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15 Abstract 

16 Understanding the intricate interplay between plants and bacteria is paramount for elucidating 

17 mechanisms of immunity and disease. This review synthesizes current knowledge on the role of 

18 flagella in bacterial motility and host recognition, shedding light on the molecular mechanisms 

19 underlying plant immunity and bacterial pathogenicity. We delve into the sophisticated signaling 

20 network of plants, highlighting the pivotal role of pattern recognition receptors (PRRs) in 

21 detecting conserved molecular patterns known as microbe-associated molecular patterns 

22 (MAMPs), with a particular focus on flagellin as a key MAMP. Additionally, we explore recent 

23 discoveries of solanaceous-specific receptors, such as FLAGELLIN SENSING 3 (FLS3), and 

24 their implications for plant defense responses. Furthermore, we examine the role of bacterial 

25 motility in host colonization and infection, emphasizing the multifaceted relationship between 

26 flagella-mediated chemotaxis and bacterial virulence. Through a comprehensive analysis of 

27 flagellin polymorphisms within the genus Xanthomonas, we elucidate their potential impact on 

28 host recognition and bacterial pathogenicity, offering insights into strategies for developing 

29 disease-resistant crops. 

30 This review is intended for professionals within the fields of Crops Sciences and Microbiology. 

31 

32 Introduction 

33 The intricate dance between plants and bacteria represents a constant battle for survival, shaped 

34 by millennia of coevolutionary dynamics. At the heart of this complex interrelation lies the 

35 recognition of conserved molecular patterns known as microbe-associated molecular patterns 

36 (MAMPs) by pattern recognition receptors (PRRs) on the host cell membrane (Saijo et al., 2018; 

37 Zipfel et al., 2004). This fundamental mechanism serves as the cornerstone of the plant immune 

38 system, orchestrating a rapid and robust defense response upon detection of potential microbial 
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39 invaders. Among the diverse array of MAMPs, flagellin, a structural component of bacterial 

40 flagella, stands out as a potent elicitor of immune responses in plants. 

41 Studies over the past decades have illuminated the pivotal role of flagellin in initiating pattern- 

42 triggered immunity (PTI), the first line of defense mounted by plants against invading pathogens. 

43 The landmark discovery of the pattern recognition receptor FLAGELLIN SENSITIVE 2 (FLS2) 

44 in Arabidopsis thaliana marked a significant breakthrough in our understanding of flagellin 

45 perception in plants (G6mez-G6mez and Boller, 2000; Zipfel et al., 2004). FLS2, a leucine-rich 

46 repeat transmembrane receptor, serves as the sentinel for detecting the presence of flagellin in 

47 the plant environment, triggering a cascade of immune responses, including the generation of 

48 reactive oxygen species (ROS), modulation of host gene transcription, and activation of mitogen- 

49 activated protein kinase (MAPK) cascades (Asai et al., 2002; Jones and Dangl, 2006; Torres et 

50 al., 2002; Zhang and Klessig, 2001). 

51 

52 Building upon this foundational discovery, recent studies have unveiled the existence of 

53 solanaceous-specific receptors, such as FLAGELLIN SENSING 3 (FLS3), which recognize 

54 distinct epitopes of flagellin and contribute to plant defense responses (Cai et al., 2011; Hind et 

55 al., 2016). The identification of FLS3 in tomato (Solanum lycopersicum), potato (Solanum 

56 tuberosum), and pepper (Capsicum annuum) plants has have broadened our understanding of the 

57 diversity of plant immune recognition systems and underscored the complexity of host-pathogen 

58 interactions (Roberts et al., 2020). 

59 

60 In parallel, research efforts have elucidated the pivotal role of bacterial motility, facilitated by 

61 flagella, in mediating host colonization and infection. Bacteria employ flagella to navigate 

62 gradients of chemoattractants, enabling efficient recognition and colonization of host plants 

63 (Scharf et al., 2016). The convoluted interplay between flagellar-mediated chemotaxis and 

64 bacterial virulence highlights the multifaceted nature of host-pathogen interactions, with motility 

65 often serving as a determinant of pathogen fitness and pathogenicity (Josenhans and Suerbaum, 

66 2002; Ottemann and Miller, 1997). 

