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ABSTRACT Bacterial plant pathogens adjust their gene expression programs in
response to environmental signals and host-derived compounds. This ensures that
virulence genes or genes encoding proteins, which promote bacterial fitness in a host
environment, are expressed only when needed. Such regulation is in the purview
of transcription factors, many of which belong to the ubiquitous multiple antibiotic
resistance regulator (MarR) protein family. PecS proteins constitute a subset of this large
protein family. PecS has likely been distributed by horizontal gene transfer, along with
the divergently encoded efflux pump PecM, suggesting its integration into existing
gene regulatory networks. Here, we discuss the roles of PecS in the regulation of
genes associated with virulence and fitness of bacterial plant pathogens. A compar-
ison of phenotypes and differential gene expression associated with the disruption
of pecS shows that functional consequences of PecS integration into existing transcrip-
tional networks are highly variable, resulting in distinct PecS regulons. Although PecS
universally binds to the pecS-pecM intergenic region to repress the expression of both
genes, binding modes differ. A particularly relaxed sequence preference appears to apply
for Dickeya dadantii PecS, perhaps to optimize its integration as a global regulator and
regulate genes ancestral to the acquisition of pecS-pecM. Even inducing ligands for PecS
are not universally conserved. It appears that PecS function has been optimized to match
the unique regulatory needs of individual bacterial species and that its roles must be
appreciated in the context of the regulatory networks into which it was recruited.
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hen a bacterial pathogen transitions to the host environment, it must adapt to

the new ecological niche by modulating gene expression. The purpose of such
adaptation is survival, and it may manifest in the production of factors that promote
bacterial fitness or overcome host defenses. It may also cause damage to the host,
generating the characteristic symptoms of the resulting disease (1).

Differential expression of genes associated with virulence or bacterial fitness relies
on the detection of host-derived signals or other environmental cues by dedicated
transcription factors. The pathogen may need to sense multiple environmental signals
simultaneously to achieve an optimal response, such as changes in pH, oxygen tension,
or the concentration of metal ions. In addition, host cells will deploy an array of defenses
designed to kill the would-be invader. The ability to mount an effective counter-defense
is therefore critical to survival of the bacterial pathogen. Accordingly, several transcrip-
tion factors may participate to induce a coordinated response and promote virulence (1).

Regulatory transcription factors function as molecular switches—or rheostats in
some cases (2). They bind cognate DNA sites to effect their regulatory function, be it
repression or activation. The gene regulation is achieved when they sense a specific
signal because of which DNA binding is modified, and gene expression is altered. One
family of transcription factors, which is exquisitely suited as sensors of environmental
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signals and regulators of virulence genes, is the multiple antibiotic resistance regulator
(MarR) protein family (3, 4). MarR proteins are identified in InterPro as belonging to
two homologous superfamilies, IPR036388 and IPR000835, described as winged-helix
DNA-binding and MarR-type HTH, respectively. MarR proteins are ubiquitous in bacteria,
and sub-families have been described, which are characterized by specific functions
or molecular signatures. One such sub-family is the PecS protein family (5). PecS was
first described in the plant pathogen Dickeya dadantii (at the time denoted Erwinia
chrysanthemi) and named for its regulation of genes encoding pectinase (6). D. dadantii
PecS was subsequently shown to be a master regulator of virulence genes (7), and PecS
proteins have now been described in several other bacterial species (8-12). Here, we
discuss how PecS has been integrated into existing transcriptional regulatory networks,
resulting in distinct functions.

WHAT ARE THE CUES TO VIRULENCE GENE INDUCTION?

When a bacterium enters a potentially hostile host environment, the first require-
ment is to survive and grow. Proteins or secondary metabolites, which contribute
to such survival, would be considered fitness factors. In addition, the bacteria may
express virulence genes, which encode factors associated with a measurable increase in
pathogenicity or virulence (13). Since the production of virulence factors is energetically
costly, potentially even compromising fitness, pathogenic bacteria use environmental
or host-derived signals to ensure that their virulence factors are produced only at the
appropriate location and at the right time. Since multiple cues may need to be integra-
ted to achieve a coordinated response, identifying such cues and defining their roles
have proven challenging.

At each step of the infection process, the bacteria encounter distinct signals. For soil
saprophytes, a common first step is bacterial chemotaxis toward plant exudates such
as phenolic compounds or simple sugars, which are sensed by bacterial proteins and
interpreted as proximity to a susceptible plant, resulting in the induction of virulence
genes (14). The phenolic compound p-hydroxybenzoate, for instance, is among the more
abundant metabolites in the plant rhizosphere, and it is a chemoattractant for bacteria
such as Agrobacterium fabrum and Pseudomonas putida (15, 16). Flagellar motility brings
the bacteria to the plant root where they may enter through wounds, root tips, or
secondary root emerging points; from there, the bacteria can gain access to the vascular
system.

Epiphytic bacteria, which survive on a plant surface, such as a leaf, are met with a
distinct set of environmental challenges, including exposure to UV light and desiccation
(17). They also utilize flagellar motility, in this case, to migrate toward stomata or wounds,
from where they can enter the apoplast, a strategy that is for instance utilized by
certain pathovars of the genus Xanthomonas, who initially keep their plant host alive. For
biotrophic pathogens, which derive nutrients from live cells, and hemibiotrophs such as
Xanthomonas, who ultimately kill their host, deployment of their type Ill secretion system
(T3SS) is essential for the delivery of effectors into plant cells and for colonizing the host
(18). Triggers of T3SS gene expression are not fully delineated but may include plant
metabolites such as p-hydroxybenzoate, citrate, and aspartate, when encountered in the
presence of simple sugars such as fructose (19). Other bacteria produce enzymes, which
destroy the plant cell wall, a common tactic for necrotrophic pathogens that subsist on
dead or dying cells such as D. dadantii, with such virulence factors secreted through a
type Il secretion system. In the case of D. dadantii, induction of genes that encode plant
cell wall-degrading enzymes involves about a dozen different transcription factors, some
of which respond to metabolites deriving from pectin degradation and cAMP (20, 21).

Once the bacteria colonize the plant apoplast, which comprises the intercellular
space, the cell walls, and the xylem, they encounter a nutrient-limited environment
where they must adjust their metabolism to exploit available energy sources. Plant
responses to bacterial infection also manifest in this space, including events such as
alkalinization, release of pathogenesis-related (PR) proteins, and an increase in the
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concentration of Ca*, all of which may be detected by the bacteria (22). Another
early host response to the bacterial invasion is the oxidative burst in which reactive
oxygen species (ROS) are produced, primarily by the action of plasma membrane-
bound nicotinamide adenine dinucleotide phosphate(NADPH) oxidases. Many redox-
sensitive transcription factors have been described that mediate the expression of genes
associated with detoxification of the ROS as well as induction of virulence genes (23, 24).

