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It has long been known that phytopathogenic bacteria react to plant-specific

stimuli or environmental factors. However, how bacterial cells sense these

environmental cues remains incompletely studied. Recently, three kinds

of histidine kinases (HKs) were identified as receptors to perceive plant-

associated or quorum-sensing signals. Among these kinases, HK VgrS

detects iron depletion by binding to ferric iron via an ExxE motif, RpfC

binds diffusible signal factor (DSF) by its N-terminal peptide and activates

its autokinase activity through relaxation of autoinhibition, and PcrK specifi-

cally senses plant hormone–cytokinin and elicits bacterial responses to

oxidative stress. These HKs are critical sensors that regulate the virulence

of a Gram-negative bacterium, Xanthomonas campestris pv. campestris.

Research progress on the signal perception of phytopathogenic bacterial

HKs suggests that inter-kingdom signalling between host plants and patho-

gens controls pathogenesis and can be used as a potential molecular target

to protect plants from bacterial diseases.

This article is part of the theme issue ‘Biotic signalling sheds light on

smart pest management’.
1. Introduction
Discriminating ‘self’ and ‘non-self’ is the primary step during host–microbe

interaction [1,2]. Eukaryotic cells employ the so-called pattern recognition

receptors (PRRs) to detect the pathogen-associated molecular pattern to elicit

immune responses, whereas pathogenic prokaryotes must monitor and respond

to hostile environments or various stresses in the host tissues [3,4]. Studies in

this area became more popular in the areas of both animal and plant diseases

after 1990. Rapid progress was made and in 2011, when Bruce A. Beutler and

Jules A. Hoffmann won the Nobel Prize in Physiology and Medicine for their

discoveries concerning the activation of innate immunity in animals via TLR-

like receptors sensing bacterial lipopolysaccharides [5,6], which emphasizes

the importance of these investigations.

In the past two decades, scientists studying plant–microbe interactions have

identified a number of plant PRRs that function in the recognition of microbial

pathogens and modulate innate immune responses [7], including FLS2-

perceiving flg22, a short peptide of bacterial flagella [8]; EFR-sensing bacterial

elongation factor Tu [9]; CERK1-detecting chitin of fungal cells [10]; LYM-

sensing peptidoglycan [11] and LORE-sensing lipopolysaccharides [12].

Although it is well known that plant pathogenic bacteria react to various stimu-

lations of host plants [13,14], the biochemical mechanism by which bacterial

cells sense plant chemicals or plant-derived cues remains largely unknown.

Especially, the specific receptor–ligand interaction between host and pathogen

has not been well established through studies that combine multi-discipline

approaches. In fact, knowledge about bacterial sensing will provide insights

into the molecular mechanism of disease pathogenesis, which facilitates the

rational design of novel approaches to fight these important pathogens.
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2. Histidine kinases of Xanthomonas campestris
pv. campestris

With the exception of species belonging to the genus

Mycoplasma, most bacteria use several to hundreds of

two-component signal transduction systems (TCS) as the

predominant mechanism to detect and respond to

environmental stimuli [15,16]. TCS typically contains a

membrane-bound histidine kinase (HK) and a cytosolic

response regulator (RR). A typical HK has a variable

N-terminal sensor domain that detects a specific signal and

a C-terminal that contains a conserved transmitter domain

to hydrolyze ATP and that can be autophosphorylated.

Upon detection of a stimulus, HK is phosphorylated, and

then the phosphoryl group is transferred to the receiver

(REC) domain of its cognate RR. The RR performs down-

stream regulation via its C-terminal output domain, mainly

acting as transcription factors [17]. Additionally, a hybrid

type of HK (HyHK) that contains the REC domain is

widely distributed in various bacteria [18]. HyHK is involved

in a multiple-step phosphorelay with other HKs and RRs,

adding more regulatory checkpoints to the signal transduc-

tion [19–21]. The first TCS was identified in 1986 [22]. After

30 years of research, there is now a full understanding on

the biochemistry of the phosphoryltransfer process and the

regulatory function of RRs. However, how HK senses

environmental stimuli is incompletely understood. Only a

few studies have reported the biological functions of HK–

signal or HK–ligand interactions [23,24]. For example, in

enterohaemorrhagic Escherichia coli, HKs QseE and QseC

perceive animal hormone epinephrine [25], and PhoQ detects

the concentrations of Mg2þ and Ca2þ, antimicrobial peptides

and pH [26,27]. These HKs modulate bacterial virulence. In

phytopathogenic bacteria, although a number of HKs are

involved in regulating virulence, with the exception of the

study cases reviewed here, the signals detected by these

HKs remain unclear.

