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23 Abstract

24

25 Since the 1980s, plant growth‒promoting bacteria (PGPB) have been studied as a 

26 sustainable alternative to the use of chemical fertilizers to increase crop yields, and 

27 effective PGPB have been isolated from diverse plant (e.g., endosphere and phyllosphere) 

28 and soil (e.g., rhizosphere) compartments. Despite the promising plant growth promotion 

29 results commonly observed under laboratory and greenhouse conditions, the successful 

30 application of PGPB under field conditions has been limited, partly by the lack of 

31 knowledge of the ecological/environmental factors affecting the colonization, prevalence 

32 and activity of beneficial bacteria on crops. It is generally accepted that the effectiveness of 

33 PGPB depends on their ability to colonize a niche and compete with the indigenous plant 

34 microbiome under agronomic conditions. However, most studies do not include tracking or 

35 monitoring of PGPB in the environment after their application, and the beneficial effects on 

36 plants are measured by determining biomass‒ and physiology‒related parameters without 

37 confirming bacterial colonization. To date, methods based on reporter genes, 

38 immunological reactions and nucleic acids have been applied to track or monitor PGPB in 

39 seeds, soils or in planta after inoculation. In this review, we describe, compare and discuss 

40 the methods used for tracking and monitoring PGPB, including challenges and perspectives 

41 on some novel methods.

42

43 Keywords: biofertilizer; bioproducts; inoculants; monitoring; plant growth‒promoting 

44 bacteria; tracking.
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45 1. Introduction

46

47 Plants are closely associated with an enormous variety of bacterial taxa that play a crucial 

48 role in their growth, tolerance and disease prevention. Thus, numerous beneficial bacterial 

49 strains, defined as plant growth‒promoting bacteria (PGPB) by Kloepper and Schroth 

50 (1981), have been isolated from the rhizospheres (soil influenced by plant roots), 

51 endospheres (inner tissues of plants) and phyllospheres (aerial surfaces of plants, including 

52 leaves) of a great variety of plant species (Brimecombe et al., 2007). The promising results 

53 of PGPB at the laboratory scale have stimulated their biotechnological use as bioactive 

54 components in diverse bioproduct formulations (biofertilizers or inoculants) that have been 

55 commercialized to improve the health and yield of crops and pastures. However, the 

56 success of PGPB technology has been challenged by the lack of consistent responses under 

57 agronomic conditions, owing to different soils, crops and climatic conditions (Bashan et al., 

58 2014). It is widely accepted that the effectiveness and prevalence of PGPB under field 

59 conditions depend on their versatility and adaptation to environmental changes as well as 

60 their ability to colonize and compete with other members of the indigenous plant 

61 microbiome (e.g., bacteria, fungi, archaea, protozoa, etc.) (Thijs et al., 2016). At the field 

62 scale, the PGPB must also overcome or adapt to diverse factors such as plant 

63 characteristics, climate, soil composition and soil management, among others (Fageria and 

64 Stone 2006; Rattray et al., 1995). Therefore, the tracking and monitoring of the PGPB used 

65 for plant, soil or seed inoculation is crucial for determining the factors influencing their 

66 efficient behavior under changing and complex field conditions. 

67 The tracking of PGPB released in the environment has been studied for at least 25 

68 years (Ahmad et al., 2011; Brandt and Kluepfel 1991; Gamalero et al., 2003; Glick, 2015; 
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69 Kloepper and Beauchamp 1992; Podile and Kishore 2006; Stahl and Kane 1992), but 

70 despite the extensive research, especially during the last ten years, less than 25% of 

71 published articles have considered the use of tracking methods, according to indexed 

72 articles in the Thompson-Reuters Web of Science database (www.webofknowledge.com) 

73 (Fig. 1). The low number of studies using tracking methods is mainly due to the limited 

74 availability of an effective, cheap and rapid method to localize, count and evaluate the 

75 activity of inoculated PGPB. For this reason, the effect of such microorganisms on plants 

76 has generally been evaluated by measuring plant biomass (length, dry weight, stem 

77 diameter, leaf number, etc.) and plant physiological parameters (chlorophyll content, 

78 superoxide dismutase [SOD], thiobarbituric acid reactive substances [TBARS], osmolyte 

79 content, etc.) without an unequivocal confirmation of the capacity of bacteria to colonize 

80 the soil or plant. In this context, Ivnitski et al. (1999) suggested monitoring inoculated 

81 bacteria in the environment by detecting at least one cell and discriminating between viable 

82 and non‒viable cells, using minimal amounts of reagents with an automatized method to 

83 identify the inoculated strain among native species. In addition, Rattray et al. (1995) 

84 suggested the need to develop non‒destructive methods for the in planta study of PGPB. 

85 Finally, Stahl and Kane (1992) pointed out that the tracking and monitoring of bacteria are 

86 overlapping concepts, so their differences must be clearly established during their 

87 application. Tracking refers to phenotypic or genotypic detection, quantification and 

88 localization of inoculated PGPB strains, whereas monitoring includes tracking as well as 

89 determining the physiological activity of the inoculated PGPB strains, such as N‒fixation, 

90 P‒solubilization, and phytohormone production, among others. In general, the methods for 

91 tracking and monitoring PGPB are usually grouped into three main categories: i) reporter 

92 genes-based methods, ii) immunological methods, and iii) nucleic acid-based methods. 
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93 However, independent of the procedure, the selection of an appropriate method should 

94 consider its relative environmental safety, reproducibility, sensitivity, costs, and time 

95 consumption, among other aspects.

96 The main aim of this review is to discuss the state of the art of current methods for 

97 tracking and monitoring PGPB, pointing out the novel strategies developed for this 

98 purpose, their advantages and disadvantages and their particular perspectives.

99

100 2. Factors affecting plant growth‒promoting bacteria colonization

101

102 Agro‒ecosystems are complex environments with a high diversity of indigenous 

103 microorganisms, where the activity, abundance and composition of bacterial populations 

104 are modulated by diverse biotic and abiotic factors, such as plant characteristics (genotype, 

105 development stages, defense mechanisms, etc.), seed properties (hydrophobicity, the 

106 presence of chemical compounds, etc.), climate factors (temperature, UV irradiation, 

107 precipitation, dehydration, etc.), soil management (fertilization, rotation, tillage, etc.), soil 

108 properties (pH, organic matter, nutrients, texture, etc.), presence of grazers (nematodes, 

109 protozoa, etc.) and other members of microbial communities (archaea, fungi and viruses) 

110 (Fig. 2a). However, the specific factors affecting the colonization and survival of inoculated 

111 PGPB are poorly understood (Kragelund et al., 1997). According to Burns et al. (2015), the 

112 main factors influencing PGPB colonization are (in order of relevance) plant species, root 

113 exudates, soil chemical properties and spatial location. With respect to plant species, Singh 

114 et al. (2009) suggested that plant genotype can significantly affect colonization, so the 

115 interactions, including effect type (beneficial, neutral or harmful), between the inoculated 

116 microorganism and the target cultivar should be known for the plant to be efficiently 
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117 colonized by PGPB. During different phenological stages, plants can also select and modify 

118 the composition of associated or symbiotic bacterial communities, as occurs with the 

119 Rhizobium genus and the nodulation process (Depret and Laguerre 2008). 

120 In the rhizosphere, which is the most-studied soil compartment with a higher 

121 abundance and activity of organisms compared to the bulk soil, the presence, prevalence 

122 and activity of bacteria is mainly attributed to their versatility in their use of 

123 rhizodepositions as nutrients and their ability to compete for niches with other members of 

124 microbial communities (Fig. 2b) (Brimecombe et al., 2007). It is well accepted that the 

125 presence of organic compounds in the rhizodepositions (including root exudates) affect the 

126 composition and activity of bacterial communities inhabiting the rhizosphere soil (Dennis 

127 et al., 2010). For example, Strigul and Kravchenko (2006) suggested that the survival and 

128 colonization of PGPB depend on their ability to consume organic acids, sugars, amino 

129 acids, cell debris, and other compounds in rhizodepositions. Thus, when PGPB cannot 

130 directly use some of these compounds as nutrients, their metabolic versatility, including 

131 co‒metabolism, can be crucial for their survival and rhizosphere colonization. However, the 

132 competition between PGPB and indigenous rhizosphere bacteria is also very important for 

133 the success of bacterial inoculation (Canellas et al., 2015). For example, the colonization of 

134 the PGPB Pseudomonas putida W619 was lower in unsterile than sterile soils in hybrid 

135 poplar rhizospheres (Weyens et al., 2012). The success of the bacterial colonization can 

136 also depend on the presence of specific microorganisms in the rhizosphere. The presence of 

137 Piroformospora indica, a symbiotic fungus, in the rhizosphere increased the endophytic 

138 colonization rates of Pseudomonas striata in 4 of 6 maize cultivars (Singh et al., 2009).

