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Abstract 

This article is a summary of the thirty-fourth New Phytologist Symposium Plant Pathogen Interactions 

held at the John Innes Centre, Norwich, UK on 16 July, 2009. Plant pathogen interactions have 

provided fundamental insights into plant biology. Furthermore, they are of cross-disciplinary interest to 

many scientists including plant, microbial and fungal scientists. In the molecular dialogue between 

plant and bacterial pathogens, plants have evolved an effective immune system that recognizes 

conserved microbial structures. This system has been termed PAMP triggered immunity (PTI) since it 

is initiated upon recognition of microbial elicitors termed pathogen associated molecular patterns 

(PAMPs). Successful pathogens suppress or evade PTI using an array of effectors. In turn, plants have 

evolved resistance (R) proteins that recognize effector activity, either directly or indirectly, resulting in 

effector triggered immunity (ETI). In Gram-negative bacteria, the type III secretion system (T3SS) is 

central to pathogenicity, and ∼29 avirulence proteins (AVRs) are secreted by the Pseudomonas 

syringae pv. tomato T3SS. Recognition of these AVRs by cognate plant R proteins regulates many 

aspects of gene expression in the plant, often via the action of the defence hormone salicylic acid. 

Combining microarray analysis of the dynamics of the plant Arabidopsis thaliana during the 

establishment of primordia at infection sites with complementary analysis of the P. syringae 

transcriptome offers an insight into the molecular dialogue between host and pathogen. The P. syringae 

T3SS can suppress the entry of P. fluorescens, P. putida, and A. tumefaciens Agropine Ti plasmids into 

plants independent of the presence of the phytohormone auxin. 

 
Keywords: Bacteria, pathogen, soil microbe, infection, molecular, proteomics 

 

1. Introduction 

Bacterial plant pathogens are a serious threat worldwide. They can infect all tissues of the 

host plant, suggesting that type III secretion translocation cannot explain their lifestyle and 

that novel translocation machineries may exist, as proposed for other host-adapted bacterial 

symbionts (Dean, 2011) [36]. These pathogens use a wide range of strategies and effector 

proteins to manipulate the physiology of the host and avoid recognition by the immune 

system (Jones & Dangl, 2006) [69]. Epidemiological modeling of bacterial plant pathogens is 

an underdeveloped field, mainly due to limited availability of relevant biological data 

(Garrett et al., 2006) [52]. The number of complete genome sequences for bacterial plant 

pathogens has risen significantly. These are useful for functional and comparative genomic 

analyses but are limited to circulating strains of a pathogen (Toth et al., 2006) [131]. Thus, data 

generated from experiments with strains possessing virulence genes no longer in natural 

populations will not generate biologically relevant insights for pathogen evolution, 

adaptation, resistance, host range, or the basis of epidemiological parameters (Madden & 

Wheelis, 2003) [86]. Here these challenges are addressed by examining pathogen diversity in 

the globally disseminated bacterial plant pathogen, the causative agent of bacterial speck on 

tomato. A molecular epidemiological method to monitor the distribution of novel effector 

protein genes across strains of a pathogen is described. Effector proteins secreted by the type 

III secretion system are phytopathogen virulence factors that can be recognized by cultivar-

specific resistance gene products. The mosaicism of the small effector gene in its promoter 

region is used as a model to assess variation in this novel region among strains. 
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This is examined in a challenge experiment with a strain 

deficient in the synthesis of the endogenous effectors. 

Different prices of transcripts are produced by wild-type 

strains. 

 

2. Understanding Bacterial Pathogenesis 

Bacterial phytopathogens utilize an extensive set of 

virulence factors to modulate their plant hosts to promote 

successful pathogenesis. Ultimately, these bacteria can 

circumvent plant immune responses and overcome plant 

developmental programmes to achieve tissue maceration to 

both degrade tissue components and provide access to 

nutrients (Xin & He, 2013) [140]. A potent virulence strategy 

used predominantly by Gram-negative bacteria is to inject 

these virulence proteins into the plant cell via the type III 

secretion system (Huei-Yi Lee et al., 2013) [65]. Analysis of 

host targets and molecular mechanisms of type III effector 

proteins (effectors) has significantly expanded the 

understanding of many fundamental eukaryotic cell 

processes, including immune signalling, vesicle trafficking, 

cytoskeleton stability, and transcriptional regulation (Block 

et al., 2008) [15]. Spheroplast-based screens have been 

previously applied in yeast and plants to characterize 

Legionella and Pseudomonas effector function, and here this 

methodology was more broadly applied to identify 

molecular cellular processes targeted by diverse type III 

effectors in a range of eukaryotic species (Popa et al., 2016) 

[114]. Spheroplasts were used as a biotechnological approach 

to screen the model plant Arabidopsis thaliana. The effector 

HopM1 was found to localize to the host plasma membrane, 

stabilise microtubules and reduce actin bundling, as well as 

showing suppression of MAPK activation (Nomura et al., 

2006) [104]. Interestingly, a second structure-based screen 

conducted on Arabidopsis spheroplasts targeting 

components of the microtubule network identified an 

additional nine type III effectors that perturb this host 

cellular structure (Lee et al., 2012) [75]. Collectively, these 

results indicate that a sizeable fraction of type III effectors 

target both innate plant cellular targets and conserved 

eukaryotic cellular processes characterised here in plant and 

non-plant spheroplasts. Type III effector virulence proteins 

are groups of protein families produced by many of the most 

successful Gram-negative bacterial pathogens of animals 

and plants. Effector proteins subvert host cell processes in 

order to promote bacterial proliferation, survival and/or 

entry (Feng & Zhou, 2012) [44]. An important strategy 

employed by successful bacterial pathogens is to attack key 

intracellular host processes to allow maximal proliferation 

(Büttner & Bonas, 2010) [24]. Studies on type III effectors 

have uncovered novel components of plant cellular 

processes by first revealing these components as targets of 

effector proteins (Deslandes & Rivas, 2012) [38]. 

 

2.1 Mechanisms of Infection 

The infection process of bacterial plant pathogens by plant 

pathogenic P. syringae and R. solanacearum strains is 

essential for the construction of rational control strategies. 

