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Pectobacterium and Dickeya species belonging to the Soft Rot Pectobacteriaceae (SRP) are one of the most
devastating phytopathogens. They degrade plant tissues by producing an arsenal of plant cell wall degrading
enzymes. However, SRP-plant interactions are not restricted to the production of these “brute force” weapons.
Additionally, these bacteria apply stealth behavior related to (1) manipulation of the host plant via induction of
susceptible responses and (2) formation of heterogeneous populations with functionally specialized cells. Our
review aims to summarize current knowledge on SRP-induced plant susceptible responses and on the hetero-
geneity of SRP populations. The review shows that SRP are capable of adjusting the host’s hormonal balance,
inducing host-mediated plant cell wall modification, promoting iron assimilation by the host, stimulating the
accumulation of reactive oxygen species and host cell death, and activating the synthesis of secondary metab-
olites that are ineffective in limiting disease progression. By this means, SRP facilitate host plant susceptibility.
During host colonization, SRP populations produce various functionally specialized cells adapted for enhanced
virulence, increased resistance, motility, vegetative growth, or colonization of the vascular system. This enables
SRP to perform self-contradictory tasks, which benefits a population’s overall fitness in various environments,

including host plants. Such stealthy tactical actions facilitate plant-SRP interactions and disease progression.

1. Introduction

The bacteria of the Pectobacterium and Dickeya genera attributed to
Soft Rot Pectobacteriaceae (SRP) belong to one of the most devastating
and extensively studied phytopathogens [1]. Plant cell wall degrading
enzymes (PCWDEs), which can be produced by SRP in high amounts,
turning plant tissues into an amorphous rotting mass, are considered the
major weapons of these bacteria [2]. Due to this, most studies on SRP
have been oriented on the “brute force” side of their behavior as well as
on searching for host plant defense reactions that can cause pathogen
elimination or at least prevent or reduce its propagation. However, in
addition to PCWDEs, virulence factors typical of stealth phytopathogens
(e.g., type three secretion system, coronafacic acid) are required for full
virulence of SRP, indicating that these bacteria rely on host plant
manipulation to cause the disease [3-5]. In turn, the outcome of a
plant-pathogen interaction largely depends on the induction of so-called
plant susceptible responses [6] as well as on the morphophysiological
structure of the microbial population, which, according to the
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contemporary view, consists of differentiated cell forms with different
properties [7-9].

The activation of susceptible responses promotes pathogen fitness in
planta and may also be the root cause of symptom formation [6].
Physiological transformation of the host plant due to the induction of
susceptible responses may promote pathogen invasion and vascular
colonization, provide nutrient and inorganic substance flow toward
pathogens, facilitate plant cell wall decomposition, induce death or
partial digestion of host cells, and reduce the levels of defense com-
pounds, all in favor of the pathogen [6]. Pathogens induce susceptible
responses via manipulating the expression of the host susceptibility (S)
genes [10-12].

Undoubtedly, different plant reactions, including susceptible re-
sponses, are perceived by pathogens and drive their population
behavior. Moreover, pathogens may induce susceptible responses pre-
cisely in order to facilitate the diversification of their population struc-
ture within the host [13]. The bacterial population structure is
determined by a set of differentiated microbial cell forms that can be
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very different in morphological, physiological, and functional terms
[7-9]. Such cell differentiation occurs because, under various environ-
mental conditions, bacteria need to simultaneously perform several
tasks that are usually self-conflicting at the single cell level since a
limited amount of resources makes a cell focus on a particular task. To
allow the implementation of a number of complementary tasks, within a
bacterial population, “the division of labor” takes place to distribute
energetically costly functions among discrete coexisting subpopulations,
minimizing the burden placed on individuals and benefiting a pop-
ulation’s overall fitness [8,14,15]. Here, some cells may be in charge of
utilizing different substrates, others of intensive proliferation, others of
the production of one or another virulence factor, others of spreading,
others of resistance to different stressors, etc. Some morphological and
physiological forms of bacterial cells with particular characteristics have
been specifically named (e.g., swarmers, viable but non-culturable
forms, L-forms [16-18]), while many other functionally specialized
forms remain nameless to date.

The dissociation of microbial populations resulting in the formation
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of specialized cells is generally studied using in vitro cultures. Much less
is known about the morphophysiological heterogeneity of bacterial
populations within host plants, in which different cells and tissues with
different local conditions within them are likely to promote the disso-
ciation of microbial populations. Moreover, infection-related plant re-
sponses may exacerbate the dynamism and heterogeneity of the plant
interior, thus making additional contributions to the manifestation of
the heterogeneity of microbial populations.

During the past two decades, reactions that can be regarded as sus-
ceptible responses during plant-SRP interactions have been reported.
Gene products necessary for manipulation of host plants typical of
stealth phytopathogens were revealed in both Pectobacterium and Dick-
eya species. Various differentiated cell forms and multicellular biofilm-
like structures have been described for SRP both in vitro and in planta.
However, there is no comprehensive overview of the induced plant
susceptibility to SRP or the population structure of these phytopatho-
gens. This review aims to consider SRP-plant interactions from the
perspectives of host physiological transformation and microbial
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population heterogeneity.

2. Host plant reactions that may promote SRP fitness in planta
and disease manifestation

The crosstalk between partners is the basis of plant-pathogen in-
teractions and disease development. The pathogens cannot just consume
plant-derived substances; they have to transform the interior of the host
plant, creating a specific econiche from its body. In other words, a plant
should be transformed from a relatively autonomous biological unit to a
component of an integral pathosystem. The pathogen fails to systemi-
cally colonize the host plant and/or produce disease symptoms if the
host plant does not undergo specific physiological changes throughout
different interaction stages. Such host transformation is mediated by the
susceptible responses—the reactions that promote pathogen fitness in
planta and/or disease manifestation [6]. Confusingly, the susceptible
and defense responses are often mediated by similar molecular actors,
being the two sides of the same coin. Whether a particular reaction is a
susceptible or defense response depends on the strength, timing, and
dynamics of the response as well as on particular plant and pathogen
species, environmental factors, infection stages, etc. All
pathogen-induced plant responses are generally viewed through the lens
of their involvement in defense reactions that reduce pathogen-caused
damage. However, in fact, many of these responses encourage path-
ogen development and disease manifestation. Here, we consider how
plant responses may determine their susceptibility to SRP (Fig. 1).

2.1. Hormonal perturbations

The most considered pathogen-induced plant responses are reactions
related to salicylic (SA) and jasmonic (JA) acids. SA and JA, referred to
as phytohormones of biotic stress, are often, but not always, mutually
antagonistic, and thus a plant may usually give priority to only one type
of response (either SA- or JA-mediated) [13,19]. SA is believed to
mediate resistance to biotrophic pathogens, while JA - to necrotrophic
ones [20]. However, since phytopathogenic bacteria (including SRP) are
mostly hemibiotrophs [21], the role of SA and JA in bacteria-caused
diseases is less univocal. Phytopathogens frequently exhibit a high sus-
ceptibility to one of these two phytohormones (or the result of its action)
and tolerance to the other one. In the framework of a fraudulent tactic,
some phytopathogens purposefully induce that host hormonal pathway,
to which the microorganism displays tolerance or less susceptibility than
to another one. The most explicit example of this is Pseudomonas syrin-
gae, which produces the phytotoxin coronatine, a functional analog of
JA, in order to induce the JA pathway and thus repress the SA pathway
that is lethal for this pathogen [22]. Both SA and JA have been shown to
contribute to the resistant response to SRP [23-25]. However, there is
strong evidence that these two phytohormones may also play important
roles in mediating induced susceptibility to SRP.

Pectobacterium ssp.-caused diseases are associated with the down-
regulation (or lack of regulation) of the SA pathway in susceptible plants
[23-27], which is in accordance with the observation that these bacteria
produce extracellular repressors of the SA pathway [23]. Presumably
due to this, the SA-related mutant plants do not exhibit the increased
susceptibility to Pectobacterium ssp. [23,24,28] since these bacteria
themselves repress SA-regulated responses, and an additional exogenous
repression of the SA pathway by genetic manipulations would hardly
affect the host’s susceptibility. Herewith, the SA treatment increases
plant resistance [29,30] and represses the quorum sensing in Pecto-
bacterium ssp. by binding the synthase and sensors of autoinducers [31,
32].

Simultaneously, Pectobacterium ssp.-caused diseases are always
associated with a strong upregulation of the JA pathway in susceptible
plants, and this upregulation does not prevent the development of severe
symptoms in Pectobacterium-infected plants of different species [5,25,
33-35]. Furthermore, some Pectobacterium species produce coronafacic
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acid [36], a specific virulence factor that, similar to the coronatine of
Pseudomonas syringae, induces the JA pathway of the host plant and thus
promotes the transition from latent to symptomatic infection [5,34].
These facts indicate that the Pectobacterium-induced upregulation of the
JA pathway represents a susceptible response, which likely prevents the
activation of the SA-related responses that impede pathogen prolifera-
tion and/or reduce its aggressiveness. However, this scenario does not
appear universal for all Pectobacterium-plant interactions, as the
JA-related Arabidopsis thaliana mutants were more susceptible to
P. carotovorum than wild type plants [24], and the treatment of calla lily
plants with JA reduced P. carotovorum-caused symptoms more than
treatment with the SA analog [33]. In Chinese cabbage, the JA also
delayed disease development caused by P. carotovorum; however, the SA
had a more pronounced effect on resistance, completely blocking
symptom formation [37]. Whether JA can have a defensive effect
against other Pectobacterium species besides P. carotovorum remains to
be determined.

In the case of Dickeya ssp.-caused diseases, both the SA and JA
pathways are upregulated, presumably resulting in a specific interaction
of the two phytohormone pathways [38-40]. On the one hand, it has
been demonstrated that the SA treatment confers resistance to D. solani
[41], and the SA deficiency contributes to the formation of symptoms
caused by this species [39]. On the other hand, SA has been shown to
participate in the induced plant susceptibility to D. dadantii: A. thaliana
mutants with elevated post-infection SA levels had repressed JA-related
responses, resulting in increased susceptibility to D. dadantii compared
to wild type plants with lower post-infection SA levels and enhanced JA
responses [42]. Some studies also support the hypothesis that JA is a
more effective phytohormone against Dickeya ssp. than SA [38,43].
However, JA was also shown to serve as a chemoattractant for both
Dickeya and Pectobacterium species and an inducer of D. dadantii viru-
lence gene expression [44,45]. Moreover, the treatment of D. dadantii
cells by JA increased their virulence, and JA-deficient plants were more
resistant to invasion by this species [44]. Such a dualistic role of JA can
be explained by the fact that JA and JA-mediated responses can have
opposite effects on plant-D. dadantii interactions at different infection
stages, contributing to pathogen virulence at initial stages and
improving plant tolerance at advanced stages.

