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To cope with their continually fluctuating surroundings, pathovars of the unicellular phytopathogen
Pseudomonas syringae have developed rapid and sophisticated signalling networks to sense extracellular
stimuli, which allow them to adjust their cellular composition to survive and cause diseases in host
plants. Comparative genomic analyses of P. syringae strains have identified various genes that encode sev-
eral classes of signalling proteins, although how this bacterium directly perceives these environmental
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cues remains elusive. Recent work has revealed new mechanisms of a cluster of bacterial signal transduc-
tion systems that mainly include two-component systems (such as RhpRS, GacAS, CvsRS and AauRS),
extracytoplasmic function sigma factors (such as HrpL and AlgU), nucleotide-based secondary messen-
gers, methyl-accepting chemotaxis sensor proteins and several other intracellular surveillance systems.
In this review, we compile a list of the signal transduction mechanisms that P. syringae uses to monitor
and respond in a timely manner to intracellular and external conditions. Further understanding of these

surveillance processes will provide new perspectives from which to combat P. syringae infections.
© 2020 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and
Structural Biotechnology. This is an open access article under the CC BY license (http://creativecommons.
org/licenses/by/4.0/).
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1. Introduction

All organisms display a remarkable ability to acclimate to their
natural habitats. As simple unicellular microorganisms, bacteria
have their own versatile devices for evoking appropriate cellular
responses to adjust smoothly to their environments. In many
pathogens, certain stimuli evoke the synthesis of diverse virulence
factors to enable host invasion [1]. Since the early 1990s, signal
transduction systems in bacteria have been widely studied and dis-
cussed. Two-component regulatory systems (TCSs) and methyl-
accepting chemotaxis proteins (MCPs) are phosphotransferase
adopted by bacteria as adaptive responses to changing environ-
mental conditions [2-6]. As more mechanisms of signal transduc-
tion have been elucidated in recent decades, the cytoplasmic
components used to monitor the intracellular and cell envelope
conditions have been revealed [7-9]. A recent review classifies bac-
terial sensor proteins into six categories according to the signal
transduction machinery: 1) TCSs; 2) MCPs; 3) membrane compo-
nents of the sugar phosphotransferase system; 4) nucleotide-
based secondary messengers and related enzymes; 5) extracyto-
plasmic function (ECF) sigma factors and 6) Ser/Thr/Tyr protein
kinases and phosphatases [10]. Even among closely related
microorganisms, different bacterial pathogens show biased distri-
butions of sensor proteins [8]. Individualised signalling systems
harness bacteria to elicit favourable responses to environmental
conditions.

Pseudomonas syringae pathovars are widespread pathogens that
infect various staple crops, thus causing huge economic losses and
presenting a threat to food security worldwide [11,12]. P. syringae
also serves as a model strain for studying plant-pathogen interac-
tions, microbial pathogenicity and microbial ecology [12,13]. The
impacts of P. syringae on both scientific and economic grounds con-
tribute to its position as a premier plant pathogen [12]. Like many
other phytopathogenic bacteria, P. syringae deploys its type III
secretion system (T3SS) to invade host plants and cause lethal dis-
eases [14,15]. The expression of T3SS genes is repressed when bac-
teria are cultured in nutrient-rich medium such as King’s B
medium (KB), but rapidly induced to high levels when grown on
plants or in minimal medium (MM) [16-18]. The MM is believed
to resemble the environment of plant intercellular spaces where
bacteria grow [16]. The number of proteins associated with signal
transduction is usually considered a criterion of a bacterium’s abil-
ity to adapt to changing surroundings [8]. According to this stan-
dard, P. syringae is particularly ‘smart’ when compared with
other phytopathogenic bacteria. For example, the genome of P. syr-
ingae pv. tomato DC3000 strain (PtoDC3000, a model pathogen on
Arabidopsis and tomato) encodes 279 signal transduction proteins,
which account for 4.9% of the total of 5,608 proteins produced by
this strain [8,19]. This number is much higher than that in other
plant-pathogenic bacteria, such as Ralstonia solanacearum (161 sig-
nal transduction proteins among all 5,116 proteins, 3.1%), Agrobac-
terium tumefaciens (163 signal transduction proteins among all
5,402 proteins, 3.0%) and Xylella fastidiosa (39 signal transduction
proteins among all 2,832 proteins, 1.3%) [8]. The presence of these
many signalling proteins in P. syringae suggests the high sensitivity
and adaptability of the species in response to changing environ-
mental conditions. An understanding of the signal transduction
networks of P. syringae is essential for deciphering its pathogenic-
ity and responses to stresses. This review focuses on a group of
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well-studied signalling systems, including TCSs, MCPs, ECF sigma
factors, secondary messengers and other intracellular surveillance
systems, which illustrate how extracellular stimuli evoke corre-
sponding cellular responses in P. syringae.

2. TCSs

A TCS is composed of a histidine kinase (HK) and its cognate
response regulator (RR) that enable the proteins to transduce exter-
nal cues into intracellular signals through the transfer of phosphoryl
groups [3,20,21]. RRs display RNA/DNA-binding, protein-binding or
enzymatic activities, which modulate a wide range of cellular activ-
ities [22]. Although most HKs are membrane-bound, there are a sig-
nificant number of TCSs that are soluble and present in the cytosol
(HKs lack transmembrane regions).