Pathogens infect host plants by recognizing the leaf surface, 

multiplying on it, mainly through stomatal invasion, and 

eventually migrating to tissues where pathogenicity is 

expressed (Melotto et al., 2008) [93]. Recognition occurs 

through various mechanisms including the detection of 

nutrients derived from plants, such as amino acids (Sakata & 

Ishiga, 2023) [122]. Pathogen interactions, prokaryotic surface 

molecules or small molecular compounds secreted by the 

pathogen, or the hydrophobicity and roughness of the leaf 

surface as well as the presence of cuticle covering it may 

induce bacterial attachment or motivate secretion systems 

(Ramey et al., 2004) [116]. In the context of ongoing work, at 

least three independent mechanisms are likely to be 

involved in pathogen recognition on living leaves. 

Following recognition of the plant surface, the pathogen 

adheres to the leaf surface, where it synthesizes Bta to 

trigger larger epidermal cell chlorosis and stomata closure. 

The ability of the strain to induce stomatal closure is 

important for the elevated growth and pustulation of the 

strain on the leaf surface in vitro and is correlated with 

epiphytic growth in vivo (Underwood et al., 2007) [133]. As a 

result, the number of conidia produced is rapidly increased. 

In addition, the strains with rout3 mutants reduced the 

ability to cause symptoms after infiltrating leaves, despite 

the fact that they are not generally affected in terms of 

pathogenicity (Huei-Yi Lee et al., 2013) [65]. 

 

2.2 Host-Pathogen Interactions 

The interaction of host-pathogen has an important role in 

determining the outcome of an infection process. Plants 

have developed a suite of defenses that are activated upon 

the perception of PAMPs by their corresponding host 

proteins (Zipfel, 2009) [144]. However, plant pathogenic 

bacteria have evolved the ability to suppress these defense 

responses by the secretion of effector proteins that interact 

with host targets (Boller & He, 2009) [18]. To overcome these 

effectors, plants have R proteins that recognize one or 

several effector proteins to activate an immune response. All 

of these processes have been studied by different 

approaches, but generally from a static point of view, 

disregarding the dynamic of the process. With the 

development of computational modeling, it has become 

possible to build and analyze a system of differential 

equations that describe the dynamics of the interaction at a 

molecular level (Saile et al., 2020) [121]. For the above 

reasons, a mathematical model of interactions between host 

plants and their respective pathogenic bacteria was built to 

describe not only the immune response but also the 

influence of bacteria effectors. 

 

3. Molecular Mechanisms in Plant Pathogenesis 

The Evolution of Plant Pathogenesis: A Molecular 

Approach Emphasis on progress made in the understanding 

of the molecular basis of plant pathogenesis by 

Pseudomonas species, and to examine this in the wider 

context of what is known of the evolution of pathogenesis 

by this and other bacterial genera. Natural populations of 

Pseudomonas fluorescens and closely related species 

commonly occur as a mixture of genotypes in the same 

environment (Silby et al., 2009) [121]. In some environments, 

isolates from these populations exhibit marked differences 

in their abilities to colonize and exploit different substrates. 

One such type of isolates, denoted CF, is typically recovered 

from the rhizoplane of a range of crop plants. Despite a lack 

of obvious symptoms on the plant, CF strains appear to be 

‘biotically’ specialized to exploit ecological niches 

associated with the host plant (Mendes et al., 2013) [95]. This 

contrasts with other isolates from the same environment 

(denoted W), which colonize the same substrates as CF but 

exhibit different, minimal bacterial densities on the 

phylloplane and in the rhizosphere. CF strains generally also 
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show reduced ‘epiphytic fitness’ on inanimate surfaces, 

while colonization of some living substrates (such as the 

nematode) results in poor survival of the animal. The 

differences in substrate utilization, growth and colonization 

exhibited by CF and W types appears to result from 

restriction endonuclease profiles detected among natural 

isolates (Frapolli et al., 2012) [49]. 

 

 
 

Fig 1: Evolution of plant pathogenesis by pseudomonas 

 

Bacterial phytopathogens utilize a myriad of virulence 

factors to modulate their plant hosts in order to promote 

successful pathogenesis (Xin et al., 2018) [141]. One potent 

strategy is to inject proteins into plant cells by the type III 

secretion system. Characterizing host targets and the 

molecular mechanisms of the so-called type III effector 

proteins has broadly illuminated eukaryotic cell biology 

(Lewis et al., 2011) [77]. These effector proteins, functionally 

analogous in bacteria to neuroactive compounds in higher 

organisms, can serve as exquisite molecular probes and have 

helped illuminate a diverse array of eukaryotic cellular 

processes such as immune signaling, vesicle trafficking, 

cytoskeleton stability and transcriptional regulation (Hann et 

al., 2010) [60]. Pathogens, during the course of a 

coevolutionary struggle with their hosts, might have evolved 

effector proteins that differentially target pivotal control 

points of such processes (Mukhtar et al., 2011) [100]. An 

important strategy employed by many successful live-cell 

bacterial pathogens is to specifically attack key intracellular 

host processes to allow the maximal proliferation of the 

pathogen (Cunnac et al., 2009) [32]. Most animal and plant 

pathogens and many symbionts require a functioning type 

III secretion system for full virulence (Galán et al., 2014) 

[51]. Bacteria have evolved to harness this translocation 

system to deliver diverse virulence proteins, or effector 

proteins, directly to the host cell cytoplasm (Dean, 2011) [36]. 

Other pathogenic species of enteric bacteria can inject 

effector proteins into plant cells as well as into mammalian 

and yeast cells (Anderson et al., 2015) [4]. Unraveling 

mechanisms by which these effector proteins promote 

bacterial virulence has furthered the understanding of 

eukaryotic cell biology, a cornerstone of modern molecular 

biology (Block & Alfano, 2011) [14]. 

 

3.1 Virulence Factors 

Plant pathogenic bacteria utilize innocuous Agrobacterium 

rhizogenes and Agrobacterium tumefaciens as models, 

focusing on the effector and cyclic-di-GMP networks that 

help regulate the infection process (Nester, 2015) [103]. 