Thus, the scenario of the SRP-plant interactions depends on the
balance of the SA- and JA-related responses, and both Pectobacterium
and Dickeya species interfere with these hormonal pathways by inducing
plant responses that can shift the priority toward one or another
phytohormone. In turn, pathogen-manipulated shifts in SA-JA balance
can promote host plant susceptibility. Some SRP species even have
specific virulence factors (e.g. coronafacic acid) whose action is required
to alter the SA-JA balance. Since the abovementioned studies performed
on different pathosystems yielded contradictory results on the roles of
SA and JA in plant-SRP interactions, it can be assumed that represen-
tatives of the Pectobacterium and Dickeya genera (as well as species
within a common genus) probably need genus- or species-specific exact
parameters of SA-JA balance to thrive in the host plant. The exact roles
of these two phytohormones in SRP-plant interactions may also depend
on the amplitude, timing, and force of the SA and JA responses. The SRP-
susceptibility-related parameters of SA-JA balance may also vary
depending on the host plant species, its physiological status, and infec-
tion stages (including biotrophic and necrotrophic stages). For example,
JA-deficient A. thaliana mutants were more tolerant to D. dadantii at the
initial infection stages but more susceptible at the advanced interaction
stages compared to wild type plants [44]. It is worth emphasizing that
the increased resistance to Pectobacterium/Dickeya species induced by
many different factors (e.g. iron-deficiency [46], treatment with hex-
adecane [47], overexpression of a negative regulator of ABA responses
ERD15 [48] or WRKY70 transcription factor [49], down-regulation of
chlorophyllase AtCLH1 [50]) is coupled with the upregulation of SA
responses but not JA responses or even the suppression of the latter. This
presumably suggests that SRP-induced activation of the JA pathways
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more often reflects the susceptible response rather than the resistant
one.

Along with SA and JA, SRP also affect the auxin- and abscisic acid
(ABA)-mediated hormonal systems of the host plants. Pectobacterium and
Dickeya species induce the accumulation of both auxin and ABA in
infected plants [26,37,51], contributing to plant susceptibility.
ABA-overproducing, ABA-hypersensitive, and auxin-hypersensitive
mutant plants, and mutants deficient for the negative regulator of
auxin transport were more susceptible to SRP, whereas ABA-deficiency
resulted in increased plant resistance [48,51-56]. Exogenous spraying of
plants with ABA or auxin makes them more susceptible to these path-
ogens [37,52,57]. Besides, Dickeya species produce auxin themselves,
and auxin-deficient mutants of these bacteria have reduced virulence
[58].

The role of ABA and auxin in plant susceptibility to SRP is likely
related to the potential of these phytohormones to divert resources to
abiotic stress response (ABA) and growth and development (auxin),
reducing the power of an immune response [59]. Indeed, ABA has been
demonstrated to repress the oxidative stress responsible for improved
resistance to D. dadantii and P. carotovorum [51,57]. Auxin, in addition
to its immunity-repressing potential [53,56], can also activate plant
enzymes and proteins (expansins) involved in plant cell wall loosening
[60], thus contributing to the manifestation of rotting symptoms
following SRP infection. Thus, SRP may force host plants to accumulate
those phytohormones that lower plant defense efficiency and promote
other disease-related traits.

2.2. Plant cell wall modification

Many processes taking place in muro (i.e. in the plant cell wall) are
widely known to contribute to pathogen resistance (e.g. lignification,
polymer cross-linking, suberinization, callose deposition, etc.) [61].
Simultaneously, specific reactions implemented by host plant gene
products in muro are required to make a plant susceptible to a pathogen.
Phytopathogens may recruit plant cell wall enzymes and proteins to
effectively interact with this complex compartment and induce "natural"
host-mediated cell wall loosening that normally takes place during
extension growth or fruit ripening [6]. Herewith, plant cell wall proteins
of the host can presumably provide the breakdown of those polymer
parts that are inaccessible to microbial PCWDEs or enable plant cell wall
modification and polymer decomposition when bacterial density is
insufficient to produce enough PCWDEs.

P. atrosepticum induces host-mediated modification of the plant cell
wall [12]. During the initial stages of the colonization of the primary
xylem vessels, when bacterial density is very low, P. atrosepticum stim-
ulates considerable plant-mediated remodeling of the vessel cell wall
structure, resulting in the release of pectic polysaccharide rhamnoga-
lacturonan from cell walls into the vessel lumen. The released rham-
nogalacturonan is used by bacteria as a component of the extracellular
matrix to build up specific biofilm-like structures [12]. Based on the
results of the transcriptomic analysis of infected tobacco and potato
plants, xyloglucan endotransglycosylase/hydrolases, expansins, rham-
nogalacturonan lyases, and polygalacturonases were hypothesized to
provide the release of rhamnogalacturonan [35,62]. It is also possible
that the products of infection-upregulated plant genes related to the
plant cell wall may assist P. atrosepticum enzymes in maceration of the
parenchymatous tissues in the advanced stages of infection.

2.3. Reactive oxygen species and programmed cell death

The oxidative burst due to the accumulation of reactive oxygen
species (ROS) and various ROS-mediated forms of programmed cell
death (PCD), including the hypersensitive response, are conventional
attributes of plant defense reactions [63,64]. However, both PCD
upregulation and ROS accumulation are often required for in planta
pathogen accommodation and/or disease development [6]. Herewith,
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upregulation of PCD may enable pathogens to promote the selective
elimination of defense compounds and digestion of host cells to release
nutrients, whereas ROS can mediate PCD and cause polysaccharide
scission.

ROS burst and “dead zones” in plant tissues formed due to PCD have
been demonstrated to mediate increased resistance to both Pectobacte-
rium and Dickeya species [38,40,65-67]. However, both ROS and PCD
are also needed to promote plant susceptibility to SRP. Furthermore, the
SRP, the bacteria that can pass through a relatively prolonged
necrotrophic stage in plants, synthesize specific virulence factors
(DspE/F type III effectors) whose function consists in inducing PCD in
plants, which is necessary for further tissue maceration [68]. Addi-
tionally, the accumulation of ROS in the walls of the primary xylem
vessels was hypothesized to promote polymer scission, thereby
contributing to the release of rhamnogalacturonan into the lumen [12].

Since the successful infection cycle of SRP implies the accumulation
of ROS in host plant tissues, SRP must cope with the increased ROS level.
For this purpose, SRP synthesize various metabolites and enzymes with
antioxidant properties: indigoidine, siderophores, exopolysaccharides,
superoxide dismutase and other antioxidant enzymes [30,69,70]. Due to
this, SRP can withstand host-produced ROS [71] even in mutant plants
with an increased ROS level [72].

The particular role of ROS (resistance- or susceptibility-related) in
plant-SRP interactions may be determined by the timing of ROS gener-
ation. It has been shown that in more resistant potato cultivar, ROS
peaked as early as 6 h post infection with P. brasilense and then
decreased, while in susceptible cultivar, the peak of ROS level was
observed 24 h post inoculation [67]. Additionally, the outcome of the
interaction may be determined by the type of generated ROS and the
type of induced PCD.

2.4. Iron transport

Iron is essential for both plant defense responses and pathogen
virulence [46,73,74]. Therefore, iron assimilation is an important part
of plant-pathogen interactions. D. dadantii became a classical object for
studying how pathogens steal host plant iron. For this purpose,
D. dadantii produces the siderophores achromobactin and chrysobactin
that sequester iron from host proteins and then transfer it into bacterial
cells [75,76]. Importantly, chrysobactin also acts as a systemic
iron-deficiency signal, causing plants to increase iron assimilation from
the environment [77-79]. The assimilated iron can then be used for the
pathogen’s needs. It cannot be ignored that assimilated iron can also
mediate plant defense responses. However, since siderophore-deficient
mutants of D. dadantii are avirulent [77,80], and plants grown under
iron-deficient conditions have increased resistance to D. dadantii and
D. solani [46,81], the pathogen-induced iron assimilation by plants
during the infection is likely to have more beneficial traits for the
pathogen and thus represents a susceptible response.

2.5. Secondary metabolite synthesis

The activation of the secondary metabolism in infected plants is
routinely considered a defense response, although antiherbivorous
properties are mostly described for the defense-related secondary me-
tabolites and much less is known about the influence of these com-
pounds on phytopathogenic bacteria [82]. During plant-SRP
interactions, plant secondary metabolism is strongly induced [25,26,35,
83,84]. However, although several plant secondary metabolites sup-
press the quorum sensing and PCWDE:s in Pectobacterium species [31,32,
85,861, no clear evidence has been obtained that plant secondary me-
tabolites, even those produced by SRP-resistant plants, have apparent
toxicity to SRP [85]. Particularly, since indole glucosinolate-deficient
and wild-type A. thaliana plants exhibit similar levels of susceptibility
to P. carotovorum or D. dadantii, it seems unlikely that indole glucosi-
nolates prevent the spread of these pathogen species, although the
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synthesis of these secondary metabolites is strongly activated following
infection [43,87].

SRP are able to tolerate host plant secondary metabolites (at least
some of them) due to the presence of genes whose products can provide
their detoxication [88-90]. Furthermore, the spectrum of hosts that the
pathogen can infect may depend on whether such genes are present or
absent. For example, P. odoriferum and P. versatile have genes (saxA)
encoding isothiocyanate hydrolase that catalyzes the cleavage of iso-
thiocyanates that are accumulated in plants of the Brassicaceae family
following infection [89]. The knockout of the saxA gene reduces the
virulence of P. odoriferum and P. versatile on A. thaliana and Brassica
oleraceae, whereas the heterologous expression of this gene makes the
potato-limited species P. parmentieri (which normally lacks the saxA
gene) able to cause disease in A. thaliana and B. oleraceae [90]. Taken
together, the SRP have evidently adapted to the activated secondary
metabolism of the host, and the synthesized defense metabolites (at least
some of them) do not pose a serious threat to these pathogens. This casts
doubt on the defensive nature of the activation of secondary metabolism
during plant-SRP interactions.

In turn, the activation of secondary metabolism may contribute to
the progression of diseases, including SRP-caused ones. Plant secondary
metabolites can induce virulence in several phytopathogens, including
D. dadantii [91]. Moreover, secondary metabolites can be toxic to plant
cells and may thus impair defense reactions, exacerbate plant cell death,
and promote increased susceptibility [92-94]. Furthermore, by forcing a
host to synthesize "ineffective defense compounds", a pathogen can
divert plant resources from effective defense reactions, making it more
susceptible.

