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ABSTRACT 32 

Gutiérrez-Barranquero, J.A., Cazorla, F.M., Torés, J.A., de Vicente, A. 2018. Pantoea 33 

agglomerans as a new etiological agent of a bacterial necrotic disease of mango trees. 34 

Phytopathology: XX:XX-XX. 35 

 36 

Bacterial apical necrosis of mango trees, a disease elicited by Pseudomonas syringae pv. 37 

syringae, is a primary limiting factor of the mango crop production in the Mediterranean region. 38 

In this study, a collection of bacterial isolates associated with necrotic symptoms in mango trees 39 

similar to those produced by bacterial apical necrosis disease were isolated over 5 consecutive 40 

years in orchards from the Canary Islands. The bacterial isolates were characterized and 41 

identified as Pantoea agglomerans. Pathogenicity tests conducted on onion bulbs and mango 42 

plants confirmed that P. agglomerans strains isolated from mango trees are a new etiological 43 

agent of a bacterial necrotic disease in the Canary Islands. Pathogenicity plasmids of the pPATH 44 

family have been previously reported in P. agglomerans. The majority of putatively pathogenic 45 

(n=23) and pathogenic (n=4) P. agglomerans strains isolated from mango trees harbored 4 46 

plasmids, one of which was close in size to the 135 kb pPATH pathogenicity plasmid. The 47 

analysis of the presence of two major genes in pPATH plasmids (repA and hrpJ) was undertaken 48 

in P. agglomerans strains isolated from mango trees. The hrpJ gene was detected in the 140 kb 49 

plasmid of pathogenic P. agglomerans strains isolated from mango trees, but it showed 50 

differences in nucleotide sequences compared to other pathogenic strains. In contrast, the repA 51 

gene was not detected in any of the putatively pathogenic and pathogenic P. agglomerans strains 52 

isolated from mango trees. Finally, genetic characterization and phylogenetic analysis using the 53 

hrpJ gene and the housekeeping genes gyrB and rpoB showed that almost all P. agglomerans 54 

strains that were putatively pathogenic and pathogenic on mango trees clustered together, 55 

forming a differentiated phylogroup with respect to the other pathogenic P. agglomerans strains 56 

described from other hosts. 57 

 58 

 59 

 60 

 61 

 62 
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INTRODUCTION 63 

The mango tree (Mangifera indica L.) is widely distributed in many tropical and 64 

subtropical areas and represents one of the most important subtropical fruit crops worldwide 65 

(Galán-Sauco 2015). Mango crops are affected by several diseases elicited by bacterial and 66 

fungal pathogens. The most severe bacterial diseases are bacterial black spot, caused by 67 

Xanthomonas citri pv. mangiferaindicae (Gagnevin and Pruvost 2001), and bacterial apical 68 

necrosis (BAN), caused by Pseudomonas syringae pv. syringae (Pss) (Cazorla et al. 1998), 69 

which is the most important limiting factor for the production of this crop in Southern Europe 70 

(Cazorla et al. 1998, 2006). BAN has also been described to be present in other countries in the 71 

Mediterranean region, such as Israel (Pinkas et al. 1996) Italy (Aiello et al. 2015) and, more 72 

recently, Greece (Trantas et al. 2017), but has also been detected in other parts of the world with 73 

tropical and subtropical climate, such as the northwest region of Australia (Golzar and Cother 74 

2008) and Pakistan (Naqvi et al. 2016). Unusually, only few reports have described the role of 75 

some Enterobacteriaceae as pathogens of mango crops, such as Erwinia spp. (Guevara et al. 76 

1980; McMillan and Wang 1992) and Pantoea agglomerans (Lee and Tzeng 2006). 77 

 78 

P. agglomerans is a bacterium that is widely distributed in agricultural and natural 79 

environments (Delétoile et al. 2009). This species has been observed to be associated with many 80 

different plants, frequently as epiphytic and endophytic bacteria, and it has also been widely used 81 

as a potential biological control agent against fungal and bacterial plant pathogens (Walterson 82 

and Starvinides 2015). However, this bacterium can also cause secondary infections in humans 83 

in soft tissues, bones and joints, which can develop into bacteremia (Büyükcama et al. 2017; 84 

Cheng et al. 2013; Cruz et al. 2007). Interestingly, P. agglomerans has been naturally 85 

transformed into a gall forming plant pathogen by the acquisition of pathogenicity plasmids 86 

belonging to the pPATH family (Manulis and Barash 2003). The two best-studied model of P. 87 

agglomerans pathogenic strains are P. agglomerans pv. gypsophilae 824-1 and P. agglomerans 88 

pv. betae 4188 (Pag 824-1 and Pab 4188 respectively), which differ in host range (Burr et al. 89 