67 

68 Drawing upon insights from these diverse fields of research, this review aims to provide a 

69 comprehensive overview of the dynamics of flagella and bacteria in the context of host-pathogen 

70 interactions. We delve into the molecular mechanisms governing flagellin recognition in plants, 

71 explore the role of bacterial motility in host colonization and infection, and examine the 

72 implications of flagellin polymorphisms in bacterial pathogenicity, with a particular focus on the 

73 genus Xanthomonas. By synthesizing current knowledge and highlighting key research findings, 

74 it is aimed to shed light on the labyrinthine dynamics between flagella, bacteria, and host plants, 

75 offering insights into strategies for enhancing plant immunity and mitigating agricultural losses. 

76 

77 Survey methodology 
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78 Various methods are utilized to search for relevant articles. One common approach involves 

79 using keywords on popular platforms such as Google Scholar. Keywords like "Xanthomonas," 

80 "flagella," "FLS2," "FLS3," "pathogenicity," "MAMP," and "PRR" are commonly used to refine 

81 the search and focus on specific areas of interest. The search is further refined by adjusting the 

82 keywords to tailor the search results to the desired topic. Only articles written in English are 

83 considered. 

84 

85 Once a substantial number of articles are gathered, their abstracts are reviewed to determine their 

86 suitability for inclusion in the review process. Articles that significantly contribute to the 

87 research subject are selected for further review. 

88 

89 Additionally, cross-references are explored by examining papers with notable research 

90 contributions to identify additional relevant sources. 

91 

92 Flagella and Bacterial Motility 

93 Bacterial motility, facilitated by flagella, represents a fundamental strategy for bacterial 

94 colonization, dissemination, and infection in the plant environment. Flagella, intricate whip-like 

95 appendages protruding from bacterial cells, serve as molecular propellers, enabling bacteria to 

96 navigate through complex environmental gradients with remarkable precision (Berg, 2003). The 

97 dynamic rotation of flagella propels bacteria through diverse habitats, ranging from liquid media 

98 to solid surfaces, facilitating their exploration and exploitation of ecological niches (Berg and 

99 Brown, 1972). 

100 

101 Chemotaxis, the directed movement of bacteria in response to chemical gradients, plays a pivotal 

102 role in guiding bacterial motility towards favorable environments (Wadhams and Armitage, 

103 2004). Bacteria possess sophisticated chemosensory systems that allow them to detect and 

104 respond to a wide range of chemical cues present in their surroundings. Chemoattractants, such 

105 as nutrients, amino acids, and organic acids, serve as signals for bacterial navigation, guiding 

106 them towards nutrient-rich microenvironments conducive to growth and proliferation 

107 (Hazelbauer et al., 2008). 

108 

109 Flagellar-mediated chemotaxis enables bacteria to locate and colonize host plants, exploiting 

110 nutrient-rich niches provided by root exudates and leaf surfaces (Scharf et al., 2016). Soil-borne 

111 bacteria, such as rhizobia and plant growth-promoting rhizobacteria (PGPR), utilize flagellar 

112 motility to navigate towards plant roots, initiating symbiotic interactions or establishing 

113 beneficial associations with host plants (Bashan et al., 2004). Additionally, foliar pathogens, 

114 including members of the genus Xanthomonas, employ flagella to move across leaf surfaces, 

115 facilitating the initial stages of host colonization and infection (Ottemann and Miller, 1997). 

116 



Manuscript to be reviewed 

PeerJ reviewing PDF | (2024:04:99864:2:0:NEW 1 Sep 2024) 

 

 

117 Once bacteria successfully reach their plant hosts, they employ a variety of strategies to infect 

118 and colonize the plant tissues. Foliar pathogens like Xanthomonas species use their flagella not 

119 only for movement but also to penetrate plant surfaces and establish infection. This involves the 

120 secretion of effector proteins via a type III secretion system, which suppresses plant immune 

121 responses and facilitates bacterial invasion (Buttner and Bonas, 2010). Root-associated bacteria 

122 like Pseudomonas fluorescens and Pseudomonas syringae utilize similar mechanisms to infect 

123 root tissues, leading to diseases such as root rot and vascular wilt (Preston, 2004). 

