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14 ABSTRACT

15

16 Bacillus subtilis is one of the most widely studied plant-growth promoting rhizobacteria. It is able to 

17 both promote plant growth as well as control plant pathogens through diverse mechanisms, including 

18 the improvement of nutrient availability and alteration of phytohormone homeostasis as well as the 

19 production of antimicrobials and triggering induced systemic resistance, respectively. Even though its 

20 benefits for crop production have been recognized and studied extensively under laboratory 

21 conditions, the success of its application in fields varies immensely. It is widely accepted that 

22 agricultural application of B. subtilis often fails because the bacteria are not able to persist in the 

23 rhizosphere. With this in mind, bacterial colonization of plant roots is a crucial step in the interaction 

24 between microbe and plant and seems therefore to be of great importance for its growth promotion 

25 and biocontrol effects. A successful root colonization depends thereby on both bacterial traits, 

26 including motility and biofilm formation, as well as on a signal interplay with the plant. This review 

27 addresses the current knowledge about plant-microbial interactions of the B. subtilis species, including 

28 the various mechanisms for supporting plant growth as well as the necessities for the establishment 

29 of the relationship. 
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30 Microorganisms are ubiquitous in nature. They are the base of the food chain, play a lead role in the 

31 carbon and nitrogen cycle and influence everyday life in various harmful as well as beneficial ways. 

32 Indeed, the continuous development and improvement of novel molecular tools and DNA sequencing 

33 techniques improved our understanding of the relationship between us and our microbiome 

34 immensely. Recent studies imply that the interactions with microbes contribute to a healthy 

35 development and disruption in the core microbiome can lead to drastic health issues (Bull and 

36 Plummer 2014, Nagalingam and Lynch 2012, Qin et al. 2012). In contrast, the importance of 

37 interactions between microbes and plants has been recognized long before that. The discovery that 

38 the soil surrounding plant roots, termed the rhizosphere, is much richer in bacteria than the 

39 surrounding bulk soil, sparked plant-microbial research (Hiltner 1904). Since then, numerous 

40 discoveries revealed that plants not only depend on symbiosis with bacteria, e.g. nitrogen fixing 

41 bacteria, but some bacterial species are also able to enhance the yield of important crops such as soy 

42 and corn, or reduce the severity of plant diseases (Baker and Cook 1974, Kloepper and Schroth 1982). 

43 Such bacteria were termed plant growth-promoting rhizobacteria (PGPR) that flourish in the 

44 rhizosphere, colonize roots, and aid plants in various ways (Lugtenberg and Kamilova 2009). In general, 

45 PGPR are able to improve nutrient availability, reduce abiotic stresses, such as lack or surplus of water 

46 or salts, increase the plant’s defenses, and help to fight off pathogens (Bhattacharyya and Jha 2012). 

47 These diverse capabilities of PGPR as well as a few key advantages over traditionally used 

48 agrochemicals, quickly led to the idea of developing biological products for agricultural applications. 

49 First of all, the diverse modes of action against pathogens of biocontrol agents, compared to 

50 traditional pesticides, have long been thought to be able to slow down the evolution of resistant 

51 pathogens, even though this is still debatable (Bardin et al. 2015). Secondly, application of biological 

52 products, such as PGPR, are often regarded as more environment friendly, while on the contrary the 

53 excessive use of agrochemicals throughout several decades and its concomitant spread into the 

54 environment have caused significant contamination of natural systems (Carvalho 2017, Pérez-García 

55 et al. 2011). In this review, we highlight various molecular aspects how the commercially widely used 

56 PGPR, Bacillus subtilis interacts with the plant.

57

58 B. SUBTILIS, A PLANT GROWTH PROMOTING RHIZOBACTERIUM

59 B. subtilis is one of the most widely used and studied PGPR and a highly promising candidate for 

60 agricultural applications (Earl et al. 2008, Todorova and Kozhuharova 2010). Bacillus is one of the most 

61 abundantly isolated genera in the soil, among which B. subtilis has been identified from the 

62 rhizosphere of distinct plants (Earl et al. 2008, Sivasakthi et al. 2014). It is a Gram-positive, non-

63 pathogenic bacterium that has been used as a model organism to study, amongst others, secondary 
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64 metabolite production, sporulation, biofilm development and attachment to plant roots (Fig. 1A) 

65 (Kovács 2019). Apart from its various benefits towards plant health, its ability to form resilient spores 

66 makes it very promising target for agricultural application. Spores are highly resistant to various abiotic 

67 stresses, such as drought, temperature or nutrient limitation, making the formulation of B. subtilis 

68 easy (Schisler et al. 2004). The beneficial properties of B. subtilis are already exploited in in many 

69 currently available biological products, including Serenade®, Subtilex® and Cease® (Borriss 2015). 

70 Especially nowadays, when sustainability is increasingly emphasised and the rapid emergence of 

71 resistant plant pathogens succeeds the pace of pesticide discovery, the potential of biological products 

72 in agriculture seems immense (Fisher et al. 2018, Verma et al. 2019). However, despite the fact that 

73 biological products have been developed and applied for over fifty years now, the agriculture still 

74 depends on traditional chemical methods. How can this be? Even though many studies prove the 

75 success of biologicals under controlled greenhouse conditions, the beneficial effects in the field seem 

76 to vary immensely (Bardin et al. 2015, Maplestone and Campbell 1989, Moreira and de Mio 2015, Xu 

77 et al. 2011). Inoculation of canola by the commercially used B. subtilis strain to control clubroot caused 

78 by Plasmodiophora brassicae has been proven to be highly efficient under controlled conditions, 

79 reducing disease severity by more than 80% (Peng et al. 2011). However, under open field conditions 

80 no substantial impact of the treatment has been observed (Peng et al. 2011). Similar results have been 

81 reported for the application of B. subtilis on strawberry leaves, where after 8 days the abundance of 

82 the biocontrol agent decreased for around 50% in the field, while no such decrease was observed 

83 under controlled conditions (Wei et al. 2016). The general accepted view of B. subtilis inoculants is, 

84 that they are not able to persist on plants and in the rhizosphere, if they are not introduced extensively 

85 (Shoda 2000). This demonstrates how complex plant-microbial interactions are, especially under non-

86 controlled conditions. A deeper understanding of the underlying mechanisms of this interplay might 

87 be able to help improve the application in the field. Here, we address the current knowledge about 

88 plant-microbial interactions of the B. subtilis species, including the diverse mechanisms for supporting 

89 plant growth as well as the necessities for the establishment of the relationship. 