1991; Cooksey 1986) and in gall formation in specific plant hosts (Burr et al. 1991; Manulis and 90 

Barash, 2003). Both strains harbor a similarly sized pPATH plasmid (approximately 135 kb), 91 

although the best studied is the plasmid from Pag 824-1. This pathogenicity plasmid carries an 92 

important 75-kb pathogenicity island (PAI) that encodes hrp/hrc type III secretion system genes 93 
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(T3SS), T3SS protein effector-encoding genes, and genes involved in the production of 94 

phytohormones (Barash and Manulis-Sasson 2007, 2009). In the last two decades, several studies 95 

have reported that the transformation of P. agglomerans into pathogenic strains is not only 96 

restricted to the pv. gypsophilae and betae, but it has also been described to incite the production 97 

of tumors (De Young et al. 1998; Opgenorth et al. 1994), and more frequently, necrotic rot and 98 

wilt symptoms in many other plant hosts (Gonzalez et al. 2015; Lee et al. 2010; Lu et al. 2015; 99 

Wiriyajitsomboon and Hausbeck 2015; Yang et al. 2011). 100 

 101 

In this study, necrotic symptoms affecting different mango tissues were observed in 102 

mango trees in Canary Islands orchards (Spain) over 5 different years. Bacterial isolation 103 

identified bacterial strains other than Pss, the original etiological agent of BAN of mango trees. 104 

Thus, the main goal of this work was to characterize and identify these bacterial isolates 105 

associated with necrotic symptoms of mango trees and to demonstrate their pathogenicity on 106 

mango trees. Following different biochemical and physiological tests, most of these bacterial 107 

isolates were identified as P. agglomerans, and the pathogenicity of 5 selected strains was 108 

confirmed in mango adult plants. Moreover, plasmid characterization revealed the presence of 109 

plasmids other than those belonging to the pPATH pathogenicity family in pathogenic P. 110 

agglomerans strains isolated from mango trees. Genetic and phylogenetic analyses revealed a 111 

strong clustering of P. agglomerans strains isolated from mango trees that may represent a 112 

differentiated phylogroup with respect to other pathogenic P. agglomerans strains previously 113 

described from other hosts. 114 

 115 

 116 

 117 

 118 

 119 

 120 

 121 

 122 

 123 

 124 
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MATERIALS AND METHODS 125 

Isolation, characterization and identification of bacterial isolates. Commercial mango 126 

orchards in the Canary Islands, Spain, primarily from Tenerife and La Palma, were surveyed in 127 

this study for the presence of necrotic symptoms. To isolate the causal agent of the necrotic 128 

symptoms, small pieces of affected leaves, buds, stems, flower panicles and immature fruits, 129 

were cut from the edges of necrotic lesions, placed in sterile plastic bags and transported to the 130 

laboratory for processing. The samples were processed by two different methods: i) Some 131 

portions were surface-disinfected by immersion in a sterile aqueous solution of 0.1 % (wt/vol) 132 

HgCl2 for 1 min, rinsed twice in sterile distilled water for 1 min each, and plated onto agar-133 

solidified King’s medium B (KB) (King et al. 1954) supplemented with cycloheximide (100 134 

µg/ml); ii) The remaining samples were homogenized in a lab blender for 3 min with 10 ml of 135 

sterile phosphate buffer (0.1 M, pH = 7.2) per g of fresh plant material, after which 100 µl was 136 

spread onto KB plates supplemented with cycloheximide. All KB plates were incubated at 25°C 137 

for 2 days. 138 

 139 

The bacterial isolates were identified according to biochemical and physiological tests 140 

described previously (Bradbury 1986; Lelliott and Stead 1987), including Gram staining, glucose 141 

metabolism, growth on yeast extract-dextrose-calcium carbonate agar, production of fluorescent 142 

pigments, and LOPAT tests (levan production, oxidase reaction, potato soft rot, arginine 143 

dihydrolase (ADH) and tobacco hypersensitivity response (HR)), excluding the potato soft rot 144 

analysis. HR elicitation in resistant and non-host plants such as tobacco is generally-dependent of 145 

T3SS in Gram-negative bacterial pathogens (Lindgren 1997), as it has also been reported in P. 146 

agglomerans (Nizan et al. 1997). 147 

 148 

Subsequently, indole production and nitrate reduction assays were performed. All the 149 

results obtained from these tests are summarized in Table 1. All inoculated media were incubated 150 

at 25°C for 2 to 3 days. Duplicate tubes or plates were assayed for each test, and tests were 151 

repeated at least twice. All the bacterial isolates identified in this study are summarized in 152 