MarR FAMILY TRANSCRIPTION FACTORS

MarR family proteins are represented in most bacteria, and they are particularly
abundant in bacterial species that transition between free-living and parasitic or
symbiotic stages (25). They are obligate homodimers, as reflected in the numerous
structures of MarR proteins. Each monomer contributes a winged helix-turn-helix
DNA-binding motif, and the DNA recognition helices are arranged such that they can
interact with consecutive DNA major grooves while the wings contact the adjacent
minor grooves (Fig. 1A). Accordingly, their cognate DNA sequences are palindromic.
Since MarR proteins are typically autoregulatory, such palindromes may often be
identified in their gene promoters. Most characterized MarR proteins are repressors,
which interfere with transcription by covering RNA polymerase promoter elements or
sometimes by altering the topology of promoter DNA or impeding elongation (3).

MarR proteins are one-component regulators, meaning that the DNA- and regula-
tory signal-binding regions reside within the same protein. In addition, MarR proteins
comprise a single domain as opposed to featuring separate DNA- and ligand-binding
domains connected by a linker. The regulatory signal is typically a small molecule
ligand, a metal ion, or an oxidant. For ligand binding, a shared binding pocket loca-
ted at the junction between the DNA-binding motif and the dimer interface has
been identified in many proteins (Fig. 1B). Cysteine oxidation by different types of
oxidants has also been reported for several MarR proteins, with outcomes ranging from
intersubunit disulfide bond formation to tetramerization (28, 29). Ligand binding—or
cysteine oxidation—brings about conformational changes, which are communicated
to the DNA-binding motifs, often through the dynamic dimer interface (3). As sensors
of environmental cues, different MarR proteins may control metabolic processes in
response to nutrient availability, or they may regulate virulence genes when host-derived
signals are perceived (3, 4, 25).

Journal of Bacteriology

FIG 1 General mode of MarR interaction with DNA and ligand. (A) Model of A. fabrum PecS with cognate DNA generated with AlphaFold3 (26). The two subunits
are in tan and teal, with the corresponding recognition helices in red and blue. Arrows identify N-terminal helical extensions not found in canonical MarR

proteins. (B) Model of PecS with ligand. Citrate was used as the best available option in AlphaFold3, although citrate is not known to be a ligand for PecS. Citrate

was chosen because it has a negative charge and because it is a ligand for the PecS homolog TamR from S. coelicolor (27). PecS subunits are colored in tan and

teal, with citrate shown in red space-filling representation. PecS was modeled with very high confidence (pLDDT >90; pTM = 0.9; ipTM = 0.86 for the PecS-DNA

complex) and the DNA and citrate with high confidence (90 > pLDDT > 70).
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THE PecS PROTEIN FAMILY

PecS proteins belong to the urate-responsive transcriptional regulator (UrtR) subfamily, a
distinct group within the MarR superfamily (5). The founding member of this subfamily
is Deinococcus radiodurans HucR, which binds the purine metabolite urate to control
expression of a gene encoding the enzyme uricase, required for purine degradation
(30). HucR features a helical N-terminal extension, which is not found in canonical MarR
proteins (31), and UrtR family proteins were identified based on the presence of this
N-terminal extension (Fig. TA and 2) along with a set of amino acids shown to be
important either for ligand binding or structural integrity (5, 8, 32, 33). The N-terminal
extension of HucR participates in creating the binding site for urate (as shown for citrate
binding to the model of A. fabrum PecS; Fig. 1B), and analysis of the structure of HucR
with urate bound suggests that a conserved Trp in helix 1 (Fig. 2) is important for
maintaining the proper fold for HucR to bind cognate DNA (34).

In D. dadantii, pecS is divergently oriented from pecM, which encodes an efflux pump
belonging to the drug metabolite exporter (DME) family (6, 36, 37). Accordingly, PecS
was distinguished from other UrtR family proteins by being encoded divergent to pecM
(5). D. dadantii PecM exports a blue pigment called indigoidine, an antioxidant that
contributes to virulence by protecting the bacteria against host-derived ROS (36, 38).
The pecS-pecM locus is predominantly found in species belonging to Proteobacteria and
Actinobacteria, particularly members of the y-proteobacterial species Dickeya, Pectobac-
terium, Klebsiella, Shewanella, and Vibrio, the a-proteobacterial species Agrobacterium
and Rhizobium, and the actinobacterial genus Streptomyces (5). This patchy occurrence
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FIG 2 Alignment of PecS proteins. Sequences of experimentally characterized PecS proteins discussed were aligned with MUSCLE and shaded using boxshade,

where white letters on a black background indicate >50% identity and gray shading indicates >50% conservation (35). Secondary structure elements are based

on the structure of HucR [top line; accession 2fbk (31)]; a1 is unique to UrtR proteins; a4 is the DNA recognition helix. Residues diagnostic of UrtR proteins are

marked with red arrowheads (5). Cys residues are framed in orange. The pH-sensing His in Pectobacterium atrosepticum PecS (in a6) is framed in green.
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reflects discrepancies between the evolutionary histories of the pecS-pecM sequences
compared with that of their hosts and suggests dissemination through horizontal gene
transfer (HGT), a common event inferred to occur in these bacterial groups (39). HGT
provides a competitive advantage, allowing these bacteria to acquire new regulatory
capabilities, thus enhancing their adaptability and fitness in diverse environments (39).

In all species in which PecS has been characterized, PecS binds the intergenic region
between pecS and pecM, repressing expression of both genes (8-12, 40). Substrates
for PecM have yet to be identified for bacterial species other than D. dadantii. Other
Dickeya spp. such as Dickeya solani produce indigoidine, leading to the prediction that
their PecM proteins likewise export this pigment (D. solani and D. dadantii PecM proteins
share ~95% identity). Most other bacterial species, which harbor the pecS-pecM locus,
do not encode the indigoidine biosynthetic genes, suggesting that their PecM proteins
transport distinct substrates.

REGULATION OF VIRULENCE GENES
PecS from soft-rot Pectobacteriaceae

The genus Dickeya, a member of the family Pectobacteriaceae, currently comprises
12 recognized species, and it has been classified among the most significant plant
pathogens because of its economic implications and impact on food security (41, 42). D.
dadantii causes soft rot due to progressive tissue maceration, mainly driven by pectina-
ses that are secreted through the type 2 secretion system named Out, and it has the
widest host range among Dickeya species. PecS is a master regulator in D. dadantii, as
evidenced by its control over numerous virulence factors, and it is involved in preventing
the premature expression of virulence genes during infection (7). Early studies using
microarray analyses of wild-type D. dadantii 3937 and the corresponding pecS disruption
strain revealed a global regulatory role of PecS, identifying its direct or indirect involve-
ment in the expression of 134 genes, including genes associated with virulence (43).