90

91 PLANT GROWTH PROMOTION

92 B. subtilis possesses many direct and indirect mechanisms to promote plant growth and thus crop 

93 yield, including improving nutrient availability, altering plant growth hormone homeostasis and 

94 reducing severity of abiotic stresses (Fig. 1B). 

95

96 B. subtilis improves nutrient availability 

Page 4 of 27



5

97 Many important plant nutrients and trace elements, e.g. nitrogen, phosphorus and iron, occur in the 

98 soil in an inaccessible form for plants, and thus have to be fixed or mobilized by rhizobacteria 

99 beforehand (Hayat et al. 2010). Plants are, for example, not able to use atmospheric nitrogen directly, 

100 but depend on external help provided by microbial symbionts. B. subtilis is known to fix atmospheric 

101 nitrogen as well as promote nodulation by other bacteria and thereby improve the colonization of 

102 native symbiotic rhizobacteria (Elkoca et al. 2007). Another essential nutrient, which has to be 

103 mobilized before it can be utilized by plants, is phosphorus. B. subtilis is able to solubilize phosphorus 

104 through the production of various organic acids that convert it into a soluble form (Saeid et al. 2018). 

105 Furthermore, metal ions, such as iron, are often a limiting factor for plant growth. Studies have shown 

106 that B. subtilis increases the content of iron in plants by facilitating iron mobility through acidification 

107 of the rhizosphere and by inducing the upregulation of iron acquisition genes in plants (Freitas et al. 

108 2015; Zhang et al. 2009).

109

110 B. subtilis alters plant growth hormone homeostasis 

111 In addition to mobilizing nutrients, B. subtilis produces a wide range of compounds, which directly 

112 influence plant growth in various ways. First of all, B. subtilis is able to actively alter plant growth 

113 hormone homeostasis and thus promotes cell division and plant growth, either through producing 

114 plant growth hormones themselves or by inducing the production in plants through secreted 

115 compounds (Arkhipova et al. 2005). 

116 Two volatile organic compounds produced by B. subtilis, namely 3-hydroxy-2-butanone (acetoin) and 

117 2,3-butanediol, have been demonstrated to promote plant growth by altering cytokinin and ethylene 

118 homeostasis. Either inoculation with the producing B. subtilis strain or the application of the pure 

119 compounds led to a significant increase in leaf size of wild type A. thaliana, but not in 

120 cytokinin/ethylene-insensitive mutants cre1 and ein2 (Ryu et al. 2003). Furthermore, Zhang et al. 

121 (2007) showed that a blend of B. subtilis volatiles is able to regulate auxin homeostasis in A. thaliana, 

122 leading to lower levels of auxin in leaves, but higher levels in roots. Because auxin inhibits leaf 

123 expansion but promotes root development, this redistribution might be able to promote optimal plant 

124 growth. Additionally, spermidine, a polyamine produced by B. subtilis, improves plant growth through 

125 the induction of expansins and reduction of ethylene levels in plants (Xie et al. 2014). Both inoculation 

126 with producing strains as well as the synthetic compound significantly improved root development 

127 (Xie et al. 2014). 

128 In addition to such signalling molecules that indirectly affect hormone homeostasis, B. subtilis is 

129 known to be able to produce phytohormones itself. Arkhipova et al. (2005), observed that inoculation 

130 with a cytokinin-producing B. subtilis strain led to significantly increased accumulation of cytokinin in 
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131 lettuce plants, which resulted in improved growth and yield. Such a growth promoting effect is due to 

132 root absorption of B. subtilis-produced cytokinin and not due to improved nutrient availability, as 

133 demonstrated by the accumulation of the hormone was higher in the roots of treated plants than in 

134 the shoot (Arkhipova et al. 2005).

135

136 B. subtilis reduces abiotic stress

137 In addition to directly promoting plant growth, B. subtilis is able to reduce abiotic stresses, which 

138 otherwise limit optimal crop yield. Especially water and salt stress are two major constraints for 

139 modern agriculture. Indeed, drought is already one of the most stressful environmental factors 

140 affecting crop yield worldwide and might even intensify through climate change in the near future (Li 

141 et al 2009). Fresh water is a limited resource and irrigation of crops might have to be reduced in the 

142 decades to come. Furthermore, prolonged irrigation leads to soil salinization and up until now around 

143 20% to 50% of the irrigated cropland is already contaminated by salt (Fita et al. 2015). 

144 B. subtilis has been reported to be able to increase the plant’s tolerance against both drought and salt 

145 stress. Woo et al. (2020) recently showed that inoculation with B. subtilis GOT9 confers enhanced 

146 tolerance to drought and salt stress in A. thaliana and Brassica campestris via modulation of plant 

147 gene expression, including the upregulation of biosynthesis genes for abscisic acid (ABA), one of the 

148 main plant hormones for stress regulation. In addition, Zhang et al. (2010) demonstrated that B. 

149 subtilis is also able to enhance osmotic stress independently of ABA-levels in A. thaliana. In this case, 

150 B. subtilis was able to minimize the drought-caused damage through enhanced osmoprotectant 

151 biosynthesis in the plant and organ-specific regulation of the plant Na+ importer HKT1 (Zhang et al. 

152 2008, Zhang et al. 2010). 