Modern agriculture faces the challenge of sustaining crop 

productivity to meet growing human populations despite 

diminishing arable land and water for irrigation (Tilman et 

al., 2011) [130]. Additionally, the land that is arable is 

becoming increasingly damaged through pollution, 

salinization, and erosion (Foley et al., 2011) [47]. The rapid 

evolution of pathogen populations, combined with 

agricultural practices that foster pathogen spread, 

exacerbates concerns (McDonald & Stukenbrock, 2016) [91]. 

Crop plants suffer from several different types of microbial 

phytopathogens, including bacteria, fungi, viruses, and 

oomycetes (Strange & Scott, 2005) [128]. Among these, 

bacteria are usually not as predominant in the field as fungal 

or oomycete pathogens, but, unlike the latter organisms, can 

spread proportionally more rapidly through irrigation water 

or in infective insect vectors (Hirano & Upper, 2000) [64]. 

Consequently, plants with bacterial infections sometimes 

need to be entirely eradicated to prevent further spread. 

More generally as a result of collective agricultural 

practices, plant pathogenic bacteria are evolving resistance 

against antibiotics at an increasing rate (Sundin & Bender, 

1996) [129]. At the same time, the application of antibiotics is 

under public scrutiny due to concerns about the emergence 

of resistant human pathogens via genetic exchange in the 

environment (Mecsas & Strauss, 1996) [92]. 

Little is currently known about the roles of cyclic-di-GMP 

signaling in the context of plant-microbe interactions 

(Römling et al., 2013) [120]. In plant plants, salt hyper-

response 1 (SHR1) protein involved in stomatal innate 

immunity against bacteria act in the concert with both 

cyclic-di-GMP signaling and effector’s secretory type III 

system (Bordiec et al., 2011) [20]. Bacterial plant pathogens, 

through the action of so-called effector proteins, can 

regulate cyclic-di-GMP levels in the host plant or host 

bacteria to facilitate the bacteria-host interaction (Hengge, 

2009) [62]. These results putatively establish regulative routes 

in bacterial plant pathogenesis where effector secretion 

systems, host plant-bacteria signal networks, and 

downstream nutritional nodule machinery converge and 

synchronize (Cross, 2008) [30]. 

 

3.2 Quorum Sensing 

With the increasing number of quorum-sensing-regulated 

processes that have been identified in bacterial pathogens, it 

is becoming evident that such systems may provide much 

greater survival and fitness advantages for pathogenic 

bacteria than previously recognized (Pawar & Lahiri, 2018) 

[110]. It has been suggested that quorum sensing might afford 

pathogens the ability to upregulate the expression of 

virulence factors only when a critical density is reached, 

thereby reducing the probability of host detection before 

expression of these factors is sufficient for successful 

infection (Antunes et al., 2010) [5]. There is also evidence in 

some systems that quorum-sensing-controlled virulence 

factors can serve as social signals that confer fitness benefits 

to other species (Abisado et al., 2018) [1]. Therefore the 

ways in which quorum sensing influences pathogenesis are 

complex, with an impact that likely extends beyond a single 

pathogen. To explore the molecular processes underpinning 

the influence of quorum sensing on pathogenicity and wider 

influences on host/pathogen/microbiome interactions: 

https://www.biochemjournal.com/
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 Consideration of the complex interkingdom signalling 

processes that are likely to contribute to quorum 

sensing control of pathogenicity (Hughes & Sperandio, 

2008) [66]. 

 Discussion of the intricate feedbacks between quorum 

sensing, motility and biofilm formation that will affect 

bacterial colonisation and establishment of the infection 

focus (Parsek & Greenberg, 2005) [109]. 

 Evaluation of the ability of small signalling molecules 

to be co-opted by higher organisms to disrupt quorum 

sensing functions in competing bacteria and potentially 

enhance colonization resistance of the epithelial 

surfaces (Hentzer & Givskov, 2003) [63]. 

 

3.3 Biofilm Formation 

Although the medical community increasingly appreciates 

the impact of biofilm infections on human health and 
disease, the prevalence of biofilm formation among plant 
and soil-associated bacteria, particularly in the context of 
pathogenesis, is vague. The aim of this review is to draw 
parallels and contrasts between the current understanding of 
biofilm formation in both pathogenic and beneficial, plant-
associated bacteria. With decades of research in anti-biofilm 
strategies as well as innovative research and advancements 
in biofilm application as beneficial tools in biotechnology 
and engineering, the bacterial plant disease community can 
rely on a wealth of knowledge as it continues to develop 
anti-virulence strategies (Flemming et al., 2016) [46]. Adding 
to this multilayered review of biofilm formation in bacterial 
plant pathogens also serve to provide unique opportunities 
that can be explored by the research community to further 
our understanding of biofilms in future microbial 
challenges. 

 

 
 

Fig 2: How to approach biofilm formation in plant-associated bacteria 
 

One forming vision among researchers is that biofilm 

architecture and development can vastly differ by species, 

potentially due to a need of accessory factors, virulence 

determinants, and ecological niches (O’Toole et al., 2000) 

[105]. This hypothesis can perhaps best be supported by 

looking at parallels between experiments investigating the 

molecular dynamics of biofilm formation. However, 

research into bacterial biofilm formation on plant dioecious 

hosts is limited and ambiguous. Only a few examples exist 

that investigate biofilm or biofilm-like consought by 

pathogenic bacteria on living plant tissues (Bogino et al., 

2013) [117]. To date, microscopic examination of biofilm 

formation by phytobacteria and the molecular “micro” 

environment of those biofilms is lacking. A current, 

noteworthy development includes the exploration of the 

regulation and maturation of biofilms formed by 

Agrobacterium tumefaciens (Gu, 2014) [58]. As suggested by 

radial structure, pcf mutant biofilms fell off, were clear and 

viscous compared to the WT. Collectivement, 

Agrobacterium tumefaciens is pathogenic to a wide variety 

of plants, relying on the expression of virulence elements 

encoded within transferred Ti plasmid for tumor formation 

(Escobar & Dandekar, 2003) [42]. One step in the 

establishment of infection is the generation of an organized 

biofilm, a function shared by disease caused by other plant-

related bacteria. Little is known regarding the regulation of 

this distinctive biofilm, or the interaction that occurs in vivo. 