Taken together, as part of a manipulation tactic, SRP induce host
plant reactions related to hormonal regulation, plant cell wall modifi-
cation, PCD, ROS accumulation, iron transport, and secondary metab-
olite production in order to make the host more susceptible to pathogen
propagation (Fig. 1). By now, it is difficult to conclude which of these
reactions have a common susceptibility-related outcome for all (or most)
plant-SRP interactions and which are specific for the susceptibility of
particular plant species/genera to particular SRP species/genera.
Nonetheless, it is clear that manipulating host plant reactions is a
requirement for the progression of any SRP-caused disease. Deciphering
the mechanisms of induced plant susceptibility to SRP will promote the
improvement of disease management based on making plants less
manipulable by the pathogen by using all classical and molecular
breeding, genome editing, chemical, and biological approaches.

3. Morphological heterogeneity of SRP populations

Most studies on SRP consider microbial population as a summary of
similar cells. The fact that a microbial population consists of heteroge-
neous differentiated cell forms is often neglected, except for some
studies that are given below to create a contemporary picture of the SRP
population heterogeneity (Fig. 2).

3.1. Biofilm-like structures

Biofilms have received special attention in studies of bacterial pop-
ulation heterogeneity and multicellular behavior. These structures are
widely described for various bacteria, including phytopathogenic ones
[95]. The major condition for biofilm formation is the synthesis of
exopolysaccharides (EPS), which constitute an extracellular matrix that
consolidates individual bacterial cells in a holistic structure. Within a
biofilm, bacterial cells acquire “improved” properties, including
enhanced stress resistance and virulence.

Biofilms formed by the Dickeya species were classified into two types:
1) surface-air-liquid interface biofilms (SAL-biofilms), which look like
rings attached to the edge of the culture tube, and 2) air-liquid interface
biofilms (or pellicles) — smooth and thick structures covering the air-
liquid culture surface (without attachment to the solid surface of the
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Fig. 2. Specialized cell phenotypes formed by the Soft Rot Pectobacteriaceae in
host plants or environments. VBNC - viable but non-culturable; CWD - cell wall
deficient; CRC - cells with reduced cytoplasm; TTSS — type three secretion
system; EPS - exopolysaccharides; RG — rhamnogalacturonan; SAL - surface-air-
liquid; BC - bacterial cellulose.

tube) [96-101]. SAL-biofilms and pellicles are genetically and chemi-
cally distinct. A type III secretion system is necessary for only pellicle but
not SAL-biofilm formation. The assemblage of SAL-biofilms and pellicles
is induced under different conditions [96]. Bacterial cellulose is the
major structural component of pellicles but not SAL-biofilms. However,
cellulose-deficient mutant can also form pellicles with more fragile
cellulase-resistant matrix [96-98].

Dickeya species were demonstrated to form biofilm-like structures
not only in vitro but also inside the host plant and on its surface [102,
103]. However, it is unclear, which type of biofilm Dickeya species form
in planta. The fact that bacterial cellulose is required for D. dadantii to
attach to the plant surface presumably indicates that pellicle-like
structures are involved in plant surface colonization [103].

Within Pectobacterium genus, P. brasilense has been shown to form
biofilms both in vitro and in planta [104,105]; however, the details of
their structure and composition have not been elucidated. Moreover, the
formation of biofilms in xylem vessels has been attributed to the
aggressive behavior of P. brasilense since these structures were formed
only in susceptible but not resistant plants. In contrast, P. atrosepticum
has been shown to be cryptic in its biofilm-forming capacity under in
vitro conditions. However, its di-GMP-overproducing mutant was able
to form biofilms, and therefore, it was suggested that the formation of
biofilms might be induced in P. atrosepticum under those conditions that
promote the increase in the di-GMP level [106].
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Under in planta conditions, P. atrosepticum has been shown to form
specific biofilm-like structures called bacterial emboli [62,107]. Bacte-
rial emboli are formed exclusively in the primary xylem vessels of the
host plants and have distinctive features compared to typical biofilms in
terms of morphological traits and the formation process. As a basis for
the assemblage of bacterial emboli, a matrix not of bacterial EPS but of
the plant pectic polysaccharide rhamnogalacturonan serves. Rhamno-
galacturonan is released from the plant cell walls into the vessel lumen
due to a specific plant susceptible response described above [12]. Thus,
the "story" of bacterial emboli demonstrates that the differentiation of
microbial cells may depend on the host plant’s susceptible responses.
EPS were also revealed in the composition of the extracellular matrix of
bacterial emboli, but only at advanced stages of their development
[108]. Importantly, unlike P. brasilense biofilms, the formation of bac-
terial emboli is unlikely to be coupled with the aggressive behavior of
P. atrosepticum. The formation of bacterial emboli occurs during not only
symptomatic but also asymptomatic colonization and affects only pri-
mary vessels, not secondary ones, and thus cannot significantly reduce
water transport in the host plant as a whole [5].

The formation of different biofilm-like structures by SRP in the xylem
vessels of the host plant likely promotes the downward xylem-mediated
migration of bacteria toward subterranean host organs, which is widely
described for SRP [102,104,105,107,109]. The entire or partial
blockage of particular vessels by biofilm-like structures may locally
reduce water transport, creating the conditions for the downward
translocation of bacterial cells. Due to such a downward translocation,
bacteria can invade subterranean host organs, including vegetative
reproduction organs (tubers or bulbs), and thus transmit to the subse-
quent generation of the host plant. Therefore, the formation of
biofilm-like structures, especially in xylem vessels, seems an important
aspect of SRP-plant interaction.

3.2. Motility-related cells

Specific cell phenotypes are in charge of bacterial social motility
(swarming and twitching). "Swarmers"—hyperflagellated and often
elongated cells—implement flagella-mediated swarming motility [16].
SRP implement swarming [97,110]; however, whether this motility type
is carried out by SRP during plant colonization remains contradictory.
On the one hand, flagella genes of P. brasiliense were up-regulated during
infection of potato tubers [111]. On the other hand, initially flagellated
P. brasiliense cells lost flagella during plant colonization, and the mutant
impaired in flagellar motility was still able to systemically colonize
potato plants, albeit more slowly than the wild type [105]. Additionally,
flagella-related genes in P. atrosepticum were down-regulated by plant
extract and during the colonization of tobacco plants [5,112]. It is
possible that flagellar-mediated motility and swarmers are involved in
the colonization of tubers, but not shoots.

In turn, twitching motility, which is mediated by pili and imple-
mented by hyperpiliated cells, seems important for SRP to systemically
colonize host plant shoots. The P. brasiliense hyperpiliated mutant, in
spite of lacking the flagella, was able to colonize potato plants system-
ically [105]. Besides, pili-related genes were upregulated in
P. atrosepticum during the colonization of tobacco plants [5]. This agrees
with the fact that bacterial downward migration via xylem vessels re-
quires pili-mediated twitching motility [113,114].

3.3. Filamentous cells responsible for the increased metabolism

To establish a large population in planta, bacteria should manifest a
high level of metabolic activity directed toward the consumption of a
substrate and its expenditure for rapid reproduction. However, within
the host plant, phytopathogens have to spend a lot of energy on the
synthesis of virulence factors at the expense of resources that could be
spent on proliferation. The simultaneous execution of both of these self-
conflicting functions (vegetative growth and production of virulence
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factors) during host plant colonization in D. dadantii was shown to be
provided by the specific dissociation of the bacterial population [115].
At late infection stages, the specific filamentous cells responsible for
enhanced vegetative growth are formed in the D. dadantii population.
These filamentous cells are non-motile and exhibit reduced production
of virulence factors and enhanced metabolic activity compared to
typical rod-shaped cells responsible for virulence properties [115]. Even
though filamentous cells themselves produce few (if any) virulence
factors, they are likely to play a significant role in the pathogen’s
aggressive behavior since their emergence results in an extensive in-
crease in the bacterial population that rapidly depletes the resources of
the host plant. Furthermore, by re-differentiation, filamentous cells may
give rise to heaps of virulent "typical" rod cells.

3.4. Stress-related cell forms

Several stress-related cell forms have been described for the Pecto-
bacterium genus: viable but non-culturable (VBNC) cells, cell wall-
deficient (CWD)-forms or L-forms, and specific cells with reduced
cytoplasm that are formed in starved cultures with low population
density. VNBC cells characterized by the proliferative dormancy and
specific morphology are formed by P. atrosepticum under starvation
conditions in vitro as well as in host plant remnants [107,116].
D. dianthicola cells were also shown to transform to a VNBC state after
treatment with copper sulfate [117].

CWD-forms can be formed by P. atrosepticum under starvation and in
potato tubers [118,119]. The absence of a cell wall, which houses most
elicitors, may make CWD-forms "invisible" to the plant immune system.
Besides, it has been suggested that it is the L-form formation that enables
P. atrosepticum to penetrate plant cell protoplasts and thus to behave as
an intracellular pathogen [118].

Specific cells with reduced cytoplasm are formed by P. atrosepticum
when the bacterial cell density is too small to implement the population
behavior and the exogenous growth substrate is absent [120]. The
reduction of the cytoplasm enables cells to support cell division until the
population density reaches the quorum level, allowing effective adap-
tation and invasiveness [121]. Thus, various stress-related forms can
promote SRP survival under unfavorable conditions, including nutrient
deficiency, toxic compounds, and maybe plant defense compounds,
since these forms possess increased stress tolerance [119,120,122].
Moreover, stress-related forms can serve as a reserve of the microbial
population since they may revert to a "normal" state.

3.5. Cells with increased production of virulence factors

Cells within the SRP population were also shown to be differentiated
in terms of virulence gene expression. Only a minor proportion of the
D. dadantii’s population expressed genes related to the type three
secretion system (TTSS) [123]. Herewith, the percentage of
TTSS-expressing cells varied depending on the colonized host plant
organ and infection stage. Such dissociation of the D. dadantii population
was provided by epigenetic mechanisms rather than permanent genetic
mutations since clonal populations derived from either TTSS+ or TTSS-
cells became heterogeneous in terms of TTSS gene expression [123].
Differential production of particular virulence factors likely enables cells
to share their responsibilities, leading to the formation of a consortium
where particular cells are in charge of producing a particular virulence
factor.

Thus, SRP cells within a population are multifaced and different cell
types are specialized for implementing distinct tasks (Fig. 2). Within
different populations of a species, different "sets" of specialized cell types
are formed depending on environmental conditions. Due to heteroge-
neity, a population can perform self-contradictory tasks, which benefits
a population’s overall fitness in various environments, including host
plants. The formation of a certain SRP cell variant in planta can be timed
to a particular infection stage, colonized tissue type, and interaction
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strategy (latent/moderate/acute infection). Different cell types are
likely to contribute differentially to the devastating potential of SRP.
Herewith, some cell types seem to determine a relatively commensalistic
SRP behavior.