2.1. Temperature-sensing TCS CorRS

Several P. syringae pathovars synthesise an endogenous phyto-
toxin named coronatine (COR) to facilitate stomatal re-opening
when infecting host plants [23,24]. In the P. syringae pv. glycinea
PG4180 strain, the proteins involved in COR synthesis are encoded
by a 90-kb plasmid at the virulence-promoting temperature
(18 °C), but with a negligible level at its optimal growth tempera-
ture (28 °C) [25,26]. The thermoregulation of COR production is
modulated by an unconventional TCS consisting of three proteins:
a membrane-embedded HK CorS protein, the RR CorR and an addi-
tional CorP protein (Fig. 1A, process 1) [27,28]. CorS is assumed to
respond to temperature fluctuations through a modulation of
autophosphorylation, and to further transphosphorylate its cog-
nate RR CorR to exert regulatory functions [29,30]. CorS contains
six transmembrane domains and potentially modifies its confor-
mation by sensing the environmental temperature [29,31]. Upon
receiving a phosphate group from CorS, the phosphorylated CorR
binds tightly to its target DNA in a thermo-responsive manner,
thus activating COR biosynthesis [25,27,30,31]. CorR is also
reported to directly upregulate the expression of hrpL [32]. CorP
is required for CorR activation, despite lacking a helix-turn-helix
motif with which to bind DNA [25,30]. However, the PtoDC3000
strain shows no temperature response in COR synthesis, and gen-
erates considerably less COR than the PG4180 strain [33,34].

2.2. Virulence regulatory TCS GacAS

GacAS, the first studied TCS, regulates the expression of viru-
lence factors of P. syringae and is highly conserved as a global reg-
ulatory TCS of divergent cellular functions in many bacterial
species [35]. In the PtoDC3000 strain, transposon insertion in gacA
attenuates the induction of three central T3SS activators (hrpR,
hrpS and hrpL), resulting in compromised bacterial virulence [36].
In addition, GacA is involved in the biosynthesis of N-acyl
homoserine lactone (a compound involved in quorum sensing),
pigment production and swarming, which are important for bacte-
rial infection (Fig. 1A, process 2) [36,37]. However, two recent
studies propose the contrary view that GacAS negatively regulates
the expression of T3SS genes (such as avrPto and hrpL) when invad-
ing a host plant [38,39]. A newly constructed AgacA-1 mutant
strain generated using allelic exchange shows that GacA is indis-
pensable for inoculated leaf infection by the PtoDC3000 strain,
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Fig. 1. Model of signal transduction systems regulating behaviors in P. syringae. The numbers indicate the major signaling process. Black dash lines indicate the perceiving
mechanisms are unknown. (A) TCSs and MCPs. (1) CorS is assumed to respond to temperature fluctuation through autophosphorylation, and further recruit CorR to regulate
COR production. CorP is required for CorR activation. (2) GacAS is involved in the biosynthesis of C6-HSL and swarming. (3) Upon sensing blue light, LOV-HK hinders
transcription of alternative sigma factor genes as well as T3SS genes. (4) After phosphorylated by RhpS or acetyl phosphate, RhpR suppresses the expression of hrpRS and lon,

and inhibits swimming and biofilm production. (5) By sensing Ca**

in environment, CvsRS activates transcription of hrpRS and algU. CvsR also inhibits bacterial cell

attachment but contributes to swimming and swarming motility. (6) AauRS activates the transcription of hrpRS by sensing acidic amino acid signals in host cells. (7) Upon
direct sensing L/p-Asp or L-Glu, PscA controls swarming motility, biofilm formation, and c-di-GMP production in vivo. (B) Lon, HrpRS and QS. (8) Lon protease degrades T3SS
activator HrpR and a cluster of T3SS effectors. As transcriptional regulator, Lon suppresses its own expression and several metabolism pathways. (9) HrpR and HrpS form a
heterodimer to directly activates the transcription of hrpL. HrpS independently regulates T3SS, motility and biofilm formation. (10) Ahll synthesizes C6-HSL, which works as
AHL signal and then forms a stable complex with AhIR to activate the expression of ahll, thus produces higher concentration of AHL with increasing bacterial populations.
AhlI-AhIR QS system is further independently activated by AefR and GacA. (C) Extracytoplasmic function sigma factors. (11) HrpL directly activates most of T3SS genes and
imposes spontaneous negative regulation of its own expression. (12) AlgU suppresses alginate biosynthesis, type VI secretion and motility through responding to
environmental stress. (13) PSPTO_1203 controls pyoverdine uptake. (14) AcsS regulates the production and secretion of achromobactin. (D) Nucleotide-based secondary
messengers. (15) Chp8 synthesizes c-di-GMP while BifA degrades c-di-GMP. c-di-GMP controls mRNA level of genes involved in flagellar assembly, exopolysaccharide
biosynthesis, siderophore biosynthesis and T3SS. (16) The RelA protein generates (p)ppGpp from GTP and ATP, whereas SpoT is a bifunctional protein that synthesizes and
hydrolyzes (p)ppGpp by sensing certain environmental cues. (p)ppGpp regulates multiple processes including T3SS, swarming motility, VI secretion system,
exopolysaccharides and phytotoxin production. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