4. Plant Immune Responses 

Plants are continually challenged by a variety of infectious 

agents that profoundly impact crop yields. Among these 

biotic challenges, bacterial pathogens are devastating to 

agriculture worldwide (Savary et al., 2019) [124]. The 

strategies by which bacteria cause diseases in plants are 

diverse, but typically they involve the multiplication and 

spread of the pathogen in the host tissue (Pfeilmeier et al., 

2016) [112]. During infection, plants perceive bacterial 

pathogens via the detection of microbe-associated molecular 

patterns (MAMPs) by pattern recognition receptors (PRRs) 

(Ali et al., 2024) [2]. The recognition of MAMPs triggers a 

cascade of signaling events known as pattern-triggered 

immunity (PTI) designed to reinforce basal host defenses 

(Boutrot & Zipfel, 2017) [21]. Successful colonization of a 

plant host often involves the ability of the pathogen to 

deliver effector molecules into plant cells, which suppress 

the induction of PTI or elicit susceptibility in the host (Jones 

& Dangl, 2006) [69]. The suppression of PTI enables 

bacterial pathogen entry, proliferation, and tissue spread. In 

turn, plants have evolved the ability to recognize specific 

effectors, leading to the activation of effector-triggered 

immunity (ETI) and the associated hypersensitive response 

(HR) (Cui et al., 2015) [31]. 
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4.1 Detection of Pathogens 

Introduction Although much is known and even more has 

been proposed regarding the molecular events carried out by 

microbes on plant cell signaling, the ordered mechanics and 

binding events that prompt the more advanced disease 

features are, by comparison, far less understood (Macho & 

Zipfel, 2014) [85]. To gauge future microbial threats to 

agricultural systems is to fully appreciate the superiority of 

those pathogens. The rational development of durably 

resistant crops necessitates such insights (Dangl et al., 2013) 
[33]. The lack of effective systemic controls, coupled with 

pressures to redress concerns about food security through 

commercially available breeding material, underscore the 

impetus of this discourse (Lobell & Gourdji, 2012) [84]. 

Notably, bacterial disease is far more difficult to defend 

against given the relative ease of mutation and generation 

time of bacteria as compared to their fungal and oomycete 

counterparts (McCann et al., 2017) [89]. Understanding the 

molecular dynamics at the interface of host tissue infection 

will likely inform the design of novel and more robust 

defensive strategies. While many specific systems required 

for attenuation have yet to be characterized, this review 

assembles what is known about, or proposed for, the 

bacterial macromolecules and their presumed host 

counterparts with which the infecting microbe operates. 

 

4.2 Signal Transduction Pathways 

A series of molecular interactions mediate the pathogenesis 

of Pseudomonas syringae pv. tomato in the host plant 

Arabidopsis thaliana. The model presented focuses on a 

hierarchical view of virulent gene expression during 

pathogenesis, with salicylic acid signal regulation serving as 

a nodal point. The stealth phase of infection involves 

extracellular perception of the host plant by the bacteria. 

Recognition of specific host-derived proteins, along with 

water and cytoplasmic molecules, results in derepression of 

avrPto and corresponding up-regulation of HrpL-regulon 

expression (Lin & Martin, 2005) [81]. The effector protein 

AvrPto suppresses the HR and results in replication-

competent plant-associated bacteria.  

 

 
 

Fig 3: Pathogenesis and resistance in plant-pathogen interaction 

 

Host-derived phenolics are perceived by the bacteria and, in 

an intact host plant, result in a two-part signal transduction 

element. This leads to increased expression of Prf-AvrPto 

and expanded hrp gene expression. The former results in 

Pto-dependent hrp gene expression while the latter results in 

Pto-independent expression. The signal transduction 

pathway mutes these processes such that mutant plants 

refractory to signaling are unable to down-regulate the 

pathogen response (Li et al., 2002) [80]. Bacterial resistance 

to the signal is negatively regulated by the AvrPto protein. 

Early in the interaction, signal is possibly induced by 

bacterial infection (Block et al., 2010) [16]. In mature leaves 

AvrPto (when overexpressed) increases accumulation such 

that the bacteria must rapidly down-regulate Prf-AvrPto 

activity to avoid a monk-like disease resistance response 

(Lin et al., 2006) [82]. 

4.3 Defense Mechanisms 

Bacterial plant pathogens are a challenge to agriculture and 

have become the focus of intense interdisciplinary research 

by physicists, biologists, and mathematicians (Garrett et al., 

2011) [53]. The molecular basis of bacterial pathogenesis has 

been characterized, highlighting the roles of adhesins and 

effector proteins in attacking plant host cells (Melotto et al., 

2017) [94]. However, there is less understanding of the 

biophysical mechanics of this interaction, specifically how 

bacteria physically distort the plant cell and manipulate the 

host actin machinery to invade the cell, kill it, and traverse 

to neighboring cells (Day et al., 2011) [34]. Here, we review 

progress in understanding the biophysical basis of bacterial 

plant pathogenesis and the open questions that remain, 

whilst emphasizing the challenges in this field and the 

approaches required to solve them. Volumetric growth in 
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the infected cell and the ability of bacteria to colonize plant 

tissue leads to overflowing of the bacterial population 

(Cunnac et al., 2011) [32]. Bacterial colonization is thus 

hindered by the physical restriction of the cell wall to 

bacterial invasion, expansion, and growth. Nonetheless, 

successful pathogens interfere with and distort the host cell 

wall structure, mainly by the secretion of an arsenal of plant 

cell wall-degrading enzymes directed at either dissolving 

cellulose and other polysaccharides directly or processing a 

cascade of cellular enzymes involved in restructuring the 

cell membrane (Kubicek et al., 2014) [73]. In turn, plants 

activate multiple defense mechanisms that reinforce and 

chemically enhance the cell wall, thus further hampering 

degradation (Bellincampi et al., 2014) [12]. 

 

5. Genetic and Genomic Insights 

Recent advances in the genetic and genomic bases of sugar 

beet-pathogen interactions have been made in recent years. 

Several candidate susceptibility genes are involved in sugar 

beet-CIRAD124 interactions. Only 1 candidate resistance 

gene has been described in sugar beet so far; Bvbn has been 

mapped on chromosome 6S and is effective against powdery 

mildew caused by E. betae (Grimmer et al., 2007) [57]. The 

molecular genetic pathway of sugar beet-BpvC105 

interaction has been analyzed (Funk et al., 2018) [50]. 

