or pathways associated with

TCSs, we performed functional annotation of the DEGs using

PseudoCAP with gene sets from the GO resource (Winsor

et al., 2016) (Figures S2 and S3). These DEGs showed divergent

functions in different external environments. For example, ac-

cording to the top functional classifications, HKs regulated

secretion, DNA integration, phosphorus metabolic process,

oxoacid metabolic process, and signal transduction in MM
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(Figure S3). However, in KB, HKs regulated RNA metabolic pro-

cess, nitrogen compound transport, ion transport, and protein

metabolic process (Figure S2).

To investigate the overlap of TCSs, we then constructed global

HK regulatory networks for all DEGs in KB or MM. By comparing

these two networks, we found that the number and identity of

DEGs regulated by each HK varied with different external condi-

tions, which demonstrated the plasticity in regulatory patterns of

TCSs. Strikingly, HKs appear to have distinct regulatory direc-

tions preference under different culture conditions. In MM, only

twoHK deletions (PSPPH_2262 and PSPPH_3276) exhibited un-

even DEG distribution (the ratio of the number of upregulated

genes and DEGs R0.8 or %0.2), while the DEGs in 22 HK dele-

tions distributed disproportionally in KB medium. For example,

the PSPPH_1371 deletion stain included 74 downregulated

and 93 upregulated genes in MM, but had 111 downregulated

and 6 upregulated genes in KB (Figures 1A and 1C). This obser-

vation further supports the variability of TCSs. In KB, cbrA2,

PSPPH_3736, pilS, rhpS, and phoQ were the top 5 HK mutants

with most DEGs, indicating that these HKs have significant func-

tions in KB (Figure 1B). In MM, phoR, PSPPH_2083,

PSPPH_0253, PSPPH_3276, and PSPPH_3628 are the top 5

HK mutants (Figure 1D). Notably, many HKs play distinct regula-

tory roles between KB and MM. For example, CbrA2 regulates

the expression of 747 genes in KB but only 222 genes in MM

(Figures 1B and 1D). The substantial variations of HK-regulated

genes in twomedia further implied that these TCSs impose plas-

ticity in gene regulation when culture condition is changed. In

conclusion, the RNA-seq results showed that TCSs regulated

more than half of the whole genome, suggesting their broad

functional roles in a wide spectrum of pathways.

To further explore the plasticity of TCS functions in different

growth environments, we then collected the top 10 HKs

harboring most GO terms in both media to analyze the Gene

Ontology (GO) term overlap for these essential HKs. As shown

in Figures S4A and S4B, these TCSs shared multiple regulatory

functions among them. For instance, the top 10 HKs coregulated

a set of 67 GO terms in KB (Figure S4A). Surprisingly, the top 10

TCSs in MM only shared 26 GO terms (Figure S4B). By analyzing

the overlapped GO terms, we found that TCSs appear to have

more functional intersections in KB for protein metabolic pro-

cess, oxoacid metabolic process, and lipid catabolic process,

while coregulating the transmembrane transport, and the

metabolic process of polysaccharide and thioester in MM

(Figures S4A and S4B). These results illustrated the presence

of a persist core TCS regulatory network in bacteria when facing

fluctuating external conditions.

Genome-wide profiles of DNA-binding RRs identify
variability and cross-regulations among TCSs
To further characterize the regulated genes of TCSs globally, we

performed genome-wide ChIP-seq by overexpressing 38 RR-

coding sequences with FLAG tags in the WT Psph strain. For

each RR, the raw ChIP-seq reads were mapped to the genome

using Bowtie2, and the enriched loci were identified using

MACS2 followed by BEDtools to ensure reproducibility (Quinlan

and Hall, 2010). Details of the ChIP-seq experiment and bio-

informatic analysis are provided in the STAR methods. The list
of binding sites for each RR is shown in Table S3. To verify the

reliability of our ChIP-seq, we purified five RR proteins (AlgR,

GltR, RstA, NtrC, and PSPPH_4419) and performed electropho-

resismobility shift assay (EMSA). As shown in Figure S5, all these

five RR proteins showed binding activity with the predicted bind-

ing regions from ChIP-seq analysis, suggesting that our dataset

is reliable. As shown in Figures 2A and 2B, although the target

gene number for each RR differs a lot, RRs in each smaller sub-

family have similar average number of binding loci (the PrrA-like

subfamily consisting of PSPPH_4255 only). These 5 subfamilies

shared 27 target genes (Figure 2C). Notably, the NtrC-like RRs

and OmpR-like RRs co-targeted 167 loci, while NarL-like RRs

shared 155 binding loci with NtrC-like and OmpR-like RRs (Fig-

ure 2C). To explore the functional conservation of RRs, we

analyzed the binding loci overlaps among each RR families

(Figures 2D–2F). As shown in Figure 2E, the RRs in the NtrC-

like family shared significantly more binding sites than other

subfamilies. For example, CbrB2 and PSPPH_0146 shared 59

binding loci; AlgB and PSPPH_0146 shared 36 binding loci (Fig-

ure 2E). In contrast, the RRs in the NarL- or OmpR-like subfamily

have a limited number of co-bound sites. For example, GacA and

PSPPH_4419 shared 15 binding loci (Figure 2D; NarL-like family

RR); ColR and PhoR shared 13 binding loci (Figure 2F; OmpR-

like family RR). These results suggested a high functional vari-

ability among individual RRs in P. syringae.

One of the key features in the RR regulatory network is their in-

tertwined regulations. By presenting the RR cross-regulatory

network, we identified 69 RR-RR regulatory interactions (Fig-

ure 2G; Table S4). Surprisingly, many TCS promoters were

bound by other non-cognate RRs. Among these, FleQ had the

highest number of RRs binding to its promoter region. The fleQ

gene has 176 bp and 175 bp upstream intergenic regions in

Psph 1448A and Pst DC3000 strains, respectively. The FleQ

transcriptional regulator controls the motility and cellulose pro-

duction in P. syringae, indicating that these two virulence path-

ways are coregulated by multiple TCSs (Nogales et al., 2015;

Perez-Mendoza et al., 2019). In addition, the promoter regions

of PSPPH_1364, PSPPH_4419, rstA, and cbrA2 were all co-

bound by at least four RRs, suggesting that these RRs act as

key downstream nodes of the RR-RR network (Figure 2G).

Some RRs prone to bind to other RRs, such as PSPPH_0146

(binds to five RRs), AlgR (binds to five RRs), and PhoP (binds

to four RRs), placing these RRs at the top of the TCS regulatory

network hierarchy (Figure 2G). Overall, 11 RRs bound to

their own promoters, implying their autoregulation behaviors

(Figure 2G). In conclusion, these results demonstrated the

complexity of the TCS network, which consists of ample RR-

RR interactions and subtle controls of bacterial signal transduc-

tion pathways.

The core regulatory network reveals functional
plasticity but high specificity in TCSs signaling
The presence of TCSs allows the functional plasticity in

P. syringae gene regulation when facing changing environments.

To further uncover the functional plasticity and specificity in TCS

signaling, ChIP-seq of RRs and RNA-seq of HKs were combined

to determine the directly regulated genes of TCSs. The following

two criteria were applied to determine the functional targets of
Cell Reports 41, 111502, October 18, 2022 3



Figure 1. Transcriptome analyses identified the HK regulatory network

(A) The number of DEGs in each indicating HK deletion strains in KB medium.

(B) HK regulatory network in KB medium with upregulated targets in red circles and downregulated genes in blue circles. The size of HK circles indicates the

number of DEGs.

(C) The number of DEGs in each indicating HK deletion strains in MM medium.

(D) HK regulatory network in MM medium with upregulated targets in red circles and downregulated genes in blue circles. The size of HK circles indicates the

number of DEGs.