but is not required for apoplast colonisation in Arabidopsis leaf tis-
sue [38]. A further study illustrates that the decreased virulence of
a Tn5::gacA mutant strain is caused by a polar effect of uvrC and a
nonsense mutation in anmK [39]. This revised model proposes that
GacAS is triggered when infecting the leaf surface, but is deacti-
vated during apoplast colonisation, thus working as a switch to
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exquisitely regulate motility and T3SS to escape the surveillance
of host immunity [38,39]. Our results in P. savastanoi pv. phaseoli-
cola 1448A strain (Psph1448A, formerly known as P. syringae pv.
phaseolicola 1448A) showed that GacA tends to negatively regulate
hrpRS expression, but this may result from the differences between
two strains.
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2.3. Photosensory LOV-HK

Light is an important environmental cue in habitats and is
sensed by multiple photosensory proteins in prokaryotes [40].
The genome sequence of the P. syringae pv. syringae B728a strain
(PssB728a) indicates the presence of three photosensory proteins,
including two bacteriophytochromes (BphP1 and BphP2, both con-
taining HK domain) and an HK-containing LOV (light, oxygen or
voltage) domain (abbreviated as LOV-HK) [41,42]. In the PssB728a
strain, the BphP1 bacteriophytochromes and LOV-HK cooperatively
modulate swarming ability, whereas BphP2 has no significant
influence on swarming [43]. When stimulated by either red or blue
light, BphP1 suppresses bacterial swarming; however, the BphP1-
controlled blue light signalling pathway is further repressed by
the presence of LOV-HK [43]. Moreover, BphP1 contributes to leaf
colonisation and lesion formation in bean pods (Phaseolus vulgaris)
in a light-dependent manner [44]. In the PtoDC3000 strain,
PSPTO_2896 encodes a hybrid protein (named Pst-Lov) containing
an LOV domain that senses blue light, an HK autokinase domain
and a receiver domain [45]. Pst-Lov hinders bacterial growth and
significantly reduces the transcription of alternative sigma factor
genes (rpoN, rpoS and rpoD), as well as T3SS genes (hrpE, hopAA1-
1, hrpL and hopL1) in a particular light-dependent manner
(Fig. 1A, process 3) [46]. Most importantly, Pst-Lov impedes the
establishment of a PtoDC3000 infection in Arabidopsis leaves
exposed to light, thus further attenuating the virulence of
P. syringae against host plants [46]. Therefore, it is proposed that
Pst-Lov functions as the ‘eyes’ of P. syringae to discriminate root
and leaf habitats, thus reducing damage to the leaf tissue and buy-
ing time for dispersal to new hosts [46-48].

2.4. Master T3SS regulatory TCS RhpRS

RhpRS is one of the best illustrated TCSs in P. syringae, especially
regarding its effects on T3SS regulation [49-52]. The rhpS and rhpR
genes are organised in one operon, where the rhpS gene encodes an
HK and the rhpR gene encodes the cognate RR [50]. The rhpS
mutant strain not only displays reduced expression of T3SS genes
(such as hrpR, hrpL and avrPto), but also severely compromises
pathogenicity in host plants [50]. RhpS is an autokinase and exerts
kinase and phosphatase activity on RhpR [51]. The preferential
roles of RhpS are environment-dependent, but the specific signal
that this protein senses remains elusive. In nutrient-rich condi-
tions, RhpR is phosphorylated by RhpS, then directly represses
the hrpRS-hrpL-T3SS cascade (Fig. 1A, process 4) [49,51]. However,
when cultured in T3SS-inducing conditions, RhpS functions as a
phosphatase to maintain RhpR proteins in low-phosphorylated
states, thus allowing the induction of T3SS [51].

The small molecule acetyl phosphate is an intermediate in the
phosphate acetyltransferase-acetate kinase pathway, and phos-
phorylates response regulators via direct phosphoryl transfer
[53-57]. The purified recombinant RhpR protein can be phospho-
rylated by acetyl phosphate, and then induces the promoter bind-
ing affinity of RhpR [51]. Adding acetate to the culture medium
induces the expression of rhpR in the rhpS mutant, but not in an
rhpRS double mutant or the wild-type strain, indicating that acetyl
phosphate acts as a phosphodonor to RhpR in vivo [51]. Acetyl
phosphate potentially acts as an additional intracellular signal per-
ceived by the RhpRS TCS to reflect the metabolic state of acetyl-
CoA in vivo [57]. The phosphorylated state of RhpR protein at the
conserved Asp70 (D70) site is required for its direct activation of
the rhpRS operon by targeting an inverted repeat element
(GTATC-Ng-GATAC) in its own promoter [50,52]. Overexpression
of rhpR (D70A), a phosphorylation-defective mutant, in the rhpRS
mutant background causes similar disease symptoms as the
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wild-type or rhpRS mutant strain, suggesting the important role
of phosphorylated RhpR during bacterial infection [50].