Furthermore, the structures and transcript patterns of the 

effector genes of ABC of A. candida in infected Arabidopsis 

rosette leaves at 7 d.p.i. have been clarified (Imam et al., 

2016) [67]. NGS analyses uncovered nearly 10% of ABC 

effector genes. As more plant and pathogen genomes are 

sequenced, a bioinformatical approach will be helpful for 

identification of more effector genes in the phylum 

Oomycota (Baxter et al., 2010) [11]. The defense response 

triggered by these avirulence genes in sugar beet has been 

demonstrated (De Coninck et al., 2015) [35]. For SNP calling 

in metabolism reconstruction the tolerance of incomplete 

gene correspondences between query and reference database 

has been increased (Overmars et al., 2015) [106]. Close 

species with better conserved gene correspondences were 

tested for reconstruction of H. vulgare ssp. vulgare 

metabolism (Mascher et al., 2017) [88]. The translation 

required steps have been parallelized to reduce the overall 

computation time and memory usage (Langmead & 

Salzberg, 2012) [74]. An optimized BLAST search has been 

engineered to accommodate the large number of search 

sequences arising from metabolites, reactions, and genomic 

annotations (Camacho et al., 2009) [26]. 

 

5.1 Genome Sequencing 

Sequencing of bacterial pathogenesis will be taking the 

theme of molecular genetics, more specifically focusing on 

the molecular process of plant pathogenic bacteria to elicit 

disease on host plants. The foundation of genetics is the 

primary tool to understand gene functions and their 

molecular rules fundamentally (Salmond & Hogenhout, 

2019) [123]. The subject of bacterial genome sequencing, 

annotation, and evolution, fittingly bacterial plant 

pathogenicity, are among the latest topics in the very 

frontiers of molecular genetics. Microbial pathogens have 

only been severely screened by phenotypic analysis in their 

interactions with eukaryotic hosts.  

 

 
 

Fig 4: unveiling bacterial pathogenesis through genomics 
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In this era of genomics, gathering sequence information on 

the whole genomes of pathogenic bacteria now permits a 

high-throughput search over sets of virulence factors (Toth 

et al., 2006) [131]. Meanwhile, bioinformatics works have 

elucidated the fine “cryptic” code of genetic information 

carried over into genome sequences, e.g. gene prediction, 

−10, −35 boxes, cis-antisense RNA and argU (Donkor, 

2013) [39]. Promoters/transcription factors, signal peptides, 

recombination hotspot, porin families and phagemid is also 

a small range of genetic gussies never thought before in the 

pre-genomic age. However, the recent genetically 

summarized progresses on bacteria-perpetuating 

phytopathogenicity are almost still within Darwin’s notion 

(McDonald & Linde, 2002) [90]. 

 

5.2 Gene Expression Analysis 

Bacteria are well known for their ability to adapt and grow 

in a wide range of environments, both in natural ecosystems 

and in the context of human activities (Pallen & Wren, 

2007) [107]. In the biosphere, they are primary decomposers 

of plants, capable of recapturing a vast array of carbon-and 

nitrogen-containing compounds by means of hydrolysis, 

digestion and catabolism; however, a number of plant 

pathogenic bacteria across the phylum Proteobacteria cause 

disease, substantially impacting food production globally 

(Mansfield et al., 2012) [87]. The molecular mechanisms of 

plant colonization and development of these bacteria are 

complex, involving the coordinated expression of many 

genes and metabolites in response to changing 

environmental conditions (Rico et al., 2011) [119]. This 

Review discusses the genetic changes and regulation that 

occur in bacteria during plant infection, covering signal 

perception, secretion systems, gene regulation, plant cell 

wall degrading enzymes and virulence factor delivery. It 

illustrates a number of bacterial phytopathogenesis concepts 

through examples of differential gene expression, protein 

and secondary metabolite production by a heterogenous 

group of distantly related bacteria (Fan et al., 2020). 

Bacterial soft and wilting diseases of plants are some of the 

best-known diseases, representative of diverse 

pathovars/species of phytopathogenic bacteria (Charkowski, 

2015) [28]. 

 

5.3 Comparative Genomics 

Population genomics revealed additive and replacing 

horizontal gene transfers, respectively, leading to a high 

level of foreign DNA in the genome that largely caused 

replacement of indigenous regulatory genes and virulence 

factors and subsequently contributed to the elicitation of 

niche adaptation and systemic colonization processes 

(Ravenhall et al., 2015) [118]. The galU gene of Xanthomonas 

campestris pv. campestris is involved in bacterial cell 

attachment and cell motility, polysaccharide biosynthesis, 

virulence, and tolerance to various abiotic stress, including 

heavy metals and bactericides (Li et al., 2014) [78]. 

Comparative genomics of the pangenome, core genome, 

regulative core genome, and panregulon of D. solani 

combining a newly sequenced genome of a highly virulent 

strain IFB0099 and the previously sequenced weakly 

virulent IPO2254 were carried out (Golanowska et al., 

2018) [56]. The major objective was to gain an extended 

insight into the evolution of this recently emerged species.  

 

6. Proteomics and Metabolomics 

The term ‘biotic interactions’ embodies mutualistic or 

antagonistic reciprocal effects between organisms. Plant-

associated microbiota includes some pathogens that can 

provoke a wide range of diseases (Berendsen et al., 2012) 

[13]. Despite great advances in crop protection strategies 

during the Green Revolution, plant disease control is still a 

challenge (Pingali, 2012) [113]. Indeed, in the last few 

decades, prevalence of plant diseases has increased due to 

changes in ecological conditions (Anderson et al., 2004) [4]. 

Gaining a deeper knowledge of the molecular dynamics of 

the host-pathogen interaction is essential to help 

understanding microorganism population and how to limit 

the broad spread of virulence factors (Balotf et al., 2022) [8].  