139 Soil pH may be another relevant factor affecting the colonization, abundance and 

140 prevalence of PGPB in the rhizosphere, even if PGPB are commonly isolated from different 
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141 soils to which they are applied. Indeed, variations of more than 1.7 units below or above the 

142 optimum pH reduced the growth of bacterial communities in vineyard soils by 50% 

143 (Fernández‒Calviño and Bååth 2010), whereas the colonization of the PGPB P. fluorescens 

144 strain CS85 on roots of cotton plants was unaffected between pH 5.2 and 8.5 (Wang et al., 

145 2004). However, it is noteworthy that studies of PGPB under different soil pH values are 

146 mostly focused on evaluating the plant growth promotion effects than the effect of pH on 

147 PGPB colonization.

148 Soil management, such as fertilization and tillage, can also affect the activity, 

149 biomass and composition of bacterial communities and the colonization capacity of PGPB 

150 (Chen et al., 2016; Luo et al., 2017; Yang et al., 2017). Thus, beneficial Pantoea 

151 agglomerans and Azotobacter chroococcum strains showed higher rhizosphere colonization 

152 when phosphorus (P) and nitrogen (N) were added to soils (Narula et al., 2007). Vande 

153 Broek et al. (1993) observed a preference for lateral root colonization by Azospirillum 

154 brasilense strain Sp245 in the rhizosphere of wheat plants under N fertilization. Recently, a 

155 negative correlation was obtained between the colonization capacity of Azospirillum sp. and 

156 N-addition rates (Alamri and Mostafa 2009; Ramirez et al., 2012) that is probably 

157 explained by the Strigul and Kravchenko (2006) model, by which plant colonization by 

158 PGPB is more probable in nutrient‒poor than nutrient‒rich soils. In relation to tillage, 

159 which causes rapid changes in the composition of microbial communities (Bissett et al., 

160 2013), PGPB colonization could be hampered once the microbial community stabilizes. In 

161 addition, the type of soil management combined with the inoculation method (e.g., seed 

162 coating, liquid application in furrow or seeds, spray drying, etc.) may be relevant to the 

163 PGPB colonization capacity (Afzal et al., 2012). Sirohi et al. (2015) reported differences in 

164 bacterial survival of approximately 17% between a carrier matrix‒based inoculation and 
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165 direct application on wheat plants. Similarly, Barra et al. (2016) observed differences in 

166 seedling emergence rates (67.5~92.5% versus 42.5~90%) when direct and seed coating 

167 with lyophilized bacteria inoculation methods were compared, but both inoculation 

168 treatments increased plant biomass compared with uninoculated controls.

169

170 3. Methods for tracking and monitoring plant growth‒promoting bacteria

171

172 Inoculated bacteria in the environment have been tracked in studies of bioremediation 

173 (Elväng et al., 2001), plant growth promotion (Glick, 2015) and human safety (Ivnitski et 

174 al., 1999). Since early PGPB inoculation studies, authors have stated that knowledge of 

175 bacterial behavior in situ is highly required (Bonaldi et al., 2015; De Weger et al., 1991; 

176 Ramos et al., 2002). The estimated abundance of inoculated PGPB in roots and their 

177 activity on plants as well as the inoculation schedule are important parameters to be 

178 considered to maximize crop yields (Zhao et al., 2011). Rattray et al. (1995) suggested the 

179 use of non‒extractable methods for PGPB tracking. Until now, PGPB tracking methods 

180 have included the use of reporter gene-based methods, immunological methods and nucleic 

181 acid-based methods (Solanki and Garg 2014). The principle and detection limits as well as 

182 the advantages and disadvantages of these methods are summarized in Table 1 and Fig. 3. 

183

184 3.1. Reporter gene-based methods

185

186 The reporter gene (or simply reporter) is a gene attached to a regulatory sequence of a 

187 target gene that can be used to detect the presence and/or expression of the target. 

188 Commonly, the reporter genes are visually identified by color, luminescence or 
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189 fluorescence, but diverse issues must be evaluated before they can be used for PGPB 

190 tracking. Gamalero et al. (2003) suggested that reporter genes should be specific, stable and 

191 previously tested on target bacteria in the environment, and the same authors consider that 

192 stability is essential to assure marker persistence and to prevent horizontal gene transfer 

193 from the inoculated PGPB to indigenous bacteria. In addition, reporter gene insertion 

194 should not affect plant growth‒promoting (PGP) traits (Viazovaia et al., 2006), and the 

195 release of genetically modified (including reporter gene‒tagged) bacteria into the 

196 environment should avoid any biosafety risks (Glick 2015). As an example, De Weger et al. 

197 (1991) reported that approximately 80% of lux‒tagged Pseudomonas fluorescens WCS374 

198 lost the inserted reporter plasmid in wheat rhizosphere. Thus, methods based on reporter 

199 genes should only be used under controlled experimental controlled conditions (e.g., 

200 laboratory or greenhouse experiments) and not for tracking in the field.

201 Despite this, the use of some reporter genes in PGPB are discussed below.

202

203 3.1.1. β‒galactosidase (lacZ)

204

205 The operon lacZ (derived from Escherichia coli) codifies a β‒D‒galactosidase (β‒gal) that 

206 cleaves lactose in the presence of X‒gal 

207 (5‒bromo‒4‒chloro‒3‒indolyl‒β‒D‒galactopyronaside), and the products of this reaction 

208 are galactose and 5,5'‒dibromo‒4,4'‒dichloro‒indigo, which is an insoluble blue 

209 compound. Thus, lacZ‒tagged bacterial cells are visualized as blue colonies on agar plates 

210 when they are grown in media containing X‒gal as a substrate and IPTG (Isopropyl 

211 β‒D‒1‒thiogalactopyranoside) as a β‒gal inducer (Sambrook and Russell, 2001). 

212 Diverse studies have used lacZ as a reporter for PGPB tracking in the rhizosphere. 
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213 Mourya and Jauhri (2002) monitored the colonization of P‒solubilizing Pseudomonas 

214 striata str. P‒27 in soybean rhizosphere and observed a decrease from 108 to 104 CFU g‒1 

215 soil after four months of inoculation. An increase of approximately 40% in the colonization 

216 of Pseudomonas sp. P‒36 after 60 days was observed under different P-fertilization rates 

217 and manure fertilization (Sunita et al., 2010). In contrast, Fischer et al. (2000) reported a 

218 decrease in A. brasilense Cd from 1.25 to 0.77×106 CFU g‒1 in the rhizoplane of wheat 

219 plants after two weeks under conditions of saline stress. The tracking of Azotobacter 

220 chroococcum Mac27 gave an estimated abundance of 105 CFU g‒1 soil under field 

221 conditions after 60 days, and a higher colonization of P. fluorescens Psd was observed 

222 when inoculated with a talc‒based carrier formulation (Sirohi et al., 2015). 

223 Burn et al. (1987) observed a positive correlation between the expression of 

224 nodulation genes (nodA,B,C) and the response of the lacZ gene in Rhizobium 

225 leguminosarum 8401 exposed to root exudates of peas. Similarly, Göttfert et al. (1988) 

226 combined nodA and lacZ genes and observed a positive correlation between the production 

227 of a specific isoflavone by soybean and the production of nod factors by Bradyrhizobium 

228 japonicum I110. The expression of N‒fixing genes in B. japonicum I110, monitored using 

229 lacZ as a reporter under different N concentrations, revealed a 2:1 expression ratio between 

230 nifH and nifD genes (Yun et al., 1986). The use of lacZ reporter revealed that the alkaline 

231 phosphomonoesterase (commonly known as alkaline phosphatase) (phoD) gene was 

232 expressed by phosphate starvation in the soil bacterium Bacillus subtilis JH646M5 (Eder et 

233 al., 1996).

234 Endophytic bacterial populations have also been monitored by lacZ gene reporter, 

235 but the results can be affected by artifacts due to the indigenous β‒gal activity of plant 

236 roots. However, Arsene et al. (1994) revealed no β‒gal activity in roots by microscopy 
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237 using 2% glutaraldehyde for tissue fixation. This modified method allowed the abundances 

238 of A. brasilense Sp7 and A. brasilense 7067 to be monitored in wheat plants, obtaining 

239 colonization values of 7×107 and 3×107 CFU g‒1 root after 10 days, respectively. However, 

240 despite glutaraldehyde treatment, three endophytic lacZ‒tagged bacteria (Azospirillum. 

241 lipoferum, B. japonicum and Rhizobium melilotii) were undetected by microscopy due to 

242 the root β‒gal activity (Akao et al., 1999). 

243 It is noteworthy that most of the above studies did not consider the occurrence of 

244 false positives produced by indigenous and endogenous β‒gal activity of bacteria in the 

245 soil, rhizosphere or endosphere (Gamalero et al., 2003). Therefore, the use of lacZ gene as a 

246 reporter should only be recommended for tracking and monitoring PGPB under controlled 

247 gnotobiotic conditions.