4 Cell Reports 41, 111502, October 18, 2022
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Figure 2. Overview of ChIP-seq data for global RRs

(A) Number of target genes per RR family. The total numbers are indicated in means ± SD, except PrrA-like family.

(B) The number of target genes for each RR.

(C) Repartition of RR gene targets between RR families.

(legend continued on next page)
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each TCS: (1) its mRNA level was significantly affected by

the deletion of HKs (BH-adjusted p < 0.05 and |log2 fold

change| R 1) and (2) its promoter region was bound by the

cognate RRs accordingly. The results revealed 232 directly regu-

lated genes under the KB condition and 297 directly regulated

genes under the MM condition (Tables S5 and S6). We then

named these two regulatory networks as PSTCSome. The

CbrAB2 and PSPPH_3736/RstA harbored the most directly

regulated genes (28) in KB, while the PhoBR had the most

directly regulated genes (34) in MM, indicating the key regulatory

roles of these TCSs in the indicating medium. Notably, the TCS-

regulated genes significantly varied between different growth

media. For example, PilRS directly regulates 26 genes in KB,

but only controlled the expression of PSPPH_1186 in MM (Fig-

ures 3A and 3B; Tables S5 and S6). Although PSPPH_1180/

GltR harbored a similar number of directly regulated genes be-

tween KB and MM, the identities of these regulated genes

were completely different. These examples further demon-

strated the plasticity of TCS-regulated genes. To investigate

the core regulated genes of TCSs, we integrated the regulated

genes in KB and MM. As shown in Figure S6, only 10 TCSs

showed conserved regulated genes in both media. The core

TCS-regulated genes contained 28 targets, including algD (en-

coding an alginate biosynthesis protein), lon2 (encoding a

bifunctional ATP-dependent protease), indicating that the prod-

ucts of these genes are essential to the physiological behaviors

of P. syringae.

To further determine the functions of each TCS, we then per-

formed GO analysis for directly regulated genes in both KB

and MM. Some TCSs showed disparate regulated genes be-

tween two conditions. For example, PSPPH_3961/3962 directly

regulated RNA metabolism in KB, but modulated cell redox ho-

meostasis in MM, indicating that PSPPH_3961/3962 has distinct

functions and regulatory mechanisms under different environ-

mental conditions (Figures 3C and 3D). In addition, TCSs tend

to redundantly regulate multiple metabolic pathways (including

protein, DNA, RNA, and fatty acid metabolic processes) in either

medium. For example, 14 TCSs (CbrA2/B2, PSPPH_2021/2022,

PSPPH_3041/3040, PSPPH_3385/3386, PSPPH_4001/4002,

GacAS, PSPPH_4852/4853, PhoBR, PSPPH_0252/0253,

PSPPH_1194/1195, PSPPH_3126/3127, PilRS, PSPPH_0146/

0147, and PSPPH_4074/4075) coregulated the peptide bio-

synthetic process in KB (Figure 3C). Five TCSs (PhoPQ,

PSPPH_0146/0147, PSPPH_3041/3040, PSPPH_0252/0253,

and PSPPH_3294/3295) coregulated the metal ion homeostasis

in MM (Figure 3D). In summary, the core regulatory network illus-

trated the variability and conservation of TCS-regulated genes

under differing conditions.

FimS/AlgR and PSPPH_1906/1907 plastically regulate
metabolism-related genes in two media
FimS/AlgR regulates both alginate production and twitching

motility pathways in P. aeruginosa (Whitchurch et al., 1996). In
(D–F) Histogram and heatmap elaborate the number of genes uniquely targeted b

(E), and OmpR-like RRs (F). The vertical black lines represent shared RR-binding

linked RRs. The x axis represents the number of binding sites for each RR.

(G) Network of all interactions involving RR target genes. The color of each RR in
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the established TCS core regulatory network, we found that

FimS/AlgR showed functional plasticity upon sensing different

environmental cues. As shown in Figures 4A and 4B, FimS/

AlgR was involved in signal transduction, electron transport

chain, and secretion pathways in KB, while it governed the poly-

saccharide metabolic process and formaldehyde metabolic pro-

cess in MM. In KB medium, AlgR directly bound to the promoter

region of glgP (encoding glycogen phosphorylase) and positively

regulates it in KB but not in MM (Figure 4C). As shown in Fig-

ure 4D, the glycogen phosphorylase activity of the DfimS/empty

vector (EV) significantly decreased (�0.5-fold) compared with

those of the WT/EV and the complemented strain (DfimS/p-

FLAG-fimS) in KB but not in MM. Similarly, AlgR directly bound

to the promoter region of PSPPH_0499. In KB, rather than in

MM, the mRNA level of PSPPH_0499 was significantly downre-

gulated in the DfimS/EV and recovered in the complemented

strain (DfimS/p-FLAG-fimS) compared with that in the WT

(Figure 4E). In contrast, AlgR could bind to the promoter

sequence of PSPPH_0211, while FimS positively regulated the

expression of this gene in MM (Figure 4I). These findings demon-

strated that FimS/AlgR impose variability on the regulation of

glgP, PSPPH_0499, and PSPPH_0211 when grown in the two

media. As shown in Figures 4F–4H, FimS/AlgR directly sup-

pressed the transcription of PSPPH_2115, PSPPH_1949, and

PSPPH_0276 in both media, indicating the conservation of

FimS/AlgR in regulating these three genes during the conversion

of culture conditions. In conclusion, the FimS/AlgR plastically

regulate metabolism-related genes (including glgP, PSPPH_

0499, PSPPH_0211, PSPPH_0276, PSPPH_2115, and PSPPH_

1949) in the two media (Figure 4J).

Another example illustrated the plasticity of TCS between

different environmental conditions is PSPPH_1906/1907. Ac-

cording to our sequencing data, we experimentally verified that

PSPPH_1906/1907 directly activated the expression of

PSPPH_1090 in KB but not in MM (Figure S7A). In addition, the

mRNA level of carA (encoding a carbamoyl phosphate synthase)

was upregulated in the PSPPH_1907 deletion strain in MM

instead of the KB medium (Figure S7B). The GO analysis identi-

fied that PSPPH_1906/1907 was involved in gene expression,

monosaccharide metabolic process, and secretion pathways

in KB, but regulated aromatic compound catabolic process,

movement, and sulfate assimilation in MM (Figures S7C and

S7D). Overall, these results demonstrated the regulatory

plasticity of FimS/AlgR and PSPPH_1906/1907 in different

environments.

PhoBR, CzcSR, ErcS, and Dcsbis are indispensable for
full activation of T3SS
Since homologs of PSPPH_1568, PSPPH_2185, and PSPPH_

4827/4828 are all found in P. aeruginosa PAO1, we named

PSPPH_1568 as ErcS (sensory box HK and RR), PSPPH_2185

as Dcsbis (sensor HK) and PSPPH_4827/4828 as CzcSR (heavy

metal sensor HK/DNA-binding heavy metal RR) in this study.
y RRs or co-targeted by multiple RRs among NarL-like RRs (D), NtrC-like RRs

sites. The y axis represents the number of overlapped binding sites across the

dicates its family.



Figure 3. The established TCS regulatory network in P. syringae

(A and B) The TCS regulatory network in P. syringae. KB (A) and MM regulatory networks (B) were established by integrating the regulated genes of cluster TCSs

from ChIP-seq and RNA-seq data in KB and MM, respectively. The yellow oval represents the TCS, and the size of the oval represents the number of regulated

genes. Red lines represent repressed genes and green lines represent activated genes. Circles denote directly regulated genes. Circles with black borders

denote genes that are coregulated by three or more TCSs.