153

154 BIOCONTROL

155 Similar to plant growth promotion, B. subtilis has various direct and indirect ways to protect plants 

156 against pathogens, including the production of antimicrobials and inducing systemic resistance. 

157

158 Plant protection through antibiosis

159 PGPR are known to inhibit plant pathogens directly through antibiosis. B. subtilis produces various 

160 compounds with antimicrobial properties, including lipopeptides, exoenzymes, and volatile organic 

161 compounds (Wang et al. 2015). One of the most studied and characterized secondary metabolites of 

162 B. subtilis is surfactin, a cyclic lipopeptide that has many important but distinct functions, such as 

163 signalling activities and reduction of surface tension (Sansinenea and Ortiz 2011). Because of its 

164 amphiphilic nature, surfactin is able to disrupt cell membranes of other organisms by integrating into 
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165 the lipid layers (Ongena and Jacques, 2008). It has often been reported to be the active compound in 

166 B. subtilis biocontrol against various plant pathogens (Fan et al. 2017). 

167 Bais et al. (2004) showed that mortality rates of A. thaliana infected with P. syringae are significantly 

168 reduced after inoculation with a surfactin producing B. subtilis, but not by inoculation with a surfactin 

169 deficient mutant strain. In addition, they show that surfactin is able to inhibit P. syringae in liquid 

170 culture in biological relevant concentrations (Bais et al. 2004). Fan et al. (2017) observed that a 

171 surfactin producing B. subtilis 9407 shows both strong antibacterial activity against the plant pathogen 

172 Acidovorax citrulli in vitro as well as a very efficient biocontrol on melon seedlings in the green house. 

173 In contrast, both abilities were lost in a non-producing ΔsrfAB mutant, indicating the importance of 

174 surfactin in biocontrol (Fan et al. 2017). However, other noteworthy phenotypic changes have been 

175 reported in the surfactin deficient mutants that might lower their biocontrol capacity. Furthermore, 

176 because the production of surfactin seems to be highly intertwined with the synthesis of other 

177 secondary metabolites with antimicrobial properties, the mutant strain might also lack other 

178 antimicrobials (Luo et al. 2015).

179 Most B. subtilis strains are able to produce multiple antimicrobials. Additionally, surfactin and 

180 bacillomycin act synergistically in controlling pathogens and their biosynthetic pathways are, at least 

181 partly, intertwined (Luo et al. 2015). Luo et al. (2015) showed that B. subtilis mutants deficient in 

182 surfactin production did not synthesize bacillomycin, while addition of exogenous surfactin restored 

183 its production. In addition, single mutants deficient in bacillomycin production show less control 

184 against the fungi R. solani compared to the WT, while the surfactin and double mutants fail 

185 completely. 

186 Apart from lipopeptides, B. subtilis is able to control fungal phytopathogens through the production 

187 of exoenzymes that are able to degrade the fungal cell wall, including proteases and chitinases. Yan et 

188 al. (2011) identified a chitinase produced by B. subtilis as the main antifungal component. Inoculation 

189 of tomato seedlings with the chitinase-producing B. subtilis strain led to a significant reduction in the 

190 amount of diseased plants of around 20% and 35% in greenhouse and field trials, respectively (Yan et 

191 al. 2011). 

192 Finally, Chen et al. (2008) reported that volatiles produced by B. subtilis were able to inhibit spore 

193 germination and hyphal growth of the phytopathogen Botrytis cinerea in a contact independent 

194 manner on agar plates. However, whether volatiles also play a role in biocontrol in planta has yet to 

195 be confirmed.

196

197 Signal interference
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198 It has been suggested, that B. subtilis is able to reduce disease severity not only through inhibiting 

199 pathogen growth directly, but also by reducing their virulence (Pan et al. 2008). The induction of 

200 virulence genes in many pathogens relies on quorum sensing (QS) signals as regulators, and thus 

201 interfering with the QS signals involved in inducing virulence genes might be a promising strategy to 

202 reduce disease severity (Helman and Chernin 2015). B. subtilis has been shown to produce an enzyme, 

203 AiiA, which is able to inactivate QS autoinducers. (Dong et al. 2000, Pan et al. 2008). Pan et al. (2008) 

204 reported that B. subtilis BS-1 encoding an AiiA enzyme was able to reduce potato soft rot symptoms 

205 caused by E. carotovora, a pathogen dependent on autoinducers for virulence. Furthermore, 

206 supernatant from E. coli expressing the aiiA gene attenuated soft rot symptoms by E. carotovora, 

207 supporting the role of the AiiA enzyme in inactivating the QS signals responsible for virulence gene 

208 expression (Pan et al. 2008).  

209

210 Induced systemic resistance

211 Next to direct inhibition of pathogens, B. subtilis is able to boost plant defences by eliciting induced 

212 systemic resistance (ISR), in which inoculation of the roots with beneficial bacteria enhances the 

213 defence capacity of the entire plant against various pathogens (as reviewed by Kloepper et al. 2004). 

214 This review focuses on the molecular traits of B. subtilis related to plant beneficial effects and will not 

215 describe ISR in detail, as it has been reviewed before (Pieterse et al. 2014). 

216 It has been shown that various compounds produced by B. subtilis are responsible for eliciting ISR. 

217 Ongena et al. (2007) reported that root inoculation with both naturally high surfactin- and fengycin-

218 producing B. subtilis strains were able to reduce disease caused by Botrytis cinera in Tomato and bean 

219 leaves. Because no B. subtilis cells were detected in the leaves, it indicates that disease reduction 

220 occurred through ISR. Furthermore, to verify the role of surfactin as active signal, they show that a 

221 surfactin overproducing strain was able to significantly reduce disease symptoms, in contrast to the 

222 otherwise ineffective and poorly producing natural strain (Ongena et al. 2007). Cawoy et al. (2014) 

223 further confirmed the importance of surfactin by showing that defence inducing activity by B. subtilis 

224 strains strongly correlated with the amount of surfactin produced by the isolates. 