4. Concluding considerations

SRP are more than just PCWDE producers. To thrive in planta, SRP
should be able to manipulate their host plants by inducing susceptible
responses, thus transforming the plant’s interior into a "proper"
ecological niche. Within this niche, SRP create complex and heteroge-
neous populations, in which different cells acquire functional speciali-
zation and share different tasks. It is challenging to distinguish which
susceptible responses or population structure parameters are genus- or
species-specific and which are more or less universal for various SRP-
plant interactions because our understanding of the global picture of
SRP-induced susceptible responses and population heterogeneity is still
in its infancy. A more comprehensive view on these issues will form the
basis for the identification of plant S-genes targeted by SRP and for
controlling SRP behavior during interactions with plants.

Funding

Preparation of the section on plant responses was supported by Grant
no. 19-14-00194 from the Russian Science Foundation; preparation of
the section on population heterogeneity was supported by the govern-
ment assignment for the FRC Kazan Scientific Center of RAS.

Conflict of Interest
The authors declare that they have no competing interests.

References

[1] J. Mansfield, S. Genin, S. Magori, V. Citovsky, M. Sriariyanum, P. Ronald,

M. Dow, V. Verdier, S. Beer, M. Machado, I. Toth, G. Salmond, G. Foster, Top 10
plant pathogenic bacteria in molecular plant pathology, Mol. Plant Pathol. 13
(2012) 614-629, https://doi.org/10.1111/j.1364-3703.2012.00804.x.

A. Charkowski, C. Blanco, G. Condemine, D. Expert, T. Franza, C. Hayes,

N. Hugouvieux-Cotte-Pattat, E. Lopez Solanilla, D. Low, L. Moleleki, M. Pirhonen,
A. Pitman, N. Perna, S. Reverchon, P. Rodriguez Palenzuela, M. San Francisco,
I. Toth, S. Tsuyumu, J. van der Waals, J. van der Wolf, F. Van Gijsegem, C.-

H. Yang, I. Yedidia, The role of secretion systems and small molecules in soft-rot
Enterobacteriaceae pathogenicity, Annu. Rev. Phytopathol. 50 (2012) 425-449,
https://doi.org/10.1146/annurev-phyto-081211-173013.

LK. Toth, P.R. Birch, Rotting softly and stealthily, Curr. Opin. Plant Biol. 8 (2005)
424-429, https://doi.org/10.1016/j.pbi.2005.04.001.

M.C. Holeva, K.S. Bell, L.J. Hyman, A.O. Avrova, S.C. Whisson, P.R. Birch, 1.

K. Toth, Use of a pooled transposon mutation grid to demonstrate roles in disease
development for Erwinia carotovora subsp. atroseptica putative type III secreted
effector (DspE/a) and helper (HrpN) proteins, Mol. Plant Microbe Interact. 17
(2004) 943-950, https://doi.org/10.1094/MPMI.2004.17.9.943,

V. Gorshkov, R. Gubaev, O. Petrova, A. Daminova, N. Gogoleva, M. Ageeva,

O. Parfirova, M. Prokchorchik, Y. Nikolaichik, Y. Gogolev, Transcriptome
profiling helps to identify potential and true molecular switches of stealth to
brute force behavior in Pectobacterium atrosepticum during systemic colonization
of tobacco plants, Eur. J. Plant Pathol. 152 (2018) 957-976, https://doi.org/
10.1007/510658-018-1496-6.

V. Gorshkov, I. Tsers, Plant susceptible responses: the underestimated side of
plant-pathogen interactions, Biol. Rev. 97 (2022) 45-66, https://doi.org/
10.1111/brv.12789.

M.E. Lidstrom, M.C. Konopka, The role of physiological heterogeneity in
microbial population behavior, Nat. Chem. Biol. 6 (2010) 705, https://doi.org/
10.1038/nchembio.436.

M. Ackermann, A functional perspective on phenotypic heterogeneity in
microorganisms, Nat. Rev. Microbiol. 13 (2015) 497, https://doi.org/10.1038/
nrmicro3491.

K.M. Davis, R.R. Isberg, Defining heterogeneity within bacterial populations via
single cell approaches, Bioessays 38 (2016) 782-790, https://doi.org/10.1002/
bies.201500121.

C.C. van Schie, F.L. Takken, Susceptibility genes 101: how to be a good host,
Annu. Rev. Phytopathol. 52 (2014) 551-581, https://doi.org/10.1146/annurev-
phyto-102313-045854.

E. Koseoglou, J.M. van der Wolf, R.G. Visser, Y. Bai, Susceptibility reversed:
modified plant susceptibility genes for resistance to bacteria, Trends Plant Sci. 27
(2022) 69-79, https://doi.org/10.1016/j.tplants.2021.07.018.

[2]

[3]

[4]

[5]

[6]

71

(8]

[9]

[10]

[11]

39

[12]

[13]

[14]

[15]

[16]
[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Seminars in Cell and Developmental Biology 148-149 (2023) 33-41

V. Gorshkov, A. Daminova, P. Mikshina, O. Petrova, M. Ageeva, V. Salnikov,

T. Gorshkova, Y. Gogolev, Pathogen-induced conditioning of the primary xylem
vessels — a prerequisite for the formation of bacterial emboli by Pectobacterium
atrosepticum, Plant Biol. 18 (2016) 609-617, https://doi.org/10.1111/plb.12448.
J.S. Thaler, A.L. Fidantsef, R.M. Bostock, Antagonism between jasmonate- and
salicylate-mediated induced plant resistance: effects of concentration and timing
of elicitation on defense-related proteins, herbivore, and pathogen performance
in tomato, J. Chem. Ecol. 28 (2002) 1131-1159, https://doi.org/10.1023/A:
1016225515936.

R. Peyraud, L. Cottret, L. Marmiesse, J. Gouzy, S. Genin, A resource allocation
trade-off between virulence and proliferation drives metabolic versatility in the
plant pathogen Ralstonia solanacearum, PLoS Pathog. 12 (2016), e1005939,
https://doi.org/10.1371/journal.ppat.1005939.

M.R. Spratt, K. Lane, Navigating environmental transitions: the role of phenotypic
variation in bacterial responses, Mbio 13 (2022) e02212-e02222, https://doi.
org/10.1128/mbio.02212-22.

D.B. Kearns, A field guide to bacterial swarming motility, Nat. Rev. Microbiol. 8
(2010) 634-644, https://doi.org/10.1038/nrmicro2405.

E.J. Allan, C. Hoischen, J. Gumpert, Bacterial L-forms, Adv. Appl. Microbiol. 68
(2009) 1-39, https://doi.org/10.1016/S0065-2164(09)01201-5.

B.E. Grey, The viable but nonculturable state of Ralstonia solanacearum may be
involved in long-term survival and plant infection, Appl. Environ. Microbiol. 7
(2001) 3866-3872, https://doi.org/10.1128/AEM.67.9.3866-3872.2001.

A. Robert-Seilaniantz, M. Grant, J.D. Jones, Hormone crosstalk in plant disease
and defense: more than just jasmonate-salicylate antagonism, Annu. Rev.
Phytopathol. 49 (2011) 317-343, https://doi.org/10.1146/annurev-phyto-
073009-114447.

J. Glazebrook, Contrasting mechanisms of defense against biotrophic and
necrotrophic pathogens, Annu. Rev. Phytopathol. 43 (2005) 205-227, https://
doi.org/10.1146/annurev.phyto.43.040204.135923.

Y. Kraepiel, M.A. Barny, Gram-negative phytopathogenic bacteria, all
hemibiotrophs after all? Mol. Plant Pathol. 17 (2016) 313-316, https://doi.org/
10.1111/mpp.12345.

M. Melotto, L. Zhang, P.R. Oblessuc, S.Y. He, Stomatal defense a decade later,
Plant Physiol. 174 (2017) 561-571, https://doi.org/10.1104/pp.16.01853.

S. Vidal, I.P. de Leén, J. Denecke, E.T. Palva, Salicylic acid and the plant pathogen
Erwinia carotovora induce defense genes via antagonistic pathways, Plant J. 11
(1997) 115-123, https://doi.org/10.1046/j.1365-313X.1997.11010115.x.

C. Norman-Setterblad, S. Vidal, E.T. Palva, Interacting signal pathways control
defense gene expression in Arabidopsis in response to cell wall-degrading enzymes
from Erwinia carotovora, Mol. Plant Microbe Interact. 13 (2000) 430-438, https://
doi.org/10.1094/MPMI.2000.13.4.430.

M. Montesano, G. Brader, D. Ponce, E.T. Palva, Multiple defence signals induced
by Erwinia carotovora ssp. carotovora elicitors in potato, Mol. Plant Pathol. 6
(2005) 541-549, https://doi.org/10.1111/j.1364-3703.2005.00305.x.

A. Alvarez, M. Montesano, E. Schmelz, I. Ponce de Leon, Activation of shikimate,
phenylpropanoid, oxylipins, and auxin pathways in Pectobacterium carotovorum
elicitors-treated moss, Front. Plant Sci. 7 (2016) 328, https://doi.org/10.3389/
fpls.2016.00328.

Y. Guttman, J.R. Joshi, N. Chriker, N. Khadka, M. Kleiman, N. Reznik, Z. Wei,
Z. Kerem, 1. Yedidia, Ecological adaptations influence the susceptibility of plants
in the genus Zantedeschia to soft rot Pectobacterium spp, Hortic. Res. 8 (2021) 13,
https://doi.org/10.1038/541438-020-00446-2.

S. Vidal, A.R. Eriksson, M. Montesano, J. Denecke, E.T. Palva, Cell wall-degrading
enzymes from Erwinia carotovora cooperate in the salicylic acid-independent
induction of a plant defense response, Mol. Plant Microbe Interact. 11 (1998)
23-32, https://doi.org/10.1094/MPMI1.1998.11.1.23.

T.K. Palva, M. Hurtig, P. Saindrenan, E.T. Palva, Salicylic acid induced resistance
to Erwinia carotovora subsp. carotovora in tobacco, Mol. Plant Microbe Interact. 7
(1994) 356-363, https://doi.org/10.1094/MPMI-7-0356.

V. Gorshkov, O. Parfirova, O. Petrova, N. Gogoleva, E. Kovtunov, V. Vorob’ev,
Y. Gogolev, The knockout of enterobactin-related gene in Pectobacterium
atrosepticum results in reduced stress resistance and virulence towards the primed
plants, Int. J. Mol. Sci. 22 (2021) 9594, https://doi.org/10.3390/1jms22179594.
J.R. Joshi, S. Burdman, A. Lipsky, S. Yariv, I. Yedidia, Plant phenolic acids affect
the virulence of Pectobacterium aroidearum and P. carotovorum ssp. brasiliense via
quorum sensing regulation, Mol. Plant Pathol. 17 (2016) 487-500, https://doi.
org/10.1111/mpp.12295.