However, more recent in planta analyses have significantly expanded our understand-
ing of PecS’s regulatory reach. A comparison between the pecS disruption strain and
the wild-type 3937 strain during infection of Arabidopsis thaliana revealed that PecS
modulates the expression of a significant proportion of the genes that are differen-
tially expressed during early colonization (44). During early epiphytic colonization of
the leaf surface, 575 genes were differentially expressed in the pecS mutant, whereas
137 genes were differentially expressed during the later leaf-infection stage. During
epiphytic colonization, regulated genes included traditional virulence genes such as
genes encoding cell wall-degrading enzymes, secretion systems, and flagellar compo-
nents, but they also encompassed a broad array of genes associated with metabolism,
transport, and chemotaxis, as well as more than 40 regulatory genes (44). During leaf
colonization, the transcriptomes of wild-type and pecS disruption strains were more
similar; the most highly upregulated genes in the pecS disruption strain included the
indigoidine biosynthetic genes and biosynthesis of the VFM (virulence factor modulat-
ing cluster) quorum sensing signal. Taken together, the conclusion was that PecS is
important for appropriate timing of virulence gene expression, acting primarily in the
very early stages of infection (44).

PecS does not act alone. In the regulatory network that controls virulence gene
expression in D. dadantii, additional regulators such as KdgR and PecT independently
act on the production of plant cell wall degrading enzymes. For example, KdgR
responds to products of pectin degradation such as 2-keto-3-deoxygluconate, which
elicits upregulation of virulence genes (45). DNA binding by the LysR-type transcrip-
tional regulator PecT has been reported to respond to temperature due to a tempera-
ture-dependent change in DNA topology, with increased repression of target genes at
higher temperatures (around 37°C) (46). The ligand to which PecS responds has yet
to be reported. The combined activity of transcription factors that respond to distinct
environmental cues has likely evolved to ensure optimal gene expression when all
environmental parameters line up.
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D. solani has emerged as a serious pathogen of potato plants in Europe (47). Using
four separate isolates of D. solani with different levels of virulence on potato, it was
reported that their PecS proteins were 100% identical, and 95% identical to D. dadantii
3937 PecS. Not only was virulence distinct among the four original D. solani isolates,
but disruption of their pecS genes resulted in different levels of indigoidine production
as well as other phenotypic variations such as pectate lyase activity (47). This suggests
that PecS functions similarly in D. solani and D. dadantii and that phenotypic variations
among D. solani strains include contributions from other transcription factors.

The genus Dickeya is closely related to Pectobacterium, another soft-rot phytopatho-
gen that is also a member of the family Pectobacteriaceae. Since species belonging to
the genus Pectobacterium also harbor the pecS-pecM locus, it is tempting to speculate
that PecS serves a comparable regulatory function in Pectobacterium spp. However, PecS
proteins from D. dadantii 3937 and P. atrosepticum SCRI1043 are only 48% identical (Fig.
2; the corresponding PecM proteins share 43% identity), and as discussed below, they
are likely to respond to distinct signals (only P. atrosepticum PecS responds to oxidant),
a circumstance that may also presage distinct regulons. The genomic context in which
the pecS-pecM gene pair resides is also different between Dickeya and Pectobacterium
spp. For example, in D. dadantii, pecM is flanked by the indigoidine biosynthetic gene
cluster indABC, which is repressed by PecS, and by a respiratory nitrate reductase gene in
Pectobacterium. Although a number of virulence genes are shared between Dickeya and
Pectobacterium, only Dickeya encodes the VFM quorum sensing system, which is under
the control of PecS. Thus, the Pectobacterium PecS regulon is undoubtedly distinct from
that of D. dadantii PecS.

PecS from other bacterial species

A. fabrum, originally known as Agrobacterium tumefaciens genomovar G8, harbors a
tumor-inducing Ti plasmid. The delivery of the transfer-DNA (T-DNA) from the Ti plasmid
to the host for integration into the host genome leads to the biosynthesis of amino
acid-sugar conjugates named opines and the formation of crown gall tumors (48). A.
fabrum encodes a PecS protein, which shares 45% identity with D. dadantii PecS (Fig.
2; 48% identity between the corresponding PecM proteins). Since A. fabrum is not
pectinolytic, a logical inference is that the A. fabrum PecS regulon must likewise be
distinct from that of D. dadantii PecS. Recent studies using a pecS disruption strain of A.
fabrum demonstrated that PecS controls several phenotypes linked to bacterial fitness
and survival, specifically during the transition from the rhizosphere to the plant host (49).
A. fabrum PecS was shown to control processes related to chemotaxis, biofilm forma-
tion, oxidative stress response, and accumulation of acyl homoserine lactone (AHL). In
addition, PecS appears to function as a regulator of antibiotic resistance. Notably, A.
fabrum PecS is not directly involved in virulence. By comparison, PecS from the related
a-proteobacterium Sinorhizobium meliloti accumulated when the bacteria were grown
along with the alga Chlamydomonas reinhardtii compared with growth in monoculture,
likewise suggesting induction of the PecS regulon prior to infection of a host (50). This
characterization identifies PecS as a master regulator with a broad regulatory scope in
A. fabrum, much like in D. dadantii, except that it appears to exert its function prior to
infection.

Klebsiella pneumoniae is best known as an opportunistic human pathogen, but it
resides in soil and water, and it can adhere to or colonize an assortment of plants,
potentially resulting in food poisoning (51). Several K. pneumoniae strains were shown
to share a genomic organization in which the pecS-pecM locus resides between the fim
and mrk gene clusters, which encode the type 1 and type 3 fimbriae, respectively (11). In
addition to the negative regulation of pecS and pecM, it was reported that PecS exerted
a regulatory effect on the expression of type 1 fimbriae, which mediate attachment
to surfaces and are a major determinant for urinary tract infections. Notably, pecS and
pecM were also repressed by the two-component regulator CpxR, and PecS-mediated
regulation was only detectable in the absence of CpxR. This is the first documented
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example of a separate transcription factor participating in regulation of pecS and pecM.
Unlike A. fabrum PecS, K. pneumoniae PecS had no apparent effect on biofilm formation,
nor did deletion of pecS affect oxidative stress responses (11). Furthermore, the effect of
PecS on type 1 fimbriae expression appeared to be indirect and to result from differential
expression of the global repressor H-NS (11). This demonstrates that PecS does not work
in isolation but that it has become part of a broader regulatory network, exerting its
effects on gene expression in concert with other regulatory proteins, thereby creating
a multi-layered regulatory pathway. This is comparable to what was reported in D.
dadantii, where PecS likewise interacts with several other regulatory proteins to control
the expression of virulence genes (40).