Recent studies using both genome-wide chromatin immuno-
precipitation sequencing (ChIP-seq) and transcriptome sequencing
(RNA-seq) have provided evidences that the phosphorylation level
of RhpR and the external surroundings significantly alter the regu-
latory roles of RhpRS in P. syringae [49,51]. The phosphorylated
RhpR is essential for the activation of T3SS genes (such as hrpRS
and hopR1) and several other virulence-related phenotypes, includ-
ing twitching motility, cyclic diguanylate (c-di-GMP) level, swim-
ming motility, lipopolysaccharide production and biofilm
formation [49]. When cultured in KB medium, RhpR directly regu-
lates alcohol dehydrogenase activity, anthranilate synthase activ-
ity, cytochrome csso accumulation and protease production,
despite the strong inhibition of the pathogenicity associated with
T3SS [49]. In conclusion, environmental signals and the phospho-
rylation state determine the regulatory preference of RhpRS in its
function of regulating virulence and metabolism.

2.5. Metal ion sensing TCS CvsRS

Minerals are important signalling molecules and raw materials
for bacteria [58]. For instance, Ca%* is abundant in the leaf apoplast
and acts as an important signalling molecule for phytopathogenic
bacteria [59]. In the PtoDC3000 strain, CvsRS is a Ca?*-induced
TCS composed of the HK CvsS and the RR CvsR [60]. CvsRS affects
bacterial virulence by at least four means: 1) directly activating
transcription of the hrpRS operon, thus upregulating T3SS induc-
tion; 2) indirectly suppressing expression of the ECF sigma factor
AlgU and alginate production; 3) inhibiting bacterial cell attach-
ment and 4) contributing to swimming and swarming motility
(Fig. 1A, process 5) [60]. In addition, CvsRS modulates the expres-
sion of various metabolism-related genes, including the beta-
carbonic anhydrase gene PSPTO_5255 and the putative sulphate
permease PSPTO_5256, which suppress calcium precipitation
[61]. However, the induction of cvsRS by Ca?* is counteracted by
the supplementation of glucose through an unknown mechanism
[61].

2.6. Aspartate- and glutamate-sensing TCS AauRS

In the presence of sugars, a cluster of amino acids from plant
extracts are capable of inducing the expression of T3SS genes in
the PtoDC3000 strain [62]. A recent Tn5 transposon mutagenesis
screening study identifies that the TCS AauRS (encoded by the
amino acid uptake locus) and the substrate-binding protein Aat]
together activate the transcription of T3SS genes by sensing acidic
amino acid signals in host cells [63]. AauRS activates the transcrip-
tion of the adjacent aatJQMP operon in the presence of external
acidic amino acid signals [63]. Among 15 amino acids tested in
ligand profile, .-Asp and L-Glu show the highest levels of induction
of the aat] promoter [63]. Interestingly, 1-Asp and L-Glu are the
ligands of MCP PSPTO_2480 in PtoDC3000, which assist PtoDC3000
to invade apoplasts of tomato leaves (see details in Section 5) [64].
This implies that natural acidic amino acids in host plants not only
help P. syringae to enter the plant tissue and colonize the intercel-
lular apoplast space, but also further activate the T3SS expression.
The response regulator AauR binds to an AauR-binding motif
(TTCGG-N4-CCGAA) in the promoter of the hrpRS operon, thus
directly activating its transcription and promoting bacterial viru-
lence in Arabidopsis (Fig. 1A, process 6) [63]. The AauR-binding
motif is highly conserved in the hrpRS promoter sequences among
17 bacterial strains with a canonical T3SS, indicating that this acti-
vation function is ancient [63]. Similar AauR regulation of hrpRS
transcription and virulence has also been shown in the PssB728a
strain [63].
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3. Extracytoplasmic function sigma factors

Bacteria contain two sigma factor families, 5°* and c7°. The lar-
gest and most diverse proteins in the ¢’ family, the ECF sigma fac-
tors, enable bacteria to adapt to diverse environmental stimuli
[65]. These specialised proteins are activated to alter bacterial
responses to fluctuating environmental conditions, whereas in
the absence of stimuli their activity is typically abolished by direct
binding to a cytoplasmic membrane-bound anti-sigma factor pro-
tein [66,67]. The genomic analysis of three sequenced P. syringae
pathovars reveals 10 ECF sigma factors [68]. Half of these control
the expression of genes involved in the iron homeostasis pathway
(and are thus termed iron starvation sigma factors), while the other
five are identified as stress response proteins [69]. Of the 10 fac-
tors, HrpL, AlgU and iron starvation sigma factors are reviewed in
this section.

3.1. Master T3SS regulator HrpL

The ECF sigma factor HrpL regulates the virulence of P. syringae
by modulating the expression of most T3SS genes [70-72]. Indeed,
an hrpL mutant strain is unable to cause pathogenic symptoms in
plants [73]. The induction of hrpL is directly activated by a tran-
scription complex formed by HrpR, HrpS and the alternative sigma
factor RpoN, but directly suppressed by HrpL itself [74-77]. The
self-negative regulation of hrpL allows the establishment of a bal-
ance between the invasion of plants to obtain nutrients and the
evasion of the host immune system, thereby ensuring the survival
and spread of bacteria. hrpL shares an intergenic upstream regula-
tory region with the hrpJ gene. The HrpRS-binding motif and host
factor recognition elements in the hrpL promoter are occupied by
a complex assembled by RNA polymerase and HrpL, resulting in
the spontaneous negative regulation of hrpL (Fig. 1C, process 11)
[77]. More details on the indirect and direct regulation of hrpL have
been reviewed recently [78]. The multi-layered regulatory mecha-
nisms of hrpL further show that P. syringae can finely regulate
pathogenicity through sensing external environmental signals.