J.R. Joshi, N. Khazanov, H. Senderowitz, S. Burdman, A. Lipsky, I. Yedidia, Plant
phenolic volatiles inhibit quorum sensing in pectobacteria and reduce their
virulence by potential binding to ExpI and ExpR proteins, Sci. Rep. 6 (2016)
38126, https://doi.org/10.1038/srep38126.

T. Luzzatto-Knaan, Z. Kerem, A. Doron-Faigenboim, 1. Yedidia, Priming of protein
expression in the defence response of Zantedeschia aethiopica to Pectobacterium
carotovorum, Mol. Plant Pathol. 15 (2014) 364-378, https://doi.org/10.1111/
mpp.12100.

V.Y. Gorshkov, Y.Y. Toporkova, L.D. Tsers, E.O. Smirnova, A.V. Ogorodnikova, N.
E. Gogoleva, O.1. Parfirova, O.E. Petrova, Y.V. Gogolev, Differential modulation
of the lipoxygenase cascade during typical and latent Pectobacterium atrosepticum
infections, Ann. Bot. 129 (2022) 271-286, https://doi.org/10.1093/aob/
mcab108.

1. Tsers, V. Gorshkov, N. Gogoleva, O. Parfirova, O. Petrova, Y. Gogolev, Plant soft
rot development and regulation from the viewpoint of transcriptomic profiling,
Plants 9 (2020) 1176, https://doi.org/10.3390/plants9091176.

P. Panda, B.R. Vanga, A. Lu, M. Fiers, P.C. Fineran, R. Butler, K. Armstrong, C.
W. Ronson, A.R. Pitman, Pectobacterium atrosepticum and Pectobacterium


https://doi.org/10.1111/j.1364-3703.2012.00804.x
https://doi.org/10.1146/annurev-phyto-081211-173013
https://doi.org/10.1016/j.pbi.2005.04.001
https://doi.org/10.1094/MPMI.2004.17.9.943
https://doi.org/10.1007/s10658-018-1496-6
https://doi.org/10.1007/s10658-018-1496-6
https://doi.org/10.1111/brv.12789
https://doi.org/10.1111/brv.12789
https://doi.org/10.1038/nchembio.436
https://doi.org/10.1038/nchembio.436
https://doi.org/10.1038/nrmicro3491
https://doi.org/10.1038/nrmicro3491
https://doi.org/10.1002/bies.201500121
https://doi.org/10.1002/bies.201500121
https://doi.org/10.1146/annurev-phyto-102313-045854
https://doi.org/10.1146/annurev-phyto-102313-045854
https://doi.org/10.1016/j.tplants.2021.07.018
https://doi.org/10.1111/plb.12448
https://doi.org/10.1023/A:1016225515936
https://doi.org/10.1023/A:1016225515936
https://doi.org/10.1371/journal.ppat.1005939
https://doi.org/10.1128/mbio.02212-22
https://doi.org/10.1128/mbio.02212-22
https://doi.org/10.1038/nrmicro2405
https://doi.org/10.1016/S0065-2164(09)01201-5
https://doi.org/10.1128/AEM.67.9.3866-3872.2001
https://doi.org/10.1146/annurev-phyto-073009-114447
https://doi.org/10.1146/annurev-phyto-073009-114447
https://doi.org/10.1146/annurev.phyto.43.040204.135923
https://doi.org/10.1146/annurev.phyto.43.040204.135923
https://doi.org/10.1111/mpp.12345
https://doi.org/10.1111/mpp.12345
https://doi.org/10.1104/pp.16.01853
https://doi.org/10.1046/j.1365-313X.1997.11010115.x
https://doi.org/10.1094/MPMI.2000.13.4.430
https://doi.org/10.1094/MPMI.2000.13.4.430
https://doi.org/10.1111/j.1364-3703.2005.00305.x
https://doi.org/10.3389/fpls.2016.00328
https://doi.org/10.3389/fpls.2016.00328
https://doi.org/10.1038/s41438-020-00446-2
https://doi.org/10.1094/MPMI.1998.11.1.23
https://doi.org/10.1094/MPMI-7-0356
https://doi.org/10.3390/ijms22179594
https://doi.org/10.1111/mpp.12295
https://doi.org/10.1111/mpp.12295
https://doi.org/10.1038/srep38126
https://doi.org/10.1111/mpp.12100
https://doi.org/10.1111/mpp.12100
https://doi.org/10.1093/aob/mcab108
https://doi.org/10.1093/aob/mcab108
https://doi.org/10.3390/plants9091176

V. Gorshkov and O. Parfirova

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

carotovorum harbor distinct, independently acquired integrative and conjugative
elements encoding coronafacic acid that enhance virulence on potato stems,
Front. Microbiol. 7 (2016) 397, https://doi.org/10.3389/fmicb.2016.00397.

M. Liu, F. Wu, S. Wang, Y. Lu, X. Chen, Y. Wang, A. Gu, J. Zhao, S. Shen,
Comparative transcriptome analysis reveals defense responses against soft rot in
Chinese cabbage, Hortic. Res. 6 (2019) 68, https://doi.org/10.1038/s41438-019-
0149-z.

M. Fagard, A. Dellagi, C. Roux, C. Perino, M. Rigault, V. Boucher, V.E. Shevchik,
D. Expert, Arabidopsis thaliana expresses multiple lines of defense to counterattack
Erwinia chrysanthemi, Mol. Plant Microbe Interact. 20 (2007) 794-805, https://
doi.org/10.1094/MPMI-20-7-0794.

D.D. Burra, P. Muhlenbock, E. Andreasson, Salicylic and jasmonic acid pathways
are necessary for defence against Dickeya solani as revealed by a novel method for
blackleg disease screening of in vitro grown potato, Plant Biol. 17 (2015)
1030-1038, https://doi.org/10.1111/plb.12339.

D. Expert, O. Patrit, V.E. Shevchik, C. Perino, V. Boucher, C. Creze, E. Wenes,
M. Fagard, Dickeya dadantii pectic enzymes necessary for virulence are also
responsible for activation of the Arabidopsis thaliana innate immune system, Mol.
Plant Pathol. 19 (2018) 313-327, https://doi.org/10.1111/mpp.12522.

R. Czajkowski, J.M. van der Wolf, A. Krolicka, Z. Ozymko, M. Narajczyk,

N. Kaczynska, E. Lojkowska, Salicylic acid can reduce infection symptoms caused
by Dickeya solani in tissue culture grown potato (Solanum tuberosum L.) plants,
Eur. J. Plant Pathol. 141 (2015) 545-558, https://doi.org/10.1007/s10658-014-
0561-z.

M. Rigault, S. Citerne, C. Masclaux-Daubresse, A. Dellagi, Salicylic acid is a key
player of Arabidopsis autophagy mutant susceptibility to the necrotrophic
bacterium Dickeya dadantii, Sci. Rep. 11 (2021) 1-10, https://doi.org/10.1038/
$41598-021-83067-6.

F. Van Gijsegem, F. Bitton, A.L. Laborie, Y. Kraepiel, J. Pédron, Characterization
of the early response of Arabidopsis thaliana to Dickeya dadantii infection using
expression profiling, BioRxiv (2018), 415380, https://doi.org/10.1101/415380.
M. Antunez-Lamas, E. Cabrera, E. Lopez-Solanilla, R. Solano, P. Gonzalez-
Melendi, J.M. Chico, I. Toth, P. Birch, L. Pritchard, H. Liu, P. Rodriguez-
Palenzuela, Bacterial chemoattraction towards jasmonate plays a role in the entry
of Dickeya dadantii through wounded tissues, Mol. Microbiol. 74 (2009) 662-671,
https://doi.org/10.1111/j.1365-2958.2009.06888.x.

C.K. Tanui, D.Y. Shyntum, P.K. Sedibane, D. Bellieny-Rabelo, L.N. Moleleki,
Pectobacterium brasiliense 1692 chemotactic responses and the role of methyl-
accepting chemotactic proteins in ecological fitness, Front. Plant Sci. 12 (2021),
650894, https://doi.org/10.3389/fpls.2021.650894.

N.P. Kieu, A. Aznar, D. Segond, M. Rigault, E. Simond-Cote, C. Kunz, M.C. Soulie,
D. Expert, A. Dellagi, Iron deficiency affects plant defence responses and confers
resistance to Dickeya dadantii and Botrytis cinerea, Mol. Plant Pathol. 13 (2012)
816-827, https://doi.org/10.1111/j.1364-3703.2012.00790.x.

H.B. Park, B. Lee, J.W. Kloepper, C.M. Ryu, One shot-two pathogens blocked:
exposure of Arabidopsis to hexadecane, a long chain volatile organic compound,
confers induced resistance against both Pectobacterium carotovorum and
Pseudomonas syringae, Plant Signal. Behav. 8 (2013), €24619, https://doi.org/
10.4161/psb.24619.

T. Kariola, G. Brader, E. Helenius, J. Li, P. Heino, E.T. Palva, EARLY RESPONSIVE
TO DEHYDRATION 15, a negative regulator of abscisic acid responses in
Arabidopsis, Plant Physiol. 142 (2006) 1559-1573, https://doi.org/10.1104/
pp.106.086223.

J. Li, G. Brader, E.T. Palva, The WRKY70 transcription factor: a node of
convergence for jasmonate-mediated and salicylate-mediated signals in plant
defense, Plant Cell 16 (2004) 319-331, https://doi.org/10.1105/tpc.016980.

T. Kariola, G. Brader, J. Li, E.T. Palva, Chlorophyllase 1, a damage control
enzyme, affects the balance between defense pathways in plants, Plant Cell 17
(2005) 282-294, https://doi.org/10.1105/tpc.104.025817.

F. Van Gijsegem, J. Pedron, O. Patrit, E. Simond-Cote, A. Maia-Grondard,

P. Petriacq, R. Gonzalez, L. Blottiere, Y. Kraepiel, Manipulation of ABA content in
Arabidopsis thaliana modifies sensitivity and oxidative stress response to Dickeya
dadantii and influences peroxidase activity, Front. Plant Sci. 8 (2017) 456,
https://doi.org/10.3389/1pls.2017.00456.

B. Asselbergh, A.E. Achuo, M. Hofte, F. Van Gijsegem, Abscisic acid deficiency
leads to rapid activation of tomato defence responses upon infection with Erwinia
chrysanthemi, Mol. Plant Pathol. 9 (2008) 11-24, https://doi.org/10.1111/
j-1364-3703.2007.00437 .x.

D.S. Lee, B.K. Kim, S.J. Kwon, H.C. Jin, O.K. Park, Arabidopsis GDSL lipase 2 plays
a role in pathogen defense via negative regulation of auxin signaling, Biochem.
Biophys. Res. Commun. 379 (2009) 1038-1042, https://doi.org/10.1016/j.
bbrec.2009.01.006.