(C and D) Functional characterization of PSTCSome. The PseudoCAP annotation was used to identify biological functions associated with regulated genes of the

cluster TCSs in KB (C) and MM (D). The shade of color in each square indicates the significance of each functional category, quantified by –log10 (p).
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P. syringae relies on the T3SS to transport a variety of T3SS ef-

fectors into host cells and then suppress the activation of the

host immune system. To identify more TCSs that acted as

T3SS regulators, we employed real-time qPCR and plant infec-

tion assay to verify the expressions of T3SS effector genes and

virulence of TCS mutant strains. As shown in Figure 5A,

qRT-PCR confirmed that, in MM, the expression of six T3SS-

related genes (including hrpL, hopAW1, hopG1, hrpW1, hrpK1,

and avrB4-1) was significantly downregulated in the DercS

(PSPPH_1568) and recovered in the complemented strain

(DercS/p-ercS-FLAG) compared with that in the WT. Similarly,

the Ddcsbis (PSPPH_2185) had the same inhibitory effect on

the expression of four T3SS genes in MM (such as hrpJ, hrpE,

hrcV, and hrpW1). As shown in Figures 5C and 5D, deletion of
either ercS or dcsbis significantly downregulated bacterial

numbers in bean leaf by infiltration inoculation compared with

those of the WT/EV and the complemented strains (DercS/p-

ercS-FLAG or Ddcsbis/p-dcsbis-FLAG).

We noted that two cluster TCSs, PhoB/PhoR and CzcSR

(PSPPH_4827/4828), potentially coregulated the expression of

the T3SS effector gene hopR1. In the DC3000 strain, the

HopR1 effector protein induces the apoplastic water soaking

that favors bacterial growth during the establishment of infection

(Wei et al., 2018). As shown in Figures 5E and 5F, both PhoB and

CzcR had a binding peak in the promoter region of hopR1 gene.

The direct interaction of the hopR1 promoter with either PhoB or

CzcR proteins were verified by EMSA. In addition, the mRNA

level of hopR1 was downregulated in either the DphoR/EV or
Cell Reports 41, 111502, October 18, 2022 7



Figure 4. FimS/AlgR plastically regulate metabolism-related genes between KB and MM

(A and B) Functional characterization of FimS regulated genes in KB (A) and MM (B). The GO terms are quantified by –log10 (p).

(C) FimS/AlgR directly regulated the expression of glgP in KB but not in MM. The PSPPH_3032 promoter was used as negative control for AlgR EMSA. The AlgR

concentrations for PSPPH_3032 promoter binding activity are 0, 0.0625, and 0.125 mM (from left to right). The AlgR concentrations for glgP promoter binding

activity are 0, 0.0625, 0.125, and 0.25 mM (from left to right). Data are shown as means ± SD (n = 3).

(D) FimS/AlgR positively regulates the glycogen phosphorylase activity in KB but not in MM. Data are shown as means ± SD (n = 3).

(E) FimS/AlgR directly regulated the expression of PSPPH_0499 in KB but not in MM. The AlgR concentrations for PSPPH_0499 promoter binding activity are 0,

0.0625, and 0.125 mM (from left to right). Data are shown as means ± SD (n = 3).

(F) FimS/AlgR directly regulated the expression of PSPPH_2115 in both KB and MM. The AlgR concentrations for PSPPH_2115 promoter binding activity are 0,

0.0625, 0.125, and 0.25 mM (from left to right). Data are shown as means ± SD (n = 3).

(legend continued on next page)
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the DczcS/EV strains and recovered in the complemented strain

compared with that in the WT strain (Figures 5E and 5F). As

shown in Figures 5G and 5H, both the DphoR and the DczcS

strains displayed compromised virulence toward bean plants

compared with those of the WT and the complemented strains.

In KB medium, PhoBR controlled protein metabolism, signal

transduction, and lactone metabolism process (Figure 5I). In

MM, PhoBR regulated organic acid catabolic process, aldehyde

catabolic process, and aromatic compound catabolic process

(Figure 5J). As shown in Figures 5K and 5L, CzcSR contributed

to the monosaccharide metabolism, gene expression, and

organelle organization in KB, while it regulated aromatic com-

pound catabolic process, organic acid catabolic process, and

formaldehyde metabolic process in MM. In conclusion, our re-

sults demonstrated that PhoBR, CzcSR, ErcS, and Dcsbis are

indispensable for the full activation of T3SS in P. syringae

(Figure 5M).

PhoBR, AlgB/KinB, MerS, and CopRS regulate motility
and exopolysaccharide production
According to their orthologs in P. aeruginosa PAO1 strain,

PSPPH_0253, PSPPH_3294/3295, and PSPPH_4095 were

named as KinB, CopRS, andMerS (motility and exopolysacchar-

ide (EPS) production regulatory sensor), respectively. P. syringae

motility affects its adherence to plant cell surfaces and is medi-

ated by flagella (encoded by flg, fli, and fle genes), which can

elicit defense responses in the plant (Gomez-Gomez and Boller,

2000; Ichinose et al., 2016; Nogales et al., 2015). We then em-

ployed both phenotypic assay and qRT-PCR to identify TCSs

involved in motility. As shown in Figure 6A, compared with the

WT and the complemented strains, both the kinB (PSPPH_0253)

mutant and themerS (PSPPH_4095) mutant strains had downre-

gulated motility. In contrast, deletion of copS (PSPPH_3295)

showed deficient motility compared with the WT and its comple-

mented strain. To further explore the mechanisms underlying

these regulations, we screened and verified motility-related

genes according to the transcriptome profiling data with qRT-

PCR. As shown in Figures 6B and 6C, six fle and fli genes were

downregulated in the kinB mutant, while fleS and fliH gene

were downregulated in the merS deletion strain. In contrast,

the expression of fleS, fliH, and fliE was upregulated in copS

mutant (Figure 6D). Taken together, our results identified that

AlgB/KinB, MerS, and CopS cooperatively regulated bacterial

motility.

The production of EPS is crucial for biofilm formation and

infection establishment, and is mediated by the alg, pil, rfa,

and muc genes (Bartonwillis et al., 1984; Penaloza-Vazquez

et al., 1997; Romantschuk et al., 1993). As shown in Figure 6E,
(G) FimS/AlgR directly regulated the expression of PSPPH_1949 in both KB and M

0.0625, 0.125, and 0.25 mM (from left to right). Data are shown as means ± SD (n

(H) FimS/AlgR directly regulated the expression of PSPPH_0276 in both KB and M

0.0625, 0.125, and 0.25 mM (from left to right). Data are shown as means ± SD (n

(I) FimS/AlgR directly regulated the expression of PSPPH_0211 in MM. The AlgR c

and 0.25 mM (from left to right). Data are shown as means ± SD (n = 3).

(J) Themodel of FimS/AlgR regulatory plasticity between KB andMM. FimS/AlgR r

and PSPPH_0276, PSPPH_2115, and PSPPH_1949 in both KB andMM. The orig

**p < 0.01; and ***p < 0.001, and results are indicated in mean ± SD. The experim
DkinB and DphoR showed weak Congo red staining, indicating

reduced EPS production in these two strains. Their comple-

mented strains recovered the colony morphology (Figure 6E).

Moreover, the DmerS strain showed a more wrinkled colony

compared with the WT and its complemented strain (Fig-

ure 6E). The expression of alginate synthesis gene algB and

PSPPH_1116 was downregulated in the DkinB strain, while

algX, PSPPH_1116 and PSPPH_1117 were positively regulated

by the phoR strain (Figures 6F and 6G). pilS, encoding the nega-

tive regulator alginate synthesis, was upregulated in the DmerS

strain (Figure 6H). Taken together, the results demonstrated

that PhoBR, AlgB/KinB, and MerS coregulated the EPS produc-

tion (Figure 6O).