Various scenarios can explain this finding: (i) in contrast

to the receptor serine/tyrosine/threonine kinases of eukar-

yotes, phosphorylated HK is typically unstable and has a

very short half-life [15,28], which makes it technically difficult

to test the phosphorylated states of HKs in vivo by means of

Western blot using specific antibodies or Phos-tag gels [29].

Generally, the phosphorylation of HKs or RRs is studied

in vitro using radio-autography. (ii) The majority of HKs

have hydrophobic transmembrane regions that function in

signal perception. The standard study strategy that removes

transmembrane regions to obtain recombinant, soluble

proteins precludes the possibility of investigating HK–

signal interactions [23]. (iii) The nature of transmembrane

proteins makes it difficult to express and purify recombi-

nant HKs unless full-length HKs are embedded into lipid

bilayer [30].

Xanthomonas campestris pv. campestris is one of the model

organisms used in studies of plant–pathogen interactions

given that it is the causative agent of black rot disease in

cruciferous vegetables, it is genetically amendable and a

Gram-negative, aerobic, rod-shaped bacterium. This bacter-

ium causes serious yield loss worldwide and is listed as

one of the disastrous pathogens in agricultural production.

The complete genomes of several strains of X. campestris pv.

campestris were reported in the early years of the new
millennium [31–33], thus providing genetic information to

conduct in-depth research.

The genome of X. campestris pv. campestris encodes 53

HKs and 54 RRs [34,35], including a HWE-family (histidine–

tryptophan–glutamate) HK that was recently identified [36].

These HKs are mainly classified into three major structural

groups based on their membrane topologies [34]: Group I,

membrane-bound HK with a well-defined periplasmic sensor

domain to perceive extracytoplasmic stimuli; Group II,

membrane-bound HK without an apparent periplasmic sen-

sory domain, which is believed to employ an unidentified

sensory domain and transmembrane regions to perceive

extracytoplasmic stimuli or detect membrane-associated stimuli

derived from membrane integrity factors, such as ion gradients

and electric potential; Group III, soluble, cytoplasmic HK

without recognizable transmembrane helices. These HKs of

X. campestris pv. campestris encode a limited number of sensor

domains, including Per–Arnt–Sim domain (PAS)/PAC,

KdpD, AAA, CHASE, CHASE3, GAF and HAMP domains,

prompting an interesting question on how these HKs detect

numerous stimuli when the bacterium is free-living or survives

in the host environment. Among them, RpfC (Group II), VgrS

(or named ColS), PhoQ, PcrK and HpaS (Group I) are critical

to regulate virulence of X. campestris pv. campestris [35,37–40].

Thus, exploration of the stimuli sensed by these virulence-

associated HKs is important for the understanding of the

molecular pathogenesis of this bacterial pathogen.
3. Techniques for the study of biochemistry of
full-length histidine kinases

Most of the HKs of X. campestris pv. campestris contain 1–12

transmembrane helices and are located in the inner mem-

brane of bacterial cells [34]. As previously mentioned, to

investigate the enzymatic activities of HKs, including autoki-

nase, phosphatase and phosphotransferase, full-length HKs

must be expressed and embedded into lipid bilayers to recon-

struct correct conformations. Currently, three approaches can

be used, including inverted membrane vesicle (IMV), lipo-

some and nanodisc. Among them, the IMV is a vesicle

formed by fractioned plasma membrane with an inverted

direction [41]. The vesicle is extracted from the membrane

fraction of E. coli cells expressing HKs by ultracentrifugation.

Although IMV is the simplest method among these

approaches, it has a limitation in the purity of the HK. In

fact, IMV is typically a mixture of various proteins embedded

in the membrane. The purity of HK ranges from 5% to 30% in

total protein, and affinity chromatograph can occasionally be

used to increase the purity of HK embedded in IMV [42].