 

 
 

Fig 5: Unveiling plant-microbe interaction 
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Microorganisms occasionally encounter different stresses, 

including the competition for nutrients, and need to navigate 

through host colonization (Vorholt, 2012) [137]. For an 

extensive comprehension of diseases’ occurrence, a 

significant attention has been recently devoted to the 

‘omics’ sciences. Among these, Special Issue papers cover 

various aspects of the wide multi-omics sciences explosion 

as potent instruments to disentangle the mechanisms of plant 

defense and microorganism pathogenesis (Crandall et al., 

2020) [29]. ‘Omics’ technologies are powerful means to 

deepen knowledge of the complexity of the biological 

systems’ dynamics. More than that, they offer a unique 

opportunity to explore the molecular components and 

mechanisms that underlie observed phenotypes and 

responses to external stimuli through the unbiased analysis 

of gene expression, proteins and metabolites quantification 

(Jayaraman et al., 2012) [68]. 

6.1 Protein Profiling 

Plant disease caused by bacterial infection is a major threat 

to numerous crops (Strange & Scott, 2005) [128]. To attack, 

evade, and colonize the relatively advanced immune system 

of the host plants, pathogens employ a variety of bacterial 

virulence factors, such as type III secretion system, secreted 

and extracellular proteins, and effector proteins (Büttner & 

He, 2009) [25]. Although hundreds of different effectors have 

been discovered and even functionally verified in the lab, 

the plant immune system is even more redundant (Feng & 

Zhou, 2012) [44]. A number of other, as yet unknown, 

effector proteins might be caught by plants now or in the 

coming years. Consequently, unique tools and innovations 

will be critical to elucidate the strategies used by the 

aforementioned complex group of potential pathogens to 

regulate disease within crops (Misra et al., 2016) [97]. 

 

 
 

Fig 6: Unveiling plant-bacterial interaction 
 

In this sense, systems biology approaches have the potential 

to provide a broader view. Integrated studies employing 

many biological and computational methodologies on 

complex properties provide the context for understanding 

the robust behaviors and properties of the observed biology 

(Kitano, 2002) [70]. In their case, translating the infection 

from bacterium’s or plant’s view to mechanistic study of a 

network of the plant and bacteria component at the system 

level may facilitate solutions to handle that artificially 

(Peyraud et al., 2017) [111]. Unique and unexpected results of 

system level modeling may never be anticipated or solely 

deduced via experimentation, and hence modeling and 

simulations provide a critical method for addressing the 

highly complex problem of plant disease (Pritchard & Birch, 

2011) [115]. 

 

6.2 Metabolic Pathway Analysis 

Given the increasing need for novel antimicrobial 

compounds to face the growing problem of antibiotic 

resistance, it is important to pinpoint the molecular 

mechanisms that drive the development of successful 

bacterial pathogenesis (Ventola, 2015) [136]. The capacity of 

the plant pathogen, Pseudomonas syringae, to actively infect 

host plants, such as Arabidopsis thaliana, provides a good 

opportunity for an investigation of the molecular basis of 

bacterial pathogenesis (Xin & He, 2013) [140]. Plant 

pathogenic bacteria and non-pathogenic control bacteria 

inoculated on Arabidopsis plants were analyzed by a 

combined mass spectrometry-based metabolomic and 

proteomic approach (Pang et al., 2020) [108]. This 

investigation revealed over-accumulation of infection-

related bacterial proteins in inoculated leaves as well as 

general metabolic shifts caused by P. syringae. These results 

show the power of an integrated ‘omics’ approach to dissect 

translated molecular events in plant-bacterium interactions 

(Mishev et al., 2021) [96]. By taking an integrated approach 

at the proteomic and metabolomic levels, the molecular 

mechanisms involved in bacterial pathogenesis and defense 

mechanisms of host plants could be revealed (Allwood et 

al., 2008) [3]. Furthermore, detailed analysis of the multi-

faceted transcriptional, post-transcriptional, post-

translational and metabolic levels in both host and pathogen 

would not be readily achievable (Feussner & Polle, 2015) 

[45]. 

 

7. Environmental Influences on Pathogenesis 

The study of the plant-pathogenic bacterium Pseudomonas 

syringae, the most important model pathogen for the study 

of bacterial plant disease, has allowed significant progress in 

the understanding of the molecular basis of disease in the 

plant host (Xin et al., 2018) [141]. Most of the characterized 

molecular determinants of pathogenicity contribute to the 
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survival in the host, suppression of host immunity and to 

generation of conducive conditions to bacterial growth 

(Melotto et al., 2008) [93]. Yet, very little is known about 

how these pathogens survive outside of their host plants and 

how they escape the immune systems (immune-genes) that 

must be present in or on non-host plants (Morris et al., 

2019) [99]. Understanding the molecular bases of the ecology 

of plant pathogen bacteria in the environment should not 

only contribute to elucidate the hands of nature outside of 

host plants but would also help to understand important 

aspects of bacterial evolution and potentially to develop new 

strategies for the prevention or control of bacterial plant 

disease (Hirano & Upper, 2000) [64]. This document outlines 

a proposed experimental system for the study, and the 

molecular bases, of the survival of the bacterium 

Pseudomonas syringae in alternative hosts and non-host 

plants or in the presence of potential predators, using a 

combination of genetic analysis and recently developed 

molecular techniques (Monteil et al., 2016) [98]. This 

document, framed into the long-term goal of understanding 

the ecology of phytopathogenic bacteria under natural 

exposure, outlines the rationale and methodology for a 

project that will study how Pseudomonas syringae survives 

in the phyllosphere when exposed either to alternative host 

plants, to non-host plants or to the epiphytic bacterial 

community, including predators. Host ranges of P. syringae 

are typically restricted to a limited set of closely related 

plants (Dorati et al., 2018) [40], and a rich literature 

documents the set of compatible and incompatible 

interactions (as well as the genetics thereof) between this 

bacterium and its set of host plants (Baltrus et al., 2017) [9]. 