124 

125 The ability of bacteria to switch between different modes of motility, such as swimming and 

126 swarming, further enhances their adaptability to diverse environmental conditions (Kearns, 

127 2010). Swimming motility, characterized by flagellar-driven movement in liquid media, allows 

128 bacteria to explore and colonize aqueous habitats, whereas swarming motility enables rapid 

129 surface colonization through coordinated flagellar movement on semi-solid surfaces (Kearns and 

130 Losick, 2003). Swarming motility, in particular, has been implicated in the early stages of 

131 bacterial infection, facilitating the efficient dissemination of pathogens across host surfaces 

132 (Kearns, 2010). 

133 

134 Flagellar motility also plays a critical role in biofilm formation, a complex process involving the 

135 coordinated attachment, aggregation, and maturation of bacterial communities on biotic or 

136 abiotic surfaces (Costerton et al., 1999). Bacteria utilize flagella to initiate surface attachment 

137 and explore microenvironments conducive to biofilm formation, eventually transitioning to 

138 sessile lifestyles characterized by matrix production and community development (Kearns, 

139 2010). The formation of biofilms enhances bacterial survival and persistence in the environment, 

140 providing protectiontecting against environmental stresses and antimicrobial agents (Hall-Stoodley et 

141 al., 2004). 

142 

143 Infection establishment and persistence are often facilitated by biofilm formation, as biofilms 

144 protect bacterial communities from host immune responses and increase their resistance to 

145 antimicrobial treatments. For instance, biofilms formed by Pseudomonas aeruginosa on plant 

146 surfaces can resist phagocytosis by plant immune cells, thereby ensuring prolonged colonization 

147 and infection (Hogan and Kolter, 2002). 

148 

149 Recent studies have advanced our understanding of the interaction mechanisms between flagellin 

150 and bacterial migration. Nakamura and Minamino (2023) elucidated how the bacterial flagellum 

151 drives motility by functioning as a molecular screw. Their study focused on the structural and 

152 dynamic aspects of the flagellar motor, crucial for bacterial migration and chemotaxis, 

153 highlighting the conversion of ion flux into mechanical work for motor rotation. Specifically, 

154 this supramolecular assembly includes three distinct functional components: a basal body that 

155 functions as a bidirectional rotary motor with several force generators, each serving as a 

156 transmembrane proton channel to link proton flow through the channel with torque generation; a 
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157 filament acting as a helical propeller to create propulsion; and a hook that operates as a universal 

158 joint, transmitting the torque generated by the rotary motor to the helical propeller (Minamino, 

159 T., & Kinoshita, M., 2023). 

160 

161 Singh et. al (2024) dived into the details of how the motor transmits torque and direction to the 

162 flagellar rod, which is key in further elucidating bidirectional rotation during motility and 

163 chemotaxis. They provided detailed insights into the structural mechanisms by which the 

164 bacterial flagellum rotates and switches direction. Using cryogenic electron microscopy 

165 (CryoEM), the researchers captured high-resolution structures of the flagellar motor's inner 

166 membrane MS-ring and the cytoplasmic C-ring in both counterclockwise and clockwise 

167 orientations. They observed significant conformational differences between these states, 

168 including a 180° shift in key protein domains that reposition\ binding sites for the MotA/B 

169 complexes, which are involved in torque generation. The study also highlighted how specific 

170 regulatory proteins interact with these conformations to switch the motor's rotational direction. 