Supplementary Table S1. Several bacterial strains of different species were used as controls 153 

(Supplementary Table S2) for the different biochemical and physiological tests. 154 

 155 
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Pathogenicity tests on onion bulbs and mango plants. To determine if the isolated P. 156 

agglomerans was the causal agent of necrotic symptoms observed in mango trees in Canary 157 

Islands, two different pathogenicity tests were performed to fulfill Koch´s postulates. 158 

 159 

First, a pathogenicity test in onion bulbs following the procedure of Kim et al. (2002) and 160 

Jacobs et al. (2008) with minor modifications was carried out. Three different commercial onion 161 

bulbs were used per bacterial strain inoculated, and this experiment was repeated twice. Onion 162 

bulbs were initially devoid of their outer coverings, and their surfaces were washed with sterile 163 

water before and after being disinfected with ethanol 70 %. Next, the bacterial strains selected 164 

for this experiment were inoculated by injection using sterile syringes. Twenty microliters of 3 × 165 

107 CFU/ml bacterial suspensions in phosphate buffer was used for each onion bulb. Onion bulbs 166 

were maintained at 25°C in darkness for 28 days in closed boxes lined with damp blotting paper. 167 

The production of symptoms was estimated after this time. A positive score was recorded when 168 

bulb rot symptoms were observed in the center of the onion bulbs, and a negative score was 169 

recorded when no bulb rot symptoms appeared. Ten representative P. agglomerans strains 170 

isolated from mango trees were selected by year of isolation (2 bacterial strains per year: Pa 171 

UMAF3066, Pa UMAF3067, Pa UMAF3075, Pa UMAF3078, Pa UMAF3084, Pa UMAF3086, 172 

Pa UMAF3090, Pa UMAF3093, Pa UMAF3098 and Pa UMAF3101), including one that was 173 

negative for HR response (Pa UMAF3090) and one that was isolated from another location, La 174 

Palma (Pa UMAF3098) were assayed. Similarly, two strains of P. agglomerans (CECT 850 and 175 

CFBP 4740), P. stewartii subsp. indologenes CFBP 3614 (Supplementary Table S2) and 176 

phosphate buffer were used as controls. Re-isolation and identification of the etiological agent 177 

through biochemical and physiological tests was carried out at the end of the experiment. 178 

 179 

Second, to test the pathogenicity of P. agglomerans, Koch’s postulates were fulfilled 180 

using thirty 2-year-old mango plants growing in pots. Buds of mango plants were inoculated 181 

with 20 µl of a 3 × 107 CFU/ml of a bacterial suspension in phosphate buffer, with the inoculum 182 

forced into buds with a sterile microsyringe as previously described (Cazorla et al. 1998). Five 183 

representative P. agglomerans strains isolated from mango trees selected by year of isolation 184 

from the previous ten bacterial strains used in onion bulbs (Pa UMAF3067, Pa UMAF3075, Pa 185 

UMAF3084, Pa UMAF3093 and Pa UMAF3098), were used for this experiment. In addition, 186 
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two P. syringae pv. syringae strains (Pss UMAF0048 and UMAF0049), both producers of BAN 187 

symptoms in mango trees, were used as positive controls, and P. agglomerans CFBP4740 and 188 

phosphate buffer were used as negative controls. Each assayed strain was injected into seven 189 

buds of different mango plants in a random manner. After bacterial inoculations, the trees were 190 

maintained under field conditions from February to June 2010 at “La Mayora” Experimental 191 

Station (Algarrobo, Spain). The disease incidence was measured by the percentage of necrotic 192 

symptoms in buds compared with the total inoculated buds (n= 35). Re-isolation from necrotic 193 

symptoms and identification through biochemical and physiological tests of bacterial isolates 194 

was carried out at the end of the experiment. 195 

 196 

Plasmid profile characterization. Plasmid DNA from the P. agglomerans strains isolated from 197 

mango trees was isolated by extracting total uncut plasmid DNA from LB broth cultures grown 198 

overnight (Moulton et al. 1993) and separated by electrophoresis on 0.8 % agarose gels. The 199 

plasmid sizes were estimated by comparison with those isolated from P. agglomerans pv. 200 

gypsophilae 824-1, which harbors two plasmids, a pathogenicity pPATH plasmid of 201 

approximately 135 kb, and another plasmid of approximately 60 kb (Manulis et al. 1991). 202 