Vibrios are commonly found in salt and brackish waters and may associate with
shellfish as well as cause a range of diseases in humans (52). Vibrios are among the few
bacteria harboring a pecS-pecM locus that are not associated with plants. In addition,
Vibrios frequently harbor duplications of the pecS-pecM locus; however, the functional
reasons for these duplications remain unexplored (9). Vibrio vulnificus PecS was found to
regulate divergent genes encoding the nitric oxide-sensing transcription factor NsrR and
a nitric oxide dioxygenase, which participates in detoxification of nitric oxide. This once
again highlights the integration of PecS into existing regulatory systems.

MODE OF BINDING TO pecS-pecM INTERGENIC DNA

PecS has been experimentally shown to bind the pecS-pecM intergenic region and
repress the expression of both pecS and pecM. However, binding modes differ among
bacterial species, likely reflecting diverse regulatory requirements. Analysis of the
intergenic regions between genes encoding UrtR proteins, including PecS, and the
divergent gene revealed the occurrence of a conserved 18 bp palindromic sequence for
which a consensus sequence of TATCTTNAN-NTNAAGATA was identified, where N is any
nucleotide (5). In some cases, three such palindromes were detected in the intergenic
region between the urtR gene and the divergent gene, in which case a single site
was found in the urtR promoter, and two sites were identified in the promoter for the
divergent gene (Fig. 3A). In some instances, the two adjacent sites overlapped by three
base pairs, a configuration that would place the centers of the palindromes on oppo-
site faces of the DNA duplex. It is conceivable that a distinct configuration of protein
binding sites in the divergent gene promoters has evolved to facilitate differential gene
regulation.

A. fabrum PecS falls in the latter category (8). DNase | footprinting showed protection
of a single palindrome in the pecS promoter, whereas two overlapping palindromes
were protected in the pecM promoter with protection extending into the pecM coding
region (Fig. 3A, top panel). The presence of overlapping palindromes implies that two
PecS dimers bind on opposite sides of the double helix, assuming normal B-form DNA.
The K. pneumoniae pecS-pecM intergenic region likewise featured this organization of
palindromic sequences, and three distinct PecS-DNA complexes were reported (11).
By contrast, two non-overlapping palindromes were identified in the P. atrosepticum
pecS-pecM intergenic region (Fig. 3A, bottom panel), with modestly preferred protection
of the site in the pecS promoter, possibly allowing differential regulation of the two
genes (10). The binding of PecS to either site would likely repress transcription of both
genes, given that only 62 bp separate the start codons of pecM and pecS; the very short
intergenic region also suggests that pecS and pecM cannot be transcribed simultane-
ously (10). Unlike A. fabrum PecS, P. atrosepticum PecS imposes distortions in the DNA as
evidenced by the presence of very pronounced hypersensitive DNase | cleavage (8, 10,
53).

In V. vulnificus, the pecS-pecM intergenic region likewise features two palindromic
sequences, and they were similarly protected by PecS (9). However, when PecS was in
stoichiometric excess over the DNA, the protected region was expanded, indicating the
accretion of additional PecS dimers following binding to the preferred site. V. vulnificus
PecS did not induce DNA conformational changes. A clear palindrome was not identified
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FIG 3 Positions of palindromes and regulatory amino acids. (A) Common arrangements of PecS binding sites. For A. fabrum, the pecS-pecM intergenic region

features three 18 bp palindromic sequences (orange bars). Palindromes in the pecM promoter overlap by 3 bp, and one palindrome extends into the pecM coding

region (8). The P. atrosepticum pecS-pecM intergenic region features two non-overlapping palindromes (10). Black arrows mark the annotated translation starts.

(B) Model of P. atrosepticum PecS. The model was generated with AlphaFold3; pLDDT >90 (very high confidence) except for N-terminal extensions for which

pLDDT was <50 (very low confidence); pTM = 0.86 and ipTM = 0.87 (26). The two subunits are in teal and light cyan. His142 is in red. Cysteine residues are in

yellow, with Cys45 in space-filling representation.

in the Streptomyces coelicolor pecS-pecM intergenic region; however, titration of this DNA
with increasing concentrations of PecS resulted in the formation of multiple specific
complexes, likely reflecting accumulation of additional PecS dimers following formation
of an initial PecS-DNA complex (12). S. coelicolor is not a pathogen; however, the
pecS-pecM locus is conserved in pathogenic Streptomyces species such as Streptomyces
scabiei and Streptomyces ipomoeae (12). The ability to recruit additional PecS dimers may
ensure that repression of pecS and pecM is maintained when PecS is in large excess, even
when the inducing ligand is present.

DNase | footprinting showed that D. dadantii PecS binds specifically to the pecS—pecM
intergenic DNA, which also does not feature identifiable palindromes (40). At high
PecS concentrations, a large, protected region was observed, whereas at low pro-
tein concentrations, two high-affinity PecS-binding sites were identified. A somewhat
degenerate consensus D. dadantii PecS binding sequence was subsequently identified
using a selection approach; however, this sequence did not resemble the palindrome
preferred by PecS from P. atrosepticum, A. fabrum, K. pneumoniae, and V. vulnificus (54).
This suggests that D. dadantii PecS has evolved to recognize distinct DNA sites, perhaps
facilitating its integration into existing gene regulatory networks.

The presence of identifiable palindromes in the pecS-pecM intergenic DNA in some
species prompted a survey of the corresponding genomes in search of similar sequen-
ces in other promoters. Such surveys have largely proven unsuccessful. For instance, a
survey of the A. fabrum genome identified a few instances of sequences resembling
the consensus PecS binding site, and one was verified in the V. vulnificus genome (49).
We speculate that sequences more closely resembling the consensus result in greater
affinity for PecS. As a consequence, induction of pecS and pecM may require a higher
concentration of ligand compared to genes to which PecS binds with lower affinity.

Ligands for PecS

As noted above, PecS belongs to the UrtR subfamily of MarR proteins based on the
conservation of sequence found to be important for binding of the ligand urate to D.
radiodurans HucR (Fig. 2) (5). This sequence conservation inspired an assessment of the
ability of A. fabrum PecS to bind the same ligand (8). The physiological relevance of
urate binding to PecS is its accumulation during host responses to infection. Xanthine
oxidoreductase functions in purine salvage to convert hypoxanthine to xanthine, and
it initiates purine degradation by converting xanthine to urate. Under conditions of
infection, the enzyme undergoes modifications, as a result of which it transfers electrons
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from its substrates to molecular oxygen to produce ROS, a key event during the oxidative
burst initiated by infected host cells (55). In plants, mobilization of xanthine oxidoreduc-
tase has been shown to result in the accumulation of both urate and xanthine, with the
antioxidant urate inferred to protect plant cells from ROS-mediated damage (56).