248

249 3.1.2. β‒glucoranidase (gusA)

250

251 Similar to lacZ and β‒D‒galactosidase, β‒D‒glucoranidase (β‒glu), which is codified by 

252 gusA from E. coli, forms a blue insoluble compound in the presence of 

253 5‒bromo‒4‒chloro‒3‒indolyl‒β‒D‒glucopyronaside (X‒glu) in an induced or constitutive 

254 way (Vande Broek et al., 1993; Wilson et al., 1995). The major advantage in comparison 

255 with lacZ is its low background activity in either plant tissue or indigenous soil bacteria 

256 (Akao et al., 1999; Compant et al., 2005; Ramos et al., 2002).

257 In the last 10 years, several studies have used gusA as a gene reporter to track PGPB 

258 strains inoculated on plants. Villegas and Paterno (2008) reported the incremental increase 

259 in the abundance of gusA-tagged P. fluorescens LV7 and P. fluorescens LV10 with values 

260 from 106 to 108 CFU g‒1 fresh weight of roots between 14 and 30 days after inoculation. 
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261 However, Huang et al. (2017) discussed the incorrect results obtained by evaluating the 

262 plant response to inoculation with PGPB considering fresh instead of dry weight data. 

263 Sathyapriya et al. (2012) reported a similar increase (from 105 to 108 CFU g‒1 fresh weight 

264 of roots after 7 days) in P. aeruginosa UPMP3 in oil palm roots. Using the gusA gene as a 

265 reporter, the colonization of tomato roots by A. brasilense Cd, Herbaspirillum seropedicae 

266 Z67, Burkholderia ambifara PHP7 and Gluconacetobacter diazotrophicus Pal5 revealed 

267 populations of 107, 105, 107 and 108 CFU g‒1 dry weight of roots, respectively, after 30 days 

268 of inoculation (Botta et al., 2013). Recently, Batista et al. (2015) monitored the 

269 colonization, nodulation and growth promotion of gusA‒tagged strains of R. 

270 leguminosarum bv. trifolii, U204 (a commercial strain) and R. leguminosarum bv. trifolii 

271 317 (a native strain isolated from red clover plants) in red clover (Trifolium pretense L.). 

272 After six months, growth promotion (2‒fold) and nodulation rates were higher with 

273 inoculation with the native strain (317) than with the commercial strain (U204). 

274 Marek‒Kozaczuk et al. (2014) determined the colonization rates of twelve Ensifer melilotii 

275 strains in alfalfa through gusA tagging. Three strains efficiently competed against 

276 indigenous rhizobia species, but indigenous rhizobia were dominant over the inoculated 

277 PGPB strains. Bernabeu et al. (2015) also used light microscopy to determine the presence 

278 of gusA‒tagged Burkholderia. tropica ATCC BAA‒569 in gnotobiotic and 

279 non‒gnotobiotic tomato plants. Under non‒gnotobiotic conditions, the plate counts 

280 revealed 107 and 104 CFU g‒1 FW for the rhizosphere and endosphere, respectively.

281 Similar to that published for the lacZ reporter, most studies focused on the use of 

282 gusA as a reporter did not consider the occurrence of false positives produced by the β‒glu 

283 activity of indigenous bacteria and plant roots (Akao et al., 1999). 

284
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285 3.1.3. Bacterial luciferase (lux)

286

287 Bioluminescence is another strategy for tracking bacteria, and the related methods are 

288 based on the use of the Vibrio fischeri luciferase gene (lux), which requires the presence of 

289 oxygen and a fatty aldehyde to produce bioluminescence (Prosser et al., 1996). Bacteria are 

290 usually lux‒tagged through chromosomal transformation with luxA and luxB genes using 

291 transposon delivery vectors (Gamalero et al., 2003), and the detection and 

292 semi‒quantification of lux‒tagged bacteria in the rhizosphere could be achieved through 

293 luminometry. This reporter gene is considered to be 1000‒fold more sensitive than lacZ 

294 (De Weger et al., 1991; De Weger et al., 1997; Kragelund et al., 1997). In addition, 

295 bioluminescence methods are less time consuming and laborious than the previously 

296 mentioned plate-counting methods, so bioluminescence is suggested as an adequate method 

297 for monitoring inoculated bacteria in root colonization studies (Beauchamp et al., 1993).

298 First, Shaw and Kado (1986) used this method by monitoring the colonization of 

299 lux‒tagged phytopathogen bacteria belonging to the genera Xanthomonas, Agrobacterium, 

300 Rhizobium, Erwinia and Pseudomonas in nine plants species (cauliflower, potato, carrot, 

301 pearl, soybean, rice, kiwi, blackberry and alfalfa). De Weger et al. (1991) compared the 

302 induced and constitutive expression of lux in P. fluorescens 5RL and P. putida LT2‒139 

303 inoculated on soybean roots, and the induced expression was 105 CFU cm‒1 root, whereas 

304 constitutive expression appeared to be metabolism dependent, requiring the addition of 

305 n‒decyl aldehyde to detect 105 CFU cm‒1 root, as observed by Malboobi et al. (2009). This 

306 substrate dependency was attributed to the inability of rhizosphere bacteria to produce 

307 aldehyde, which is necessary in the bioluminescence reaction. In contrast, Kozdrój (1996) 

308 pointed out that this limitation could be overcome by introducing the complete lux operon 
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309 (lux A, B, C, D, E genes) in the target strain instead of just luxAB. Indeed, the detection of 

310 lux‒tagged E. cloacae (pQF70/44) at single cell level in wheat roots was obtained by the 

311 insertion of more than one luxAB copy, thus increasing light emission (Rattray et al., 1995). 

312 Further experiments revealed that in situ luminometric lux quantification required 

313 separation of roots to enable the observation of colonization patterns in wheat (De Weger et 

314 al., 1997). In the same study, the tracking of lux‒tagged P. fluorescens 5RL was not 

315 affected by nutrient‒deficient conditions, and the same was also observed by Kragelund et 

316 al. (1997) in both gnotobiotic and natural barley rhizospheres inoculated with lux‒tagged P. 

317 fluorescens DF57. 

318 In terms of persistence, no differences were found in PGPB colonization of two 

319 contrasting soils (silt loam soil with a pH of 5.2 and sandy loam soil with a pH of 8.5), with 

320 values of 107 and 105 CFU of lux‒tagged P. fluorescens KT2440 g‒1 soil in bean and maize 

321 rhizospheres, respectively, 16 weeks after the inoculation (Molina et al., 2000). Malboobi et 

322 al. (2009) observed values of 107 CFU g‒1 soil of each strain at distances of 2 and 5 cm 

323 from the roots when three lux‒tagged P‒solubilizing PGPB (P. putida P7, Microbacterium 

324 laevaniformans P13, and Pantoea agglomerans P5) were inoculated in potato rhizosphere 

325 under greenhouse conditions. 

326 Studies have also described the difficulty in detecting lux‒tagged PGPB in the 

327 endosphere due to the intense background generated by the tagged bacteria colonizing 

328 epiphytic or rhizosphere areas (Rattray et al., 1995). Therefore, the combination of luxAB 

329 with gusA genes appear to be an attractive strategy to improve the tracking of rhizosphere 

330 or/and endorhiza-colonizing PGPB. Wang et al. (2004) studied the colonization, persistence 

331 and distribution of PGPB P. fluorescens CS85 tagged with both genes separately on native 

332 cotton roots, and their results showed the same colonization pattern and similar CFU 
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333 number (106 CFU g‒1 soil) during the 35 days assay. 

334 Although the lux gene has advantages in PGPB tracking when compared with other 

335 reporter genes (e.g., inexpensive substrate requirements and absence of exogenous or 

336 indigenous background), it has disadvantages such as metabolism dependency and 

337 challenges related to the physical manipulation of the samples.

338

339 3.1.4. Green fluorescent protein (GFP)

340

341 Chalfie (1995) first described green fluorescent protein (GFP) as a reporter gene. Isolated 

342 from the jellyfish Aequorea victoria, this protein emits fluorescent light when it is 

343 irradiated with nearly blue to UV light (Fig. 3d). Detection and quantification of 

344 GFP‒tagged strains are performed by epifluorescence microscopy (Leff and Leff 1996), 

345 confocal laser scanning microscopy (CLSM) (Fan et al., 2011; Götz et al., 2006; 

346 Krzyzanowska et al., 2012), flow cytometry (Elväng et al. 2001), and with agar plates 

347 under UV exposition (Errampalli et al., 1999). The main advantages of using GFP are 

348 summarized as follows: i) no substrate is required, ii) the expression occurs inside the cell, 

349 iii) there is no background from indigenous bacteria, and iv) in situ detection is possible so 

350 studies may be carried out at the single cell level (Table 1). These characteristics make this 

351 method more efficient than lacZ, gusA, and lux gene reporter methods.

352  In PGPB research, the inoculation of muskmelon seeds with GFP‒tagged B. subtilis 

353 Y‒IVI (109 CFU mL‒1) caused a 2‒fold increase in plant growth, showing a colonization 

354 prevalence of 108 CFU g‒1 in the rhizosphere and 105 CFU g‒1 in the endorhiza over 30 

355 days (Zhao et al., 2011). Similar results were obtained with GFP‒tagged Streptomyces sp. 