 203 

PCR detection and sequencing of the plasmid-encoded hrpJ and repA genes. The repA gene 204 

is required for the replication of pPATH plasmids (Weinthal et al. 2007). To detect the presence 205 

of this gene in P. agglomerans strains isolated from mango trees, specific primers designed in 206 

this study using the repA sequences of Pag 824-1 and Pab 4188 (GenBank accession number: 207 

EF173387.1 and EF173388.1, respectively) were used for PCR amplification and sequencing 208 

(repAFsp: 5’-GCTGACTGAAGCTGCTTATC-3’, and repARsp: 5’-209 

AGACTCAGGCAGCATGAATC-3’), which generate a predicted amplicon of 499 bp. 210 

Nucleotide sequences were determined at Macrogen (Seoul, Korea). 211 

 212 

The hrpJ gene is a key gene of the T3SS. A PCR experiment using specific primers 213 

designed previously for the hrpJ gene sequence present in pPATH plasmids (GenBank accession 214 

number: X99768.2, and primers, hrpj5n1: 5´-CGCCAGGATGAAAATTGCTC-3´, and 215 

hrpj3n1335: 5´-CGCAGCCGATTCAACGCC-3´) was carried out (Weinthal et al. 2007) to 216 

assess its presence in P. agglomerans strains isolated from mango trees. Five representative 217 
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bacterial strains (Pa UMAF3067, Pa UMAF3075, Pa UMAF3084, Pa UMAF3093, and Pa 218 

UMAF3098) as well as Pab 4188 and Pag 824-1 were used to determine the partial nucleotide 219 

sequence of the hrpJ gene. DNA amplicons were purified from an agarose gel, cloned into the 220 

pGEM-T vector (Promega Biotech Ibérica, Spain), and transformed into chemically competent 221 

Escherichia coli DH5α cells. Purified plasmids were used to sequence the insert DNA region. 222 

Nucleotide sequences were determined at Macrogen. Afterwards, the specific primers designed 223 

in this study (hrpJPaF: 5´-GACCTTCGCGGAACAGGTTG-3´ and hrpJPaR: 5´-224 

CGGCAGATGGTAGACCAG-3´) based on the hrpJ sequences, obtained as described above, 225 

were used to amplify and sequence a partial region of this gene (803 bp) for the P. agglomerans 226 

strains isolated in this study. 227 

 228 

PCR amplification conditions for the different amplifications described previously are 229 

summarized in Supplementary Table S3. 230 

 231 

Southern-blot experiments. The genomic location of the repA and hrpJ genes was assessed by 232 

southern-blot using plasmid DNA extractions that were separated by electrophoresis in 0.8 % 233 

agarose gels. DNA probes were obtained by PCR amplification using the specific primers 234 

designed in this study for both genes (repAFsp-repARsp and hrpJPaF-hrpJPaR). The DNA 235 

probes obtained from the purified PCR amplicons were labeled with digoxigenin (DIG) using a 236 

DIG-High Prime labeling kit (Roche, Basel, Switzerland) following the manufacturer's 237 

instructions. Strain Pag 824-1 was included as positive control. Plasmid DNA extraction gels, 238 

which included Pag 824-1 as positive control, were transferred to nylon membranes and 239 

crosslinked in a UV chamber. For membrane hybridization, a DIG Easy Hyb kit was used 240 

(Roche, Basel, Switzerland), and immunological detection was performed with an 241 

antidigoxigenin antibody conjugated to alkaline phosphatase. The DIG-labeled nucleic acids 242 

were detected by chemiluminescence using a Molecular Imager ChemiDoc system (Bio-Rad). 243 

Pre-hybridization and hybridization at high-stringency (55°C) was performed for both the hrpJ 244 

and repA genes, and low-stringency (45°C) was conducted only for the hrpJ gene. 245 

 246 

Genetic analysis. To perform a DNA fingerprinting of P. agglomerans strains isolated from 247 

mango trees, a repetitive element sequence-based PCR (rep-PCR) method was selected, using  248 
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specifically BOXA1R primer (5’-CTACGGCAAGGCGACGCTGACG-3’). PCR amplifications 249 

were performed with a C1000 Thermal Cycler (Bio-Rad, UK). PCR amplification conditions are 250 

summarized in Supplementary Table S3. The total volume of each PCR reaction (25 µl) were 251 

loaded onto a 1.2 % agarose gel and run in 1× Tris-acetate EDTA buffer (40 mM Tris-acetate 252 

and 1 mM EDTA) at 80 V/cm for 1.5 h. Polymorphic band patterns were individually identified 253 

by their specific electrophoretic migration rates. Once bands were identified, binary matrices 254 