The level of purity obtained with liposomes and nano-

discs is improved compared with IMV, but these systems

are more experimentally complicated. A liposome is an artifi-

cial spherical vesicle with at least one lipid bilayer that could

be inserted by transmembrane HKs to construct a membrane

system [43,44]. Full-length HKs are purified, dissolved in

appropriate detergents and then integrated into the phospho-

lipid bilayer after self-assembly and dialysis. To study HK

biochemistry, one of the considerations for the use of lipo-

somes is the direction of HKs in the lipid bilayer. Some of

the HKs are incorrectly embedded in the liposome such

that their sensor regions are located in the ‘ball’ of
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phospholipid, which blocks the interaction between sensor

regions and chemicals. However, this problem is solved by

nanodiscs. Nanodisc is also a synthetic membrane system

with a phospholipid bilayer with a planar structure [45]. Two

membrane-scaffolding proteins are used to assist the assembly

of membrane proteins into the phospholipid bilayer. In

addition, selection of appropriate scaffolding proteins can con-

trol the number of protein molecules that are integrated into

the membrane, thus producing various oligomers, such as

dimers, trimers and tetramers [46]. The application of these

membrane protein techniques is a prerequisite to study the

perception function of bacterial HKs.
 tb
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4. Bacterium employs the VgrSR system to sense
iron depletion and iron repletion

Iron is an essential metal for cellular organisms that

participate in crucial biological processes, including photo-

synthesis, respiration, enzymatic activity and redox

reactions [47]. In addition, excess iron is toxic to cells given

that it catalyses the Fenton reaction in the presence of

oxygen to deliver reactive oxygen species that are harmful

to multiple biomacromolecules [48]. Although iron is the

fourth most abundant element in the Earth’s crust, upon

infection, host plants and animals tend to govern iron by

chelating the metal or retaining it in macromolecules. There-

fore, pathogenic bacteria must survive in an iron-depletion

niche after infection. To maintain iron homeostasis, these

pathogens must sense extracellular iron depletion to absorb

iron into the cells and sense an intracellular iron-replete

environment to avoid the destructive role of iron excess.

VgrS–VgrR of X. campestris pv. campestris is a regulatory

TCS of virulence [35,49]. VgrS is a HK that has a transmem-

brane region and a putative periplasmic sensor, whereas

VgrR is an OmpR-family RR that contains a C-terminal

helix-turn-helix output region. VgrR exhibits transcription

factor activity to bind an AT-rich, palindromic motif in the

promoter regions of approximately 400 genes as revealed

by chromatin immunoprecipitation (ChIP-seq) analysis [50].

VgrS–VgrR constitutes a typical TCS given that the full-

length VgrS can be autophosphorylated and then phosphor-

ylates VgrR. Given that the half-life of the phosphorylated

VgrR is as short as approximately 10 s, whether VgrS exhibits

phosphatase activity is currently unknown for technical

reasons. Inactivation of vgrR in various Xanthomonas species

resulted in significant attenuation of virulence, and vgrS
mutations caused a slight reduction in virulence. In addition,

vgrS–vgrR mutations caused deficiencies in bacterial stress

responses, metal tolerance, bacterial growth and the ability

to elicit hypersensitivity on non-host plants [51,52]. VgrS–

VgrR is an important, evolutionarily conserved virulence

regulator in pathogenic bacteria belonging to Xanthomonas.

A recent study revealed that VgrS–VgrR is involved in

the critical regulatory system in sensing and responding to

iron repletion and depletion [50]. VgrS harbours a typical

ExxE (EPQE) motif within its periplasmic sensor region to

specifically bind ferric iron rather than ferrous iron. The

Fe3þ–VgrS interaction remarkably inhibits VgrS autophos-

phorylation. In iron-depleted environments, dissociation of

Fe3þ from the sensor domain of VgrS thus activates VgrS

autokinase activity and promotes phosphotransfer from

VgrS to VgrR (figure 1). Consequently, the phosphorylated
VgrR regulates the transcription of hundreds of genes,

especially those involved in iron uptake from the host

plant. Interestingly, phosphorylated VgrR behaves as a tran-

scriptional repressor to inhibit the transcription of tdvA, a

TonB-dependent receptor gene that is detrimental to iron

uptake and virulence. Genetic inactivation of tdvA signifi-

cantly increased bacterial virulence and iron uptake,

suggesting that TdvA must exhibit a special function that

differs from most of the TonB-dependent receptors [50].

Otherwise, when the intracellular iron is in excess, Fe2þ

binds to the RR VgrR to dissociate it from the promoters

and VgrS. This process inactivates the transcription factor

activity of VgrR and leads to the transcription initiation of

tdvA. Expression of tdvA exhibits a negative effect on iron

uptake of X. campestris pv. campestris. In contrast to VgrS,

VgrR could bind ferrous iron (Fe3þ). However, the physiologi-

cal significance of VgrR–Fe3þ binding is unknown given that

Fe3þ is generally reduced to Fe2þ within cells (figure 1) [50].