Urate has now been identified as a ligand for PecS from A. fabrum, P. atrosepticum,
V. vulnificus, K. pneumoniae, and S. coelicolor. In the presence of urate, DNA binding
of PecS to pecS and pecM promoter DNA is attenuated in vitro, and expression of the
genes is increased (8-12). The ligand for D. dadantii PecS has not been reported. Since
D. dadantii PecS acts during the early stages of infection (44), one possibility is that it
responds to a component of plant exudates. A. fabrum PecS binds urate and xanthine
with comparable affinity (Kd ~9 uM); however, although urate induces the expression of
both pecS and pecM, xanthine is able to induce the expression of only pecS and not pecM,
a differential induction perhaps related to the distinct PecS binding to the respective
promoters, as discussed above (8, 49). Similarly, induction of K. pneumoniae pecS by urate
was more efficient than that of pecM (11). Curiously, full repression of K. pneumoniae
PecS target genes required the presence of PecM, a phenomenon previously reported
for D. dadantii PecS and inferred to imply direct modification of PecS by PecM (40). An
alternative interpretation would be that the PecS ligand is a substrate for PecM such that
it accumulates in a pecM disruption strain, reducing repression of PecS target genes. Such
a regulatory mechanism would ensure that the PecS ligand is depleted rapidly when
pecM expression is induced, allowing gene expression to return to basal levels. For V.
vulnificus PecS, xanthine was reported to be the preferred ligand (9).

Although P. atrosepticum PecS does respond to urate, it additionally senses both
oxidants and a change in pH, resulting in altered DNA binding and differential expression
of pecS and pecM (10, 53). P. atrosepticum PecS has three cysteines per monomer (Fig. 2
and 3B), of which Cys45 located at the dimer interface, in the middle of a2, was shown to
be the redox sensor (53). Addition of oxidant was inferred to result in reversible inter-
subunit disulfide bond formation between Cys45 and Cys45' from the other subunit.
Oxidation of Cys45 leads to derepression in vivo, perhaps reflecting differential expres-
sion of the PecS regulon in response to host-derived ROS. This cysteine is conserved in K.
pneumoniae PecS, raising the possibility that K. pneumoniae PecS is likewise sensitive to
cellular redox state. It is not conserved in other characterized PecS proteins, which do not
respond to redox changes.

P. atrosepticum PecS also has a regulatory histidine, His142 in the middle of a6,
located in the crevice between the dimer interface and the DNA-binding region (Fig. 3B);
deprotonation of His142 at pH ~8 relieves repression compared with neutral pH, which
would be relevant in the context of alkalinization of the plant apoplast in response to
stress (10). Although this residue is conserved in other PecS proteins, it may not confer
comparable regulation. This inference is based on the physiology of A. fabrum, for which
acidic and not basic pH is an important environmental signal (48). A. fabrum PecS exhibits
comparable protein stability at pH 7.0 and 8.0 but significantly reduced thermal stability
at pH 6.0. At acidic pH, the affinity of A. fabrum PecS for its cognate DNA appears reduced
in vitro; however, reducing extracellular pH from 7.0 to 5.5 did not markedly change
pecS/pecM expression (57).

CONCLUSION

Related bacterial species may rely on orthologous transcription factors to respond to
certain cues; however, outcomes may differ, suggesting that the regulatory systems
evolved to suit particular environments or lifestyles by acquiring new targets (58).
Additionally, global regulators typically exhibit lower specificity for cognate DNA sites
compared to local regulators, perhaps to facilitate control over a larger regulon (58).
Such global regulators may then work in concert with more specific, local regulators to
achieve precise control over target genes.

These considerations are relevant in the context of PecS. Although the pecS-pecM
locus appears to have been distributed by HGT, the functional consequences of its
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integration into host transcriptional networks are variable. The most comprehensive
view of PecS function comes from Dickeya species, where PecS has emerged as a master
regulator of virulence gene expression, particularly at early stages of infection. For a
horizontally acquired transcription factor to be integrated into ancestral transcriptional
networks, its target genes must harbor or evolve cognate sites. It is notable that D.
dadantii PecS appears to have the most relaxed sequence preference of characterized
PecS proteins, with no clear palindrome even retained in the pecS-pecM intergenic DNA.
We propose that PecS in Dickeya species may have diverged more extensively from the
original donor, precisely to optimize its integration as a global regulator and regulate
genes ancestral to the acquisition of pecS-pecM.

In other bacterial species, PecS regulatory functions remain incompletely understood.

Although palindromic sequences are recognizable in most pecS-pecM intergenic regions,
the number of sites and the PecS binding modes differ. Such differences may form
the basis for the observed differential regulation of pecS and pecM in A. fabrum and K.
pneumoniae (11, 49). The ability of PecS to accumulate across a larger DNA region at
higher ratios of PecS to DNA, as seen for D. dadantii, V. vulnificus, and S. coelicolor PecS,
may serve to maintain repression of this locus even when the PecS ligand accumulates
(9, 12, 40). Assuming that such protein accretion is unique to the pecS-pecM region, other
genes in the PecS regulon may then be selectively induced.

As argued above, the PecS regulons from different bacterial species vary. For example,

D. dadantii PecS regulates genes that do not exist in even closely related soft-rot
pathogens, and A. fabrum PecS is not involved in virulence. On a side note, although
the substrate for PecM has only been identified for D. dadantii (36), the absence of
this blue pigment in other species harboring the pecS-pecM locus would argue for the
existence of distinct PecM substrates, possibly even the ligand for PecS. However, in all
cases, PecS has been integrated into transcriptional networks, where it interacts with
other regulatory elements to modulate gene expression. It is clear that PecS function has
been optimized to match the unique regulatory needs of individual bacterial species and
that its roles must be appreciated in the context of the regulatory networks into which it
was recruited.

AUTHOR AFFILIATIONS

'Corteva Agriscience, Johnston, lowa, USA
’Department of Biological Sciences, Louisiana State University, Baton Rouge, Louisiana,

USA

AUTHOR ORCIDs

Anne Grove & http://orcid.org/0000-0002-4390-0354

FUNDING
Funder Grant(s) Author(s)
National Science Foundation (NSF) MCB-2153410 Anne Grove

REFERENCES

1.