(0/1) were constructed to compare those patterns. The Jaccard’s similarity coefficient was 255 

generated using InfoQuest FP software (Bio-Rad), and a cluster analysis, along with the 256 

corresponding dendrogram, was generated by the unweighted pair-group method with average 257 

linkages (UPGMA). Gel normalization and background subtraction were performed as 258 

previously described (Rademaker et al. 1998). 259 

 260 

Phylogenetic analysis. Partial sequences of the hrpJ gene and the housekeeping genes gyrB and 261 

rpoB were used to analyze the phylogenetic distribution of the P. agglomerans strains isolated 262 

from mango trees in comparison with some other Pantoea spp. strains. Nucleotide sequences 263 

were determined at Macrogen (Seoul, Korea) directly from purified PCR products amplified with 264 

the primer sets gyrB3i (5´-AACGCWATCGACGAAGC-3´) and gyrB4i (5´-265 

TGGAAVCCRTCRTTCCAC-3´) and Vic3 (5´-GGCGAA ATGGCWGAGAACCA-3´) and 266 

Vic2 (5´-GAGTCTTCGAAGTTGTAACC-3´) for gyrB and rpoB, respectively (Delétoile et al. 267 

2009). The partial sequences of gyrB (511 bp) and rpoB (801 bp) were concatenated for each 268 

strain and treated as a single sequence for multiple alignments using Clustal Omega. 269 

Phylogenetic trees were generated using MEGA 6 (Tamura et al. 2013) with neighbor-joining, 270 

Jukes-Cantor model, minimum evolution, and the option of complete deletion to eliminate 271 

positions containing gaps. Confidence levels of the branching points were determined using 1000 272 

bootstrap replicates. Pag 824-1, Pab 4188, and other P. agglomerans control strains used in this 273 

study (CFBP4740 and CECT850) were included, as well as P. stewartii subsp. indologenes 274 

CFBP3614. 275 

 276 

Nucleotide accession numbers. The nucleotide sequences determined in this study are deposited 277 

at NCBI under the following accession numbers: gyrB sequences (MH479140 - MH479183, 278 

MH643873, MH643874 and NC_017554.1), rpoB sequences (MH479184 - MH479227, 279 
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MH643875, MH643876 and NC_017554.1), hrpJ sequences (MH479228 - MH479258) and 280 

repA sequences (MH479259 - MH479260).  281 

 282 

 283 

 284 

 285 

 286 

 287 

 288 

 289 

 290 

 291 

 292 

 293 

 294 

 295 

 296 

 297 

 298 

 299 

 300 

 301 

 302 

 303 

 304 

 305 

 306 

 307 

 308 

 309 

 310 
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RESULTS 311 

Description of symptomatology. From different samplings carried out in the Canary Islands, 312 

between February and March (2005- 2009), the presence of necrotic symptoms was not primarily 313 

associated with Pss isolation. The symptomatology observed in mango trees in the Canary 314 

Islands, Spain, was similar to that symptomatology produced by BAN disease described in 315 

southern Spain elicited by Pss. The presence of random necrotic spots through all the surface of 316 

the flower panicles (Fig. 1A) and a slight increase in the presence of necrosis of immature fruits 317 

in comparison with BAN symptoms (Fig. 1B and 1C) was observed. Necrosis on branches and 318 

random necrotic spots in leaves were also reported (Fig. 1D and 1E).  319 

 320 

Bacterial isolation, characterization and identification. Samples from different symptomatic 321 

mango tissues (leaf, stem, flower panicle and immature fruit) were collected and analyzed and 322 

bacterial isolates were recovered. Bacterial isolation from diseased mango tissues yielded almost 323 

pure cultures of yellow colonies that were not fluorescent on KB under UV light. These yellow 324 

bacterial isolates (n= 38) showed similar biochemical and physiological features that are typical 325 

of species belonging to the genus Pantoea (Table 1). The indole production and nitrate reduction 326 

tests were used to discriminate among the species of the Pantoea isolates, identifying 33 as P. 327 

agglomerans. The remaining 5 yellow isolates were identified as Pantoea ananatis (Bt3, from 328 

Pan UMAF3070 to Pan UMAF3074). With the exception of 4 strains isolated from mango trees 329 

(Bt2, Pa UMAF3090, Pa UMAF3094, Pa UMAF3097, and Pa UMAF3102), the five P. ananatis 330 

strains and the control strains Pag 824-1 and Pab 4188, the rest of P. agglomerans strains 331 

produced a positive HR response at 24 h post-inoculation in tobacco leaves (Bt1, n= 29). The HR 332 

elicitation suggests the pathogenic potential of these bacterial strains. Furthermore, 6 fluorescent 333 

strains on KB under UV light were also isolated (Bt4), characterized and identified as 334 