171 

172 In their 2023 study, Matilla and Krell explore targeting bacterial motility and chemotaxis as a 

173 novel strategy to combat bacterial pathogens, as traditional antibiotics face increasing resistance 

174 issues. They review various compounds that inhibit chemotaxis by interfering with signal 

175 recognition or flagellar rotation, highlighting how these mechanisms reduce bacterial virulence 

176 by preventing effective host invasion and tissue attachment. While this approach doesn't affect 

177 all pathogens equally and may not completely abolish virulence, it offers a promising alternative 

178 that doesn't promote resistance. The study discusses the pros and cons, noting that effective 

179 inhibitors with low IC50 values are available, but more research is needed to explore additional 

180 targets within the chemotactic apparatus for greater efficacy. This strategy aims to reduce 

181 infection by disrupting disease-causing mechanisms rather than bacterial growth, thus 

182 minimizing the development of resistant strains. 

183 

184 Terashima et al. (2008) examined the structural variations of flagellin and their impact on 

185 bacterial motility, revealing how modifications in flagellin structure can influence bacterial 

186 swimming and swarming behaviors. These studies collectively underscore the complex 

187 relationship between flagellar structure, function, and bacterial motility, offering new 

188 perspectives on how bacteria adapt their motility mechanisms to diverse environmental 

189 conditions and host interactions. 

190 

191 In summary, flagella-mediated bacterial motility represents a multifaceted adaptation that 

192 enables bacteria to navigate through diverse environments, locate host plants, and initiate 

193 interactions leading to colonization and infection. The dynamic interplay between flagellar- 

194 driven chemotaxis, motility switching, and biofilm formation underscores the versatility and 

195 resilience of bacterial pathogens in the face of host defenses. 

196 
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197 Flagellin Perception in Plants 

198 Plants recognize flagellin as a critical component of the innate immune system, enabling rapid 

199 and effective defense responses against invading pathogens. Flagellin, a highly conserved 

200 proteinaceous component of bacterial flagella, serves as a potent elicitor of immune responses in 

201 diverse plant species, triggering the activation of pattern-triggered immunity (PTI) upon 

202 detection by pattern recognition receptors (PRRs) on the host cell surface (G6mez-G6mez and 

203 Boller, 2000). 

204 

205 The Arabidopsis thaliana receptor kinase FLAGELLIN SENSITIVE 2 (FLS2) was the first PRR 

206 identified to perceive bacterial flagellin and initiate immune signaling cascades in plants 

207 (G6mez-G6mez and Boller, 2000; Zipfel et al., 2004). FLS2, a transmembrane receptor with 

208 extracellular leucine-rich repeat (LRR) domains, specifically recognizes the highly conserved N- 

209 terminal epitope of flagellin, known as flg22, leading to the activation of defense responses, 

210 including the production of reactive oxygen species (ROS), activation of mitogen-activated 

211 protein kinase (MAPK) cascades, and transcriptional reprogramming of defense-related genes 

212 (Asai et al., 2002; Chinchilla et al., 2006; Felix et al., 1999; Gomez-Gomez et al., 1999; Zipfel et 

213 al., 2004). 

214 

215 In addition, the TLR5 receptor in animals recognizes flagellin, demonstrating a similar 

216 mechanism where highly conserved microbial features are detected to trigger an immune 

217 response. This highlights the evolutionary conservation of flagellin recognition mechanisms 

218 across different kingdoms of life. Unlike FLS2 in plants, which recognizes the conserved N- 

219 terminal epitope of flagellin known as flg22, TLR5 detects a different region of flagellin, 

220 specifically the D1 domain. This distinction in recognition sites underscores the diverse 

221 evolutionary strategies employed by different organisms to detect and respond to bacterial 

222 flagellin (Smith et al., 2003; Andersen-Nissen et al., 2005). 

223 

224 For example, in Arabidopsis, flg22 perception leads to the rapid production of ROS, which acts 

225 as a signaling molecule to reinforce cell walls and activate downstream defense genes. This 

226 oxidative burst is a hallmark of PTI and plays a vital role in limiting pathogen spread. 

227 Additionally, the activation of MAPK cascades by FLS2 results in the phosphorylation of 

228 transcription factors that regulate the expression of defense genes involved in antimicrobial 

229 production and other defensive measures (Asai et al., 2002). 