To further explore the functions of these virulence-related

phenotype regulators, we performed GO analysis for AlgB/

KinB, MerS, and CopRS. AlgB/KinB was involved in cellular

response to DNA damage stimulus, organophosphate metabolic

process, and quinone metabolic process in KB, while it

controlled carbohydrate biosynthetic process, establishment of

protein localization, and sulfur compound transport in MM

(Figures 6I and 6J). CopRS contributed to the antibiotic biosyn-

thetic process, lipoprotein localization, and nitrogen compound

transport molecules in KB, but modulated cellular response to

extracellular stimulus, carbohydrate catabolic process, and

aldehyde catabolic process in MM (Figures 6K and 6L). MerS

played roles in protein metabolic process, nitrogen compound

transport, and lipid biosynthetic process in KB, but regulated

polysaccharide metabolic process, oxoacid metabolic process,

and vitamin biosynthetic process in MM (Figures 6M and 6N). All

these three TCSs showed totally different regulatory events

when the environment changed.

Conservation and evolution of TCSs
TCSs are widely present in bacteria, plants, and archaea, but not

animals (Capra and Laub, 2012). TCSs may be distributed in the

common ancestors of these organisms but were later lost in an-

imals. Bacterial TCSs constitute 57.1% (132/231) of the signal

transduction proteins produced by P. syringae. To study the

evolutionary relevance of our results, we performed a phyloge-

netic study for RRs in P. syringae 1448A strain and P. aeruginosa

PAO1 strain. As shown in Figure 7A, 76.3% (29/38) of the cluster

RRs in P. syringae had ortholog proteins (shown on the neigh-

boring nodes of the phylogenetic tree) in P. aeruginosa, suggest-

ing their highly conserved functions between these two model

species.

A phylogenetic study of 5 archaea, 9 plants, and 37 bacteria

showed that the average number of TCSs in bacteria is much

higher than that in archaea or plants (Figure 7B). Among
M. The AlgR concentrations for PSPPH_1949 promoter binding activity are 0,

= 3).

M. The AlgR concentrations for PSPPH_0276 promoter binding activity are 0,

= 3).

oncentrations for PSPPH_0211 promoter binding activity are 0, 0.0625, 0.125,

egulates the expressions of PSPPH_0499 and glgP in KB, PSPPH_0211 inMM,

inal sequence peaks showed the response regulator binding regions. *p < 0.05;

ents were repeated three times with similar results.
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Figure 5. PhoBR, CzcSR, ErcS, and Dcsbis coregulate T3SS in P. syringae

(A) ErcS positively regulated T3SS genes in MM. Data are shown as means ± SD (n = 3).

(B) Dcsbis positively regulated T3SS genes in MM. Data are shown as means ± SD (n = 3).

(C and D) ErcS and Dcsbis contribute to the virulence of P. syringae on bean plant. Bacterial number (colony-forming units [CFUs]) on the bean leaf surface was

measured 5 days after inoculation. Data are shown as means ± SD (n = 3).

(E) PhoB/PhoR positively regulated the expression of hopR1. The PSPPH_5187 promoter was used as negative control for PhoBEMSA. The PhoB concentrations

for hopR1 and PSPPH_5187 promoters binding activity are 0, 0.125 and 0.25 mM (from left to right). Data are shown as means ± SD (n = 3).

(F) CzcS/CzcR positively regulated the expression of hopR1.The PSPPH_0958 promoter served as negative control for CzcR EMSA. The CzcR concentrations for

hopR1 and PSPPH_0958 promoter binding activity are 0, 1, and 2 mM (from left to right). Data are shown as means ± SD (n = 3).

(G and H) PhoBR and CzcSR contribute to the virulence of P. syringae on bean plant. Data are shown as means ± SD (n = 3).

(legend continued on next page)

10 Cell Reports 41, 111502, October 18, 2022

Resource
ll

OPEN ACCESS



Resource
ll

OPEN ACCESS
Gamma-proteobacteria, which contains numerous human and

plant pathogens, the Pseudomonas bacteria encode more

TCSs than other members, implying that Pseudomonas may

have a more sophisticated regulatory mechanism in response

to external environment changes (Figure 7B). We then searched

for orthologs of P. syringae TCSs among other species in bacte-

ria and plants. As shown in Figure 7B, the orthologs ofP. syringae

HK and RR proteins are identified in both plants and bacteria

(amino acid sequence identity cutoff >35%). Glycine max (soy-

bean) harbored 15 conserved HKs and 18 conserved RRs with

P. syringae (Figure 7B). The Brassica rapa (field mustard)

contained 17 conserved HKs and 14 conserved RRs with

P. syringae (Figure 7B). These results illustrated the evolutionary

conservation of TCSs across kingdoms. Surprisingly, half of TCS

proteins inChloroflexi, Alpha-proteobacteria, andCyanobacteria

are conserved with that in P. syringae, implying the regulatory

persistence among these genera (Figure 7B). The numbers of

conserved RRs orthologs are significantly higher than HKs, indi-

cating that RRs are more conserved among species in evolu-

tionary relationships. For example, Agrobacterium fabrum

shared 53 RRs but only 30 HKs with P. syringae (Figure 7B).

The high-level evolutional conservation of TCSs strongly suggest

that our current network and regulatory mechanisms can be

applied to a wide range of organisms.

DISCUSSION

As the first forms of life to appear 4 billion years ago, microbial

species can generate timely responses to their ever-changing

environments through TCSs (Hoch, 2000; Schopf, 1994).

Although TCSs are found across all three kingdoms of life, a

genome-wide study on the biological functions and plasticity

of TCSs has not yet been presented. This lack of knowledge im-

pedes research into microorganism signal transduction across a

wide range of environmental niches. It is well known that

P. syringae has distinct behaviors when cultured in different me-

dia (such as KB and MM), which made it become a candidate

for studying the plasticity of TCSs. In this study, we employed

high-throughput sequencing technology and established the

network-based PSTCSome to explore the regulatory patterns

and variability of TCS gene regulations in P. syringae. By

analyzing the RNA-seq data of 60 HKs and the ChIP-seq data

of 38 RRs, we further identified TCSs involved in T3SS, motility

and EPS production, indicating that TCSs are vitally important

for bacterial virulence in response to growth environment.

Previously, some TCSs in bacteria have been identified to

remodel their regulated genes even in taxonomically close bac-

terial species. One of these examples is the lowMg2+ responsive

PhoP/PhoQ, which regulates many cellular activities in several

Gram-negative species. Although PhoP/PhoQ are conserved in

closely related bacteria, there are still different in gene expres-

sion outputs. For example, in Yersinia pestis, PhoQ senses the

limited concentration of Mg2+ and then employ PhoQ to active
(I and J) Functional characterization of PhoBR-regulated genes in KB (I) and MM

(K and L) Functional characterization of CzcSR-regulated genes in KB (K) and M

(M) Themodel of T3SS regulations by PhoBR, CzcSR, ErcS and Dcsbis. The origin

*p < 0.05; **p < 0.01; and ***p < 0.001. All experiments were repeated three time
the expression of pbgP gene (Winfield et al., 2005). In Klebsiella

pneumoniae, PhoP not only directly promotes, but also depends

on a PhoP-PmrD-PmrA-pbgP pathway to indirectly activate the

expression of pbgP (Mitrophanov et al., 2008). When in Escher-

ichia coli, the PhoP/PhoQ enhances the accumulation of PmrD

protein, but fails to activate the transcription of pbgP (Winfield

andGroisman, 2004). These findings demonstrated the regulato-

ry plasticity of conserved TCSs among bacterial species. In our

study, by analyzing the genome-wide regulatory network in

P. syringae, we found that TCSs controlled distinct cell events

and displayed dynamic contributions to virulence, depending

on the ecological niches sensed. Take the FimS/AlgR as an

example, it directly regulated the expressions of glgP and

PSPPH_0499 in nutrient-rich medium, while it controlled the

transcription of PSPPH_0211 in MM, indicating the remodeling

of TCS-regulated genes when the medium was switched

(Figures 4C–4E, 4H, and 4I). In addition, FimS/AlgR constitutively

activated the expressions of PSPPH_2115 and PSPPH_1949 in

both KB and MM media, which further revealed the core regu-

lated genes of this TCS. Notably, according to our RNA-seq

data and generated PSTCSome network, although undergoing

changes of individual regulatory patterns, the global TCSs

were prone to collectively fine tune numerous key events

(Figures S4A, S4B, 3C, and 3D). Overall, when bacteria sense

specific external stimuli or signals, TCSs quickly remodel signal

transduction pathways and redundantly function in a group of

core regulatory pathways. The plasticity of global TCSs not

only ensures the quick response to external changes but also

saves energy consumption, which is beneficial to bacterial

survival.