Pseudomonas syringae. 335 

 336 

Pathogenicity tests revealed the pathogenic potential of P. agglomerans strains isolated 337 

from mango trees. In both pathogenicity experiments, onion bulbs and apical buds from mango 338 

trees were selected and bacterial isolation and identification using biochemical and physiological 339 

tests was performed, which fulfilled Koch’s postulates. 340 

 341 
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Ten P. agglomerans strains were selected to perform the pathogenicity assay on onion 342 

bulbs. The selected P. agglomerans strains (with the exception of the strain Pa UMAF3090) 343 

produced bulb rot symptoms in onion bulbs (Fig. 2) at 28 days post-inoculation. P. stewartii 344 

subsp. indologenes CFBP3614 was included as positive control. No symptoms were detected in 345 

onion bulbs inoculated with the negative controls (phosphate buffer and two non-pathogenic 346 

strains of P. agglomerans, CECT850 and CFBP4740). 347 

 348 

To fulfill Koch’s postulates on mango trees, a pathogenicity test on 2-year-old mango 349 

plants was carried out with five selected P. agglomerans strains that were isolated from mango 350 

trees. Similar to the Pss control strains used in this experiment, all of the inoculated strains 351 

induced necrotic symptoms in mango buds, and some did so on stems (Fig. 1F, G). Pss control 352 

strains produced visible necrotic symptoms just one month after the inoculation, reaching disease 353 

incidence values of 42.8 %. Two months after inoculation, Pss showed the highest disease 354 

incidence values (92.8 %). Similarly, the first necrotic symptoms induced by P. agglomerans 355 

strains appeared 2 months after the inoculation, reaching disease incidence values of 17.1 %, 356 

indicating that there was a delay in the onset of necrotic symptoms with respect to the Pss strains. 357 

A 100 % disease incidence was reached at 3.5 months after the inoculation with P. agglomerans. 358 

Apical buds inoculated with P. agglomerans CFBP4740 and phosphate buffer did not show any 359 

necrotic symptoms (Table 2). 360 

 361 

Plasmids of P. agglomerans strains from mango trees do not belong to the pPATH family. 362 

P. agglomerans was previously described as having evolved to be a pathogen by the acquisition 363 

of pathogenicity plasmids from the pPATH family (Manulis and Barash 2003). Thus, the 364 

presence of plasmids was analyzed in the P. agglomerans strains isolated from mango trees. Four 365 

plasmids were identified in 27 out of 29 putatively pathogenic (n=23) and pathogenic (n=4) P. 366 

agglomerans strains (with approximate sizes of 90, 140, 150 and 160 kb), one of which was 367 

close in size to the pPATH pathogenicity plasmid (135 kb) of the Pag 824-1 control strain used 368 

in this study. The other two strains, putatively pathogenic Pa UMAF3092 and pathogenic Pa 369 

UMAF3093, harbored 4 plasmids but with some differences in sizes (approximately 90, 140, 160 370 

and 170 kb). The four putatively non-pathogenic P. agglomerans strains isolated from mango 371 

trees harbored two different plasmid profiles; Pa UMAF3090 and Pa UMAF3094 contain two 372 
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plasmids (110 and 140 kb approximately), and Pa UMAF3097 and Pa UMAF3102 carry only 373 

one plasmid (150 kb approximately) (Fig. 3A). 374 

 375 

PCR using specific primers to amplify repA were designed in this study onto the 376 

sequences of repA from Pag 824-1 and Pab 4188 as mentioned above. Amplicon electrophoresis 377 

revealed that the replication gene repA was only present in the putatively non-pathogenic mango 378 

strains Pa UMAF3090 and Pa UMAF3094, and the amplicon sequencing showed a high level of 379 

nucleotide identity (over 96 % in comparison with repA from Pag 824-1 and Pab 4188). Finally, 380 

southern-blot experiments using plasmid profile gels of selected strains confirmed that the repA 381 

gene was only detected in Pa UMAF3090 in the 140 kb plasmid (Fig. 3B). 382 

  383 

Because pPATH plasmids have been described as harboring an important PAI that 384 

encodes the T3SS (Manulis and Barash 2003), among other genes, P. agglomerans strains 385 

isolated from mango trees were analyzed to investigate the presence of the hrpJ gene. The PCR 386 

analysis showed that all putatively and confirmed pathogenic P. agglomerans strains from 387 

mango trees (n= 29) tested were positive for the presence of an amplicon of the expected size, 388 

and the result with confirmed pathogenic strains correlates with their positive HR response on 389 

tobacco leaves. In contrast, the 4 putatively non-pathogenic P. agglomerans strains tested were 390 

negative. This PCR experiment was carried out using the primers designed by Weinthal et al. 391 