356 ZEA17L and GFP‒tagged A. brasilense FP2 in lettuce and wheat roots (Bonaldi et al., 
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357 2015; Ramos et al., 2002). Using CLSM, Annapurna et al. (2013) observed the colonization 

358 of GFP‒tagged Paenibacillus polymyxa strain HKA‒15 (105 CFU g‒1) in nodules formed by 

359 wild‒type B. japonicum DS‒1 after 30 days of incubation. However, when GFP‒tagged P. 

360 putida strain PRD16 and Enterobacter cowanii strain PRD116 were quantified in tomato 

361 rhizosphere, the results showed 104 CFU g‒1 of P. putida strain PRD16 in the rhizosphere 

362 by plate counting, but no fluorescent cells were observed under CLSM at 15 days after 

363 inoculation (Götz et al., 2006). In contrast, E. cowanii strain PRD116 was observed at all 

364 sampling times (2, 14 and 30 days). 

365 As mentioned above, combining methods is an attractive strategy to track PGPB. 

366 Indeed, B. tropica MTo‒293 colonization (105 CFU g‒1 of roots) was tracked in tomato 

367 roots by combining gusA and GFP genes (Bernabeu et al., 2015), but intracellular pH, soil 

368 particle interference, anaerobic conditions, expression variability among species, and 

369 plasmid instability are factors that must be considered when GFP‒tagged PGPB are used in 

370 colonization experiments (Gamalero et al., 2003; Ahmad et al., 2011; Weyens et al., 2011).

371

372 3.2. Immunological methods

373

374 Culture‒independent immunology-associated methods have also been applied to track and 

375 monitor PGPB. These methods are based on the use of antibodies, which are conjugated 

376 with enzymes, isotopes, nanoparticles or fluorochromes to detect and/or quantify 

377 antigen‒antibody interactions. According to Schloter et al. (1996), the use of these methods 

378 in complex habitats, such as rhizospheres, should: i) localize the antigenic determinant on 

379 the cell surface, ii) not give a cross reaction, iii) allow the stabilization of the antigenic 

380 determinant in situ, and iv) have a high affinity to the antigen.
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381

382 3.2.1. Enzyme‒linked immunosorbent assay (ELISA)  

383

384 Among immunoassays, one of the most commonly used for PGPB tracking is ELISA, 

385 which measures antigen‒antibody interactions in different ways, such as by 

386 chemoluminescence, fluorescence or color production, and it depends on the enzyme or 

387 substrate being used (Schloter et al., 1992; Schloter et al., 1997). Using 

388 chemoluminiscence‒ and fluorescence‒based ELISA in inoculated wheat plants in 

389 rhizotron cultivation systems, Schloter et al. (1992) detected 102 and 104 CFU of A. 

390 brasilense ml‒1, respectively, in rhizosphere soil extracts after 6 weeks. Then, a specific 

391 monoclonal antibody was developed for A. brasilense Sp245 with a tracking sensitivity of 

392 102 CFU ml‒1 (Schloter and Hartmann 1996). The use of a combination of monoclonal 

393 antibodies for three A. brasilense strains (Sp7, Sp245 and Wa5) discriminated the three 

394 inoculated strains and their colonization in rhizosphere and endorhiza of wheat plants at 14 

395 weeks (Schloter and Hartmann 1998). Using the same method, Schloter et al. (1997) 

396 tracked the colonization of R. leguminosarum bv. trifolii R39 in maize, clover, pea and 

397 lupin with a sensitivity of 104 CFU ml‒1 sample. The use of polyclonal and monoclonal 

398 antibodies determined the colonization of the endophytic Enterobacter asburiae JM22 in 

399 several plants (cotton, bean and cucumber) under gnotobiotic conditions (Quadt‒Hallmann 

400 and Kloepper 1996). The sensitivity of ELISA reached 103 CFU ml‒1, detecting the 

401 inoculated bacteria in roots, stems and cotyledons with values of 105, 104 and 103 CFU per 

402 g‒1 of sample, respectively. Monoclonal antibodies have also been used to track PGPB 

403 strains belonging to the genus Pseudomonas. Garcia et al. (2003) inoculated and tracked P. 

404 fluorescens Aur6 in pepper roots by the ELISA method reported by Schloter and Hartmann 
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405 (1996), and the abundance of Aur6 strain in rhizosphere was approximately 107 CFU g‒1 

406 soil at 15, 30 and 15 days after inoculation. 

407 Exopolysaccaride (EPS)-targeted polyclonal antibodies have also been developed 

408 (Yegorenkova et al., 2010). In wheat rhizosphere, the colonization of P. polymyxa 1465 

409 tracked by indirect ELISA yielded 9.3×105, 7.6×106, and 2×107 CFU ml‒1 at 15 min, 3 h and 

410 24 h after inoculation, respectively. 

411 ELISA variants, such as double antibody sandwich (DAS)‒ELISA, have also been 

412 successfully used to track P. agglomerans D5/23 and A. chroococcum Mac 27 in wheat 

413 roots (Narula et al., 2007). The use of DAS‒ELISA determined both the colonization of the 

414 root tip (3×107 CFU g‒1 rhizosphere soils) and basal root (6×107 CFU g‒1 rhizosphere soils) 

415 sections and resulted in numbers of inoculated strains 80% higher than those detected by 

416 plate counts. In contrast, plate counts yielded higher numbers when Rose et al. (2011) 

417 tracked B. subtilis B9, Bacillus amyloliquefaciens E19, and P. fluorescens 1N in a peat 

418 carrier biofertilizer. However, DAS‒ELISA does not allow the inoculated PGPB to be 

419 detected in situ because of soil particle interference (Quadt‒Hallmann and Kloepper 1996).

420

421 3.2.2. Immunofluorescence, immunogold staining and immunoblot

422

423 To overcome some of the ELISA disadvantages in tracking PGPB (e.g., sample trituration), 

424 it is possible to use immunofluorescence methodology. Similar to ELISA, 

425 immunofluorescence can be applied as a direct or indirect method, with the latter being 

426 more reliable due to the use of two antibodies (Odell and Cook 2013). This method consists 

427 of the following steps: i) extracting rhizosphere or plant samples, ii) applying a fixation 

428 protocol, and iii) using fluorochrome‒tagged antibodies to observe the fluorescent 
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429 antigen‒antibody reaction under microscopy. Antibodies can also be tagged with colloidal 

430 gold particles, and immunogold staining (IGS) of the antigen‒antibody interaction is an 

431 alternative technique (Levanony et al., 1989; Grilli‒Caiola et al., 2004). The main 

432 advantage of both methods is the possibility of tracking the presence of bacteria at single 

433 cell levels in situ (Hansen et al., 1997), but during sample preparation the fixation affects 

434 some membrane component in cells that could potentially interfere with antigen binding. In 

435 addition, this method requires expensive equipment for epifluorescence or confocal 

436 microscopy for immunofluorescence and transmission electron microscopy (TEM) for IGS. 

437 Finally, all immunological techniques involving the use of monoclonal antibodies to target 

438 specific strains are time consuming and expensive.

439 In relation to in situ studies, the presence of indigenous fluorescent bacteria and root 

440 autofluorescence may interfere with immunofluorescence assays (Schloter et al., 1992), so 

441 combining methods may solve limitations associated with the use of a single technique. 

442 Indeed, Schloter et al. (1993) used A. brasilense Sp7 monoclonal antibodies tagged with 

443 FITC and TRITC, and to overcome the problems related to autofluorescence, it was 

444 suggested that TRITC‒tagged antibodies and DAPI (4',6‒diamino‒2‒fenilindol) be used as 

445 a counterstain for estimating the colonization of A. brasilense Sp7 and Wa3 in wheat plants. 

446 Using immunofluorescence and chemoluminiscence ELISA, Aßmus et al. (1997) 

447 discovered competition when both strains (A. brasilense Sp7 and Wa3) were co‒inoculated. 

448 In contrast, Hansen et al. (1997) did not observe competition between P. fluorescens DF57 

449 and Ag1 during their early colonization of barley roots, as revealed by immunofluorescence 

450 and CLSM. Quadt‒Hallmann et al. (1997) used the IGS technique in combination with 

451 ELISA and immunofluorescence to determine specific colonization of E. asburiae JM22 in 

452 cotton. Previously, Levanony and Bashan (1989) considered IGS as an antigen localization 
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453 tool for A. brasilense Cd rather than a potential tracking method. Contrarily, Gyaneshwar et 

454 al. (2001, 2002) used IGS to detect Serratia marcescens IRBG500 and H. seropedicae Z67 

455 in rice tissues. Additionally, both immunofluorescence and IGS were used to describe the 

456 colonization patterns of A. brasilense Cd in tomato roots (Grilli‒Caiola et al., 2004). 