To better understand the regulatory characteristics of all TCSs

in P. syringae, this study established the PSTCSome, which

shows the key roles of TCSs in various signaling pathways,

particularly those related to pathogenicity. We identified the

overall regulome of global cluster TCSs in P. syringae and eluci-

dated the molecular mechanisms of how bacterial TCSs plasti-

cally switch between pathogenic and non-pathogenic states in

response to environmental conditions. Compared with other es-

tablished TCS networks, the PSTCSome provided more details

on the regulatory mechanisms underlying each TCS (Rapun-

Araiz et al., 2020; Trouillon et al., 2021). Consistent with the

high pathogenicity of P. syringae in the nutrient-deficient me-

dium, TCSs directly regulated more virulence-related genes

(especially the T3SS genes) in MM than in KB. The PSTCSome

provided a resource for studying the external signal-regulated

pathways in many other bacterial species, thus aiding the devel-

opment of therapeutic approaches against these pathogens.

Previous studies have found that at least eight TCSs (CorS/

CorR, CvsS/CvsR, GacA/GacS, PilR/PilS, EnvZ/OmpR, AauR/

AauS, PhoP/PhoQ, and RhpS/RhpR) are involved in regulation

of virulence-related pathways in P. syringae (Chatterjee et al.,

2003; Deng et al., 2010, 2014; Fishman et al., 2018; Penaloza-

Vazquez and Bender, 1998; Shao et al., 2021; Xiao et al., 2007;
(J).

M (L).

al sequence peaks in (E and F) showed the response regulator binding regions.

s.
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Xie et al., 2019; Yan et al., 2020). In this study, we further identi-

fied seven additional TCSs regulating virulence phenotypes

(including T3SS, motility, and EPS production). Among these

TCSs, ErcS (PSPPH_1568) is a HyHK, and Dcsbis (PSPPH_

2185) is an orphan HK. PhoBR and CzcSR (PSPPH_4827/

4828) are cluster TCSs. Since the cognate RR of hybrid or orphan

HK is hard to identify, the specific regulatorymechanisms remain

to be explored in the future. The deletion strains of these twoHKs

showed reduced expressions of several T3SS-related genes,

indicating their general control toward T3SS. Another four

TCSs (PhoBR, AlgB/KinB, MerS, and CopRS) cooperatively

regulated motility and EPS production. The AlgB/KinB and

MerS worked as bifunctional regulators to control both path-

ways, indicating their important functions in P. syringae virulence

regulation. Notably, AlgB/KinB are identified as negative regula-

tors of alginate production and regulate several acute virulence-

associated phenotypes in P. aeruginosa PAO1 strain (Chand

et al., 2012; Damron et al., 2009). In contrast, our results showed

that AlgB/KinB positively regulated EPS biosynthesis in P. syrin-

gae. These findings further illustrated the plasticity of TCSs

among close bacterial species.

Our phylogenetic study further illustrated the evolutionary

conservation of TCSs across a wide spectrum of organisms in

three kingdoms. The Gamma-proteobacteria, which contain

a wealth of pathogenic bacteria, shared the most orthologs

with P. syringae TCSs. Given the vital roles of TCSs in the

pathogenicity of bacteria, this study can serve as a basis for

studying pathogenesis of other pathogens. Surprisingly, several

plants also showed conserved HKs and RRs with bacteria, indi-

cating that evolutionary conservation of TCSs span different

kingdoms. In plants, TCSs are involved in perceiving cytokinin,

phytohormone, osmotic pressure, and light (Grefen and Harter,

2004). These functions are also identified in TCSs in some

pathogenic bacteria. For instance, In the P. syringae DC3000

strain, PSPTO_2896 senses blue light (Cao et al., 2008). In Xan-

thomonas campestris, HK PcrK senses the plant cytokinin

2-isopentenyladenine to regulate oxidative stress response

(Wang et al., 2017). The conserved functions between plant

and bacterial TCSs further demonstrated the applicability of

our results across different species crossing Kingdoms.

Overall, this work reported global P. syringae TCSs behaviors

in changing environments, which elucidated the plasticity of

these signal transduction systems. When facing constantly
Figure 6. PhoBR, AlgB/KinB, MerS, and CopRS control motility and EP
(A) AlgB/KinB and MerS positively regulated motility. CopRS negatively regulate

(B) AlgB/KinB positively regulated motility-related genes. Data are shown as me

(C) MerS positively regulated the expression of fleS and fliH. Data are shown as

(D) CopRS negatively regulated the expression of fleS. Data are shown as mean

(E) PhoBR andAlgB/KinB positively regulated EPS production.MerS negatively re

measured by using Congo Red. Scale bars, 0.5 cm.

(F) AlgB/KinB positively regulated the expression of algB and PSPPH_1116. Dat

(G) PhoBR positively regulated the expression of algX, PSPPH_1116, and PSPP

(H) MerRS positively regulated the expression of pilR. Data are shown as means

(I and J) Functional characterization of AlgB/KinB-regulated genes in KB (I) and M

(K and L) Functional characterization of CopRS-regulated genes in KB (K) and M

(M and N) Functional characterization of MerRS-regulated genes in KB (M) and M

(O) The model of motility and EPS production regulations by PhoBR, AlgB/KinB, M

repeated three times.
changing environments, the plasticity of TCSs helps bacteria

to rapidly shift gene expressions in an economical way to better

adapt to different conditions. This atlas and functional verifica-

tion provide a key database of global TCS regulatory networks,

which can lead future discoveries on cognate signals and regu-

latory features of TCSs in other bacteria, archaea, and plants.

Limitations of the study
Although we have shown the regulatory plasticity of global TCSs

in two growth environments by computationally and experimen-

tally analyzing themodel organism P. syringae, this study had the

following four limitations. (1) Some TCSs may not be fully acti-

vated under the tested conditions, because the cognate signals

for most TCSs are still unknown. (2) Without the phosphatase ac-

tivity of the partner HKs to keep RRs suppressed, RRs may be

promiscuously phosphorylated by either small-molecule phos-

phodonors, such as acetyl phosphate, or by other HKs. (3) We

did not perform RR ChIP-seq in MM, where some TF-DNA inter-

actions may be different from in KB. (4) HK/RR double mutants

can be used for RNA-seq analysis for better understanding the

functions of all TCSs in P. syringae.

STAR+METHODS

Detailed methods are provided in the online version of this paper

and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
S p
d m

ans

mea

s ±

gula

a ar

H_1

± S

M

M (

M

erS
B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

B Bacterial strains and growth conditions

d METHOD DETAILS

B Construction of HK deletion Psph strains

B RNA-seq analyses

B ChIP-seq analyses

B Quantitative reverse transcription PCR

B Activity of glycogen phosphorylase

B Protein expression and purification

B Electrophoretic mobility-shift assay

B Bacterial pathogenicity assay
roduction of P. syringae
otility. Scale bars, 1 cm.

± SD (n = 3).

ns ± SD (n = 3).

SD (n = 3).

ted EPS production. The colonymorphologies and the EPS productionwas

e shown as means ± SD (n = 3).

117. Data are shown as means ± SD (n = 3).

D (n = 3).

(J).

L).

(N).

, and CopRS. *p < 0.05; **p < 0.01; and ***p < 0.001. All experiments were

Cell Reports 41, 111502, October 18, 2022 13



Figure 7. The conservation and evolution of TCSs

(A) The conservation between RRs in P. aeruginosa PAO1 and Psph 1448A strain.