Zhou J, Ma H, Zhang L. 2023. Mechanisms of virulence reprogramming
in bacterial pathogens. Annu Rev Microbiol 77:561-581. https://doi.org/
10.1146/annurev-micro-032521-025954

Bervoets |, Charlier D. 2019. Diversity, versatility and complexity of
bacterial gene regulation mechanisms: opportunities and drawbacks for
applications in synthetic biology. FEMS Microbiol Rev 43:304-339. https:
//doi.org/10.1093/femsre/fuz001

Deochand DK, Grove A. 2017. MarR family transcription factors: dynamic
variations on a common scaffold. Crit Rev Biochem Mol Biol 52:595-613.
https://doi.org/10.1080/10409238.2017.1344612

Month XXXX Volume 0 Issue 0

Beggs GA, Brennan RG, Arshad M. 2020. MarR family proteins are
important regulators of clinically relevant antibiotic resistance. Protein
Sci 29:647-653. https://doi.org/10.1002/pro.3769

Perera IC, Grove A. 2011. MarR homologs with urate-binding signature.
Protein Sci 20:621-629. https://doi.org/10.1002/pro.588

Reverchon S, Nasser W, Robert-Baudouy J. 1994. pecS: a locus controlling
pectinase, cellulase and blue pigment production in Erwinia chrysan-
themi. Mol Microbiol 11:1127-1139. https://doi.org/10.1111/j.1365-2958.
1994.tb00389.x

Mhedbi-Hajri N, Malfatti P, Pédron J, Gaubert S, Reverchon S, Van
Gijsegem F. 2011. PecS is an important player in the regulatory network
governing the coordinated expression of virulence genes during the

10.1128/jb.00302-24 10

Downloaded from https:/journals.asm.org/journal/jb on 17 September 2024 by 2620:105:b001:a160:21fe:184b:d52¢:7fc.


https://doi.org/10.1146/annurev-micro-032521-025954
https://doi.org/10.1093/femsre/fuz001
https://doi.org/10.1080/10409238.2017.1344612
https://doi.org/10.1002/pro.3769
https://doi.org/10.1002/pro.588
https://doi.org/10.1111/j.1365-2958.1994.tb00389.x
https://doi.org/10.1128/jb.00302-24

Minireview

20.

21.

22,

23.

24,

25.

26.

Month XXXX  Volume 0

interaction between Dickeya dadantii 3937 and plants. Environ Microbiol
13:2901-2914. https://doi.org/10.1111/j.1462-2920.2011.02566.x

Perera IC, Grove A. 2010. Urate is a ligand for the transcriptional
regulator PecS. J Mol Biol 402:539-551. https://doi.org/10.1016/j.jmb.
2010.07.053

Bhattacharyya N, Lemon TL, Grove A. 2019. A role for Vibrio vulnificus
PecS during hypoxia. Sci Rep 9:2797. https://doi.org/10.1038/541598-
019-39095-4

Deochand DK, Meariman JK, Grove A. 2016. pH-dependent DNA
distortion and repression of gene expression by Pectobacterium
atrosepticum PecS. ACS Chem Biol 11:2049-2056. https://doi.org/10.
1021/acschembio.6b00168

Wang ZC, Liu CJ, Huang YJ, Wang YS, Peng HL. 2015. PecS regulates the
urate-responsive expression of type 1 fimbriae in Klebsiella pneumoniae
CG43. Microbiol (Reading) 161:2395-2409. https://doi.org/10.1099/mic.
0.000185

Huang H, Mackel BJ, Grove A. 2013. Streptomyces coelicolor encodes a
urate-responsive transcriptional regulator with homology to PecS from
plant pathogens. J Bacteriol 195:4954-4965. https://doi.org/10.1128/JB.
00854-13

Falkow S. 1988. Molecular Koch's postulates applied to microbial
pathogenicity. Rev Infect Dis 10 Suppl 2:5274-6. https://doi.org/10.1093/
cid/10.supplement_2.5s274

Leonard S, Hommais F, Nasser W, Reverchon S. 2017. Plant-phytopatho-
gen interactions: bacterial responses to environmental and plant stimuli.
Environ Microbiol 19:1689-1716. https://doi.org/10.1111/1462-2920.
13611

Bhattacharya A, Sood P, Citovsky V. 2010. The roles of plant phenolics in
defence and communication during Agrobacterium and Rhizobium
infection. Mol Plant Pathol 11:705-719. https://doi.org/10.1111/j.1364-
3703.2010.00625.x

Luu RA, Kootstra JD, Nesteryuk V, Brunton CN, Parales JV, Ditty JL, Parales
RE. 2015. Integration of chemotaxis, transport and catabolism in
Pseudomonas putida and identification of the aromatic acid chemore-
ceptor PcaY. Mol Microbiol 96:134-147. https://doi.org/10.1111/mmi.
12929

Pfeilmeier S, Caly DL, Malone JG. 2016. Bacterial pathogenesis of plants:
future challenges from a microbial perspective: challenges in bacterial
molecular plant pathology. Mol Plant Pathol 17:1298-1313. https://doi.
org/10.1111/mpp.12427

Buttner D, He SY. 2009. Type Il protein secretion in plant pathogenic
bacteria. Plant Physiol 150:1656-1664. https://doi.org/10.1104/pp.109.
139089

O'Malley MR, Anderson JC. 2021. Regulation of the Pseudomonas
syringae type |l secretion system by host environment signals.
Microorganisms 9:1227. https://doi.org/10.3390/microorgan-
isms9061227

Reverchon S, Expert D, Robert-Baudouy J, Nasser W. 1997. The cyclic
AMP receptor protein is the main activator of pectinolysis genes in
Erwinia chrysanthemi. J Bacteriol 179:3500-3508. https://doi.org/10.
1128/jb.179.11.3500-3508.1997

Kepseu WD, Sepulchre JA, Reverchon S, Nasser W. 2010. Toward a
quantitative modeling of the synthesis of the pectate lyases, essential
virulence factors in Dickeya dadantii. J Biol Chem 285:28565-28576.
https://doi.org/10.1074/jbc.M110.114710

Dora S, Terrett OM, Sénchez-Rodriguez C. 2022. Plant-microbe
interactions in the apoplast: communication at the plant cell wall. Plant
Cell 34:1532-1550. https://doi.org/10.1093/plcell/koac040

Sevilla E, Bes MT, Gonzalez A, Peleato ML, Fillat MF. 2019. Redox-based
transcriptional regulation in prokaryotes: revisiting model mechanisms.
Antioxid Redox Signal 30:1651-1696. https://doi.org/10.1089/ars.2017.
7442

Imlay JA. 2015. Transcription factors that defend bacteria against
reactive oxygen species. Annu Rev Microbiol 69:93-108. https://doi.org/
10.1146/annurev-micro-091014-104322

Grove A. 2017. Regulation of metabolic pathways by MarR family
transcription factors. Comput Struct Biotechnol J 15:366-371. https://
doi.org/10.1016/j.csbj.2017.06.001

Abramson J, Adler J, Dunger J, Evans R, Green T, Pritzel A, Ronneberger
O, Willmore L, Ballard AJ, Bambrick J, et al. 2024. Accurate structure

Issue 0

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Journal of Bacteriology

prediction of biomolecular interactions with AlphaFold 3. Nature New
Biol 630:493-500. https://doi.org/10.1038/s41586-024-07487-w

Huang H, Grove A. 2013. The transcriptional regulator TamR from
Streptomyces coelicolor controls a key step in central metabolism during
oxidative stress. Mol Microbiol 87:1151-1166. https://doi.org/10.1111/
mmi.12156