 

7.1 Soil Microbiome Interactions 

In future scenarios due to increasing competition for scarce 

resources, there will be a need to optimize resource use 

(Foley et al., 2011) [47]. Towards achieving this, it will be 

very important to better understand and model the soil 

microbiome, which is a crucial aspect to many situations 

related to plant health and successful growth (Berendsen et 

al., 2012) [13]. Indeed, the microbial community that 

colonizes the soil surrounding a given plant has been found 

crucial towards successful pathogenesis (Imam et al., 2016) 

[67]. Typically, it has been observed that certain pathogenic 

bacteria can only become pathogenic if assisted, or because 

of competitive inhibition by some other closely related non-

pathogenic bacteria (Mendes et al., 2013) [95]. The 

phenomena were shown by using different pathovars, with 

the competitive inhibition being prevalent for strains of 

different pathogenicity (Haas & Défago, 2005) [59]. 

Nonetheless certain soil bacteria cannot productively 

colonize plant roots, as the plant in question exerts a strong 

and effective defense against these soil microbes (Bais et 

al., 2006) [6]. This soil defense has previously been 

overlooked in bacterial infectious rulesets. This work 

considers the dynamics of the bacterial plant pathogenesis 

and modeling approaches to tackle future microbial 

challenges, when the soil microbiome can exert a strong 

effect on the pathogenicity-success of the bacterium 

(Bulgarelli et al., 2013) [23]. 

 

7.2 Climate Change Effects 

A sound plant is one that is compatible with its ecosystem, 

now and in the future (Trivedi et al., 2020) [132]. A reasoning 

that forecasts the effects of the slow processes of infection, 

whatever the infecting organism, and explains the 

generation of tissues and the production of cues for infection 

(Velásquez et al., 2018) [135]. These cues are likely to extend 

well beyond the plant surface to the plant as a whole and in 

blended interaction with the environmental conditions and 

the incipient microflora (Chakraborty & Newton, 2011) [27]. 

A use of the molecular genetics of both host and pathogen to 

tease apart the components of aggressiveness and resistance, 

and to detail the biotic and abiotic determinants of those 

genetics (Dendy et al., 2006) [37]. A fusion of genomics and 

environmental cell biology that will test this reasoning 

through modeling infection and disease processes at the 

cellular, organ and whole plant levels in order to maximize 

disease resistance with minimal deleterious secondary 

effects (Garrett et al., 2006) [53]. 

 

8. Emerging Technologies in Pathogen Research 

During Wu’s era of 2003−2016, the 1st generation green 

revolution, the scientific community runs a full barrel to 

tackle the then pathetic situation in pathogenic disaster 

(Pingali, 2012) [113]. In retrospect, a significant progression 

has been made in the molecular dynamics of bacterial plant 

pathogenesis (Mansfield et al., 2012) [87]. Diverse 

technologies like rapid TILLING, next-generation 

sequencing, rice differential protein database, lignin self-

synthesis responsive melanin synthesis mimics, qRT-PCR 

microarray combined with RNA-seq, integrated systems 

biology analysis have been employed in varied aspects of 

disease resistance and virulence studies (Wang et al., 2016). 

Such as the coevolution between Xanthomonas oryzae pv. 

oryzae and rice pathogenicity-related gene OsTF2L1, a 

bacterial virulence-related E3 ubiquitin ligase, gene 

expression profile differences between a compatible and an 

incompatible interaction revealed by qRT-PCR microarray 

combined with RNA-seq, bacterial virulence-related 

proteins of Xanthomonas oryzae pv. oryzae, the defense-

response between rice and X. oryzae pv. oryzae, virulent 

RTD of X. oryzae pv. oryzae, etc. (Li et al., 2017) [79]. But 

scientific experts are not to panic, the crop microbe faction 

remains one step ahead (Dangl et al., 2013) [33]. Some 

emerging technologies as well prospects, hopefully can help 

to navigate through the coming microbial challenge. 

 

8.1 CRISPR and Gene Editing 

Bacterial plant pathogens are a major and constant threat to 

crop production and food security on a global scale (Savary 

et al., 2019) [124]. They develop sophisticated strategies to 

invade hosts, suppress host defense, and thrive within host 

environments (Xin et al., 2018) [141]. Among the multitude of 

strategies utilized by these organisms, Type III protein 

secretion systems play a fundamental role in pathogenesis. 

Type III protein secretion systems are widely utilized by 

gram negative pathogens to deliver effector proteins into the 

plant cells (Galán et al., 2014) [51]. Subsequent interactions 

between these effectors and plant host proteins are crucial in 

determining overall pathogenic success (Feng & Zhou, 

2012) [44]. Bacterial plant pathogens often deliver dozens of 

effector proteins into plants. It is a complex challenge to 

understand the molecular basis of these multiple 

interactions, which involve a plethora of different pathogen 

and host proteins (Mukhtar et al., 2011) [100]. Researchers 

have shown that many effector proteins interact with host 

proteins in a detrimental way that favors pathogen success 

(Deslandes & Rivas, 2012) [38]. A deeper understanding of 
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these interactions would open the way for the improvement 

of crop plants. Conversely, host plants can also recognize 

these effector proteins and activate a defense response 

(Jones & Dangl, 2006) [69]. In the last decade, researchers 

have identified a large number of plant resistance genes that 

confer recognition of specific pathogen effectors and initiate 

a strong immune reaction called effector-triggered immunity 

(Cui et al., 2015) [31]. The recognition of these effectors by 

the host plants is based on a physical interaction between the 

effector and a host recognition protein. Understanding the 

molecular details of these interactions is crucial for breeding 

crops that are resistant to the bacterial pathogens (Zhang et 

al., 2015) [143]. 

 

8.2 Nanotechnology Applications 

Current advancement in the science field has proven 

innovations in the field of nanotechnology to be one of the 

most upcoming areas (Shang et al., 2019) [126]. Planters are 

always searching for new technologies to combat plant 

diseases to safeguard plants and enhance agricultural 

productivity (Elmer & White, 2018) [41]. The hazardous 

effects on plants are caused by bacterium, fungus, and virus 

(Strange & Scott, 2005) [128]. New technologies have been 

developed to combat the above problems such that food 

quality and quantity can be ensured (Servin et al., 2015) [125]. 

Plant pathogen, a bacterium, is a major threat to the 

cultivation of various agricultural and horticultural crops 

(Mansfield et al., 2012) [87]. The most valuable products of 

plants are vegetable, fruits, and flowers. Bacterial wilt 

disease of brinjal is caused by Ralstonia solanacearum 

(Genin & Denny, 2012) [54]. This disease leads to 

establishment and growth of bacteria in several parts of 

plant and the bacteria block the water conducting tissue cells 

(Yuliar et al., 2015) [142]. 