(B) The evolutionary relationship of TCSs among bacteria, archaebacterial, and plants. The heatmap showed the number of TCSs in each species. Numbers

in parentheses represent evolutionarily conserved TCSs with Psph 1448A strain. The phylogenetic trees in (A) and (B) were constructed using iTOL (https://itol.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

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

ANTI-FLAG� M2 Affinity Gel Sigma-Aldrich Catalog # A2220; RRID: AB_10063035

Bacterial and virus 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

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

DPSPPH_0253 (clean deletion of PSPPH_0253) This study N/A

DPSPPH_1180 (clean deletion of PSPPH_1180) This study N/A

DPSPPH_1194 (clean deletion of PSPPH_1194) This study N/A

DkdpD (clean deletion of kdpD) This study N/A

DbaeS2 (clean deletion of baeS2) This study N/A

DPSPPH_2510 (clean deletion of PSPPH_2510) This study N/A

DPSPPH_3041 (clean deletion of PSPPH_3041) This study N/A

DPSPPH_3126 (clean deletion of PSPPH_3126) This study N/A

DPSPPH_3295 (clean deletion of PSPPH_3295) This study N/A

DqseC (clean deletion of qseC) This study N/A

DPSPPH_3736 (clean deletion of PSPPH_3736) This study N/A

DtctE (clean deletion of tctE) This study N/A

DcolS (clean deletion of colS) This study N/A

DPSPPH_4827 (clean deletion of PSPPH_4827) This study N/A

DphoR (clean deletion of phoR) This study N/A

DPSPPH_0147 (clean deletion of PSPPH_0147) This study N/A

DfleS (clean deletion of fleS) This study N/A

DPSPPH_3906 (clean deletion of PSPPH_3906) This study N/A

DPSPPH_4001 (clean deletion of PSPPH_4001) This study N/A

DPSPPH_4256 (clean deletion of PSPPH_4256) This study N/A

DglnL (clean deletion of glnL) This study N/A

DPSPPH_5172 (clean deletion of PSPPH_4256) This study N/A

DPSPPH_1568 (clean deletion of PSPPH_1568) This study N/A

DPSPPH_1905 (clean deletion of PSPPH_1905) This study N/A

DPSPPH_2083 (clean deletion of PSPPH_2083) This study N/A

DPSPPH_2601 (clean deletion of PSPPH_2601) This study N/A

DPSPPH_2604 (clean deletion of PSPPH_2604) This study N/A

DPSPPH_3628 (clean deletion of PSPPH_3628) This study N/A

DPSPPH_4451 (clean deletion of PSPPH_4451) This study N/A

DPSPPH_1371 (clean deletion of PSPPH_1371) This study N/A

DPSPPH_1729 (clean deletion of PSPPH_1729) This study N/A

DPSPPH_2606 (clean deletion of PSPPH_2606) This study N/A

DPSPPH_3276 (clean deletion of PSPPH_3276) This study N/A

DPSPPH_3473 (clean deletion of PSPPH_3473) This study N/A

DPSPPH_4003 (clean deletion of PSPPH_4003) This study N/A

DPSPPH_1479 (clean deletion of PSPPH_1479) This study N/A

DPSPPH_1480 (clean deletion of PSPPH_1480) This study N/A

DbphP (clean deletion of bphP) This study N/A

(Continued on next page)
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DPSPPH_4481 (clean deletion of PSPPH_4481) This study N/A

DPSPPH_2185 (clean deletion of PSPPH_2185) This study N/A

DPSPPH_2262 (clean deletion of PSPPH_2262) This study N/A

DPSPPH_4095 (clean deletion of PSPPH_4095) This study N/A

DPSPPH_4416 (clean deletion of PSPPH_4416) This study N/A

DPSPPH_0483 (clean deletion of PSPPH_0483) This study N/A

DPSPPH_3877 (clean deletion of PSPPH_3877) This study N/A

DPSPPH_0641 (clean deletion of PSPPH_0641) This study N/A

DPSPPH_1907 (clean deletion of PSPPH_1907) This study N/A

DcheA1 (clean deletion of cheA1) This study N/A

DcheA2 (clean deletion of cheA2) This study N/A

DfimS (clean deletion of fimS) This study N/A

DPSPPH_3550 (clean deletion of PSPPH_3550) This study N/A

DPSPPH_4381 (clean deletion of PSPPH_4381) This study N/A

OX-PSPPH_2483 (Overexpressed PSPPH_2483 in wild-type

Psph)

This study N/A

OX-PSPPH_1874 (Overexpressed PSPPH_1874 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 PSPPH_1906 This study N/A

His-tagged AlgR This study N/A

His-tagged GltR This study N/A

His-tagged RstA This study N/A

His-tagged PSPPH_4419 This study N/A

His-tagged NtrC This study N/A

His-tagged PhoB This study N/A

His-tagged CzcR This study N/A

Critical commercial assays

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

NEXTflexTM 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

Glycogen Phosphorylase a (Gpa) Assay Kit Solarbio Catalog # BC3340

FastKing RT Kit Tiangen Biotech Catalog # KR116

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 and Shao et al., 2021 Gene expression omnibus: GSE138204

and GSE148104

Codes This study https://github.com/dengxinb2315/

TCS-code-all

Codes This study Zenodo https://doi.org/10.5281/

zenodo.7047427

Experimental models: Organisms/strains

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

Oligonucleotides

Primers for mutant construction, recombinant

proteins, RT-PCR, and vectors, Table S7

This study N/A

Recombinant DNA

pET28a (For His- tagged protein expression in E. coli, Kanr) Novagen Catalog #69864

pET28a-PSPPH_1906 (For the expression of His-tagged

PSPPH_1906 in E. coli BL21, Kanr)

This study N/A

pET28a-algR (For the expression of His-tagged AlgR in E. coli

BL21, Kanr)

This study N/A

pET28a-gltR (For the expression of His-tagged GltR in E. coli

BL21, Kanr)

This study N/A

pET28a-rstA (For the expression of His-tagged RstA in E. coli

BL21, Kanr)

This study N/A

pET28a-PSPPH_4419 (For the expression of His-tagged

PSPPH_4419 in E. coli BL21, Kanr)

This study N/A

pET28a-ntrC (For the expression of His-tagged NtrC in E. coli

BL21, Kanr)

This study N/A

pET28a-phoB (For the expression of His-tagged PhoB in E. coli

BL21, Kanr)

This study N/A

pET28a-czcR (For the expression of His-tagged CzcR in E. coli

BL21, Kanr)

This study N/A

pHM1-PSPPH_0146-FLAG (Overexpressed protein for

ChIP-seq, Sper)

This study N/A

pHM1-PSPPH_1195-FLAG (Overexpressed protein for

ChIP-seq, Sper)

This study N/A

pHM1-AlgR-FLAG (Overexpressed protein for ChIP-seq, Sper) This study N/A

pHM1-KpdE-FLAG (Overexpressed protein for ChIP-seq, Sper) This study N/A

pHM1-GltR-FLAG (Overexpressed protein for ChIP-seq, Sper) This study N/A

pHM1-PSPPH_4828-FLAG (Overexpressed protein for

ChIP-seq, Sper)

This study N/A

pHM1-PhoB-FLAG (Overexpressed protein for ChIP-seq, Sper) This study N/A

pHM1-PhoP-FLAG (Overexpressed protein for ChIP-seq, Sper) This study N/A

pHM1-PSPPH_3220-FLAG (Overexpressed protein for

ChIP-seq, Sper)

This study N/A

pHM1-RstA-FLAG (Overexpressed protein for ChIP-seq, Sper) This study N/A

pHM1-CvsR-FLAG (Overexpressed protein for ChIP-seq, Sper) This study N/A

pHM1-PSPPH_5171-FLAG (Overexpressed protein for

ChIP-seq, Sper)