To our knowledge, VgrS is the first biochemically ident-

ified iron-sensing HK in phytopathogenic bacteria. Its

function is more like the ExxE motif-carrying iron receptor

of Pseudomonas aeruginosa BqsS [53], given that Fe3þ binding

by BqsS and VgrS decreased their autokinase activities. This

performance is quite different from the PmrB of Salmonella
enterica. PmrB autophosphorylation levels are increased in

the presence of high iron concentrations, which might be ben-

eficial to bacteria surviving in the intestine of animals [54].

VgrS and PmrB contain iron-binding ExxE motifs. PmrB

can bind both Fe3þ and Fe2þ, but VgrS specifically interacts

with Fe3þ. The molecular mechanism determining the

specificity remains unknown.
5. Bacterium employs the RpfCG system to sense
the quorum-sensing signal

Quorum sensing is an ecological process by which microbes

measure their population size and elicit crucial physiological

responses that are different from the planktonic lifestyle. A

number of chemical signals used in bacterial cell–cell com-

munication were identified, including homoserine lactones,

quinolones and peptides [55]. In Xanthomonas spp. and their

close relatives, a group of moderate chain, unsaturated fatty

acids act as chemical signals to regulate quorum-sensing

[56]. These fatty acids were named diffusible signal factors

(DSFs), including DSF (cis-11-methyl-2-dodecenoic acid),

BDSF (cis-2-dodecenoic acid), CDSF (cis,cis-11 methyldodeca-

2,5-dienoic acid), IDSF (cis-10-methyl-2-dodecenoic acid) and

SDSF (trans-2-decenoic acid). DSF family signals not only

regulate the quorum sensing of Xanthomonas spp. but also

are produced or detected by other organisms, such as Xylella
fastidosa, Stenotrophomonas maltophilia, Burkholderia cenocepacia,

P. aeruginosa and even the fungus Candida albicans, suggesting

a role in inter-kingdom signalling. The biological roles and

turnover of DSF family chemicals have been extensively

reviewed elsewhere and will not be discussed here [57–60].

In X. campestris pv. campestris, it has long been predicted

that the HK RpfC is the receptor of DSF. RpfC is a HyHK

with additional REC and histidine-containing phosphotrans-

fer (HPt) domains [61,62]. RpfC has five transmembrane

helices, so it belongs to the Group II HKs. The cognate RR

of RpfC is RpfG, a histidine–aspartic acid–glycine–

tyrosine–proline (HD-GYP) domain-containing protein that
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exhibits phosphodiesterase activity to degrade the second

messenger cyclic di-GMP into GMP. RpfC–RpfG is also a

central system to modulate bacterial virulence. Inactivation

of rpfC or rpfG severely decreases bacterial virulence, pro-

duction of extracellular polysaccharides and various

extracellular enzymes, but increases the production of DSF

[58,61]. In addition to the aforementioned problems in study-

ing DSF–RpfC interactions, the chemical nature of DSF, i.e. a

fatty acid, made it more difficult to determine the HK–fatty

acid interaction. For example, two proteins RpfS and RpfR

were identified as DSF receptors [63,64]. However, these

two proteins lack transmembrane regions and might act as

intracellular receptors of DSF.

Recently, Cai et al. [65] successfully constructed an IMV

and liposome that embedded the full-length RpfC. DSF

stimulation remarkably doubled the autophosphorylation

level of RpfC liposomes compared with the negative control.

A series of deletion analyses revealed that both the trans-

membrane region and an N-terminal, short sensor of RpfC

that is 22 amino acids in length, are important in DSF percep-

tion. The study then combined several biophysics methods,

including microscale thermophoresis (MST), nanodifferential

scanning fluorimetry (NanoDSF) and circular dichroism (CD)

spectra, to demonstrate that DSF binds to the 22-amino acid

peptide of RpfC (figure 1). The binding affinity measured

by MST analysis is at the nanomole level, suggesting a relati-

vely strong interaction between DSF and RpfC. In addition,

critical amino acid residues impacting DSF binding were
identified, revealing five residues near the first transmem-

brane helix. In addition, the study used alanine-scanning

mutagenesis to identify the conserved juxtamembrane

region of RpfC, which links the transmembrane region and

the transmitter region of RpfC and autoinhibits its autokinase

activity in the absence of DSF. DSF stimulation releases this

autoinhibition in an allosteric manner and activates the

RpfC. In the juxtamembrane region, substitutions of two resi-

dues, Leu172 and Ala178, could constitutively activate RpfC

autophosphorylation regardless of the absence or presence

of DSF stimulation [65]. Therefore, these results demonstrate

that RpfC is the bona fide receptor of DSF and that the juxta-

membrane region of HK exhibits an autoinhibition function,

which is similar to that noted in the eukaryotic tyrosine

kinases (figure 1). The establishment of the DSF–RpfC

relationship and related research approaches will promote

in-depth investigations on the specificity of other DSF

family signals in various bacteria.
6. Bacterium employs the PcrKR system to sense
plant hormones