457 Nevertheless, the high resolution of TEM constitutes a disadvantage for tracking PGPB by 

458 IGS because only a very small part of the root sample can be observed. Therefore, IGS 

459 must be combined with tracking methods (Gamalero et al., 2003).

460 Krishnen et al. (2011) used immunoblot (also known as western blot) to track three 

461 PGPB (P. fluorescens 1N, A. brasilense Sp245 and R. Leguminosarum bv. trifolii R4) in 

462 soil cropped to rice and reduced the costs by approximately 80% by substituting the nylon 

463 membrane with Whatman paper. However, the use of immunoblot to track PGPB is more 

464 laborious than immunofluorescence, and it does not allow in situ localization. It is probably 

465 for these reasons that no further immunoblot assays have been reported for tracking PGPB.

466 Overall, immunoassays used in PGPB tracking are advantageous because: i) there is 

467 no need to transform bacteria before inoculation; ii) they allow in situ tracking; iii) they 

468 have a high diversity of target molecules; and iv) they possess a high specificity depending 

469 on the antibody used (monoclonal or polyclonal). Nevertheless, antibody production is 

470 difficult and requires immunization of an animal (commonly goats, rabbits or rats) or a 

471 mammalian cell. In addition, due to the specific characteristics of some PGPB, detection of 

472 a particular strain requires very specific antibodies, whose development involves time and 

473 elevated costs (at least greater than inserting a reporter gene).

474
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475 3.3. Nucleic acid‒based methods

476

477 PGPB can be tracked using DNA‒ or rRNA‒based methods. This approach focuses on the 

478 detection of fingerprint patterns or specific sequences, and in contrast to other methods, it 

479 does not require of antisera production or bacterial transformation (Podile and Kishore 

480 2006). Nucleic acid‒based approaches can be grouped into PCR‒independent and 

481 PCR‒dependent methods.

482

483 3.3.1. PCR‒independent methods 

484

485 The PCR‒independent methods are mainly based on DNA cleavage or hybridization with 

486 probes that allow the detection of target strains (Gamalero et al., 2003). Among them, the 

487 most used and efficient for PGPB tracking is fluorescence in situ hybridization (FISH). 

488 Metabolically active cells contain approximately 50,000–70,000 ribosomes (Podile and 

489 Kishore 2006) that are targeted by fluorescently‒tagged, 15–30-bp oligonucleotide probes 

490 (Moter and Göbel 2000) designed to bind 16S or 23S ribosomal RNA (rRNA) sequences. 

491 The technique consists of five steps: i) sample fixation, ii) sample preparation 

492 (pre‒treatment), iii) probe hybridization, iv) washing (removal of unbound probes), and v) 

493 visualization (Moter and Göbel 2000). The FISH method can detect target PGPB strains in 

494 situ using epifluorescence microscopy (Compant and Mathieu 2013) or CLSM (Rothballer 

495 et al., 2003; Wu et al., 2008). Rothballer et al. (2003) detected A. brasilense Sp245 and Sp7 

496 in different wheat varieties, and high colonization rates occurred in older basal roots but 

497 decreased toward the root tip. In addition, differences in tissue colonization and strains 

498 were determined. A. brasilense Sp245 was detected in the apoplast, whereas strain Sp7 was 
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499 only detected in the rhizoplane. Colonization of diazotrophic bacteria (G. diazotrophicus 

500 PAL5, H. seropedicae HRC54, Herbaspirillum rubisubalbicans HCC103, Azospirillum 

501 amazonense CBAmC, and B. tropica Ppe8) was tracked by FISH in sugarcane rhizosphere 

502 by Oliveira et al. (2009), who reported that all strains were traceable 12 h after inoculation 

503 as also observed by Rothballer et al. (2003). Wu et al. (2008) designed probes for tracking 

504 P. putida TOM20 in wheat rhizosphere, and Watt et al. (2006) used FISH to quantify native 

505 bacteria, Pseudomonas sp. and filamentous bacteria in wheat roots. However, few studies 

506 have reported the quantification of PGPB using FISH, and most FISH studies have been 

507 complemented with culture-dependent quantification methods, such as colony-forming 

508 units (CFU) or most probable number (MPN) counting.

509 In addition to the advantages mentioned above, the FISH method also has 

510 disadvantages such as the interference of root and indigenous bacteria by autofluorescence 

511 (Briones et al., 2002). Nevertheless, this disadvantage can be overcome by using 

512 fluorochromes that emit signals in near far‒red spectra such as Cy5 and Cy5.5 (Watt et al., 

513 2006) or Alexa647 (Wu et al., 2008). Other limiting factors are cell size and bad washing 

514 procedures that reduce signal quality. Cell products, such as EPS, have also blocked probe 

515 insertion in cells (Watt et al., 2006). Olivera et al. (2009) reported that a designed probe did 

516 not hybridize the EPS‒producer G. diazotrophicus BR11281, whereas other bacteria in the 

517 sample were properly detected. Both the signal quality and sensitivity of FISH can be 

518 improved to overcome some of these problems. Catalyzed reported deposition 

519 (CARD)‒FISH has been developed to increase signal detection in marine bacteria 

520 (Pernthaler et al., 2002). Probes tagged with horseradish peroxidase (HRP) were hybridized 

521 and then treated with fluorescent‒tagged tyramide; they emitted the fluorescent signal upon 

522 cleavage of the tyramide (Amann and Fuchs 2008), which increased FISH sensitivity up to 
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523 40‒fold (Hoshino et al., 2008). The CARD‒FISH probes effectively detected indigenous 

524 bacterial classes on rice rhizoplane (Schmidt and Eickhorst, 2014), but this technique 

525 increases FISH complexity due to the enzymatic treatment required to achieve cell 

526 penetration of large‒sized HRP‒tagged probes. Contrarily, double‒tagged probes 

527 (DOPE)‒FISH increased signal intensity by avoiding the enzymatic sample treatment 

528 (Stoecker et al., 2010). Positive results of DOPE‒FISH were observed in tracking 

529 Saccharothrix algeriensis NRRL B‒24137 in grapevine rhizosphere (Compant and Mathieu 

530 2013) and cucurbit fruits when using this technique to determine bacterial diversity 

531 (Glassner et al., 2015).

532

533 3.3.2. PCR‒dependent methods

534

535 Generally, bacteria inoculated in the rhizosphere soil have been tracked with community 

536 analysis methods, such as denaturing gradient gel electrophoresis (DGGE), terminal 

537 restriction fragment length polymorphism (T‒RFLP), automatic ribosomal interspace 

538 spacer analysis (ARISA), and amplified ribosomal DNA restriction analysis (ARDRA) as 

539 well as PCR variants, such as most probable number PCR (MPN‒PCR), competitive 

540 (C‒PCR), or quantitative (qPCR) Gamalero et al., 2003). 

541 One of the most used methods in microbial community analysis is DGGE, which is 

542 based on the separation of double-strand DNA fragments from a target gene during their 

543 migration on denaturant gradient acrylamide gels, but the complete separation of the two 

544 strands is avoided by coupling a rich GC-content DNA fragment (named GC‒clamp) 

545 during PCR amplification (Sheffield et al., 1989). The separation of the different denatured 

546 dsDNA fragments depends on their %GC content (Strathdee & Free, 2013). Changes in 
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547 community composition by the inoculated PGPB occurred in rape plants as shown by 

548 DGGE (Chen et al., 2013). After their inoculation, both Burkholderia sp. J62 and P. 

549 thivervalensis Y139 were observed in rhizosphere and endorhiza at the end of a 60 days 

550 study. Bands were separated by DGGE and then excised with solubilization of the relative 

551 DNA, the final sequencing of which allowed the detection of inoculated PGPB but not its 

552 relative quantification (Menezes-Blackburn et al., 2016; Podile and Kishore 2006). 

553 Similar to DGGE, ARISA and ARDRA produce fingerprint patterns that are 

554 obtained by enzymatic restriction of PCR products of the 16S rRNA gene from complex 

555 DNA samples (such as soil) (Rincon-Florez et al., 2013). Despite being sensitive to 

556 bacterial diversity, the ARDRA technique is biased in that different bacterial genomes can 

557 produce more than one detection peak (Nocker et al., 2007). Similar disadvantages are 

558 observed with ARDRA, where more than one band could be attributed to the same 

559 microbial group (Kirk et al., 2004). Thus, these techniques are more suitable to assess the 

560 effect of inoculation on host bacterial communities rather than for tracking specific strains.