3.2. Global virulence regulator AlgU

Unlike HrpL, another ECF sigma factor, AlgU (synonyms, AlgT,
RpoE, o22), regulates multiple P. syringae virulence-related path-
ways, especially alginate biosynthesis and motility, by responding
to environmental stress [79-81]. However, the role of AlgU differs
among P. syringae pathovars. For instance, in the PssB728a strain,
the transcription of algU is activated by changes in external osmo-
tic pressure, thus regulating the expression of genes involved in
alginate biosynthesis, type VI secretion and oxidative stress
responses (Fig. 1C, process 12) [82]. Besides osmotic and oxidative
stress, in the PtoDC3000 strain, AlgU is involved in alginate produc-
tion, flagellar biosynthesis and T3SS, and is thus a global regulator
of pathogenic processes [81,83]. During the establishment of in
planta PtoDC3000 infection, AlgU negatively regulates the produc-
tion of bacterial flagellin, a powerful inducer of the host immune
response, to escape the surveillance of the plant immune system
[81]. In the PtoDC3000 strain, AlgU also activates the antisense
transcript of fleQ (fleQ,s), which has a positive influence on flagellar
motility [84]. Despite the diversity of its roles in different P. syrin-
gae pathovars, AlgU generally helps pathogenic bacteria to adapt to
the environment and establish interactions with their host plants.

3.3. Iron starvation sigma factors

The ECF sigma factors that regulate downstream gene expres-
sion in response to siderophore binding are known as iron starva-
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tion (IS) sigma factors [85]. Five putative IS sigma factor genes have
been identified in the genome of the PtoDC3000 strain: pvds,
PSPTO_0444, PSPTO_1203, PSPTO_1209 and PSPTO_1286 [69].
Externally provided iron ions regulate the transcription of pvds,
PSPTO_1209 and PSPTO_1286 [86]. A ChIP-seq analysis shows that
PSPTO_1203 controls genes involved in pyoverdine uptake and
production, while a promoter trap library screening study for PvdS
reveals that it modulates the expression of genes by sensing
hydroxamate siderophores (Fig. 1C, process 13) [87,88]. In the
PssB728a strain, the IS sigma factor AcsS (Psyr_2580) functions as
a regulator of the production and secretion of a newly discovered
citrate siderophore, achromobactin (Fig. 1D, process 14) [89].

4. Nucleotide-based secondary messengers

Phytopathogens rely on intracellular secondary messengers to
precisely sense external signals and rapidly control various cellular
processes, including survival and pathogenesis [90-92]. In bacteria,
in addition to the previously mentioned c-di-GMP, the nucleotide-
based secondary messengers also include cyclic guanosine
monophosphate (cGMP), cyclic adenosine monophosphate (CAMP),
cyclic dimeric adenosine monophosphate (c-di-AMP) and guano-
sine tetra/penta-phosphate [(p)ppGpp] [92-95]. In P. syringae
pathovars, c-di-GMP and (p)ppGpp are the best studied secondary
messengers.

4.1. c-di-GMP

Among bacteria, the production of c-di-GMP is mediated by two
groups of highly conserved enzymes, diguanylate cyclases (DGCs)
and phosphodiesterases (PDEs) [91,96]. In the PtoDC3000 strain,
the HrpRS-induced chp8 gene encodes a DGC protein [97]. Chp8
dampens the production of flagellin but upregulates exopolysac-
charide biosynthesis, thus promoting bacterial pathogenicity
[97]. BifA is a PDE that degrades c-di-GMP and contributes to flag-
ellar motility and virulence in the PtoDC3000 strain [98]. Tran-
scriptome profiling has revealed that by overexpressing the yedQ
gene (encoding the DGC of Escherichia coli) and the yhjH gene (en-
coding the PDE of E. coli) in the PssB728a strain, c-di-GMP controls
the mRNA levels of genes involved in flagellar assembly,
exopolysaccharide biosynthesis, siderophore biosynthesis and
oxidative stress resistance (Fig. 1D, process 15) [99]. Notably, a
high c-di-GMP level significantly suppresses the induction of hrpR,
hrpL and nine other T3SS effector genes, indicating that c-di-GMP
potentially suppresses T3SS induction [99]. In addition, the pro-
moter regions of three genes (Psyr_0610, Psyr_0685 and
Psyr_5026) have been identified as c-di-GMP-responsive elements,
and can be further used for reporter-based real-time measure-
ments of c-di-GMP levels in P. syringae [99].