In pathogenic bacteria infecting animals, perception of host

signalling chemicals by HKs was discovered, revealing that

inter-kingdom signalling is critical in the regulation of

bacterial virulence. For example, E. coli senses animal

adrenaline or epinephrine via the HK QseC and senses
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enteric fucose via the HK FusK [25,66]. Will plant pathogenic

bacteria in parallel sense host-derived signalling chemicals,

such as plant hormones?

In plants, two types of hormone receptors are HKs [67]:

cytokinin and ethylene receptors (such as AHK2/AHK3/

AHK4 and ETR1/ETR2/EIN4 of Arabidopsis thaliana). This

finding prompts an interesting question given that plant

pathogenic bacteria have the potential ability to sense these

two hormones, especially considering that there are a large

number of HKs in the bacterial cell. To challenge this hypoth-

esis, Wang et al. identified the HK PcrK from a protein

expression library containing all of the 52 HKs of Xanthomo-
nas campestris pv. campestris [39]. PcrK is a HyHK with an

experimentally confirmed periplasmic CHASE domain, two

additional REC domains and a HPt domain. PcrK and its

cognate RR PcrR control bacterial virulence (figure 1). In
vitro phosphorylation assays revealed that plant cytokinin

2-isopentenyladenine (2iP) remarkably inhibited PcrK autoki-

nase activity. This inhibition is specific given that other plant

cytokinins, such as trans-zeatin (tZT) and cis-zeatin (cZT) and

kintin, did not exhibit a similar effect. In addition, 2iP binds

firmly to the periplasmic CHASE domain of PcrK with a dis-

sociation constant at the nanomole level [39]. The 2iP–PcrK

interaction promoted bacterial resistance to oxidative stress

via the 30,50-cyclic diguanylic acid (c-di-GMP) regulatory

pathway. Briefly, 2iP stimulation decreased PcrK–PcrR phos-

phorylation levels, whereas dephosphorylated PcrR exhibits

increased phosphoesterase activity to degrade c-di-GMP,

which elicits the expression of more than 50 genes

(figure 1). Among them, a TonB-dependent receptor CtrA is

critical in the oxidative stress response [58].

PcrK is the first experimentally identified prokaryotic

receptor of plant hormones [68,69]. This result thus prompts

two questions. Do other microbial HKs sense plant cytoki-

nin? PcrK contains a CHASE domain as the plant cytokinin

receptor. CHASE-like domains are widely distributed protein

motifs in prokaryotes, including a number of plant-associated

bacteria. The CHASE domain is differentiated into CHASE,

CHASE2, CHASE3 and CHASE4 domains [70]. Therefore, it

is possible that other CHASE domain-containing HKs also

sense cytokinins. For example, although the receptor remains

unidentified, cytokinin is important for the virulence of the

animal pathogen Mycobacterium tuberculosis [71]. The second

question is associated with evolution. How did pathogenic
bacteria evolve receptors to detect plant cytokinin? Cytoki-

nins are adenine derivatives that have an ancient

evolutionary history, whereas the genus of Xanthomonas ori-

ginated before 1600 million years ago, which is much

earlier than the appearance of the original plants in the

Earth. We tend to believe that PcrK-like receptors originated

early to detect cytokinins, and these receptors then coevolved

and hijacked cytokinin signalling after the bacteria–host

plant relationship was established in evolutionary history.

Future studies are needed to clarify these problems.
7. Concluding remarks and future perspectives
One of the fundamental scientific questions that puzzles

plant pathologists is how phytopathogenic bacteria recognize

host plants or plant-associated environmental factors. Recent

biochemical studies on the relationships between VgrS-iron

depletion, RpfC-DSF and PcrK-cytokinin then revealed that

bacterial HKs not only monitor and detect environmental

stimuli but also sense important plant chemicals, suggesting

that inter-kingdom communication between host plant and

bacteria is mutual. Although most of the studies were per-

formed in X. campestris pv. campestris, it is anticipated that

other cases will soon be reported given the diversity of

plant–bacteria interactions. The results of such studies not

only decipher the molecular pathogenesis of pathogens but

also can identify lead compounds and ideal molecular targets

to develop creative approaches to combat bacterial

pathogens.
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