This study N/A

pHM1-PSPPH_3040-FLAG (Overexpressed protein for

ChIP-seq, Sper)

This study N/A

pHM1-PSPPH_3294-FLAG (Overexpressed protein for

ChIP-seq, Sper)

This study N/A

pHM1-PSPPH_4255-FLAG (Overexpressed protein for

ChIP-seq, Sper)

This study N/A

pHM1-PSPPH_3547-FLAG (Overexpressed protein for

ChIP-seq, Sper)

This study N/A

pHM1-PSPPH_3800-FLAG (Overexpressed protein for

ChIP-seq, Sper)

This study N/A

pHM1-PSPPH_4419-FLAG (Overexpressed protein for

ChIP-seq, Sper)

This study N/A

(Continued on next page)
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pHM1-PSPPH_AlgB-FLAG (Overexpressed protein for

ChIP-seq, Sper)

This study N/A

pHM1-PSPPH_3453-FLAG (Overexpressed protein for

ChIP-seq, Sper)

This study N/A

pHM1-PSPPH_1364-FLAG (Overexpressed protein for

ChIP-seq, Sper)

This study N/A

pHM1-PSPPH_2995-FLAG (Overexpressed protein for

ChIP-seq, Sper)

This study N/A

pHM1-BaeS1-FLAG (Overexpressed protein for ChIP-seq, Sper) This study N/A

pHM1-PSPPH_1906-FLAG (Overexpressed protein for

ChIP-seq, Sper)

This study N/A

pHM1-TctD-FLAG (Overexpressed protein for ChIP-seq, Sper) This study N/A

pHM1-NtrC-FLAG (Overexpressed protein for ChIP-seq, Sper) This study N/A

pHM1-PSPPH_4002-FLAG (Overexpressed protein for

ChIP-seq, Sper)

This study N/A

pHM1-FleQ-FLAG (Overexpressed protein for ChIP-seq, Sper) This study N/A

pHM1-PSPPH_0642-FLAG (Overexpressed protein for

ChIP-seq, Sper)

This study N/A

pHM1-PSPPH_1374-FLAG (Overexpressed protein for

ChIP-seq, Sper)

This study N/A

pHM1-ColR-FLAG (Overexpressed protein for ChIP-seq, Sper) This study N/A

pHM1-FleR-FLAG (Overexpressed protein for ChIP-seq, Sper) This study N/A

pHM1-PSPPH_3907-FLAG (Overexpressed protein for

ChIP-seq, Sper)

This study N/A

pK18mobsacB (Suicide plasmid for deletion mutant

construction, Kanr)

ATCC ATCC� 87097TM

pK18mobsacB-PSPPH_0253 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_1180 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_1194 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-kdpD (Suicide plasmid for deletion mutant

construction, Kanr)

This study N/A

pK18mobsacB-baeS2 (Suicide plasmid for deletion mutant

construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_2510 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_3041 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_3126 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_3295 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-qseC (Suicide plasmid for deletion mutant

construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_3736 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-tctE (Suicide plasmid for deletion mutant

construction, Kanr)

This study N/A

pK18mobsacB-colS (Suicide plasmid for deletion mutant

construction, Kanr)

This study N/A

(Continued on next page)
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pK18mobsacB-PSPPH_4827 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-phoR (Suicide plasmid for deletion mutant

construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_0147 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-fleS (Suicide plasmid for deletion mutant

construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_3906 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_4001 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_4256 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-glnL (Suicide plasmid for deletion mutant

construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_5172 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_1568 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_1905 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_2083 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_2601 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_2604 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_3628 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_4451 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_1371 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_1729 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_2606 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_3276 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_3473 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_4003 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_1479 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_1480 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-bphP (Suicide plasmid for deletion mutant

construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_4481 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

(Continued on next page)
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pK18mobsacB-PSPPH_2185 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_2262 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_4095 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_4416 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_0483 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_3877 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_0641 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_1907 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-cheA1 (Suicide plasmid for deletion mutant

construction, Kanr)

This study N/A

pK18mobsacB-cheA2 (Suicide plasmid for deletion mutant

construction, Kanr)

This study N/A

pK18mobsacB-fimS (Suicide plasmid for deletion mutant

construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_3550 (Suicide plasmid for deletion

mutant construction, Kanr)

This study N/A

pK18mobsacB-PSPPH_4381 (Suicide plasmid for deletion

mutant construction, 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
All the ChIP-seq and RNA-seq raw data have been deposited into Gene Expression Omnibus (accession numbers: GSE138204 and

GSE148104). All codes are available at https://github.com/dengxinb2315/TCS-code-all. The codes for hypergeometric test, RNA-

seq analysis, and ChIP-seq analysis have been deposited at Zenodo as accession https://doi.org/10.5281/zenodo.7047427. Any

additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains and growth conditions
TheP. savastanoi pv. phaseolicola 1448A strain (Psph) and its derivatives were grown at 28�C in King’ B broth with shaking at 220 rpm

until it reached an optical density at 600 nm (OD600) of 2.0–2.5 (King et al., 1954). Then the bacteria were centrifuged and washed

twice with MM [50 mM KH2PO4, 7.6 mM (NH4)2SO4, 1.7 mM MgCl2, 1.7 mM NaCl, and 10 mM fructose, pH 6.0] and cultured at

OD600 of 0.2 in MM for 6 h before extraction of total RNA (Huynh et al., 1989). Antibiotics were used at the following concentrations:

rifampicin at 25 mg/mL, spectinomycin at 100 mg/mL and kanamycin at 100 mg/mL. The Escherichia coli BL21(DE3) or DH5a strain
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were grown at 37�C in LB (Luria-Bertani) broth or on 1.5% LB agar plates. Antibiotics were used at the following concentrations:

kanamycin at 50 mg/mL and spectinomycin at 50 mg/mL. All experiments were done in the biosafety level 2 laboratory at City Univer-

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

METHOD DETAILS

Construction of HK deletion Psph strains
The pK18mobsacB suicide plasmid (Kvitko and Collmer, 2011) was digested by using EcoRI and HindIII. The upstream (�1500-bp)

and downstream (�1000-bp) fragments of HK open reading frame (ORF) were amplified from the Psph genome and digested with

XbaI respectively (All primers are listed in Table S7). Then the XbaI or BamHI digested upstream and downstream fragments were

ligatedwith T4DNA ligase (NEB). The ligated fragments were inserted into the digested pK18mobsacB plasmids (EcoRI/HindIII) using

ClonExpressMultiS One Step Cloning Kit (Vazyme). The recombinant plasmids were transformed into the Psphwild-type strain in the

KB plate with 25 mg/mL rifampin and100 mg/ml kanamycin. The single colonies were picked to a sucrose plate, and then cultured in

both KBwith kanamycin/rifampin and KBwith rifampin alone. Loss of kanamycin resistance indicated a double crossover. Finally, the

deletion strains were further confirmed by qRT-PCR to detect the mRNA level of corresponding HK genes.

RNA-seq analyses
To examine the effect of histidine kinases on the transcriptome, 2 mL of mid-log-phase (OD600 = 0.6) bacterial cultures or 2 mL cul-

tures ofmid-log-phase cultured inMMwith 6 hours (Psph andHK deletion strains) were collected by centrifugation (12,000 rpm, 4�C).
To examine the effect of histidine kinases on the transcriptome in KBmedium, 2 mL of mid-log-phase (OD600 = 0.6) bacterial cultures

(Psph and HK deletion strains) were collected by centrifugation (12,000 rpm, 4�C). For transcriptome analysis inMMmedium, 1mL of

mid-log-phase KB bacterial cultures were collected by centrifugation (4,000 rpm, 4�C), resuspended in 3mLMMmedium, cultured at

28�C for 6 hours and collected by centrifugation (12,000 rpm, 4�C). A RNeasy mini kit (Qiagen) was used for subsequent RNA puri-

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

the cDNA library according to the NEBNext�UltraTM II RNA Library Prep Kit protocol (Illumina), whichwas then sequenced using the

HiSeq 2000 system (Illumina). Two biological replications have been performed for all RNA-seq experiments. For each RNA-seq sam-

ple, raw reads were mapped to the Psph genome (NC_005773.3) using STAR (version 2.7.2) (Dobin et al., 2013), and uniquely map-

ped reads were kept for further analyses. Differentially expressed genes were identified using DESeq2 (BH-adjusted p < 0.05 and |

log2 Fold Change| > 1) (Love et al., 2014).