230 

231 The perception of flagellin by FLS2 represents a hallmark of plant immune signaling, illustrating 

232 the ability of plants to detect and respond to conserved microbial features through specific 

233 recognition mechanisms (Chinchilla et al., 2006; Gomez-Gomez et al., 1999; Zipfel et al., 2004). 

234 The importance of flagellin perception in plant immunity is underscored by the broad 

235 conservation of FLS2 homologs across diverse plant species, highlighting the evolutionary 
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236 significance of flagellin recognition in shaping host-pathogen interactions (Robatze & 

237 Wirthmueller, 2013). 

238 

239 In rice, for instance, the OsFLS2 receptor recognizes flagellin and triggers similar immune 

240 responses to those observed in Arabidopsis, including ROS production and MAPK activation, 

241 thereby providing protection against bacterial pathogens like Xanthomonas oryzae pv. oryzae, 

242 the causative agent of bacterial blight (Wang et al., 2015). 

243 

244 Furthermore, the tertiary structure of flagellin and its interaction with the plant receptor FLS2 is 

245 critical in understanding bacterial motility and immune evasion. Flagellin forms a complex with 

246 FLS2, a pattern recognition receptor in plants, triggering triggers immune responses (Chinchilla et al., 

247 2007). This interaction is highly specific and involves precise binding of conserved regions of 

248 flagellin to the extracellular leucine-rich repeat (LRR) domain of FLS2. Recent advances have 

249 elucidated the detailed tertiary structures of flagellin and FLS2, providing insights into the 

250 molecular basis of this interaction. 

251 

252 The tertiary structure of FLS2 comprises an extensive LRR domain that forms a solenoid 

253 structure, facilitating the specific recognition and binding of flagellin. This LRR domain is 

254 crucial for the high-affinity binding to conserved epitopes of flagellin, particularly the flg22 

255 peptide, a highly conserved 22-amino acid sequence within flagellin. The FLS2 receptor also 

256 features a transmembrane domain that anchors it to the plant cell membrane and a cytoplasmic 

257 kinase domain responsible for initiating downstream signaling cascades upon flagellin binding 

258 (Robatzek and Wirthmueller, 2013). 

259 

260 Recent structural studies using techniques such as cryo-electron microscopy (cryo-EM) and X- 

261 ray crystallography have has provided high-resolution images of the flagellin-FLS2 complex, 

262 revealing the sophisticated details of their interaction. These studies have shown that the LRR 

263 domain of FLS2 undergoes conformational changes upon binding to flagellin, enhancing the 

264 stability of the complex and promoting signal transduction (Wang and Chai, 2020). 

265 

266 The structural variations in flagellin, as discussed by Saijo et al. (2018), can significantly affect 

267 its recognition by FLS2, thereby influencing bacterial motility and pathogenicity. For instance, 

268 certain mutations in the flagellin structure can either enhance or diminish its binding affinity to 

269 FLS2, affecting the efficiency of immune recognition and the subsequent immune response. 

270 Understanding these structural nuances is crucial for developing strategies to manipulate plant 

271 immunity and improve resistance against bacterial pathogens. 

272 

273 In addition to FLS2, recent studies have identified solanaceous-specific receptors, such as 

274 FLAGELLIN SENSING 3 (FLS3), which recognizes distinct epitopes of flagellin, flgll-28, and 

275 contributes to plant defense responses (Cai et al., 2011; Hind et al., 2016). FLS3, initially 

276 characterized in tomato (Solanum lycopersicum), potato (Solanum tuberosum), and pepper 
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277 (Capsicum annuum), represents a novel layer of flagellin perception in solanaceous plants, 

278 expanding the repertoire of plant immune receptors and diversifying the mechanisms of host 

279 defense (Hind et al., 2016; Roberts et al., 2020) (Fig. 1). 