A. Plessis, R. Cournol, D. Effroy, V. Silva Perez, L. Botran, Y. Kraepiel, A. Frey,
B. Sotta, G. Cornic, J. Leung, J. Giraudat, A. Marion-Poll, H.M. North, New ABA-
hypersensitive Arabidopsis mutants are affected in loci mediating responses to
water deficit and Dickeya dadantii infection, PLoS One 6 (2011), e20243, https://
doi.org/10.1371/journal.pone.0020243.

M.K. Aalto, E. Helenius, T. Kariola, V. Pennanen, P. Heino, H. Horak, 1. Puzorjova,
H. Kollist, E.T. Palva, ERD15 — an attenuator of plant ABA responses and stomatal
aperture, Plant Sci. 182 (2012) 19-28, https://doi.org/10.1016/j.
plantsci.2011.08.009.

M. Piisila, M.A. Keceli, G. Brader, L. Jakobson, 1. Joesaar, N. Sipari, H. Kollist, E.
T. Palva, T. Kariola, The F-box protein MAX2 contributes to resistance to bacterial
phytopathogens in Arabidopsis thaliana, BMC Plant Biol. 15 (2015) 53, https://
doi.org/10.1186/s12870-015-0434-4.

40

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

Seminars in Cell and Developmental Biology 148-149 (2023) 33-41

M. Survila, P.R. Davidsson, V. Pennanen, T. Kariola, M. Broberg, N. Sipari,

P. Heino, E.T. Palva, Peroxidase-generated apoplastic ROS impair cuticle integrity
and contribute to DAMP-elicited defenses, Front. Plant Sci. 7 (2016) 1945,
https://doi.org/10.3389/fpls.2016.01945.

S. Yang, Q. Zhang, J. Guo, A.O. Charkowski, B.R. Glick, A.M. Ibekwe, D.

A. Cooksey, C.H. Yang, Global effect of indole-3-acetic acid biosynthesis on
multiple virulence factors of Erwinia chrysanthemi 3937, Appl. Environ. Microbiol.
73 (2007) 1079-1088, https://doi.org/10.1128/AEM.01770-06.

S.K. Sah, K.R. Reddy, J. Li, Abscisic acid and abiotic stress tolerance in crop
plants, Front. Plant Sci. 7 (2016) 571, https://doi.org/10.3389/fpls.2016.00571.
M. Majda, S. Robert, The role of auxin in cell wall expansion, Int. J. Mol. Sci. 19
(2018) 951, https://doi.org/10.3390/ijms19040951.

W. Underwood, The plant cell wall: a dynamic barrier against pathogen invasion,
Front. Plant Sci. 3 (2012) 85, https://doi.org/10.3389/fpls.2012.00085.

V. Gorshkov, I. Tsers, B. Islamov, M. Ageeva, N. Gogoleva, P. Mikshina,

O. Parfirova, O. Gogoleva, O. Petrova, T. Gorshkova, Y. Gogolev, The
modification of plant cell wall polysaccharides in potato plants during
Pectobacterium atrosepticum-caused infection, Plants 10 (2021) 1407, https://doi.
0rg/10.3390/plants10071407.

H. Huang, F. Ullah, D.-X. Zhou, M. Yi, Y. Zhao, Mechanisms of ROS regulation of
plant development and stress responses, Front. Plant Sci. 10 (2019) 800, https://
doi.org/10.3389/fpls.2019.00800.

N.S. Coll, P. Epple, J.L. Dangl, Programmed cell death in the plant immune
system, Cell Death Differ. 18 (2011) 1247-1256, https://doi.org/10.1038/
cdd.2011.37.

Y. Kraepiel, J. Pedron, O. Patrit, E. Simond-Cote, V. Hermand, F. Van Gijsegem,
Analysis of the plant bos1 mutant highlights necrosis as an efficient defence
mechanism during D. dadantii/Arabidospis thaliana interaction, PLoS One 6
(2011), 18991, https://doi.org/10.1371/journal.pone.0018991.

M.J. Ger, G.Y. Louh, Y.H. Lin, T.Y. Feng, H.E. Huang, Ectopically expressed sweet
pepper ferredoxin PFLP enhances disease resistance to Pectobacterium carotovorum
subsp. carotovorum affected by harpin and protease-mediated hypersensitive
response in Arabidopsis, Mol. Plant Pathol. 15 (2014) 892-906, https://doi.org/
10.1111/mpp.12150.

G.K.E. Mosina, L.N. Moleleki, Susceptible and tolerant potato leaf-responses post
challenge with Pectobacterium carotovorum subsp. brasiliense 1692, Eur. J. Plant
Pathol. 152 (2018) 525-530, https://doi.org/10.1007/s10658-018-1472-1.

H.S. Kim, P. Thammarat, S.A. Lommel, C.S. Hogan, A.O. Charkowski,
Pectobacterium carotovorum elicits plant cell death with DspE/F but the

P. carotovorum DspE does not suppress callose or induce expression of plant genes
early in plant-microbe interactions, Mol, Plant Microbe Interact. 24 (2011)
773-786, https://doi.org/10.1094/MPMI-06-10-0143.

R. Santos, T. Franza, M.L. Laporte, C. Sauvage, D. Touati, D. Expert, Essential role
of superoxide dismutase on the pathogenicity of Erwinia chrysanthemi Strain 3937,
Mol. Plant Microbe Interact. 14 (2001) 758-767, https://doi.org/10.1094/
MPMI.2001.14.6.758.

B. Islamov, O. Petrova, P. Mikshina, A. Kadyirov, V. Vorob’ev, Y. Gogolev,

V. Gorshkov, The role of Pectobacterium atrosepticum exopolysaccharides in
plant-pathogen interactions, Int. J. Mol. Sci. 22 (2021) 12781, https://doi.org/
10.3390/ijms222312781.

E. Miguel, C. Poza-Carrion, E. Lopez-Solanilla, I. Aguilar, A. Llama-Palacios,

F. Garcia-Olmedo, P. Rodriguez-Palenzuela, Evidence against a direct
antimicrobial role of HyO5 in the infection of plants by Erwinia chrysanthemi, Mol.
Plant Microbe Interact. 13 (2000) 421-429, https://doi.org/10.1094/
MPMI.2000.13.4.421.

S. Karim, K.O. Holmstrom, A. Mandal, P. Dahl, S. Hohmann, G. Brader, E.T. Palva,
M. Pirhonen, AtPTR3, a wound-induced peptide transporter needed for defence
against virulent bacterial pathogens in Arabidopsis, Planta 225 (2007)
1431-1445, https://doi.org/10.1007/s00425-006-0451-5.

T. Franza, D. Expert, Role of iron homeostasis in the virulence of phytopathogenic
bacteria: an ‘a la carte’menu, Mol. Plant Pathol. 14 (2013) 429-438, https://doi.
org/10.1111/mpp.12007.

Y. Liu, D. Kong, H.L. Wu, H.Q. Ling, Iron in plant-pathogen interactions, J. Exp.
Bot. 72 (2021) 2114-2124, https://doi.org/10.1094/10.1093/jxb/eraa516.

A. Aznar, N.W. Chen, M. Rigault, N. Riache, D. Joseph, D. Desmaéle, G. Mouille,
S. Boutet, L. Soubigou-Taconnat, J.P. Renou, S. Thomine, D. Expert, A. Dellagi,
Scavenging iron: a novel mechanism of plant immunity activation by microbial
siderophores, Plant Physiol. 164 (2014) 2167-2183, https://doi.org/10.1104/
pp.113.233585.

C. Neema, J.P. Laulhere, D. Expert, Iron deficiency induced by chrysobactin in
Saintpaulia leaves inoculated with Erwinia chrysanthemi, Plant Physiol. 102 (1993)
967-973, https://doi.org/10.1104/pp.102.3.967.

A. Dellagi, M. Rigault, D. Segond, C. Roux, Y. Kraepiel, F. Cellier, J.F. Briat,

F. Gaymard, D. Expert, Siderophore-mediated upregulation of Arabidopsis ferritin
expression in response to Erwinia chrysanthemi infection, Plant J. 43 (2005)
262-272, https://doi.org/10.1111/j.1365-313X.2005.02451.x.

A. Dellagi, D. Segond, M. Rigault, M. Fagard, C. Simon, P. Saindrenan, D. Expert,
Microbial siderophores exert a subtle role in Arabidopsis during infection by
manipulating the immune response and the iron status, Plant Physiol. 150 (2009)
1687-1696, https://doi.org/10.1104/pp.109.138636.

D. Segond, A. Dellagi, V. Lanquar, M. Rigault, O. Patrit, S. Thomine, D. Expert,
NRAMP genes function in Arabidopsis thaliana resistance to Erwinia chrysanthemi
infection, Plant J. 58 (2009) 195-207, https://doi.org/10.1111/j.1365-
313X.2008.03775.x.

T. Franza, B. Mahe, D. Expert, Erwinia chrysanthemi requires a second iron
transport route dependent of the siderophore achromobactin for extracellular