4.2. (p)ppGpp

(p)ppGpp is produced as a signalling compound in response to
nutrient starvation, such as the shortage of carbon sources, fatty
acids, phosphorus or iron [92,100]. In the PssB728a strain, the cel-
lular concentration of (p)ppGpp is governed by two homologous
enzymes, RelA and SpoT [101]. RelA protein generates (p)ppGpp
from GTP and ATP, whereas SpoT is a bifunctional protein that syn-
thesises and hydrolyses (p)ppGpp by sensing environmental cues
[101]. In the PtoDC3000 strain, (p)ppGpp regulates multiple pro-
cesses associated with virulence and survival, including T3SS,
swarming motility, pyoverdine production, stress resistance and
cell size (Fig. 1D, process 16) [101,102]. A recent transcriptomic
analysis identified the global effects of (p)ppGpp in both the
PtoDC3000 and PssB728a strains [103]. Generally, (p)ppGpp sup-
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presses basic physical processes (such as nucleotide/amino acid/-
fatty acid metabolism), but activates virulence-related pathways
(such as the type VI secretion system, exopolysaccharides and phy-
totoxin production) [103].

5. Methyl-accepting chemotaxis sensor proteins

Methyl-accepting chemotaxis sensor proteins (also known as
chemoreceptors or MCPs) are the core of chemosensory pathways
and have been found to assist plant pathogens in host invasion
through stomata and wounds [104,105]. The genome of the
PtoDC3000 strain contains 49 putative MCP-coding genes, 36 of
which possess the canonical topology characterized by a periplas-
mic ligand binding domain (LBD) flanked by two transmembrane
regions [64]. Nine MCPs exhibit PAS (Per/ARNT/Sim) domains that
are expected to be responsible for sensing certain intracellular sig-
nals [106]. The remaining four MCPs lacking the LBD have been
proposed to sense physicochemical stimuli (such as osmotic stress
or temperature) [64]. Although the chemotactic responses towards
several attractants have been illustrated for P. syringae pathovars,
the direct interactions between particular MCPs and hosts have
been seldomly reported until recently [64,107,108]. By using ther-
mal shift assays, L/p-Asp and L-Glu are recognised as signals of
PSPTO_2480, a homologue of the amino acid receptor PscA [64].
Once perceiving its ligands, PSPTO_2480 mediates chemotaxis to
the ligands recognized. In addition, mutation of the chemoreceptor
gene alters swarming, biofilm and c-di-GMP levels (Fig. 1A, process
7) |64]. A crosstalk between the chemotaxis chemosensory path-
way and other chemosensory pathways in P. syringae is hypothe-
sized tobe the base for these multiple responses. Because Asp
and Glu are abundant in tomato apoplast, it is assumed that
PSPTO_2480 specifically senses these amino acid ligands and
assists PtoDC3000 to invade host plants [64].

Since plant infection with PtoDC3000 in the presence of p-Asp
(the only non-metabolizable PSPTO_2480 ligand) significantly
reduces virulence symptoms and the bacterial load inside the leaf,
p-Asp can be used to reduce virulence of PtoDC3000 [64]. It is gen-
erally accepted that the crucial role of chemotaxis in plant infec-
tion is due to the chemotaxis towards compounds released from
a wound or stomata [109]. In the presence of saturating ligand con-
centrations, there is no compound gradient towards the stomata
preventing chemotaxis and efficient leaf entry. Study on
PSPTO_2480 is a nice example of how interfering with signal trans-
ductions systems, by applying a key signal compound, can be used
to reduce virulence.

6. Other intracellular surveillance systems

Other intracellular sensory systems are involved primarily in
sensing abiotic and biotic inputs, thus contributing to the regula-
tion of multiple key pathways [110]. Among these sensory sys-
tems, Lon, HrpS and quorum-sensing components are highlighted
in this section.

6.1. Dual-function protein Lon

Lon, an ATP-dependent protease, is widely distributed in bacte-
ria as well as eukaryotes [111]. In P. syringae, the Lon protease
comprises both a C-terminal proteolytic domain and DNA-
binding motif, implying its roles as both transcriptional regulator
and protease. In KB medium, the transcription of lon is self-
activated but is directly suppressed by phosphorylated RhpR
(Fig. 1B, process 4) [51,112]. Lon protease degrades the T3SS acti-
vator HrpR and a cluster of T3SS effectors (such as AvrPto, HopP-
toM and HopPsyA), thus functioning as a T3SS repressor (Fig. 1B,
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process 8) [113-115]. A microarray analysis reveals that Lon inhi-
bits the expression of T3SS genes and metabolic genes in KB but
upregulates HrpL-regulated genes in MM, indicating that Lon is
not only a dual-function protein, but also an environment sensory
protein [116]. Although the molecular mechanism how Lon senses
environmental stimuli is not clear, Lon is regulated by signal trans-
duction pathways including RhpRS. Notably, further deletion of the
lon gene in the rhpS mutant background results in a similar T3SS
gene expression level and virulence to that of the wild-type strain,
implying that Lon is a suppressor of the rhpS mutant [112]. In MM,
the lon mRNA level is induced in several T3SS-deficient mutants,
suggesting that the transcription of lon is inhibited by T3SS pro-
teins via negative feedback [112].