(2007). Because amplification of non-specific bands was observed, an amplicon of the expected 392 

size was difficult to recover from agarose gels for all the assayed strains. Some of the amplicons 393 

were recovered, purified, cloned, transformed in E. coli DH5α and sequenced. By using the 394 

specific primers designed in this study, which were based on previously obtained sequences, we 395 

obtained partial hrpJ gene specific sequences for the 29 putative pathogenic and pathogenic 396 

strains of P. agglomerans. Again, the PCR amplification was negative for the four putatively 397 

non-pathogenic strains of P. agglomerans. Almost all P. agglomerans strains from mango trees 398 

yielded a positive PCR result for the presence of the hrpJ gene, showing a high degree of identity 399 

for the partial hrpJ gene sequence, except for Pa UMAF3092 and Pa UMAF3093, which showed 400 

small differences but were identical to one another (91.4 % of identity). In addition, a greater 401 

difference was observed regarding the nucleotide identity of the partial hprJ sequence from the 402 

27 putatively pathogenic and pathogenic P. agglomerans strains from mango trees compared 403 
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with the pathogenic strains Pag 824-1 and Pab 4188 (77.1 % of identity). Because the southern-404 

blot analysis at 55°C only detected the presence of the hrpJ gene in the two selected pathogenic 405 

P. agglomerans strains isolated from mango trees (Pa UMAF3067 and Pa UMAF3084), we 406 

could not confirm in which of the four plasmids this gene was present. Southern-blot 407 

experiments at 45°C confirmed the presence of the hrpJ gene in the 135 kb pPATH plasmid of 408 

the Pag 824-1 control strain, revealing the presence of this gene in the 140 kb plasmid in two 409 

selected pathogenic strains of P. agglomerans isolated from mango trees (Pa UMAF3067 and Pa 410 

UMAF3084). In pathogenic Pa UMAF3093 this gene was detected in the 160 kb plasmid (Fig. 411 

3C). 412 

 413 

Genetic and phylogenetic analyses revealed a differentiated phylogroup of P. agglomerans 414 

strains isolated from mango trees. By using a DNA fingerprinting rep-PCR method with the 415 

BOXA1R primer, we observed that the generated dendrogram displayed a primary cluster with 416 

27 of the putatively pathogenic and pathogenic P. agglomerans strains isolated from mango 417 

trees. The remaining putatively pathogenic Pa UMAF3092, pathogenic Pa UMAF3093, and 418 

putatively non-pathogenic (Pa UMAF3090, Pa UMAF3094, Pa UMAF3097 and Pa UMAF3102) 419 

P. agglomerans strains isolated from mango trees were distributed randomly along with the 420 

pathogenic and non-pathogenic P. agglomerans control strains (Fig. 4A). 421 

 422 

Next, a phylogenetic analysis based on the hrpJ gene sequences was carried out, taking 423 

into account that the Pa UMAF3090, Pa UMAF3094, Pa UMAF3097, Pa UMAF3102 and P. 424 

agglomerans non-pathogenic controls strains could not be utilized since they were negative for 425 

the presence of this gene by PCR. Two main phylogroups were generated, hrpI and hrpII (Fig. 426 

4B). It is noteworthy that inside the hrpI phylogroup, two sub-phylogroups arose, one that was 427 

composed of almost all P. agglomerans strains isolated from mango trees (the same 27 strains 428 

that clustered together using rep-PCR) and a second that was composed of the remaining 429 

putatively pathogenic and pathogenic strains, Pa UMAF3092 and Pa UMAF3093 respectively. 430 

Both sub-phylogroups, contained different variants of the hrpJ gene. The hrpII phylogroup was 431 

composed of Pag 824-1 and Pab 4188, the control pathogenic strains included in this study. 432 

 433 
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After performing the genetic diversity and phylogenetic distribution analyses based on 434 

the hrpJ gene sequences, a phylogenetic analysis based on the gyrB and rpoB housekeeping gene 435 

sequences was performed that included all the bacterial strains isolated from mango trees 436 

(Supplementary Table S1) and all Pantoea control strains used in this work (Fig. 4C). The 437 

phylogenetic distribution generated two primary phylogroups, PaI and PaII. The PaI phylogroup 438 

was composed of 27 of the 29 putatively pathogenic and pathogenic (only 5 confirmed in 439 

mango) P. agglomerans strains from mango trees that were positive for the HR response and for 440 

the presence of the hrpJ gene. In addition, two putatively non-pathogenic P. agglomerans strains 441 