561 In the case of the MPN‒PCR, once the PCR product is detected, quantification is 

562 achieved through serial dilutions of PCR products until no bands are observed in 

563 electrophoresis gels, and the results are compared with a PCR‒positive external standard of 

564 known concentration. However, Gamalero et al. (2003) suggested that this technique, 

565 which relies on probabilistic evaluation and dilutions, may yield biased results, mainly due 

566 to the potential differences in reaction specificity between the samples and the standard 

567 because the samples contain mixtures of different DNA. In contrast, C‒PCR requires the 

568 use of two DNA templates (e.g., sample and internal standard) containing the same primer 

569 recognition sites, and the reactions are performed in a series of tubes containing different 

570 dilutions of the internal standard. Since the amount of the competitor is known, target DNA 
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571 can be quantified. Zentilin and Giacca (2007) have suggested that both C‒PCR and qPCR 

572 are accurate quantification methods, but C‒PCR is more laborious and requires the 

573 construction of a competitor in at least three different reactions and with high chances of 

574 cross contamination. In contrast, qPCR is an easy‒to‒use technique that is preferred despite 

575 the low costs of C‒PCR. Additionally, no recent PGPB tracking studies have been reported 

576 using either MPN‒ or C‒PCR.

577 To track and quantify P. polymyxa strains, Timmusk et al. (2009) designed 16 

578 rDNA-targeted qPCR primers, and using commercial soil DNA extraction kits, they 

579 estimated the abundance of native P. polymyxa populations in wild barley rhizosphere. 

580 Fernandes et al. (2014) designed qPCR primers for G. diazotrophicus, and primer 

581 efficiency was tested in sugarcane rhizosphere, revealing 6.5×104 CFU g‒1 FW. 

582 Furthermore, Couillerot et al. (2010a) assessed the applicability of BOX, ERIC and RAPD 

583 fragments in the design of qPCR strain‒specific primers for A. brasilense UAP‒154 and 

584 CFN‒535. In maize rhizosphere, designed primers were sensitive at 4.0×103 and 4×104 

585 CFU g‒1 soil for UAP‒154 and CFN‒535 strains, respectively, using rhizosphere DNA as a 

586 template, and primers designed for a strain‒specific RFLP marker in A. lipoferum CRT1 

587 also reached 4×104 CFU g‒1 soil. Another A. brasilense strain (FP2) was recently tracked in 

588 wheat rhizosphere; Stets et al. (2015) used the whole genome sequence of the FP2 strain 

589 and fragmented it into 500 bp, avoiding fragment overlap. BLASTn fragments with no hits 

590 were used to design qPCR primers, and in rhizosphere, primers revealed 107 CFU g‒1 FW 

591 root, 13 days after strain inoculation. A similar method was applied to monitor H. 

592 seropedicae SmR1 with specific qPCR primers designed by Pereira et al. (2014), who 

593 reported an increase in copy number from 107 to 109 g‒1 FW 10 days after the inoculation in 

594 maize roots. Considering its applicability, efficiency and sensitivity, and strain‒specificity, 
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595 qPCR has been described as the best method for PGPB tracking (Couillerot et al., 2010b). 

596 Another PCR variant used for tracking is in situ PCR, which has the sensitivity of 

597 PCR with the spatial resolution of FISH. In situ PCR reactions are performed on glass 

598 slides, which are hybridized with fluorescent probes and visualized under a microscope. 

599 However, it is an invasive method, and bacterial cells could be lost during the temperature 

600 denaturation treatment, thus affecting the abundance counts. Ruppel et al. (2006) detected 

601 Enterobacter radicincitans DSM 16656, after its inoculation in cauliflower, competing 

602 with native bacterial populations around roots using the in situ PCR technique. A minimum 

603 of 2.7×104 and a maximum of 109 E. radicincitans cells g‒1 root was detected, and 10~16% 

604 of the rhizobacterial community was represented by the inoculant strain 14 days after 

605 inoculation.

606 Nevertheless, the main disadvantage of PCR‒dependent methods for tracking PGPB 

607 in rhizosphere is that this technique does not distinguish living from dead cells (Holmberg 

608 et al., 2009). Additionally, factors such as poor primer specificity and DNA extraction 

609 contamination with soil particles might negatively affect PCR.

610

611 4. Novel strategies for tracking PGPB

612

613 A couple of novel methodologies have been developed for evaluating PGPB colonization in 

614 plant‒root systems (Table 2). Downie et al. (2012) developed a nafion‒based transparent 

615 substrate for in situ root imaging and reported that growth rates of alfalfa, barley, maize, 

616 tobacco, lettuce and Arabidopsis thaliana were similar in this substrate to those occurring 

617 in soil, although root morphology was altered. Their methodology requires flooding the 

618 pots with a refraction inhibitor (RI) to diminish light dispersion through transparent soil 
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619 particles under a microscope. Thus, E. coli O157:H7 was GFP‒tagged, and its colonization 

620 and attachment to the rhizoplane was observed in lettuce seedlings using CLSM. In a 

621 similar experiment, Downie et al. (2014) inoculated GFP‒tagged P. fluorescens SBW25 on 

622 lettuce roots, and using calcofluor, they discriminated the root autofluorescence from the 

623 inoculated bacterium. Differences were observed between the formation of bacterial 

624 aggregates on controls without plants, whereas large bacterial aggregates were observed on 

625 root tips in the presence of plants. However, no CFU counts were reported in either of the 

626 articles. In addition, although this transparent polymer has physical similarities with soil, it 

627 is chemically completely different (Roose et al., 2016). 

628 Complementary to this imaging approach, magnetic resonance imaging (MRI) can 

629 be applied to track the development of bacteria in mice (Hoerr et al., 2013). After labeling 

630 Staphylococcus aureus with coated iron oxide nanoparticles, the authors tracked the 

631 development of the inoculum and observed in vivo colonization in different organs using 

632 MRI. Regarding plants, two recent studies (van Dusschoten et al., 2016; Pflugfelder et al., 

633 2017) have revealed that it is possible to image barley and maize roots either in substrate or 

634 soil using MRI. However, this technique should be verified in pot experiments, and the 

635 selected nanoparticle stability in soil should be evaluated (Tourinho et al., 2012). 

636 Nonetheless, studies on bacterial tracking by this technique have not been conducted so far.

637 The development of specific equipment has contributed to the study of bacterial 

638 colonization in plants. Massalha et al. (2017) designed and implemented a microfluidic 

639 chamber named TRIS (tracking root interactions system), which, coupled to CLSM and 

640 dark-field microscopy, allowed the colonization progress of GFP-labeled B. subtilis NCIB 

641 3610 to be tracked in A. thaliana roots. The authors were also able to observe real-time 

642 competition of B. subtilis with GFP-labeled E. coli OKN-3 after co-inoculation. However, 
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643 this technique can only be applied under laboratory conditions due to its design and the 

644 requirement of synthetic plant culture media for both plant development and microscopical 

645 observations.  

646 Another proposed strategy combines the use of antibodies and piezoelectric quartz 

647 microbalances (QCM). The mass of the quartz crystals increases under specific 

648 nanoparticle‒tagged DNA probes or antigen‒antibody reactions. These variations can be 

649 measured with a piezoelectric crystal. As the mass of the crystal increases, baseline 

650 oscillation proportionally decreases, and this signal can be used to detect the presence of 

651 the target strain. This method has a measurement threshold of 23 CFU E. coli O157:H7 

652 ml‒1 on phosphate saline buffer (PBS) (Shen et al., 2011). By testing several antibody 

653 concentrations, two cadmium‒resistant PGPB Pseudomonas strains (Z9 and S2) were 

654 detected by coupling anti‒Z9 and anti‒S2 on a QCM, but they were not quantified as CFU 

655 data (Agrawal et al., 2012). This method is  faster, more sensitive and more reliable than 

656 the ELISA assays. Authors suggested that this immunosensor could be used in future PGPB 

657 tracking studies and coupled with automatization processes. In a similar manner, a recently 

658 developed QCM device based in DNA probes successfully reached a detection limit of a 

659 minimum 22 copies µL-1 PCR product of Ehrilichia canis 16s rRNA gene (Bunroddith et 

660 al. 2017). Novel molecular chromosome markers could also be applied for PGPB tracking. 

661 Indeed, next generation sequencing (NGS) has increased the genotyping resolution of 

662 bacteria. By using a technique described as ribosomal multilocus strain typing (rMLST), 

663 Jolley et al. (2012) reported that the rps loci was more suitable than 16S rRNA for 

664 genotyping due to its ubiquitous presence in all bacteria, its coding capacity, and its 

665 capability of predicting taxonomy at the strain level. However, this technique was applied 

666 to cultured isolates, so future studies should be performed to verify its applicability to a 
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667 metagenomic sample to evaluate if it can track bacterial inoculant. Similarly, Qichao et al. 

668 (2014) designed a pipeline to identify strains in raw metagenomic datasets. Their 

669 methodology was based on the identification of genome specific-markers (GSMs) obtained 

670 from > 5000 genome sequences available in public databases, and it was validated on 

671 synthetic metagenomes and further tested on diabetes raw metagenomes, which accurately 

672 detected 45 strains. Albanese & Donati (2017) also reported single nucleotide variant 

673 (SNV) strain profiles from isolated bacterial genomic data, and these profiles were further 

674 compared with metagenomic datasets to search for the presence of co-occurrence and 

675 discrimination at the strain level. It is important to highlight that both metagenomic NGS 

676 tracking methodologies require further analysis and annotation of genomic data. 