 

9. Management Strategies for Plant Pathogens 

The ongoing global population increase, supplemented by 

climate change, demands a need for a sustainable 

improvement of food security (Godfray et al., 2010) [55]. 

Consequently, plant breeding practices are coupled with 

challenges, such as the gradual appearance of imminent 

populations of pests and pathogens (Savary et al., 2019) [124]. 

Over the past two decades, detailed analyses of single 

proteins and protein-ligand or protein-protein complexes in 

atomic detail have been utilized (Baron & Fraser, 2013) [10]. 

A great variety of recent applications of this investigational 

molecular biology tool are presented here, including protein 

and DNA engineering, along with the analysis of these 

nano-machines of cellular life-the ribosome and polymerase 

(Wilson & Doudna Cate, 2012) [139]. The favorable future 

prospects of these methodologies are discussed in the 

context of the currently established and anticipated 

computational approaches (Peyraud et al., 2017) [111]. 

 

9.1 Chemical Control Measures 

Phytopathogenic bacteria are sometimes so aggressive as to 

cause the death of the infected plant (Strange & Scott, 2005) 

[128]. Pathogen-plant interactions have been reported as 

useful for understanding biological issues in disease 

development, as well for envisaging novel biotechnological 

strategies for enhancing plant resistance (Jones & Dangl, 

2006) [69]. Investigations on the molecular bases of pathogen 

lifestyle can provide important and practical information 

about how virulence is exerted, leading, for example, to the 

design of plant selectable virulence-deficient strains by 

genetic manipulation of climatically important pathogeniler 

combinations of crop species and bacterial strains 

(Bonaterra et al., 2022) [19]. Approval of the large-scale 

release of genetically modified organisms inhibits the 

infection processes initiated by phytopathogens (Klümper & 

Qaim, 2014) [71]. The importance in the molecular basis of 

virulence has increased. 

 

9.2 Biological Control Agents 

Biological control of plant diseases, i.e., the use of 

beneficial micro-organisms to protect plants from pathogen 

infections, is considered an environmentally friendly 

alternative to the application of chemical pesticides (Haas & 

Défago, 2005) [59]. A large number of bacteria present in 

plant tissues and on the plant surface are able to compete 

with and antagonize pathogens (Berendsen et al., 2012) [13]. 

These epiphytic bacteria can be potentially exploited for 

plant disease protection by introducing selected strains into 

a crop to outcompete the pathogen on the plant surface 

(Vorholt, 2012) [137]. Successful colonization of the plant 

phyllosphere, which includes the leaf as well as the non-

lignified parts of the stem and fruit, is limited to certain 

bacteria (Lindow & Brandl, 2003) [83]. Thus, epiphytic 

bacteria are described mainly as a subset of the phyllosphere 

and are mostly restricted to the leaf surface. While the 

phyllosphere represents the aerial part of plants, the 

rhizosphere and the phyllosphere concurrently form the 

holosphere, which represents the connected plant 

compartments (Bulgarelli et al., 2013) [23]. The phyllosphere 

provides a nutrient-rich environment that selects for a 

specific bacterial community in which each species occupies 

its own ecological niche (Müller & Ruppel, 2014). Plant 

leaves are characterized by the production of leachates, 

which are a major nutrient source for epiphytic bacteria in 

the phyllosphere (Leveau & Lindow, 2001) [76]. 

 

9.3 Integrated Pest Management 

Integrated pest management (IPM) is today a widely 

accepted pest management strategy to select and use the 

most efficient control tactics and at the same time reduce 

over-dependence on chemical insecticides and their 

potentially negative environmental effects (Kogan, 1998) 

[72]. One of the main pillars of IPM is biological control 

(Bale et al., 2008) [7]. Over 70% of the IPM programs 

developed since 1970 in the United States and involving 

more than 900,000 hectares of crops, rely heavily on 

biological control (Francis et al., 2020) [48]. The program 

enlarges each year in the sense that it covers an increasing 

number of crops and pests, and improved natural control of 

the main target pest results from lower use of broad-

spectrum insecticides (Naranjo et al., 2015) [102]. Biological 

control programs of pest insects, however, have historically 

been and are still today commonly based on natural enemies 

such as predatory insects, parasitoids and microbial 

pathogens (van Lenteren et al., 2018) [134]. A large fraction 

of available research effort focuses on the behavior or the 

adaptation of the biocontrol agent to better exploit its 

efficacy in the fields (Heimpel & Mills, 2017) [61]. With 

respect to these targets of research new high-throughput 

screening techniques turn out to be quite efficient-molecular 

methods for the identification of plant-associated microbial 

communities form a powerful tool (Rastogi et al., 2013) [17]. 
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High levels of endemism are frequent in microorganisms 

isolated from plants (Bulgarelli et al., 2012) [22].  

 

13 Conclusion 

The decades following T-DNA and Agrobacterium 

tumefaciens research have witnessed a broad advancement 

in understanding the molecular dynamics of bacterial plant 

pathogenesis. Henceforward, the research gives insights into 

emerging works studying widely diverse microbes and 

nematodes intimately interacting with plants, fungi both 

mutualistic and antagonistic, and insect vectors, which are 

reviewed to illustrate the supplementarity, if not homology, 

of animal and plant pathogenesis approaches upshot. The 

developments and efforts to investigate both well-adapted 

bacteria such as hemibiotrophic acidovoricans and the 

economically damaging agrobacteria, rhizobia, 

xanthomonads, and pseudomonads are highlighted, focusing 

on how pathogenesis research might successfully consort 

this wide-ranging understanding of prokaryotic hosts, 

symbiont and pathogen alike, within evolving plant-related 

landscapes. Finally, the question is raised of how 

pathogenesis research might contribute to biocontainment 

answers in the increasing application of engineered 

microorganisms. This indicates is that over future decades, 

plants would be subject to unprecedented microbial 

challenge, including designed microbes. In return, 

engineered plants and engineered ecosystems may depend 

on this capacity for survive and interact in new ways with 

pathogens, mutualists and parasites (Imam et al., 2016) [67]. 
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