By using multi-omic approaches, including ChIP-seq, RNA-seq
and liquid chromatography-tandem mass spectrometry, our recent
study demonstrates the different roles of Lon in response to differ-
ent external signals [117]. As a DNA-binding transcriptional regu-
lator, Lon directly mediates several metabolic pathways, including
1-dodecanol oxidation, glucokinase activity and pyoverdine pro-
duction [117]. When acting as a protease, Lon proteolyses a group
of T3SS effectors (including AvrB2, HrpW1 and HrcV) in KB but
degrades metabolic factors (including Nuol and NoxB) in MM, sug-
gesting that its protease activity depends on the extracellular envi-
ronment [117].

6.2. Enhancer-binding proteins HrpR and HrpS

In P. syringae, both the HrpR and HrpS proteins belong to the
family of enhancer-binding proteins (EBPs) that initiate gene tran-
scription by utilising the alternative sigma factor > [118]. Under
T3SS-inducing conditions and with the help of the 54 factor RpoN,
a heterodimer is formed by HrpR and HrpS to directly activate the
transcription of hrpL (Fig. 1B, process 9) [74]. The expression of the
hrpRS operon and the assembly of the HrpRS heterodimer are
strictly controlled by multiple factors. At least four TCSs (RhpRS,
CvsRS, AauRS and GacAS), together with AlgU and HrpA, co-
regulate the mRNA levels of hrpRS [37,49,51,60,63,83]. Meanwhile,
the formation of the HrpRS heterodimer is further controlled by the
Lon protease and HrpGVF] regulatory pathway at a post-
transcriptional level [78,110,114,115,119-121]. A small reception
domain composed of 12 residues has been identified at the N-
terminal of the HrpS protein, indicating its potential role in sensing
and responding to chemical and metabolic changes [118]. In the
Psph1448A strain, HrpS alone not only activates the expression of
various T3SS genes (such as hrpK1, hrpA2 and hopAj1) but also
mediates a number of non-T3SS genes (such as PSPPH_1496,
PSPPH_3494 and PSPPH_1525) [122]. Motility and biofilm forma-
tion are also regulated by the HrpS protein [122]. A recent study
showes that HrpS protein is directly modified by an Arabidopsis
metabolite, sulphoraphane, on the Cys209 site, leading to the sup-
pression of T3SS and bacterial virulence [103].

6.3. One component system AhIR

One component systems (OCSs) are transcriptional regulators
that respond to extracytosolic signals that are either taken up by
the bacterium or diffuse across the membrane [123]. A representa-
tive example is the mechanism of quorum sensing (QS). QS is an
exquisite process by which bacteria gauge their population size
and coordinate their gene expression by perceiving small signalling
molecules secreted by conspecific cells [124,125]. In numerous
Gram-negative pathogenic bacteria, including P. syringae, N-acyl
homoserine lactone (AHL) is the QS signal molecule that indicates
successful invasion of the host. However, AHL-mediated QS has
been less studied in P. syringae than in other bacteria such as P.
aeruginosa. In the PssB728a strain, the production of AHL is directly
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Table 1
Overview of known signal transduction systems in Pseudomonas syringae.
Sensory components Signal Signals/ Functions and mechanisms References
transduction secondary
categories messengers
CorRS TCS Temperature CorR activates COR biosynthesis and hrpL expression. [27,28,30,32]
changes
GacAS TCS Unknown GacA regulates several virulence-related pathways, including AHL production, [35-38]
T3SS, and swarming.
LOV-HK TCS Blue light LOV-HK reduces transcription of several alternative sigma factor genes (rpoN, [43,46]
rpoS and rpoD), T3SS genes (hrpE, hopAA1-1, hrpL and hopL1), and modulate
swarming motility.
RhpRS TCS Unknown Phosphorylated RhpR directly suppresses the expression of hrpRS and lon. RhpR  [49,51,112]
regulates twitching motility, c-di-GMP level, swimming motility,
lipopolysaccharide production and biofilm formation in a phosphorylation-
dependent manner. In KB, RhpR regulates alcohol dehydrogenase activity,
anthranilate synthase activity, cytochrome csso accumulation and protease
production.
CvsRS TCS Ca®* CvsRS affects bacterial virulence and metabolism, including T3SS, alginate [60,61]
production, cell attachment, swimming and swarming motility.
AauRS TCS Acidic amino AauR directly activates the transcription of hrpRS and promotes bacterial [63]
acid virulence in Arabidopsis.
HrpL ECF sigma factor Unknown HrpL directly activates the expression of most T3SS genes. HrpL also imposes  [75,77]
spontaneous negative regulation of its own expression.
AlgU ECF sigma factor External AlgU is involved in alginate production, flagella biosynthesis, T3SS, type VI [81-84]
osmotic secretion and oxidative stress responses.
pressure
Iron starvation sigma ECF sigma factor Iron ions PSPTO_1203 controls pyoverdine uptake. AcsS (Psyr_2580) regulates the [88,89]
factors production and secretion of achromobactin.
Chp8 Nucleotide-based  c-di-GMP Chp8 functions as diguanylate cyclase to synthesize c-di-GMP, and then [97,99]
secondary inhibits the production of flagellin but upregulates exopolysaccharide
messengers biosynthesis. Synthesized c-di-GMP controls T3SS, flagellar assembly,
exopolysaccharide biosynthesis, siderophore biosynthesis, and oxidative stress
resistance.
BifA Nucleotide-based  c-di-GMP BifA protein acts as a phosphodiesterase to degrade c-di-GMP in vivo. [98]
secondary
messengers
RelA, SpoT Nucleotide-based  (p)ppGpp The RelA protein generates (p)ppGpp from GTP and ATP, whereas SpoT is a [101-103]
secondary bifunctional protein that synthesizes and hydrolyzed (p)ppGpp. (p)ppGpp
messengers regulates multiple processes associated with virulence and survival including
nucleotide/amino acid/ fatty acid metabolism, exopolysaccharides production,
type VI secretion system, phytotoxin production, T3SS, swarming motility,
pyoverdine production, stress resistance, and cell sizes.
PscA MCP Acidic amino PscA controls swarming motility, biofilm formation and c-di-GMP production, [64]
acid and bacterial virulence.
Lon Intracellular Unknown Lon protease degrades T3SS activator HrpR and a cluster of T3SS effectors (such  [113-117]
surveillance as AvrPto, HopPtoM and HopPsyA), thus functions as a T3SS repressor. As a
system DNA-binding transcriptional regulator, Lon directly mediates several
metabolism pathways, including 1-dodecanol oxidation, glucokinase activity,
and pyoverdine production. When acting as a protease, Lon cuts several T3SS
effectors (including AvrB2, HrpW1 and HrcV) in KB but degrades metabolic
factors (including Nuol and NoxB) in MM.
HrpR and HrpS Intracellular Unknown HrpR and HrpS form a heterodimer to directly activates the transcription of [74,103,122]
surveillance hrpL. HrpS alone regulates T3SS, motility and biofilm formation. Sulphoraphane
system directly modifies HrpS protein and suppresses T3SS and bacterial virulence.
AhlI-AhIR Quorum sensing 3-0x0- AhlI synthesizes C6-HSL, which works as AHL signal and then forms a stable [36,126,127]
system/OCS hexanoyl- complex with AhIR to activate the expression of ahll. Ahll-AhIR system is
homoserine independently activated by AefR and GacA.
lactone