677 Additionally, despite the capabilities, resolution and decreased costs of the NGS 

678 approaches, they are poorly sensitive when applied to complex bacterial communities 

679 (Vierheilig et al., 2015).

680 From a simpler perspective, clustered regularly interspaced palindromic repeats 

681 (CRISPR) might serve as a molecular marker. CRISPRs have a particular loci structure 

682 (non‒coding unique sequences of 21–48 bp interspaced by conserved sequences of constant 

683 length) (Sorek et al., 2008) and are present in the genome of 40% of Bacteria and 90% of 

684 Archaea (Horvath and Barrangou 2010), including known PGPB (Table 3). Recently, the 

685 CRISPRs loci has been used for high‒resolution phylogenetic studies and for tracking a 

686 broad spectrum of specific pathogenic bacteria (Barrangou & Dudley 2016). As an 

687 example, Bachmann et al. (2014) were able to discriminate between two Salmonella 

688 enterica (subsp. Enterica serovar Virchow SVQ1 and SL491) by comparing the genomes 

689 of the two strains with 27 previously published genomes of Salmonella spp. Fabre et al. 

690 (2012) found a correlation between CRISPR loci polymorphisms and serotypes on 744 
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691 strains and suggested that the CRISPR‒based methodology was faster and more sensitive 

692 than most of the previously applied methods. Similarly, Delannoy et al. (2012) were able to 

693 discriminate seven E. coli strains from a panel of 958 sequenced genomes through CRISPR 

694 loci‒targeted PCR with a sensitivity range of 95.7–100%. CRISPR typing of plant‒related 

695 bacteria have been applied to plant pathogenic Erwinia amylovora (McGhee and Sundin 

696 2012) but not to plant-soil systems. The screening of CRISPR loci in whole genomes of 

697 soil‒plant associated bacteria deposited in CRISPR databases (CRISPI, 

698 http://crispi.genouest.org/; CRISPRfinder, http://crispr.i2bc.paris-saclay.fr/) revealed the 

699 presence of CRISPR loci in 20 of 27 genera (Fig. 4). In addition, the genera Azospirillum, 

700 Azotobacter, Nitrobacter, Nitrosomonas, Xanthomonas, Sarcina, and Frankia show 

701 CRISPR loci in all deposited genomes in CRISPR databases. Therefore, studies based on 

702 the use of CRISPR loci structure (instead of the enzymatic machinery associated to them) 

703 as molecular markers for typing or monitoring PGPB should be carried out with the aim of 

704 developing sensitive methods (Table 3). However, the development of this technique 

705 requires an extensive analysis of the PGPB genomes available in databases other that those 

706 that are CRISPR related due to the absence of this loci in deeply characterized members of 

707 the PGPB group (e.g., Azospirillum sp. Az39). 

708

709 5. Future perspectives

710

711 The market of products based on PGPB strains around the world has grown rapidly over the 

712 last decade, although, several issues arise from their massive use (e.g., host specificity, 

713 environment specific conditions, required co-habitants, and others). Important is to 

714 elucidate the specific dynamics of selected PGPB with their hosts (Timmusk et al. 2017), 
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715 especially considering. the development of a large number biofertilizer products formulated 

716 with indigenous PGPB strains (Cassan & Diaz-Zorita, 2016), which (as described) are 

717 difficult to track once released to nature.

718 Besides the various advantages that novel methodologies might provide to PGPR 

719 tracking in terms of sensitivity and specificity (Table 2), there is still little information of 

720 how efficient these methodologies would be under a real plant-soil scenario. The imagen-

721 based techniques, such as the transparent soil matrix and MRI or a microfluidic device 

722 could not be suitable outside laboratory-controlled conditions, as both methods present pot-

723 dependency and neither of them allows total quantification. The use of labelled bacteria 

724 (either fluorescent or nanoparticle-tagged) also has drawbacks, due to their inability to be 

725 released to environment but, for inoculant preparation stages, these novel methods could 

726 provide important information on how target host plants interact with potential PGPB 

727 strains.

728 For PGPB tracking in field, there are large differences between the use of a QCM 

729 device, NGS, or our proposed CRISPR loci PCR assay. The use of a QCM device appears 

730 to be promissory, as the technique has demonstrated to be highly sensitive and can used 

731 with DNA probes, as demonstrated by Bunroddith et al. (2017). This last advance improves 

732 its applicability, as DNA probes are less expensive, and less laborious to develop than a 

733 monoclonal antibody, being only required a proper genomic knowledge of the strain to 

734 track. Oppositely to a targeted device such as QCM, the use of a high throughput technique 

735 as NGS requires more effort for the detection of a single strain, since the approach points to 

736 discriminate one strain from a large metagenomic dataset, therefore, databases needs to be 

737 improved in order to increase the resolution of the technique. It also needs to be considered 

738 the presence of membrane-damaged or dead cells in environmental samples, whose DNA 
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739 (if not inactivated) could generate false positive data (Nocker et al. 2007; Wagner et al. 

740 2008). If the last is taken into account, NGS results have high specificity. Although the 

741 post-sequencing analysis required to confirm the presence of a PGPB needs to be 

742 performed by a bioinformatic analyst using large scale computing servers, which are not 

743 available for every laboratory. Complementarily, on some scenarios the sequencing 

744 performance will rely on sample type, as different soil- or plant samples could contain 

745 inhibitors, affecting the PCR performance prior to sequencing (Sagova-Mareckova et al. 

746 2007). 

747 Regarding our proposal, the specificity of CRISPR repeat sequences from 

748 representative PGPR of Table 2 only presented association with the same species under 

749 BLAST analysis. It needs to be considered that this approach is not related to the CRISPR-

750 Cas enzymatic machinery currently used for DNA engineering. Our proposal is based in 

751 CRISPR repeat sequences that form genetic clusters (at genus scale) according to their 

752 composition (Kunin et al. 2007). In this sense, these short repeat sequences are specific 

753 enough to develop primer sets for the PGPB detection in different soil-plant compartments, 

754 either under a culturable approach, such as colony PCR, or by total DNA PCR from 

755 different plant niches in a standard-equipped microbiology laboratory. Additionally, as the 

756 proposed method depends on specific (and conserved genus) DNA fragments, probes could 

757 be designed for it to be coupled on QCM devices for in situ detection or fluorescent 

758 microscopy for more specific laboratory analysis.

759 Finally, it is necessary to mention that the most of studies of tracking are focused in 

760 the detection and prevalence of specific inoculated PGPB strains, but their functionality in 

761 situ still represents a big challenge to be boarded in the application of PGPB at field level. 

762 Studies on the presence or expression of known PGP genetic functions as molecular 
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763 markers, such as N-fixation (e.g., nifH gene), phosphate-solubilization (e.g., 

764 pyrroloquinoline quinone [pqqE] genes), indole acetic acid production (e.g., ipdC genes), 

765 antibiotic production (e.g., 2,4-diacetylphloroglucinol [DAPG] gene), chitinase activity 

766 (chiA gene), 1-aminocyclopropane-1-carboxylate deaminase (ACCD) activity (e.g., acdS 

767 gene) among others, should be considered and complemented with current tracking studies 

768 of PGPB in situ. However, these genes have showed a low reliability when PGPB 

769 screening have been done in diverse ecosystems, revealing a poor representability (and low 

770 coverage on current databases) in relation to the wide diversity of bacteria in the 

771 environment (Jorquera et al. 2014).

772

773 6. Concluding remarks

774

775 Despite plant growth‒promoting bacteria (PGPB) have been extensively applied in 

776 agriculture, studies on the prevalence, colonization and activity of PGPB to evaluating the 

777 PGPB effectiveness under field conditions are scarce. The low number of studies that 

778 include monitoring of PGPB is due to the lack of proper methods to determine their 

779 colonization or efficiency in situ and our poor knowledge of the mechanisms underlying 

780 plant‒microbiome interactions in the environment. Currently, the methods for monitoring 

781 of inoculated PGPB are time-consuming, laborious, expensive and strain‒unspecific; and 

782 their adoption as tool to evaluate the effectiveness of PGPB under field conditions is 

783 questionable or unpracticable. Thus, the development and establishment of rapid, easy and 

784 inexpensive methods for evaluating the colonization and monitoring of PGPB strains at 

785 field scales is highly needed. A proper application of PGPB in agriculture requires a better 

786 understanding the behavior of PGPB in situ and their influence on or interaction with 
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787 plant‒microbiome. In this sense, the advances in PGPB omics (such as metagenomics, 

788 metatranscriptomics and proteomics) can allow developing novel methods based on their 

789 genomes (such as CRISPR loci) and plant‒microbiome response as result of PGPB 

790 inoculation. With this knowledge, it should be possible determine the influence of PGPB on 

791 plant and its microbiome and adopt better sustainable management strategies reducing our 

792 dependency to chemical inputs in agriculture. 