ChIP-seq analyses
The ChIP assay was performed as previously described (Blasco et al., 2012). For the FLAG-tagged plasmids, the open reading frame

of each RR-coding gene was amplified by PCR from Psph genome and cloned into pHM1 plasmid. The wild-type Psph containing

empty pHM1 or pHM1-RR-FLAG was cultured in 20 mL KB medium until mid-log phase (OD600 = 0.6). Cultured bacteria were then

cross-linked with 1% formaldehyde for 10 min at 28�C. Cross-linking was stopped by the addition of 125 mM glycine. Bacterial pel-

lets were washed twice with a Tris buffer (20 mM Tris-HCl [pH 7.5] and 150 mM NaCl), resuspended in 500 mL IP buffer (50 mM

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

hibitor 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 then incubated with 50 mL agarose conjugated anti-FLAG antibodies (Sigma) in IP buffer. Washing, crosslink reversal, and pu-

rification of the ChIP DNA were conducted (Blasco et al., 2012). DNA fragments (150–250 bp) were selected for library construction

and sequencing libraries were prepared using the NEXTflexTM ChIP-Seq Kit (Bioo Scientific). The libraries were sequenced using the

HiSeq 2000 system (Illumina). Two biological replications have been performed for all ChIP-seq experiments. ChIP-seq reads were

mapped to the Psph genome (NC_005773.3) using Bowtie2 (version 2.3.4.1) (Zhang et al., 2008). Uniquely mapped reads were re-

tained for the subsequent analyses. Binding peaks (q < 0.01) were identified using MACS2 software (version 2.1.1). Reproducible

binding sites in both replicates were identified by BEDtools software (version 2.26.0) and used for the following analysis. Subse-

quently, the enriched loci for each regulator were annotated using the R package ChIPpeakAnno (version 3.18.2) (Quinlan and

Hall, 2010; 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.

Quantitative reverse transcription PCR
For real-time quantitative PCR (RT-qPCR), RNA purification was performed by using RNeasy minikit (Qiagen). 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 25 mL reac-

tion volumes with 800 ng cDNA and 16S rRNA as the internal control. For each reaction, 100 nM primers (Table S7) 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 threshold cycle (Ct) values of 2-(DDCt). All the reactions were conducted

with three repeats.
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Activity of glycogen phosphorylase
Testing of activity of glycogen phosphorylase (GP) were performed with a Glycogen Phosphorylase a (Gpa) Assay Kit (Solarbio). The

bacterial strains used for activity testing of glycogen phosphorylase were the wild type, the fimSmutant and the fimS complementary

strain of Psph 1448A. These strains were cultured overnight in KB medium at 28�C with shaking at 220 rpm. After that, strains were

inoculated into new KB medium and grew to an optical density at OD600 = 0.6. Then those strains were harvest and treated with

extraction reagent provided by the kit. Treated samples were lysed by sonication at five seconds interval for 5 min and then centri-

fuged at 4�C (8,000 3 g, 10 min) to collect supernatant for testing. Testing was performed by spectrophotometer with wavelength at

340 nm. 50 mL of supernatant mixed well with 950 mL testing reagent (Solarbio kit) testing at 5 min (value A) and 10 min (value B).

Activity of glycogen phosphorylase was calculated as follow: GPb (nmol/min/mg) = 643*(value B-value A)/W (W is the weight of

collected samples).

Protein expression and purification
The RR-encoding open reading frames (ORFs) were amplified by polymerase chain reaction (PCR) from Psph genomic DNA. The

PCR products were recombined into the BamHI-digested pET28a plasmids. The recombinant plasmid was transformed into

E. coli BL21 (DE3) strain and cultured in LB plate overnight. Briefly, a selected single colony was cultured in LB for 12 hours. The cul-

ture was transferred into 2 liters LB medium, and the cells were grown at 37�C at 220 rpm to an OD600 of 0.6. Then 0.5 mM IPTG

(Isopropyl b-D-1-Thiogalactopyranoside) was added into the culture to induce protein expression at 16�C for 18 hours. The culture

was collected at 4�C, 7,000 rpm, for 10min to harvest the bacteria. The pellet was suspended in 20mL buffer A (500mMNaCl, 25mM

Tris-HCl, pH 7.4, 5% glycerol, 1 mM dithiothreitol, 1 mM PMSF) and next lysed with sonication and centrifuged again at 4�C to pellet

bacterial debris. The supernatant was filtered with a 0.45-mm-pore 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 collected, and sodium dodecyl sulfate-polyacrylamide

gel electrophoresis (SDS-PAGE) was used to verify the molecular weight of target protein. Proteins were concentrated by centrifu-

gation (Millipore) at 4�C, and then supplemented with 20% glycerol and stored at �80�C.

Electrophoretic mobility-shift assay
The DNA probe (20 ng) mixed with various amounts of RR protein in 20 mL of gel shift buffer (10 mM Tris-HCl [pH 7.4], 50 mM KCl,

5 mMMgCl2, 10% glycerol). After incubation at room temperature for 20 min, the samples were analyzed by 6% polyacrylamide gel

electrophoresis (80 V for 90 min for sample separation). The gels were subjected to DNA dye for 5 min and photographed by using a

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

Bacterial pathogenicity assay
The wild-type bean (Phaseolus vulgaris cv. Red Kidney) plants were used for pathogenicity assay. Plant were grown in a greenhouse

as described previously (Xiao et al., 2007). Overnight bacterial cultures were diluted to OD600 = 0.23 10�3 and were hand-inoculated

into the primary leaves of 7-day-old bean plants. After 5 days, 1 cm2 of the infected leaf was ground and plated on a KB plate con-

taining rifampicin at 25 mg/mL for counting. The bacterial number represented with colony-forming unit (CFU) with three repeats.

Congo red assay
The Congo red assay was used to test production of exopolysaccharide. Strain was cultured overnight under 28�C and diluted to

OD600 = 0.001 in KB medium. Then 2 mL of the diluted culture was spotted on the surface of the Congo red plates and grown at

28�C. The morphology of colony was recorded after 3 days.

Motility assay
Swimming motility was conducted on 0.3% KB plate. Bacteria strains were cultured overnight in KBmedium. Then the bacterial cul-

ture was transferred to 2 mL fresh KB medium at 1:100 and grown at 28�C until OD600 = 0.6. The culture media were spotted on KB

plates with 0.3% agar. The plates were cultured at 28�C for 48 hours before taking photos.

Regulatory network inference
Regulatory network inference was done by combining regulatory relationships that were identified through our integrative analysis of

ChIP-seq and RNA-seq data. Permutation tests were used to evaluate the statistical significance of a gene functionally co-regulated

by multiple TFs. The network was visualized using the R program RedeR (Castro et al., 2012).

QUANTIFICATION AND STATISTICAL ANALYSIS

The graphs in this paper were plotted using GraphPad Prism 8.0.2 (GraphPad Inc.) Differences between groups were analyzed using

Student’s two-tailed t-test. Results of all statistical analyses are shown as mean ± standard deviation (SD). All statistical details of

experiments can be found in the figure legends. All experiments were repeated independently at least three times with similar results.
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