Hao Z, Lou H, Zhu R, Zhu J, Zhang D, Zhao BS, Zeng S, Chen X, Chan J, He
C, Chen PR. 2014. The multiple antibiotic resistance regulator MarR is a
copper sensor in Escherichia coli. Nat Chem Biol 10:21-28. https://doi.
org/10.1038/nchembio.1380

Newberry KJ, Fuangthong M, Panmanee W, Mongkolsuk S, Brennan RG.
2007. Structural mechanism of organic hydroperoxide induction of the
transcription regulator OhrR. Mol Cell 28:652-664. https://doi.org/10.
1016/j.molcel.2007.09.016

Wilkinson SP, Grove A. 2004. HucR, a novel uric acid-responsive member
of the MarR family of transcriptional regulators from Deinococcus
radiodurans. J Biol Chem 279:51442-51450. https://doi.org/10.1074/jbc.
M405586200

Bordelon T, Wilkinson SP, Grove A, Newcomer ME. 2006. The crystal
structure of the transcriptional regulator HucR from Deinococcus
radiodurans reveals a repressor preconfigured for DNA binding. J Mol
Biol 360:168-177. https://doi.org/10.1016/j.jmb.2006.05.005

Gupta A, Grove A. 2014. Ligand-binding pocket bridges DNA-binding
and dimerization domains of the urate-responsive MarR homologue
MftR from Burkholderia thailandensis. Biochemistry 53:4368-4380. https:
//doi.org/10.1021/bi500219t

Wilkinson SP, Grove A. 2005. Negative cooperativity of uric acid binding
to the transcriptional regulator HucR from Deinococcus radiodurans. J
Mol Biol 350:617-630. https://doi.org/10.1016/jjmb.2005.05.027

Rho S, Jung W, Park JK, Choi MH, Kim M, Kim J, Byun J, Park T, Lee BI,
Wilkinson SP, Park S. 2022. The structure of Deinococcus radiodurans
transcriptional regulator HucR retold with the urate bound. Biochem
Biophys Res Commun 615:63-69. https://doi.org/10.1016/j.bbrc.2022.05.
034

Edgar RC. 2004. MUSCLE: a multiple sequence alignment method with
reduced time and space complexity. BMC Bioinformatics 5:113. https://
doi.org/10.1186/1471-2105-5-113

Rouanet C, Nasser W. 2001. The PecM protein of the phytopathogenic
bacterium Erwinia chrysanthemi, membrane topology and possible
involvement in the efflux of the blue pigment indigoidine. J Mol
Microbiol Biotechnol 3:309-318.

Jack DL, Yang NM, Saier MH. 2001. The drug/metabolite transporter
superfamily. Eur J Biochem 268:3620-3639. https://doi.org/10.1046/j.
1432-1327.2001.02265.x

Reverchon S, Rouanet C, Expert D, Nasser W. 2002. Characterization of
indigoidine biosynthetic genes in Erwinia chrysanthemi and role of this
blue pigment in pathogenicity. J Bacteriol 184:654-665. https://doi.org/
10.1128/JB.184.3.654-665.2002

Brito IL. 2021. Examining horizontal gene transfer in microbial
communities. Nat Rev Microbiol 19:442-453. https://doi.org/10.1038/
s41579-021-00534-7

Praillet T, Reverchon S, Nasser W. 1997. Mutual control of the PecS/PecM
couple, two proteins regulating virulence-factor synthesis in Erwinia
chrysanthemi. Mol Microbiol 24:803-814. https://doi.org/10.1046/j.1365-
2958.1997.3901755.x

Mansfield J, Genin S, Magori S, Citovsky V, Sriariyanum M, Ronald P, Dow
M, Verdier V, Beer SV, Machado MA, Toth |, Salmond G, Foster GD. 2012.
Top 10 plant pathogenic bacteria in molecular plant pathology. Mol
Plant Pathol 13:614-629. https://doi.org/10.1111/j.1364-3703.2012.
00804.x

Hugouvieux-Cotte-Pattat N, Pédron J, Van Gijsegem F. 2023. Insight into
biodiversity of the recently rearranged genus Dickeya. Front Plant Sci
14:1168480. https://doi.org/10.3389/fpls.2023.1168480

Hommais F, Oger-Desfeux C, Van Gijsegem F, Castang S, Ligori S, Expert
D, Nasser W, Reverchon S. 2008. PecS is a global regulator of the
symptomatic phase in the phytopathogenic bacterium Erwinia
chrysanthemi 3937. J Bacteriol 190:7508-7522. https://doi.org/10.1128/
JB.00553-08

Pédron J, Chapelle E, Alunni B, Van Gijsegem F. 2018. Transcriptome
analysis of the Dickeya dadantii PecS regulon during the early stages of

10.1128/jb.00302-24 11

Downloaded from https://journals.asm.org/journal/jb on 17 September 2024 by 2620:105:b001:a160:21fe:184b:d52c:7fc.


https://doi.org/10.1111/j.1462-2920.2011.02566.x
https://doi.org/10.1016/j.jmb.2010.07.053
https://doi.org/10.1038/s41598-019-39095-4
https://doi.org/10.1021/acschembio.6b00168
https://doi.org/10.1099/mic.0.000185
https://doi.org/10.1128/JB.00854-13
https://doi.org/10.1093/cid/10.supplement_2.s274
https://doi.org/10.1111/1462-2920.13611
https://doi.org/10.1111/j.1364-3703.2010.00625.x
https://doi.org/10.1111/mmi.12929
https://doi.org/10.1111/mpp.12427
https://doi.org/10.1104/pp.109.139089
https://doi.org/10.3390/microorganisms9061227
https://doi.org/10.1128/jb.179.11.3500-3508.1997
https://doi.org/10.1074/jbc.M110.114710
https://doi.org/10.1093/plcell/koac040
https://doi.org/10.1089/ars.2017.7442
https://doi.org/10.1146/annurev-micro-091014-104322
https://doi.org/10.1016/j.csbj.2017.06.001
https://doi.org/10.1038/s41586-024-07487-w
https://doi.org/10.1111/mmi.12156
https://doi.org/10.1038/nchembio.1380
https://doi.org/10.1016/j.molcel.2007.09.016
https://doi.org/10.1074/jbc.M405586200
https://doi.org/10.1016/j.jmb.2006.05.005
https://doi.org/10.1021/bi500219t
https://doi.org/10.1016/j.jmb.2005.05.027
https://doi.org/10.1016/j.bbrc.2022.05.034
https://doi.org/10.1186/1471-2105-5-113
https://doi.org/10.1046/j.1432-1327.2001.02265.x
https://doi.org/10.1128/JB.184.3.654-665.2002
https://doi.org/10.1038/s41579-021-00534-7
https://doi.org/10.1046/j.1365-2958.1997.3901755.x
https://doi.org/10.1111/j.1364-3703.2012.00804.x
https://doi.org/10.3389/fpls.2023.1168480
https://doi.org/10.1128/JB.00553-08
https://doi.org/10.1128/jb.00302-24

Minireview

45,

46.