793
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Figure Captions

Fig. 1. Accumulative (a) and non‒accumulative (b) number of studies on plant 

growth‒promoting bacteria including those with monitoring methods between 1990-2017. Data 

were extracted from the Thompson-Reuters Web of Knowledge 

(https://www.webofknowledge.com) using the following keywords: “Monitoring, Tracking, 

Colonization, Plant growth-promoting bacteria, Plant growth-promoting rhizobacteria, PGPB 

and PGPR”. Analysis also included studies that provided information about inoculum persistence 

as evaluated in soil or in soil-plant systems using different techniques (such as reporter genes, 

immuno-associated techniques or nucleic acid-based methodologies). All searches were 

performed under default basic search parameters (SCI-EXPANDED 1975-Present). 

Fig. 2. (a) Factors affecting the colonization of plant growth‒promoting bacteria in the 

environment. (b) Niche‒specific bacterial interactions in the plant rhizosphere. 

Fig. 3. Methods commonly used for tracking and monitoring plant growth‒promoting bacteria 

(also see Table 1). 

Fig. 4. Percentage of species with CRISPR loci in genomes of soil‒associated bacterial genera 

available in databases. Red bars represent species with CRISPR loci in all genomes available in 

databases. Genome sequences were obtained from the databases CRISPI 

(http://crispi.genouest.org/) and CRISPRfinder (http://crispr.i2bc.paris-saclay.fr/) and then 

processed by PILER‒CR (https://www.drive5.com/piler/). 

https://www.webofknowledge.com
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Highlights

 Plant growth‒promoting bacteria (PGPB) studies have increased since 1980

 Less than 25% of published studies include tracking and monitoring of PGPB 

 Reporter genes, immunoassays or nucleic acids methods have been used in PGPB 

studies 

 PGPB genomics is a good base for developing novel tracking and monitoring methods
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Table 1 Characteristics of methods used to monitor plant growth‒promoting bacteria in literature (also see Fig. 3). 

Methods Detection Advantages Disadvantages Detection limits References

Reporter gene 

β‒galactosidase (lacZ) Blue color 
colonies on agar 
plates

‒In situ detection ‒Plant and indigenous bacteria with β-D-
galactosidase activity
‒Culture dependent quantification
‒Substrate dependent

103 - 105 CFU g-1 Mourya and 
Jauhri (2002); 
Solanki and 
Garg (2014)

β‒glucoranidase (gusA) Blue color 
colonies on agar 
plates

‒In situ detection 
‒Semiquantitative
‒Endophytic detection
‒Low indigenous β-D-
glucoranidase activity 

‒Culture dependent quantification
‒Substrate dependent

103 – 105 CFU g-1 Compant et al. 
(2005)

Bacterial luciferase (lux) Light emission 
on agar plates or 
solution

‒In situ detection 
‒Semiquantitative
‒Single cell detection
‒No endogenous and 
indigenous activity
‒Inexpensive substrate

‒Culture dependent quantification
‒Substrate dependent
‒Metabolism dependent
‒Luminometer required

103 – 104 CFU cm-1 De Weger et al. 
(1997); 
Kragelund et al. 
(1997)

Green fluorescent protein 
(GFP)

Fluorescence 
microscopy

‒In situ detection
‒Endophytic detection
‒Single cell detection
‒Constitutive expression 
‒Substrate independent

‒Oxygen dependent
‒pH interference
‒Variable expression
‒Plant tissue autofluorescence
‒Confocal or epifluorescence microscope 
required

103 CFU g-1 Gamalero et al. 
(2003)

Immuno-associated techniques

Enzyme‒linked 
immunosorbent assay 
(ELISA)  

Enzymatic 
reaction

‒Easy-to-use
‒Inexpensive
‒Semiquantitative

‒Non-in situ detection
‒Sample trituration required

103 CFU ml-1 Quadt-Hallmann 
and Kloepper 
(1996)

Immunofluorescence Fluorescence 
microscopy

‒In situ detection
‒Semiquantitative

‒Confocal or epifluorescence microscope 
required

Single-cell detection Hansen et al. 
(1997)

Immunogold Fluorescence 
microscopy 

‒In situ detection
Semiquantitative

‒Not enough surface area covered for 
quantification
‒Transmission electron microscope required

Single-cell detection Gyaneshwar et 
al. (2002); 
Gamalero et al. 
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(2003)
Immunoblot Probe 

hybridization 
‒Qualitative ‒Time consuming

‒Laborious
‒Expensive

NA Krishnen et al. 
(2011)

Nucleic acid-based

Fluorescent in situ 
hybridization (FISH)

‒Probe 
hybridization 
required
‒Fluorescence 
under 
microscopy 

‒In situ detection
‒Semiquantitative

‒Confocal or epifluorescence microscope 
required
‒Low resolution in small cells

102 CFU mm-2 Watt et al. 
(2006)

Community analysis 
techniques (DGGE, T-RFLP, 
ARISA, ARDRA, among 
others)

DNA 
Fingerprinting

‒ Inexpensive ‒Qualitative
‒Laborious

NA Podile and 
Kishore (2006)

MPN-PCR Primer 
hybridization

‒Quantitative ‒Laborious
‒External standard-dependent
‒Contamination during soil DNA extraction  
‒Not discrimination between live or dead cells

102 CFU g-1 Gamalero et al. 
(2003)

Competitive PCR (C-PCR) Primer 
hybridization

‒Quantitative ‒Contamination during soil DNA extraction 
‒Competitor internal standard-dependent
‒Competitor amplification efficiency-
dependent
‒Not discrimination between live or dead cells

102 CFU g-1 Zentilin and 
Giacca (2007)

Quantitative PCR (qPCR) Primer 
hybridization

‒Quantitative
‒High number of target 
sequences 
‒Unaffected by cell size

‒Soil DNA extraction contamination 
‒Not discrimination between live or dead cells

102 CFU g-1 Jansson et al. 
(1996)

NA: Not applicable. DGGE: denaturant gradient gel electrophoresis, T-RFLP: terminal restriction fragment length polymorphism, 
ARISA: automatic ribosomal interspace spacer analysis, ARDRA: amplified ribosomal DNA restriction analysis.
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Table 2 Novel strategies for tracking plant growth‒promoting bacteria.

Method Detection Advantages Disadvantages Detection limit References
Transparent soil ‒GFP tagged cells or FISH probe 

required
‒Fluorescence microscopy

‒In situ detection
‒Single cell detection

‒Plant tissue autofluorescence
‒Confocal or epifluorescence 
microscope required

NR Downie et al. 
(2012); Downie et 
al. (2014)

MRI -Cellular proliferation spots 
detection

-In situ detection -Pot dependence
-Heavy equipment required
-Nanoparticle stability dependency

ND van Dusschoten et 
al. (2016); 
Pflugfelder et al. 
(2017)

TRIS ‒GFP tagged cells or FISH probe 
required
‒Fluorescence microscopy

‒In situ detection
‒Single cell detection

-Not applicable to soil
-Plant culture media dependency
-Confocal or epifluorescence 
microscope required
-Plant tissue autofluorescence

NR Massalha et al. 
(2017)

QCM Sensor ‒Piezoelectric frequency changes ‒Precise quantification
‒Strain specific
‒Automatable

‒Expensive
‒Plates can only be used 10 times

23 CFU mL‒1 (in PBS) Shen et al. (2011);
Agrawal et al. 
(2012)

Next generation 
sequencing 
(NGS)

-Sequence data analysis -High resolution
-Sensitivity

-Sample destruction
-Expensive equipment required 
(sequencer)

ND Qichao et al. 
(2014); Albanese & 
Donati (2017)

CRISPR‒PCR ‒Electrophoresis
‒Loci sequencing

‒Inexpensive and fast
‒Sensitive 
‒Strain-specific
‒Sensitivity can be 
increased when coupled 
to qPCR

‒Requires genome characterization
‒Plate count or PCR‒assay 
dependent

ND Bachmann et al. 
(2014); Barrangou 
and Dudley (2016)

MRI: Magnetic resonance imaging; TRIS: Tracking root interaction system; QCM: quartz crystal microbalances; CRISPR: clustered 
regularly interspaced short palindromic repeats; qPCR: quantitative polymerase chain reaction; NR: not reported; ND: not done.
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Table 3 CRISPR repetitive sequences in representative plant growth‒promoting bacteria.

Organism Repetitive sequence (5'-3')a Accession no.b

Azospirillum lipoferum 4B GTCTTCCCGAGCAGAAATGCTTGGGCCTCATTGAAGC FQ311868
Paenibacillus polymyxa CR1 GTCGCACTCTGTATGGAGTGCGTGGATTGAAAT CP006941
Pseudomonas sp. B10 GGAGCGAGCCTGCTCGCGAAGGCG LT707063
Serratia plymuthica AS9 AAGCCTTGCAGGAAGCGGCGCTGCGTCAGGCGTTTGCCGA CP002773

a Sequence obtained from CRISPRfinder database (http://crispr.i2bc.paris-saclay.fr/Server/) and 
confirmed by PILERCR tool (https://www.drive5.com/pilercr/)
b Accesion number of whole genome in NCBI Genome database.