https://doi.org/10.3389/fmicb.2016.00397
https://doi.org/10.1038/s41438-019-0149-z
https://doi.org/10.1038/s41438-019-0149-z
https://doi.org/10.1094/MPMI-20-7-0794
https://doi.org/10.1094/MPMI-20-7-0794
https://doi.org/10.1111/plb.12339
https://doi.org/10.1111/mpp.12522
https://doi.org/10.1007/s10658-014-0561-z
https://doi.org/10.1007/s10658-014-0561-z
https://doi.org/10.1038/s41598-021-83067-6
https://doi.org/10.1038/s41598-021-83067-6
https://doi.org/10.1101/415380
https://doi.org/10.1111/j.1365-2958.2009.06888.x
https://doi.org/10.3389/fpls.2021.650894
https://doi.org/10.1111/j.1364-3703.2012.00790.x
https://doi.org/10.4161/psb.24619
https://doi.org/10.4161/psb.24619
https://doi.org/10.1104/pp.106.086223
https://doi.org/10.1104/pp.106.086223
https://doi.org/10.1105/tpc.016980
https://doi.org/10.1105/tpc.104.025817
https://doi.org/10.3389/fpls.2017.00456
https://doi.org/10.1111/j.1364-3703.2007.00437.x
https://doi.org/10.1111/j.1364-3703.2007.00437.x
https://doi.org/10.1016/j.bbrc.2009.01.006
https://doi.org/10.1016/j.bbrc.2009.01.006
https://doi.org/10.1371/journal.pone.0020243
https://doi.org/10.1371/journal.pone.0020243
https://doi.org/10.1016/j.plantsci.2011.08.009
https://doi.org/10.1016/j.plantsci.2011.08.009
https://doi.org/10.1186/s12870-015-0434-4
https://doi.org/10.1186/s12870-015-0434-4
https://doi.org/10.3389/fpls.2016.01945
https://doi.org/10.1128/AEM.01770-06
https://doi.org/10.3389/fpls.2016.00571
https://doi.org/10.3390/ijms19040951
https://doi.org/10.3389/fpls.2012.00085
https://doi.org/10.3390/plants10071407
https://doi.org/10.3390/plants10071407
https://doi.org/10.3389/fpls.2019.00800
https://doi.org/10.3389/fpls.2019.00800
https://doi.org/10.1038/cdd.2011.37
https://doi.org/10.1038/cdd.2011.37
https://doi.org/10.1371/journal.pone.0018991
https://doi.org/10.1111/mpp.12150
https://doi.org/10.1111/mpp.12150
https://doi.org/10.1007/s10658-018-1472-1
https://doi.org/10.1094/MPMI-06-10-0143
https://doi.org/10.1094/MPMI.2001.14.6.758
https://doi.org/10.1094/MPMI.2001.14.6.758
https://doi.org/10.3390/ijms222312781
https://doi.org/10.3390/ijms222312781
https://doi.org/10.1094/MPMI.2000.13.4.421
https://doi.org/10.1094/MPMI.2000.13.4.421
https://doi.org/10.1007/s00425-006-0451-5
https://doi.org/10.1111/mpp.12007
https://doi.org/10.1111/mpp.12007
https://doi.org/10.1094/10.1093/jxb/eraa516
https://doi.org/10.1104/pp.113.233585
https://doi.org/10.1104/pp.113.233585
https://doi.org/10.1104/pp.102.3.967
https://doi.org/10.1111/j.1365-313X.2005.02451.x
https://doi.org/10.1104/pp.109.138636
https://doi.org/10.1111/j.1365-313X.2008.03775.x
https://doi.org/10.1111/j.1365-313X.2008.03775.x

V. Gorshkov and O. Parfirova

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

growth and plant infection, Mol. Microbiol. 55 (2005) 261-275, https://doi.org/
10.1111/j.1365-2958.2004.04383.x.

1. Perkowska, M. Potrykus, J. Siwinska, D. Siudem, E. Lojkowska, A. Ihnatowicz,
Interplay between coumarin accumulation, iron deficiency and plant resistance to
Dickeya spp, Int. J. Mol. Sci. 22 (2021) 6449, https://doi.org/10.3390/
ijms22126449.

A. Piasecka, N. Jedrzejczak-Rey, P. Bednarek, Secondary metabolites in plant
innate immunity: conserved function of divergent chemicals, New Phytol. 206
(2015) 948-964, https://doi.org/10.1111/nph.13325.

G. Brader, E. Tas, E.T. Palva, Jasmonate-dependent induction of indole
glucosinolates in Arabidopsis by culture filtrates of the nonspecific pathogen
Erwinia carotovora, Plant Physiol. 126 (2001) 849-860, https://doi.org/10.1104/
pp.126.2.849.

A. Kroner, G. Hamelin, D. Andrivon, F. Val, Quantitative resistance of potato to
Pectobacterium atrosepticum and Phytophthora infestans: integrating PAMP-
triggered response and pathogen growth, PLoS One 6 (2011), 23331, https://
doi.org/10.1371/journal.pone.0023331.

J.R. Joshi, L. Yao, A.O. Charkowski, A.L. Heuberger, Metabolites from wild potato
Inhibit virulence factors of the soft rot and blackleg pathogen Pectobacterium
brasiliense, Mol. Plant-Microbe Interact. 34 (2021) 100-109, https://doi.org/
10.1094/MPMI-08-20-0224-R.

M. Pun, N. Khazanov, O. Galsurker, M. Weitman, Z. Kerem, H. Senderowitz,

I. Yedidia, Phloretin, an apple phytoalexin, affects the virulence and fitness of
Pectobacterium brasiliense by interfering with quorum-sensing, Front. Plant Sci.
1261 (2021), 671807, https://doi.org/10.3389/fpls.2021.671807.

K.F.J. Tierens, B.P. Thomma, M. Brouwer, J. Schmidt, K. Kistner, A. Porzel,

B. Mauch-Mani, B.P. Cammue, W.F. Broekaert, Study of the role of antimicrobial
glucosinolate-derived isothiocyanates in resistance of Arabidopsis to microbial
pathogens, Plant Physiol. 125 (2001) 1688-1699, https://doi.org/10.1104/
pp.125.4.1688.

D.H. Lee, J.A. Lim, J. Lee, E. Roh, K. Jung, M. Choi, C. Oh, S. Ryu, J. Yun, S. Heu,
Characterization of genes required for the pathogenicity of Pectobacterium
carotovorum subsp. carotovorum Pcc21 in Chinese cabbage, Microbiology 159
(2013) 1487-1496, https://doi.org/10.1099/mic.0.067280-0.

T.J. van den Bosch, K. Tan, A. Joachimiak, C.U. Welte, Functional profiling and
crystal structures of isothiocyanate hydrolases found in gut-associated and plant-
pathogenic bacteria, Appl. Environ. Microbiol. 84 (2018) e00478-18, https://doi.
org/10.1128/AEM.00478-18.

T.J. van den Bosch, O. Niemi, C.U. Welte, Single gene enables plant pathogenic
Pectobacterium to overcome host-specific chemical defence, Mol. Plant Pathol. 21
(2020) 349-359, https://doi.org/10.1111/mpp.12900.

S. Yang, Q. Peng, M. San Francisco, Y. Wang, Q. Zeng, C.H. Yang, Type III
secretion system genes of Dickeya dadantii 3937 are induced by plant phenolic
acids, PLoS One 3 (2008), €2973, https://doi.org/10.1371/journal.
pone.0002973.

J.A. Glazener, Phytotoxicity of phaseollin to, and alteration of phaseollin by, cell
suspension cultures of Phaseolus vulgaris, Phytopathology 68 (1978) 111, https://
doi.org/10.1094/Phyto-68-111.

R.A. Dixon, C.A. Maxwell, W. Ni, A. Oommen, N.L. Paiva, Genetic manipulation
of lignin and phenylpropanoid compounds involved in interactions with
microorganisms, Genet. Eng. Plant Second. Metab. (1994) 153-178, https://doi.
0rg/10.1007/978-1-4615-2544-8_6.

E.E. Rogers, Mode of action of the Arabidopsis thaliana phytoalexin camalexin and
its role in Arabidopsis-pathogen interactions, Mol. Plant Microbe Interact. 9
(1996) 748, https://doi.org/10.1094/mpmi-9-0748.

A.R. Antony, R. Janani, V.R. Kannan, Biofilm instigation of plant pathogenic
bacteria and its control measures, in: A. Igbal, M.H. Fohad (Eds.), Biofilms in
Plant and Soil Health, Wiley, 2017, pp. 409-438, https://doi.org/10.1002/
9781119246329.ch21.

M.N. Yap, C.H. Yang, J.D. Barak, C.E. Jahn, A.O. Charkowski, The Erwinia
chrysanthemi type III secretion system is required for multicellular behavior,

J. Bacteriol. 187 (2005) 639-648, https://doi.org/10.1128/JB.187.2.639-
648.2005.

C.E. Jahn, D.K. Willis, A.O. Charkowski, The flagellar sigma factor fliA is required
for Dickeya dadantii virulence, Mol. Plant Microbe Interact. 21 (2008) 1431-1442,
https://doi.org/10.1094/MPMI-21-11-1431.

C.E. Jahn, D.A. Selimi, J.D. Barak, A.O. Charkowski, The Dickeya dadantii biofilm
matrix consists of cellulose nanofibres, and is an emergent property dependent
upon the type III secretion system and the cellulose synthesis operon,
Microbiology 157 (2011) 2733-2744, https://doi.org/10.1099/mic.0.051003-0.
S. Yang, Q. Peng, Q. Zhang, X. Yi, C.J. Choi, R.M. Reedy, A.O. Charkowski, C.-
H. Yang, Dynamic regulation of GacA in type III secretion, pectinase gene
expression, pellicle formation, and pathogenicity of Dickeya dadantii (Erwinia
chrysanthemi 3937), Mol. Plant Microb. Interact. 21 (2008) 133-142, https://doi.
org/10.1094/MPMI-21-1-0133.

M.M. Haque, M.S. Kabir, L.Q. Aini, H. Hirata, S. Tsuyumu, SlyA, a MarR family
transcriptional regulator, is essential for virulence in Dickeya dadantii 3937,

J. Bacteriol. 191 (2009) 5409-5418, https://doi.org/10.1128/JB.00240-09.
M.M. Haque, H. Hirata, S. Tsuyumu, Role of PhoP-PhoQ two-component system
in pellicle formation, virulence and survival in harsh environments of Dickeya
dadantii 3937, J. Gen. Plant Pathol. 78 (2012) 176-189, https://doi.org/10.1007/
510327-012-0372-z.

R. Czajkowski, W.J. de Boer, J.A. van Veen, J.M. van der Wolf, Downward
vascular translocation of a green fluorescent protein-tagged strain of Dickeya sp.
(biovar 3) from stem and leaf inoculation sites on potato, Phytopathology 100
(2010) 1128-1137, https://doi.org/10.1094/PHYTO-03-10-0093.

41

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

Seminars in Cell and Developmental Biology 148-149 (2023) 33-41

C. Prigent-Combaret, O. Zghidi-Abouzid, G. Effantin, P. Lejeune, S. Reverchon,
W. Nasser, The nucleoid-associated protein Fis directly modulates the synthesis of
cellulose, an essential component of pellicle-biofilms in the phytopathogenic
bacterium Dickeya dadantii, Mol. Microbiol. 86 (2012) 172-186, https://doi.org/
10.1111/j.1365-2958.2012.08182.x.

G. Kubheka, T. Coutinho, N. Moleleki, L.N. Moleleki, Colonization patterns of an
mCherry-tagged Pectobacterium carotovorum subsp. brasiliense strain in potato
plants, Phytopathology 103 (2013) 1268-1279, https://doi.org/10.1094/
PHYTO-02-13-0049-R.

L. Moleleki, R. Pretorius, C. Tanui, G. Mosina, J. Theron, A quorum sensing-
defective mutant of Pectobacterium carotovorum ssp. brasiliense 1692 is attenuated
in virulence and unable to occlude xylem tissue of susceptible potato plant stems,
Mol. Plant Pathol. 18 (2017) 32-44, https://doi.org/10.1111/mpp.12372.