280 

281 The identification of FLS3 highlights the complexity of flagellin perception in plants and raises 

282 intriguing questions about the evolutionary origins and functional diversity of flagellin receptors 

283 across different plant species. Further research into the molecular mechanisms governing 

284 flagellin recognition by FLS3 and its downstream signaling pathways promises to provide new 

285 insights into the dynamics of plant immunity and host-pathogen coevolution. 

286 

287 Flagellin Polymorphisms and Bacterial Pathogenicity 

288 The genus Xanthomonas encompasses a diverse group of plant-pathogenic bacteria that cause 

289 diseases in a wide range of economically important crops, including rice, citrus, tomato, and 

290 pepper. Among the numerous virulence factors employed by xanthomonads, flagella play a 

291 crucial role in mediating host colonization, biofilm formation, and disease development (Ryan et 

292 al., 2011). 

293 

294 Flagellin, encoded by the fliC gene, represents a major structural component of Xanthomonas 

295 flagella and serves as a potent elicitor of plant immune responses. The recognition of 

296 Xanthomonas flagellin by host plants triggers the activation of pattern-triggered immunity (PTI), 

297 leading to the induction of defense responses and restriction of bacterial growth (Sun et al., 

298 2006). Consequently, Xanthomonas spp. have evolved sophisticated mechanisms to evade or 

299 suppress PTI, enabling successful colonization and infection of host plants (Newman et al., 

300 2013). 

301 

302 One strategy employed by Xanthomonas spp. to evade host detection involves the sophisticated 

303 manipulation of flagellin structure through amino acid substitutions or post-translational 

304 modifications. Flagellin, as a highly conserved protein across bacterial species, serves as a 

305 primary target for host immune recognition. By altering specific amino acid residues or 

306 undergoing modifications such as glycosylation or acetylation, Xanthomonas bacteria can 

307 effectively disguise or modify flagellin's molecular signature, thereby evading or attenuating the 

308 host's immune response (Burdman et al., 2004; da Silva et al., 2002; Gottig et al., 2009). 

309 These modifications allow Xanthomonas spp. to fine-tune their interactions with host plants, 

310 influencing factors such as host range, pathogenicity, and virulence. For instance, certain amino 

311 acid substitutions may confer a selective advantage by enhancing the affinity of flagellin for 

312 specific plant receptors, thereby promoting successful colonization and infection (Sun et al, 

313 2006). Additionally, post-translational modifications can modulate flagellar motility and 

314 adherence properties, facilitating bacterial attachment to host surfaces and biofilm formation, 

315 crucial steps in the establishment of infection (Burdman et al., 2004; da Silva et al., 2002; Gottig 

316 et al., 2009). 
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317 

318 Xanthomonas campestris pv. campestris, the causal agent of black rot in crucifers, employs such 

319 strategies to colonize the vascular tissues of plants, leading to significant yield losses in crops 

320 like cabbage and cauliflower (Williams, 1980). Similarly, Xanthomonas oryzae pv. oryzae, 

321 which causes bacterial blight in rice, utilizes flagellar motility and effector proteins to invade and 

322 spread within rice tissues, resulting in severe disease outbreaks and substantial reductions in rice 

323 production (NINO‐LIU et al., 2006). 

324 

325 Recent advancements in molecular biology have provided deeper insights into the intricate 

326 mechanisms underlying flagellin polymorphisms in Xanthomonas spp., unraveling their 

327 profound implications for host-pathogen interactions. Through comparative genomic analyses, 

328 researchers have uncovered a rich diversity of fliC alleles within Xanthomonas genomes, with 

329 each allele often associated with specific host plants or pathovars (Jacques et al., 2016). This 

330 genomic diversity reflects the evolutionary adaptation of Xanthomonas populations to their 

331 respective ecological niches, where interactions with diverse hosts drive the selection of flagellar 

332 variants optimized for efficient colonization and infection. 

333 

334 Functional studies have complemented genomic analyses by elucidating the functional 

335 consequences of flagellin polymorphisms on bacterial behavior and pathogenicity (Felix et al., 

336 1999; Sun et al., 2006; Cai et al., 2011; Hao et al., 2014; Wang et al., 2015; Wei et al., 2020). 