225 Kumar et al. (2012) observed that inoculation with B. subtilis elicited ISR in A. thaliana by restricting 

226 foliar entry of the phytopathogen Pseudomonas syringae pathovar tomato DC3000 through stomata. 

227 Root colonization of B. subtilis caused a significant increase in ABA and SA levels, resulting in stomata 

228 closure and thereby blocking the infection by P. syringae (Kumar et al. 2012).

229 In addition to contact-dependent signals, volatile compounds have been identified to be able to trigger 

230 ISR. Ryu et al. (2004) found that by physically separating A. thaliana seedlings from the PGPR, airborne 

231 signals were able to significantly reduce the amount of symptomatic leaves upon infection with E. 
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232 carotovora. Furthermore, they observed that the volatile compounds act independently of signal 

233 transduction pathways, used by PGPR that make physical contact (Ryu et al. 2004).

234

235 Competition for niches

236 In addition to plant protection through antibiosis and eliciting ISR of the plant, PGPR such as B. subtilis 

237 have been suggested to be able to control phytopathogens through direct competition for resources 

238 including nutrients and space on the plant surface, as one might expect for bacteria occupying the 

239 same niches (Lugtenberg and Kamilova 2009). However, until now, experimental proof of this theory 

240 is still lacking.

241

242 B. subtilis responses to plant signals

243 Interestingly, the potential of B. subtilis to promote plant growth and enhance plant defences against 

244 pathogens seems to differ strongly between strains. Even though some compounds, especially those 

245 with a broad target range and multiple functions, such as surfactin, are commonly synthesized by B. 

246 subtilis strains, the production of others, such as subtilin, seems to be strain-specific (Stein 2005, 

247 Kiesewalter et al. 2020). This indicates that some compounds might confer an advantage to the 

248 producing B. subtilis strain in specific ecological niches and thereby help to adapt and optimize specific 

249 plant-microbe interactions (Mukherjee and Das 2005). Obviously, promoting plant growth and helping 

250 the plant to fight off pathogens is not a selfless deed by B. subtilis. Rather, the bacteria benefit from 

251 the interactions with the plant. Indeed, the PGPR rely on carbon sources provided by the plant in 

252 otherwise nutrient-poor soil and often act specifically on signals produced by the plant (Sasse et al. 

253 2018). Plant root exudates not only serve as a nutrient source for PGPR but also as signalling 

254 molecules, which often establishes the connection and initiates the colonization process (Beauregard 

255 2015). Even though some beneficial plant-microbial interactions seem to be independent of direct 

256 physical contact, as in the case of volatile organic compounds, both the biocontrol and plant growth 

257 promoting effects have been reported to rely strongly on the ability of PGPR to successfully attach to 

258 and colonize the host plant, especially under natural conditions (Chen et al. 2013). This indicates that 

259 a successful root colonization is fundamental for a healthy relationship between the PGPR and its host 

260 plant. In this context, certain microbial attributes have proven to be essential, including chemotaxis 

261 to sense and reach the plant root and biofilm formation for attachment and persistence on the root.

262

263 Motility – Chemotaxis and Swarming 

264 During the initial phase of root colonization, active and directed movement in the form of chemotaxis 

265 seems to be highly advantageous for PGPR to be able to establish themselves on the roots (Fig. 2) 
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266 (Allard-Massicotte et al. 2016). Chemotaxis allows bacterial cells to sense changes in chemical 

267 gradients around them and move accordingly to a more favourable environment or away from toxins 

268 (Garrity and Ordal, 1995). A chemotactic response is triggered when stimulating molecules bind to the 

269 corresponding chemoreceptor located on the surface of bacteria, causing downstream modification 

270 of the CheA kinase and of its response regulator CheY (Garrity and Ordal, 1997, Walukiewicz et al. 

271 2014). CheY in turn interacts with the flagellar motor by controlling the direction of the motor rotation 

272 and therefore the switch between swimming and tumbling (Bischoff et al. 1993, Ward et al. 2019). In 

273 the lack of an attractant bound to the cognate chemoreceptor, CheA will remain inactive, and CheY 

274 unphosphorylated, rendering the flagellar motor in the default state of rotating clockwise, causing the 

275 cell to re-orientate through tumbling. Upon binding of an attractant to the chemoreceptor, CheA is 

276 activated and in turn phosphorylates CheY, which will cause counter clockwise rotation of the flagellar 

277 rotor generating straight swimming towards the attractant (Garrity and Ordal, 1997; Rao et al. 2004). 

278 Therefore, chemotaxis is not directed movement strictly speaking, but rather a form of a random 

279 biased walk. On the other hand, how B. subtilis responses to the encounter with a repellent, is less 

280 studied. It has been suggested that repellents act directly on the membrane rather than through the 

281 CheA-CheY pathway, leading to an increase in the tumbling frequency (Ordal and Goldman, 1976).

282 Allard-Massicotte et al. (2016) have demonstrated that multiple chemoreceptors of B. subtilis are 

283 involved in a response to root exudates. A ∆cheA mutant, deficient in chemotaxis in general, and two 

284 non-motile mutants, a flagellar filament mutant ∆hag and flagellar motor mutant ∆motA, were not 

285 able to colonize A. thaliana roots after 4h, in contrast to the WT, indicating that chemotaxis is essential 

286 for root colonization. Furthermore, they tested various chemoreceptor mutants in presence of 

287 extracted root exudates in capillary assays, showing that the chemoreceptors McpB, McpC and at least 

288 to some extent TlpC are responsible for a response towards amino acids and sugars present in the 

289 exudates. Interestingly, they also identified a mutant, which showed significant higher attraction 

290 towards the exudates compared to the WT, indicating that the chemoreceptor McpA responds to a 

291 repellent molecule present in the exudates (Allard-Massicotte et al. 2016). 