D. Perez-Mendoza, S. Coulthurst, J. Sanjuan, G. Salmond, N-Acetylglucosamine-
dependent biofilm formation in Pectobacterium atrosepticum is cryptic and
activated by elevated c-di-GMP levels, Microbiology 157 (2011) 3340-3348,
https://doi.org/10.1099/mic.0.050450-0.

V. Gorshkov, A. Daminova, M. Ageeva, O. Petrova, N. Gogoleva, N. Tarasova,
Y. Gogolev, Dissociation of a population of Pectobacterium atrosepticum SCRI1043
in tobacco plants: formation of bacterial emboli and dormant cells, Protoplasma
251 (2014) 499-510, https://doi.org/10.1007/s00709-013-0546-3.

V. Gorshkov, B. Islamov, P. Mikshina, O. Petrova, G. Burygin, E. Sigida,

A. Shashkov, A. Daminova, M. Ageeva, B. Idiyatullin, V. Salnikov, Y. Zuev,

T. Gorshkova, Y. Gogolev, Pectobacterium atrosepticum exopolysaccharides:
identification, molecular structure, formation under stress and in planta
conditions, Glycobiology 27 (2017) 1016-1026, https://doi.org/10.1093/
glycob/cwx069.

P. Kastelein, M. Forch, M. Krijger, P.S. Van der Zouwen, W. Van den Berg, J.
M. Van der Wolf, Systemic colonization of potato plants resulting from potato
haulm inoculation with Dickeya solani or Pectobacterium parmentieri, Can. J. Plant
Pathol. 43 (2021) 1-15, https://doi.org/10.1080/07060661.2020.1777465.
S.D. Bowden, N. Hale, J.C.S. Chung, J.T. Hodgkinson, D.R. Spring, M. Welch,
Surface swarming motility by Pectobacterium atrosepticum is a latent phenotype
that requires O antigen and is regulated by quorum sensing, Microbiology 159
(2013) 2375-2385, https://doi.org/10.1099/mic.0.070748-0.

D. Bellieny-Rabelo, C.K. Tanui, N. Miguel, S. Kwenda, D.Y. Shyntum, L. Moleleki,
Transcriptome and comparative genomics analyses reveal new functional insights
on key determinants of pathogenesis and interbacterial competition in
Pectobacterium and Dickeya spp. Appl. Environ. Microbiol. 85 (2019) e02050-18,
https://doi.org/10.1128/AEM.02050-18.

L. Mattinen, P. Somervuo, J. Nykyri, R. Nissinen, P. Kouvonen, G. Corthals,

P. Auvinen, M. Aittamaa, J.P.T. Valkonen, M. Pirhonen, Microarray profiling of
host-extract-induced genes and characterization of the type VI secretion cluster in
the potato pathogen Pectobacterium atrosepticum, Microbiology 154 (2008)
2387-2396, https://doi.org/10.1099/mic.0.2008/017582-0.

Y. Meng, Y. Li, C.D. Galvani, G. Hao, J.N. Turner, T.N. Burr, H.C. Hoch, Upstream
migration of Xylella fastidiosa via pilus-driven twitching motility, J. Bacteriol. 187
(2005) 5560-5567, https://doi.org/10.1128/JB.187.16.5560-5567.2005.

C.K. Wairuri, J.E. van der Waals, A. van Schalkwyk, J. Theron, Ralstonia
solanacearum needs Flp pili for virulence on potato, Mol. Plant Microb. Interact.
25 (2012) 546-556, https://doi.org/10.1094/MPMI-06-11-0166.

Z. Cui, C.H. Yang, R.R. Kharadi, X. Yuan, G.W. Sundin, L.R. Triplett, J. Wang,
Q. Zeng, Cell-length heterogeneity: a population-level solution to growth/
virulence trade-offs in the plant pathogen Dickeya dadantii, PLoS Pathog. 15
(2019), €1007703, https://doi.org/10.1371/journal.ppat.1007703.

V. Gorshkov, O. Petrova, N. Mukhametshina, M. Ageeva, A. Mulyukin,

Y. Gogolev, Formation of "nonculturable” dormant forms of the phytopathogenic
enterobacterium Erwinia carotovora, Microbiology 78 (2009) 585-592, https://
doi.org/10.1134/50026261709050099.

T. Ge, J. Hao, S. Johnson, Induced Viable But Nonculturable (VBNC) state in
Dickeya dianthicola, Phytopathology 107 (2017) (200-200).

S.M. Jones, A.M. Paton, The L-phase of Erwinia carotovora var. atroseptica and its
possible association with plant tissue, J. Appl. Bacteriol. 36 (1973) 729-737,
https://doi.org/10.1111/j.1365-2672.1973.tb04158.x.

O. Petrova, V. Gorshkov, I. Sergeeva, A. Daminova, M. Ageeva, Y. Gogolev,
Alternative scenarios of starvation-induced adaptation in Pectobacterium
atrosepticum, Res. Microbiol. 167 (2016) 254-261, https://doi.org/10.1016/j.
resmic.2016.01.009.

O. Petrova, V. Gorshkov, A. Daminova, M. Ageeva, L. Moleleki, Y. Gogolev, Stress
response in Pectobacterium atrosepticum SCRI1043 under starvation conditions:
adaptive reactions at a low population density, Res. Microbiol. 165 (2014)
119-127, https://doi.org/10.1016/j.resmic.2013.11.004.

V. Gorshkov, O. Petrova, N. Gogoleva, Y. Gogolev, Cell-to-cell communication in
the populations of enterobacterium Erwinia carotovora ssp. atroseptica SCRI1043
during adaptation to stress conditions, FEMS Immunol. Med. Microbiol. 59 (2010)
378-385, https://doi.org/10.1111/].1574-695X.2010.00684.x.

V. Gorshkov, S. Kwenda, O. Petrova, E. Osipova, Y. Gogolev, L. Moleleki, Global
gene expression analysis of cross-protected phenotype of Pectobacterium
atrosepticum, PLoS One 12 (2017), 0169536, https://doi.org/10.1371/journal.
pone.0169536.

Z. Cui, X. Yuan, C.H. Yang, R.B. Huntley, W. Sun, J. Wang, G.W. Sundin, Q. Zeng,
Development of a method to monitor gene expression in single bacterial cells
during the interaction with plants and use to study the expression of the type III
secretion system in single cells of Dickeya dadantii in potato, Front. Microbiol. 9
(2018) 1429, https://doi.org/10.3389/fmicb.2018.01429.


https://doi.org/10.1111/j.1365-2958.2004.04383.x
https://doi.org/10.1111/j.1365-2958.2004.04383.x
https://doi.org/10.3390/ijms22126449
https://doi.org/10.3390/ijms22126449
https://doi.org/10.1111/nph.13325
https://doi.org/10.1104/pp.126.2.849
https://doi.org/10.1104/pp.126.2.849
https://doi.org/10.1371/journal.pone.0023331
https://doi.org/10.1371/journal.pone.0023331
https://doi.org/10.1094/MPMI-08-20-0224-R
https://doi.org/10.1094/MPMI-08-20-0224-R
https://doi.org/10.3389/fpls.2021.671807
https://doi.org/10.1104/pp.125.4.1688
https://doi.org/10.1104/pp.125.4.1688
https://doi.org/10.1099/mic.0.067280-0
https://doi.org/10.1128/AEM.00478-18
https://doi.org/10.1128/AEM.00478-18
https://doi.org/10.1111/mpp.12900
https://doi.org/10.1371/journal.pone.0002973
https://doi.org/10.1371/journal.pone.0002973
https://doi.org/10.1094/Phyto-68-111
https://doi.org/10.1094/Phyto-68-111
https://doi.org/10.1007/978-1-4615-2544-8_6
https://doi.org/10.1007/978-1-4615-2544-8_6
https://doi.org/10.1094/mpmi-9-0748
https://doi.org/10.1002/9781119246329.ch21
https://doi.org/10.1002/9781119246329.ch21
https://doi.org/10.1128/JB.187.2.639-648.2005
https://doi.org/10.1128/JB.187.2.639-648.2005
https://doi.org/10.1094/MPMI-21-11-1431
https://doi.org/10.1099/mic.0.051003-0
https://doi.org/10.1094/MPMI-21-1-0133
https://doi.org/10.1094/MPMI-21-1-0133
https://doi.org/10.1128/JB.00240-09
https://doi.org/10.1007/s10327-012-0372-z
https://doi.org/10.1007/s10327-012-0372-z
https://doi.org/10.1094/PHYTO-03-10-0093
https://doi.org/10.1111/j.1365-2958.2012.08182.x
https://doi.org/10.1111/j.1365-2958.2012.08182.x
https://doi.org/10.1094/PHYTO-02-13-0049-R
https://doi.org/10.1094/PHYTO-02-13-0049-R
https://doi.org/10.1111/mpp.12372
https://doi.org/10.1099/mic.0.050450-0
https://doi.org/10.1007/s00709-013-0546-3
https://doi.org/10.1093/glycob/cwx069
https://doi.org/10.1093/glycob/cwx069
https://doi.org/10.1080/07060661.2020.1777465
https://doi.org/10.1099/mic.0.070748-0
https://doi.org/10.1128/AEM.02050-18
https://doi.org/10.1099/mic.0.2008/017582-0
https://doi.org/10.1128/JB.187.16.5560-5567.2005
https://doi.org/10.1094/MPMI-06-11-0166
https://doi.org/10.1371/journal.ppat.1007703
https://doi.org/10.1134/S0026261709050099
https://doi.org/10.1134/S0026261709050099
http://refhub.elsevier.com/S1084-9521(23)00002-2/sbref117
http://refhub.elsevier.com/S1084-9521(23)00002-2/sbref117
https://doi.org/10.1111/j.1365-2672.1973.tb04158.x
https://doi.org/10.1016/j.resmic.2016.01.009
https://doi.org/10.1016/j.resmic.2016.01.009
https://doi.org/10.1016/j.resmic.2013.11.004
https://doi.org/10.1111/j.1574-695X.2010.00684.x
https://doi.org/10.1371/journal.pone.0169536
https://doi.org/10.1371/journal.pone.0169536
https://doi.org/10.3389/fmicb.2018.01429

	Host plant physiological transformation and microbial population heterogeneity as important determinants of the Soft Rot Pe ...
	1 Introduction
	2 Host plant reactions that may promote SRP fitness in planta and disease manifestation
	2.1 Hormonal perturbations
	2.2 Plant cell wall modification
	2.3 Reactive oxygen species and programmed cell death
	2.4 Iron transport
	2.5 Secondary metabolite synthesis

	3 Morphological heterogeneity of SRP populations
	3.1 Biofilm-like structures
	3.2 Motility-related cells
	3.3 Filamentous cells responsible for the increased metabolism
	3.4 Stress-related cell forms
	3.5 Cells with increased production of virulence factors

	4 Concluding considerations
	Funding
	Conflict of Interest
	References