regulated by both the Ahll synthase and the regulatory protein
AhIR [126,127]. Ahll and AhIR are LuxI/R quorum regulator homo-
logs. In the presence of metabolite precursors, Ahll synthesises 3-
oxo-hexanoyl-homoserine lactone (3-0x0-C6-HSL), which acts as
an AHL signal and forms a stable complex with AhIR to activate
the expression of ahll, thus producing higher concentrations of
AHL with increasing bacterial populations (Fig. 1B, process 10)
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[126]. This AhlI-AhIR QS system is further independently activated
by two other regulatory proteins: AefR and GacA (Fig. 1B, process
2)[36,126,127]. AefR is a TetR family transcriptional regulator that
inhibits siderophore production, tolerance to antibiotics and its
own expression, but activates T3SS by inducing hrpL [128,129].
AhlI-AhIR QS mediates several phenotypes in P. syringae, including
the positive regulation of exopolysaccharide production, oxidative
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stress tolerance and epiphytic fitness in planta and negative regu-
lation of swarming motility [130].

7. Conclusions and perspectives

A successful plant pathogen must use elaborate signalling net-
works with both abiotic and biotic inputs to perceive and rapidly
respond to its external environments. Evidently, P. syringae patho-
vars have evolved exquisite mechanisms to regulate their
pathogenicity and metabolic pathways by recognising host plants
or plant-associated environmental factors, thereby effectively
avoiding the surveillance of the host immune system. Such capa-
bilities have contributed to the large-scale transmission of these
pathovars in farmland. In recent years, tremendous progress has
been achieved in deciphering how P. syringae responds to different
cues during plant-microbe interactions, thus uncovering its strict
sensory logics. In the future, signal transduction systems are
among the major targets for antimicrobial therapy. Traditional
antibiotics that inhibit bacterial growth can generate an evolution-
ary pressure inducing the selection of resistant strains. In contract,
designing target drugs to block key signal transduction pathways
or interfere with the normal function of key proteins (such as TCSs
or MCPs etc.) can disrupt bacterial functions without interfering
with bacterial growth.

Various membrane-bound or intracellular signalling systems
have been well characterised to participate in P. syringae signalling
transduction networks (Table 1). Among these signalling schemes,
TCSs have mostly been understudied. Given the important roles of
TCSs in other pathogenic bacteria, an exploration of their func-
tional mechanisms and signals is greatly significant to an under-
standing of the pathogenicity and metabolism of P. syringae
under different environments. Over the past two decades, genomic
analyses of P. syringae pathovars have identified most of the genes
that encode proteins with signal-sensing domains. Nowadays, with
the wide use of high-throughput sequencing technologies, it is
becoming easier to decipher specific functions and mechanisms
of these signal transduction schemes. Unveiling the genome-wide
signal transduction network will not only provide a better under-
standing of bacterial preferences but will also contribute to the
development of eco-friendly and sustainable methods to control
the economic losses caused by P. syringae in the future.
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