292 Studies have indicated that plants are able to use this mechanism of secreting root exudates to actively 

293 recruit desired PGPR. Rudrappa et al. (2008) showed that infection with the phytopathogen P. syringae 

294 induces the secretion of L-malic acid, which promoted root colonization by B. subtilis. In addition, they 

295 confirm in capillary assays that indeed, L-malic acid is able to trigger a chemotactic response in B. 

296 subtilis and might act as an attractant (Rudrappa et al. 2008). 

297 Chemotactic response has been proposed to act exclusive towards root exudates produced by distinct 

298 plant species and bacteria might have evolved to respond specifically to their co-occurring host plant 

299 (Zhang et al. 2014). Indeed, Zhang et al. (2014) has shown that a B. subtilis strain isolated from banana 
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300 rhizosphere and a B. amylolicefaciens strain isolated from cucumber rhizosphere colonize their 

301 original host plant more efficiently than the non-host plant. They observed a higher chemotactic 

302 response of B. subtilis towards concentrated root exudates of banana compared to cucumber, which 

303 might explain the higher colonization on its original plant host (Zhang et al. 2014). 

304 It has to be noted however, that most studies test the role of chemotaxis for root colonization in liquid 

305 medium. It is evident that swimming is the main mechanism of motility in liquid media, however if this 

306 also applies to soil is debatable. In a natural soil system, swarming, during which a whole cluster of 

307 cells moves rapidly on a solid surface in the form of dynamic multicellular rafts (Kearns and Losick, 

308 2003), might be of higher importance (Gao et al. 2016). Contrary to chemotactic swimming motility, 

309 swarming is non-directional and requires the production of surfactin, which reduces surface tension 

310 by forming a small film of water in which the cells swarm (Kearns and Losick, 2003). Gao et al. (2016) 

311 observed that cheA mutants, which are often used for chemotaxis studies, are also impaired in 

312 swarming and hypothesized that swarming might play an even greater role in root colonization than 

313 chemotaxis. Therefore, they tested a mutant that is only impaired in chemotaxis, cheV, as well as three 

314 mutants deficient in swarming, namely srfAC, which is deficient in surfactin production, swrA and minJ, 

315 which are each missing one of the two genes of the swarming operon. Indeed, they showed that the 

316 chemotactic mutant is able to colonize 80% as efficiently as the WT, while the swarming mutants only 

317 showed 5-15% as much colonizing cells (Gao et al. 2016). However, it has to be noted that lack of 

318 surfactin might additional impact root colonization. In addition, both the swrA and minJ mutants 

319 showed highly elongated cells and might therefore harbour other negative side effects. Due to the 

320 methodology applied in this study, i.e. freshly germinated seeds were inoculated in a bacterial 

321 suspension for just a short time (20min) compared to the incubation time after planting in a 

322 gnotobiotic system (14d), differences in persistence and biofilm formation on the roots might mask 

323 the effect of swarming and chemotaxis. Therefore, further experiments should be carried out to test 

324 the importance of swarming for root colonization. In addition, it has to be addressed what role the 

325 different modes of motility in general play in a natural soil system. 

326

327 Biofilm formation 

328 Apart from motility, the ability to from a stable biofilm for attachment and persistence on the plant 

329 root has been proven to be highly advantageous (Chen et al. 2013). Biofilms are one of the most 

330 successful forms of life and are found in a wide range of environments (Flemming et al. 2016). They 

331 consist of cells, which are packed tightly together, embedded in a self-produced extracellular matrix 

332 (ECM), which in B. subtilis is composed mainly of an exopolysaccharide (EPS) and the protein TasA 

333 (Branda et al. 2006). Dragoš et al. (2018) have shown that both EPS and TasA are essential for a 
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334 successful root colonization. They report that the amount of cells colonizing the root are reduced for 

335 both null mutants Δeps and ΔtasA, compared to the WT. Interestingly, when both mutants were 

336 inoculated at the roots in a mixture the ability to form a stable biofilm was restored and the amount 

337 of colonizing cells was in fact significantly higher compared to the WT, indicating that cells are able to 

338 share resources and division of labour occurs in B. subtilis biofilms on plant roots (Dragoš et al. 2018). 

339 Indeed, mature B. subtilis biofilms are known to be quite heterogeneous and many different 

340 phenotypes apart from matrix producers can be present even in mono-species communities, including 

341 competent, cannibal, mining, motile as well as sporulating cells (Abee et al. 2011, Mielich-Süss and 

342 Lopez, 2015). This specification in performing different tasks allows division of labour and thereby 

343 assuring efficient resource utilization, which benefits the whole community (Gestel et al. 2015). In B. 

344 subtilis, three master regulators have been identified as key players in controlling cell-differentiation, 

345 namely DegU for exoprotease secretion, ComA for competence and surfactin production and Spo0A 

346 for matrix production and eventually spore formation (Dahl et al. 1992; Hamon et al. 2001; Kunst et 

347 al. 1994; Mielich-Süss and Lopez 2015). They are activated upon phosphorylation by their 

348 corresponding kinases, which respond to specific external cues, including specific nutrients as well as 

349 signals from hosts, competitors or co-operators (Beauregard et al. 2013; Burbulys et al. 1991; Dragoš 

350 et al. 2018; Oliveira et al. 2015). All three master regulators play a role in root colonization at least to 

351 some extent.

352 The switch from motility to biofilm formation is mainly initiated by the expression of SinI, which is 

353 induced at intermediate levels of Spo0A~P (Fig. 2). Indeed, Beauregard et al. (2013) showed that both 

354 deletion in the master regulator Spo0A and the matrix derepressor SinI led to the inability of B. subtilis 

355 to colonize A. thaliana roots. Spo0A controls the repression of either matrix or motility genes through 

356 a double-negative feedback loop between SlrR and SinR (Vlamakis et al. 2013). If Spo0A is 

357 unphosphorylated, sinI is not expressed and SinR represses slrR keeping the levels of SlrR low, which 

358 enables SinR to repress matrix genes, e.g. eps and tasA (Kearns et al. 2005). At intermediate levels of 

359 Spo0A~P, this response regulator binds to the high affinity activator site of sinI, activating the 

360 expression of SinI, which in turn binds to and inhibits SinR resulting in derepression of slrR (Chai et al. 