337 Investigations into amino acid substitutions within the flagellin protein have revealed their 

338 profound effects on flagellar structure, motility, and immune recognition (Gottig et al., 2009; 

339 Robatzek & Wirthmueller, 2013). Certain amino acid changes can influence flagellar 

340 morphology, altering its propulsion capabilities and adhesive properties, thereby impacting the 

341 bacterium's ability to move through diverse environments and adhere to host surfaces. Moreover, 

342 variations in flagellin structure can directly affect the recognition of Xanthomonas by the host 

343 immune system, modulating the intensity and specificity of immune responses elicited by 

344 infected plants. 

345 

346 In citrus crops, Xanthomonas axonopodis subsp. citri, responsible for citrus canker, demonstrates 

347 how flagellin polymorphisms and other virulence factors contribute to disease. This pathogen 

348 uses flagellar motility to reach stomatal openings on citrus leaves, where it forms biofilms and 

349 secretes effector proteins that facilitate tissue invasion, leading to characteristic lesions and fruit 

350 drop (Graham et al., 2004). 

351 

352 Finally, recent research has provided further insights into the tangled relationship between 

353 flagellin polymorphisms, external factors, and bacterial pathogenicity. Recent studies show the 

354 multifaceted connection among flagellin diversity, gene regulatory mechanisms, and bacterial 

355 motility, shedding light on the adaptive strategies and virulence determinants utilized by 

356 Xanthomonas species affecting solanaceous plants. Findings revealed that tomato plants show a 
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357 weaker oxidative burst response to Xanthomonas flgII-28 peptides compared to Pseudomonas 

358 syringae, with the flgII-28 variant from X. euvesicatoria being inactive. Some Xanthomonas 

359 species can evade FLS2- and FLS3-mediated immunity, although tomato plants can still 

360 recognize flgII-28 from other Xanthomonas species, reducing their virulence (Malvino et al, 

361 2021). 

362 

363 Bacterial motility varies with flagellin variants and environmental conditions. X. euvesicatoria 

364 and X. perforans exhibit greater motility when induced with chemoattractants compared to X. 

365 vesicatoria and X. gardneri. On the other hand, nutrient starvation suppresses motility by 

366 affecting flagellum-related gene expression. Differences in motility among strains might result 

367 from variations in fliC gene expression (Malvino et al, 2021). 

368 

369 Interestingly, it was evidenced how past environmental conditions influence future bacterial 

370 behavior. Xanthomonas isolates maintained consistent motility before and after ultracold storage, 

371 indicating a responsive memory. Therefore, future research should consider prior growth 

372 conditions. Variability in flg22 and flgII-28 epitope regions affects bacterial motility and 

373 pathogen virulence. While flagellin variants impact motility and host immune recognition, 

374 external growth factors and gene expression regulation have a more significant effect. Inducing 

375 motility gene expression under chemoattractive conditions could resolve issues in assessing 

376 immunity-triggering flagellar sequence variants on bacterial motility (Malvino et al, 2021). 

377 

378 As bacteria have evolved polymorphisms in flg22 peptides to evade plant recognition, plants 

379 have similarly evolved variants of the FLS2 receptor to detect these polymorphic peptides. For 

380 instance, Glycine max (soybean) possesses GmFLS2 homologs that can recognize the flg22 

381 epitope from Ralstonia solanacearum, which most other plants cannot detect. Additionally, Vitis 

382 riparia (riverbank grape) has developed an FLS2XL receptor that can perceive flg22 from 

383 Agrobacterium tumefaciens, which also evades recognition by most plants Interestingly, in both 

384 cases, these receptors have acquired the ability to recognize evading flg22 variants while still 

385 detecting canonical flg22 epitopes. The genomes of both plants contain multiple copies of FLS2 

386 homologs, potentially allowing for the evolution of expanded recognition specificity 

387 (Sanguankiattichai et al., 2022). Further studies are necessary to determine if the evolution of 

388 these variant receptors has driven changes in pathogen infection mechanisms to overcome this 

389 expanded recognition capability or influenced the composition of the plant microbiota. 