47.

48.

49.

50.

51.

Month XXXX  Volume 0

interaction with Arabidopsis thaliana. Mol Plant Pathol 19:647-663.
https://doi.org/10.1111/mpp.12549

Charkowski A, Blanco C, Condemine G, Expert D, Franza T, Hayes C,
Hugouvieux-Cotte-Pattat N, Lopez Solanilla E, Low D, Moleleki L,
Pirhonen M, Pitman A, Perna N, Reverchon S, Rodriguez Palenzuela P,
San Francisco M, Toth |, Tsuyumu S, van der Waals J, van der Wolf J, Van
Gijsegem F, Yang C-H, Yedidia I. 2012. The role of secretion systems and
small molecules in soft-rot Enterobacteriaceae pathogenicity. Annu Rev
Phytopathol 50:425-449. https://doi.org/10.1146/annurev-phyto-
081211-173013

Hérault E, Reverchon S, Nasser W. 2014. Role of the LysR-type transcrip-
tional regulator PecT and DNA supercoiling in the thermoregulation of
pel genes, the major virulence factors in Dickeya dadantii. Environ
Microbiol 16:734-745. https://doi.org/10.1111/1462-2920.12198
Potrykus M, Golanowska M, Hugouvieux-Cotte-Pattat N, Lojkowska E.
2014. Regulators involved in Dickeya solani virulence, genetic conserva-
tion, and functional variability. Mol Plant Microbe Interact 27:700-711.
https://doi.org/10.1094/MPMI-09-13-0270-R

Gelvin SB. 2017. Integration of Agrobacterium T-DNA into the plant
genome. Annu Rev Genet 51:195-217. https://doi.org/10.1146/annurev-
genet-120215-035320

Nwokocha GC, Adhikari P, Igbal A, Elkholy H, Doerrler WT, Larkin JC,
Grove A. 2023. Transcription factor PecS mediates Agrobacterium fabrum
fitness and survival. J Bacteriol 205:e0047822. https://doi.org/10.1128/jb.
00478-22

Zhao N, Liu F, Dong W, Yu J, Halverson LJ, Xie B. 2024. Quantitative
proteomics insights into Chlamydomonas reinhardtii thermal tolerance
enhancement by a mutualistic interaction with Sinorhizobium meliloti.
Microbiol Spectr 12:0021924. https://doi.org/10.1128/spectrum.00219-
24

Huang M, He P, He P, Wu Y, Munir S, He Y. 2022. Novel virulence factors
deciphering Klebsiella pneumoniae KpC4 infect maize as a crossing-
kingdom pathogen: an emerging environmental threat. Int J Mol Sci
23:16005. https://doi.org/10.3390/ijms232416005

Issue 0

52.

53.

54.

55.

56.

57.

58.

Journal of Bacteriology

Lau DYL, Aguirre Sanchez JR, Baker-Austin C, Martinez-Urtaza J. 2023.
What whole genome sequencing has told us about pathogenic vibrios.
Adv Exp Med Biol 1404:337-352. https://doi.org/10.1007/978-3-031-
22997-8_16

Deochand DK, Pande A, Meariman JK, Grove A. 2019. Redox sensing by
PecS from the plant pathogen Pectobacterium atrosepticum and its effect
on gene expression and the conformation of PecS-bound promoter
DNA. Biochemistry 58:2564-2575. https://doi.org/10.1021/acs.biochem.
9b00288

Rouanet C, Reverchon S, Rodionov DA, Nasser W. 2004. Definition of a
consensus DNA-binding site for PecS, a global regulator of virulence
gene expression in Erwinia chrysanthemi and identification of new
members of the PecS regulon. J Biol Chem 279:30158-30167. https://doi.
org/10.1074/jbc.M403343200

Battelli MG, Polito L, Bortolotti M, Bolognesi A. 2016. Xanthine
oxidoreductase-derived reactive species: physiological and pathological
effects. Oxid Med Cell Longev 2016:3527579. https://doi.org/10.1155/
2016/3527579

Ma X, Wang W, Bittner F, Schmidt N, Berkey R, Zhang L, King H, Zhang Y,
Feng J, Wen Y, Tan L, Li Y, Zhang Q, Deng Z, Xiong X, Xiao S. 2016. Dual
and opposing roles of xanthine dehydrogenase in defense-associated
reactive oxygen species metabolism in Arabidopsis. Pl Cell 28:1108-
1126. https://doi.org/10.1105/tpc.15.00880

Sivapragasam S, Deochand DK, Meariman JK, Grove A. 2017. The
stringent response induced by phosphate limitation promotes purine
salvage in Agrobacterium fabrum. Biochemistry 56:5831-5843. https://
doi.org/10.1021/acs.biochem.7b00844

Perez JC, Groisman EA. 2009. Evolution of transcriptional regulatory
circuits in bacteria. Cell 138:233-244. https://doi.org/10.1016/j.cell.2009.
07.002

10.1128/jb.00302-24 12

Downloaded from https://journals.asm.org/journal/jb on 17 September 2024 by 2620:105:b001:a160:21fe:184b:d52c:7fc.


https://doi.org/10.1111/mpp.12549
https://doi.org/10.1146/annurev-phyto-081211-173013
https://doi.org/10.1111/1462-2920.12198
https://doi.org/10.1094/MPMI-09-13-0270-R
https://doi.org/10.1146/annurev-genet-120215-035320
https://doi.org/10.1128/jb.00478-22
https://doi.org/10.1128/spectrum.00219-24
https://doi.org/10.3390/ijms232416005
https://doi.org/10.1007/978-3-031-22997-8_16
https://doi.org/10.1021/acs.biochem.9b00288
https://doi.org/10.1074/jbc.M403343200
https://doi.org/10.1155/2016/3527579
https://doi.org/10.1105/tpc.15.00880
https://doi.org/10.1021/acs.biochem.7b00844
https://doi.org/10.1016/j.cell.2009.07.002
https://doi.org/10.1128/jb.00302-24

	Regulation of bacterial virulence genes by PecS family transcription factors
	WHAT ARE THE CUES TO VIRULENCE GENE INDUCTION?
	MarR FAMILY TRANSCRIPTION FACTORS
	THE PecS PROTEIN FAMILY
	REGULATION OF VIRULENCE GENES
	PecS from soft-rot Pectobacteriaceae
	PecS from other bacterial species

	MODE OF BINDING TO pecS-pecM INTERGENIC DNA
	Ligands for PecS

	CONCLUSION