361 2008, Chu et al. 2008). By forming a complex with SinR, the expressed SlrR inhibits SinR, resulting in 

362 sustained SlrR expression. In this high-SlrR state, the formation of SlrR-SinR complexes results in low 

363 levels of free SinR, and thus derepression of matrix genes. In addition, the formed SlrR-SinR complex 

364 represses the expression of the motility gene hag and the autolysin genes lytABC and lytF, resulting 

365 thereby in sessile, coherent matrix producing chains of cells (Bai et al. 1993; Chai et al. 2010; Chu et 

366 al. 2008). As the phosphorylation level of Spo0A~P increases, other low affinity operators of sinI are 

367 bound and further production of SinI is reduced, while at the same time sporulation genes are 
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368 activated (Fujita et al. 2005). In addition, an alternative matrix gene repressor AbrB, which also targets 

369 eps and tasA as well as blsA, encoding for a surface hydrophobicity protein, is connected to the Spo0A 

370 pathway, enabling further fine tuning of the expression of matrix-related genes (Chu et al. 2008; 

371 Vlamakis et al. 2013). AbrB will be expressed at low Spo0A~P levels and represses matrix genes, while 

372 intermediate level of Spo0A~P causes repression of the abrB gene, while inducing expression of AbbA, 

373 which inhibits the AbrB present in the cell and thereby relieving the repression of matrix genes (Banse 

374 et al. 2008). 

375 Chen et al. (2013) confirmed that indeed the same core regulatory genes, known to be essential for in 

376 vitro biofilm formation in B. subtilis, are also essential for efficient root colonization and the biocontrol 

377 effect against R. solanacearum on tomato plants. Various null mutations within the Spo0A pathways 

378 led to either hyper-robust biofilms with a higher number of cells colonizing (ΔabrB and ΔsinR) or 

379 defective biofilms with a decreased number of cells attached to the root (ΔsinI, Δeps and ΔtasA), 

380 depending on whether they negatively or positively impact biofilm development, respectively (Chen 

381 et al. 2013). 

382 Up until now, five different kinases, KinA-E, have been identified that trigger the phosphorylation 

383 cascade of Spo0A in response to different signals (Jiang et al. 2000b). KinC and KinD have been 

384 identified to be directly involved in root colonization by initiating biofilm formation upon various 

385 signals from the host plant. Chen et al. (2012) reported that a ΔkinD mutant was not able to form a 

386 biofilm on tomato roots. They identified L-malic acid as responsible signal for biofilm induction, 

387 however because the concentrations needed for biofilm formation were quite high, they suspected 

388 that L-malic acid might primarily function as carbon source, which alters metabolism in favour of 

389 biofilm lifestyle (Chen et al. 2012). Furthermore, Shemesh and Chai (2013) showed that a combination 

390 of glycerol, one of the main root exudates, and manganese strongly promoted pellicle formation. 

391 However, the effect was significantly reduced for a ΔkinD and less for the ΔkinC mutant, further 

392 indicating the importance of these kinases in biofilm formation towards plant related signals (Shemesh 

393 and Chai 2013). Adding to the evidence of KinC and D being involved in biofilm formation in response 

394 to root exudates, Beauregard et al. (2013) observed that the plant polysaccharides arabinogalactan, 

395 pectin and xylan induced pellicle formation of B. subtilis. They tested the ability of mutants deficient 

396 in one of the five kinases, KinA-E, as well as the double mutant ΔkinCD, to form a pellicle in response 

397 to the three plant polysaccharides, identifying KinC and KinD as responsible sensors for pectin and 

398 arabinogalactan. However, all mutants were still able to form a biofilm in response to xylan, indicating 

399 that an additional yet unidentified pathway is able to trigger biofilm formation in response to plant 

400 signals. In addition, they have identified over 40 predicted glycosyl hydrolases in B. subtilis that could 

401 digest plant polysaccharides, allowing them to be used as carbon source for cell growth and other 
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402 metabolic processes. Indeed, they show that B. subtilis utilizes plant polysaccharides to incorporate 

403 them into matrix EPS (Beauregard et al. 2013).

404 In addition to Spo0A, DegU plays an important role in regulating the switch from motile to biofilm 

405 state in B. subtilis, by repressing motility genes in its phosphorylated form (Kobayashi et al. 2007, 

406 Verhamme et al. 2007). It also regulates the production of the surface hydrophobicity protein BslA 

407 and poly-γ-glutamic acids (PGA), which are essential for a stable biofilm (Marlow et al. 2014, Yu et al. 

408 2016). Indeed, Yu et al. (2016) observed that root colonization efficiency positively correlated with γ-

409 PGA production in strong producing B. subtilis strains. Even though a direct link between root 

410 colonization and DegU has not been shown yet for B. subtilis, a ΔdegU mutant of the close relative B. 

411 amyloliquefaciens was not able to colonize A. thalina roots compared to the WT, indicating that DegU 

412 might be critical for root colonization (Dietel et al. 2013). 

413 The final master regulator ComA impacts root colonization to some extent by indirectly influencing 

414 biofilm formation. Next to competence, ComA regulates the production of surfactin (Nakano and 

415 Zuber 1991). Surfactin has been thought to be an essential signalling molecule stimulating biofilm 

416 formation in B. subtilis by inducing potassium leakage (López et al. 2009). López et al. (2009) observed 

417 that mutants deficient in surfactin production were also impaired in biofilm formation. However, 

418 Thérien et al (2020) recently reported that this holds only true under non-biofilm inducing conditions, 

419 while in biofilm inducing media MSgg and MSNg, B. subtilis was able to create a stable biofilm 

420 independent of surfactin. Furthermore, they observed no difference in the root colonization capacity 

421 of a mutant deficient in surfactin production (srfAA), compared to the WT, indicating that surfactin is 

422 not required for root colonization (Thérien et al. 2020).