390 

391 The diversity of FLS2 receptor variants that detect polymorphic flg22 elicitors provides a 

392 valuable resource for improving plant resistance against specific pathogens through the transfer 

393 of receptors and co-receptors between plants. For example, transferring GmFLS2 from soybean 

394 to tomato confers resistance against R. solanacearum (Wei et al., 2020), and similarly, 

395 transferring FLS2XL to tobacco can limit crown gall disease caused by A. tumefaciens (Tiwari et 
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396 al., 2022). Additionally, FLS3 can be used to enhance or confer resistance to bacteria that evade 

397 FLS2-flg22 recognition. 

398 

399 In parallel, the identification of flagellin polymorphisms as determinants of host specificity and 

400 virulence in Xanthomonas spp. provides valuable insights for enhancing our understanding and 

401 manipulation of host-pathogen interactions in agriculture. By unraveling the molecular basis of 

402 flagellar diversity and its ramifications for bacterial pathogenicity, researchers can devise 

403 targeted strategies aimed at bolstering plant immunity and mitigating the detrimental effects of 

404 bacterial diseases on crop productivity. These comprehensive analyses offer promising avenues 

405 for developing disease-resistant crops, as they highlight the potential to leverage flagellin 

406 polymorphisms in breeding and biotechnological interventions to enhance plant resilience 

407 against bacterial pathogens. 

408 

409 Conclusion 

410 The elaborate interplay between flagella, bacteria, and host plants represents a dynamic and 

411 ongoing evolutionary arms race shaped by millions of years of coevolutionary dynamics. 

412 Flagella serve as multifunctional organelles that enable bacteria to navigate through complex 

413 environments, locate host plants, and initiate interactions leading to colonization and infection. 

414 Meanwhile, plants have evolved sophisticated mechanisms to detect and respond to flagellin, a 

415 conserved molecular pattern present in bacterial flagella, triggering robust defense responses 

416 aimed at limiting bacterial growth and spread. 

417 

418 Recent advances in our understanding of flagellin perception in plants, bacterial motility, and 

419 flagellar diversity have has provided new insights into the molecular mechanisms underlying host- 

420 pathogen interactions. The identification of solanaceous-specific receptors, such as FLS3, has 

421 expanded our knowledge of plant immune recognition systems, while comparative comparing genomic 

422 analyses have revealed the importance of flagellin polymorphisms in bacterial adaptation and 

423 virulence. 

424 

425 By elucidating the molecular mechanisms governing flagellin perception, bacterial motility, and 

426 flagellar diversity, we hope to pave the way for the development of innovative strategies for 

427 enhancing plant immunity and mitigating the impact of bacterial diseases on agricultural 

428 productivity. 

429 
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Figure 1 

 
Figure 1. Plant-associated bacteria employ various strategies to counteract pathogen- 

associated molecular pattern (PAMP)-triggered immunity (PTI) initiated by flagellin 

detection in plants. 

 
 

Plants identify bacteria by recognizing conserved molecular patterns, such as peptides derived from the 

flagellin protein. This recognition is facilitated by the receptors FLS2 or FLS3, along with the coreceptor 

BAK1, which forms a complex with the flagellin-derived elicitor peptides. The polymorphism in flagella 

enables bacteria to evade detection or diminish the effectiveness of plant immune responses. However, 

plants can counter this by evolving receptor variants that are capable of recognizing these new flagellar 

polymorphisms, thereby restoring their ability to detect and respond to bacterial invaders. In addition to 

flagella, bacteria employ sophisticated secretion systems, such as the Type II Secretion System (T2SS) and 

Type III Secretion System (T3SS), to deliver effectors to fight plant cells. These effectors can suppress plant 

immunity or manipulate host cell processes to favor infection. However, plants have evolved to detect these 

effectors through specialized resistance proteins, which trigger strong immune responses that halt bacterial 

proliferation and infection. This ongoing molecular arms race between bacterial effectors and plant defenses 

underscores the complexity of plant-microbe interactions. 
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