423 To further fine tune cell differentiation, all three master regulators are additionally controlled through 

424 QS (Bendori et al. 2015). QS enables cell-cell communication on the base of the production, secretion 

425 and response to an autoinducer (Fuqua et al. 1994). This allows cells to detect the cellular density of 

426 other producers and thereby potential co-operators around them and respond accordingly. This is a 

427 key requirement for the development of cooperative behaviour, because it stabilizes the production 

428 of public goods, such as surfactin or extracellular matrix components (von Bodman et al. 2008). In B. 

429 subtilis, phosphatase regulator (Phr) peptides and their cognate response regulator aspartyl-

430 phosphate (Rap) phosphatases evoke QS, which control the activity of the three master regulators 

431 (Bendori et al. 2015). The autoinducer Phr is translated as Pre-Phr proteins, which are secreted and 

432 processed into mature Phr peptides (Pottathil and Lazazzera 2003). At high cell density, the Phr 

433 peptides will reach a threshold concentration allowing them to be imported into the cell, where they 

434 will bind to and inhibit their cognate Rap phosphatase, relieving the inhibition of the master regulator 

435 and thus resulting in changed expression of target genes (Pottathil and Lazazzera 2003). Spo0A is 
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436 controlled by RapABEHIJ60, as they inhibit the phosphorylation of Spo0A through dephosphorylating 

437 Spo0F~P, while Rap phosphatases regulate ComA (RapCDFGHKPQ60) and DegU (RapG) mainly by 

438 preventing their DNA-binding activity (Boguslawski et al. 2015, Core and Perego 2003, del Sol and 

439 Marina 2013, Diaz et al. 2012, Hayashi et al. 2006, Jiang et al. 2000a, Ogura and Fujita 2007, Parashar 

440 et al. 2011, Parashar et al. 2013, Perego 2013, Yang et al. 2015). To what extent quorum sensing plays 

441 a role in B. subtilis root colonization is yet unknown. 

442 Apart from the quorum sensing autoinducer Phr and the secondary metabolite surfactin, B. subtilis 

443 produces and secretes cyclic di-adenylate monophosphate, which might act as signal during biofilm 

444 formation. Townsley et al. (2018) reported that c-di-AMP acts as an extracellular signalling molecule 

445 to impact biofilm formation and root colonization, which might be due to alterations in the 

446 phosphorylation state of Spo0A. However, the exact molecular mechanism has yet to be identified.

447

448 B. subtilis modifies plant cell-wall and defence mechanisms to improve colonization

449 The signalling responsible for inducing biofilm formation on the root is not unidirectional from plant 

450 to microbe, but rather an interplay between them. In addition to plant-produced compounds that 

451 trigger a chemotactic response and biofilm formation in bacterial cells, B. subtilis is able to influence 

452 gene expression in plants, which promotes root colonization. Lakshmanan and Bais (2013) observed 

453 that around 300 genes were differently expressed in A. thaliana, when colonized by B. subtilis. This 

454 included down-regulation of genes related to defence signalling in roots as well as down-regulation of 

455 cell-wall related genes, which both might facilitate initial attachment and survivability and thus overall 

456 root colonization (Lakshmanan and Bais 2013). Indeed, downregulation of genes involved in the innate 

457 immune response of the plant might play an important role during establishment of B. subtilis on the 

458 root, as it might help bacterial cells to evade the plant’s defence mechanisms during initial colonization 

459 (Rehka et al. 2018). Various compounds produced by B. subtilis, including lipopetides such as 

460 surfactins and iturins, as well as essential bacterial components, e.g. flagellin, act as microbe-

461 associated molecular patterns (MAMPS), which trigger certain immune responses in the plant (Farace 

462 et al. 2015). Rekha et al. (2018) observed that B. subtilis RR4 suppresses various immune related genes 

463 initially during colonization of rice roots, thereby facilitating its own colonization, while it induces 

464 defence responses gradually at a later stage to boost the plant’s immunity. Another mechanism to 

465 evade the plant´s innate immune response has been observed by Deng et al. (2019), who described 

466 that the endophytic B. subtilis BSn5 is able to mask self-produced flagellin through the production of 

467 lantibiotic subtilomycin, thereby reducing stimulation of the plants defence response.

468 Furthermore, Kerff et al. (2008) identified a protein EXLX1 that is produced and secreted by B. subtilis, 

469 which seems important for plant-microbial interactions. It has a very similar structure to that of plant 
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470 β-expansin and was able to bind to plant cell walls and promoted their extension. In addition, they 

471 show that mutants deficient in EXLX1 production also showed significantly decreased root 

472 colonization compared to the WT (Kerff et al. 2008).

473

474 B. subtilis colonizes roots kin discriminated

475 Just as distinct B. subtilis strains vary in their ability to promote plant growth and control 

476 phytopathogens, so do they in their ability to successfully colonize plant roots. Interestingly, the 

477 genetic relatedness between different B. subtilis strains impacts their ability to co-colonize a plant 

478 root or competitively exclude one another. Stefanic et al. (2015) observed that after inoculating A. 

479 thaliana roots with pairs of non-kin strains, the biofilm on the root mostly consisted of only one strain, 

480 implicating antagonistic interactions between the two strains. However, inoculation a pair of kin 

481 strains, resulted in mixed biofilms and co-colonization, implying that B. subtilis colonizes plant roots 

482 in a kin discriminated manner (Stefanic et al. 2015).  

483

484 The role of the natural plant microbiome

485 It has to be emphasized that most studies analysing root colonization of B. subtilis have been 

486 conducted under sterile and highly controlled conditions. Obviously, this is far from the natural, 

487 complex environment for B. subtilis, i.e. the rhizosphere and plant root, and observations from the 

488 laboratory is often hard to reproduce under field conditions. The rhizosphere has been shown to 

489 harbour up to 1011 microbial cells per gram, representing more than 30,000 species (Berendsen et al. 

490 2012). One cause of the variability in the success of biocontrol under field conditions might be the 

491 natural occurring plant microbiomes. Interactions between microbes can be both cooperative or 

492 competitive, meaning that depending on co-occurring bacteria, root colonization by B. subtilis might 

493 be improved or reduced, or even successful or unsuccessful. For example, Pseudomonas protegens, 

494 another widely used PGPR, is able to inhibit biofilm formation of B. subtilis in co-culture by producing 

495 a compound, namely 2,4-diacetylphloroglucinol, that delays cell differentiation by repressing biofilm-

496 specific genes (Powers et al. 2015).  Accordingly, biofilm formation not only plays an important role in 

497 root colonization per se, but it also modulates the interaction with co-occurring microbes. Indeed, 

498 Molina-Santiago et al. (2019) observed that a B. subtilis Δmatrix mutant, deficient in the production 

499 of biofilm matrix, show a higher sensibility towards invasion of Pseudomonas chlororaphis, leading to 

500 higher sporulation in co-inoculation of melon seeds. On the other hand, co-inoculation of B. subtilis 

501 and B. licheniformis improved plant growth of red pepper and tomato synergistically, indicating a 

502 positive interaction between the pair (Lim and Kim 2009). 
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503 Addition of B. subtilis to a natural rhizosphere has been shown to have only minor effects on the 

504 overall plant microbiome. Qiao et al. (2017) reported that inoculating tomato plants with B. subtilis in 

505 a greenhouse study had an impact on the eukaryotic community that lasted 14 days, while the 

506 bacterial community was only affected for 3 days. Wei et al. (2016) observed a similar result, but for 

507 application of B. subtilis on leaves rather than by root inoculation. Here, B. subtilis also seemed to 

508 have only minor effects on the natural phyllosphere microbiome (Wei et al. 2016). However, what 

509 effect the natural plant microbiome has on B. subtilis and if specific taxa might be able to improve its 

510 root colonization is not known until now and should be investigated further.

511

512 Outlook

513 Even though our understanding of how B. subtilis colonizes and interacts with plants has improved 

514 immensely over the last decades, there are still numerous questions that need to be addressed. 

515 Especially transition from testing various natural and laboratory B. subtilis strains under highly 

516 controlled conditions, towards natural soil systems needs to be advanced further. This means, on the 

517 one hand, we need to determine the extent of correlation between observations in laboratory settings 

518 with natural conditions, e.g. the importance of biofilm formation and chemotaxis during colonization. 

519 On the other hand, we need to discover what role the natural microbiome of the plant and co-

520 occurring microbes in the soil play. The assembly of the plant microbiome is amongst other things 

521 governed by the complex interactions among the microorganisms (as reviewed by Trivedi et al. 2020). 

522 Indeed, it has been shown that synergistic interactions and co-culturing of multispecies biofilm of 

523 Pseudomonas spp. and Bacillus spp. (relative of B. subtilis) on banana roots influences the assembly 

524 of the community at the root-microbiome interface and acts as a plant-beneficial consortium against 

525 pathogens (Tao et al. 2020). This has to be addressed also for B. subtilis, in order to identify how 

526 distinct PGPR interact with B. subtilis in a consortium, whether they might facilitate B. subtilis root 

527 colonization and ultimately if the microbial consortium including B. subtilis act synergistically in 

528 protecting plants against pathogens. This knowledge will help us greatly to optimize the application of 

529 B. subtilis in agriculture in addition to learning about complex microbiomes.
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820 Fig. 1 Bacillus subtilis plant root colonization. (A) Confocal microscopy image of GFP-labelled B. 

821 subtilis cells on A. thaliana root. (B) B. subtilis harbours multiple plant growth promoting effects, 

822 including improvement of nutrient availability, reduction of abiotic stresses, production of growth-

823 promoting phytohormones, as well as biocontrol properties, e.g. via production of antimicrobials, 

824 triggering induced systemic resistance, and competing with pathogens. Part of Fig 1B was created with 

825 BioRender.com.

826

827 Fig. 2 Root colonization of B. subtilis, biofilm formation and chemotaxis. During chemotaxis, cells 

828 recognize the gradient of root exudates, which act as an attractant, and move accordingly towards the 

829 root. Upon recognition and binding of root exudates by the chemoreceptor CheW/CheV, the kinase 

830 CheA gets activated, leading to the phosphorylation of its response regulator CheY. CheY in turn 

831 interacts with the Flagellar motor, leading to a run if phosphorylated, or a tumble if unphosphorylated. 

832 Once bacterial cells reached the root, the switch from single motile cells to biofilm formation regulated 

833 by the Spo0A pathway is essential. This switch is initiated by the recognition of plant signals via the 

834 sensor kinases KinCD leading to a phosphorylation cascade involving Spo0F, Spo0B and eventually 

835 Spo0A. Once phosphorylated, Spo0A~P induces the production of SinI, which represses SinR and thus 

836 leads to derepression slrR. The expressed SlrR forms a complex with SinR, keeping the levels of free 

837 SinR low and thus derepresses matrix genes. In addition, the formed SlrR-SinR complex represses the 

838 expression of the motility gene hag and the autolysin genes lytABC and lytF, resulting thereby in 

839 sessile, coherent matrix producing chains of cells. Furthermore, Spo0A~P inhibits a second matrix 

840 repressor AbrB thereby relieving the repression of matrix genes. Part of Fig 2 was created with 

841 BioRender.com.
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