(Pa UMAF3090 and Pa UMAF3094), both positive for the presence of repA gene but negative 442 

for the HR response and the presence of hrpJ gene, were included in this phylogroup but in a 443 

separate branch. A second phylogroup (PaII) was primarily composed of pathogenic (Pag 824-1, 444 

Pab 4188, Pa UMAF3093), putatively pathogenic (Pa UMAF3092) and non-pathogenic and 445 

putatively non-pathogenic (Pa CECT850, Pa CFPB 4740, Pa UMAF3097 and Pa UMAF3102) P. 446 

agglomerans strains isolated from mango trees and other hosts. 447 

 448 

 449 

 450 

 451 

 452 

 453 

 454 

 455 

 456 

 457 

 458 

 459 

 460 

 461 

 462 

 463 

 464 
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DISCUSSION 465 

In this study, a new etiological agent of a bacterial necrotic disease has been described in 466 

mango crops in the Canary Islands. Pss is the described causal agent of BAN disease of mango 467 

trees worldwide (Cazorla et al. 1998), which is the major limiting factor for the productivity of 468 

mango crop yields in the Mediterranean region (Cazorla et al. 1998, 2006; Gutierrez-469 

Barranquero et al. 2012). The necrotic symptoms produced by this new etiological agent are 470 

similar to those produced by Pss, with the main difference being that this bacterium can also 471 

affect immature fruits and flower panicles (Fig. 1). The non-fluorescent and yellow colonies 472 

isolated from diseased mango tissues from different years and orchards in the Canary Islands 473 

were consistently identified as P. agglomerans on the basis of their physiological and 474 

biochemical profiles (Table 1) (Gavini et al. 1989).  475 

 476 

Nucleotide sequence analysis of the 16S rRNA gene has been used to reveal taxonomic 477 

discrepancies in the Pantoea genus (Rezzonico et al. 2009), but the use of housekeeping genes 478 

has shown a better resolution to classify and identify different Pantoea species (Delétoile et al. 479 

2009). In this study, the use of nucleotide sequences of the housekeeping genes gyrB and rpoB 480 

conclusively confirmed that the bacterial isolates from mango trees belonged to P. agglomerans 481 

species. Twenty nine out of the 33 P. agglomerans mango tree isolates were positive for the HR 482 

response, suggesting their potential as pathogenic bacteria, as it has been previously reported in 483 

P. agglomerans pv. gypsophilae (Nizan et al. 1997). Although P. agglomerans is a frequent 484 

epiphytic and endophytic bacterium (Walterson and Starvinides 2015), it has been reported to 485 

cause diseases in different plant hosts (Lu et al. 2015; Wiriyajitsomboon and Hausbeck 2015). In 486 

particular, it has been demonstrated that P. agglomerans has evolved to be a plant pathogen 487 

through the acquisition of pathogenicity plasmids of the so-called pPATH family (Manulis and 488 

Barash 2003). Plasmids in this family share the major replication protein RepA (Weinthal et al. 489 

2007) with a high identity (over 98 %) and are characterized by the presence of a PAI that 490 

includes genes involved in the production of phytohormones, the T3SS and different pools of T3 491 

effectors (Barash and Manulis-Sasson, 2007, 2009; Manulis and Barash 2003). Interestingly, this 492 

bacterium has been previously reported as a possible mango pathogen in China, where it was 493 

observed to only produce necrotic lesions on leaves, but the pathogenicity mechanisms remain to 494 

be elucidated (Lee and Tzeng 2006).  495 
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After the bacterial isolates in this study were identified as P. agglomerans, their role in 496 

the induction of necrotic symptoms in mango trees was analyzed. P. agglomerans has been 497 

previously described to cause bulb rot in onions in Georgia and Michigan (Edens et al. 2006; 498 

Tho et al. 2015). Thus, this pathosystem can serve as an initial and simpler approach to unravel 499 

the pathogenicity of P. agglomerans strains isolated from mango trees. All assayed P. 500 

agglomerans isolates from mango trees (n= 10) (with the exception of Pa UMAF3090) exhibited 501 

bulb rot symptoms, confirming that these isolates are pathogenic against onions (Fig. 2A). 502 

Subsequently, a pathogenicity assay in mango plants confirmed the role of a number of selected 503 

P. agglomerans strains in the induction of necrotic symptoms in mango buds similar to those 504 

produced by BAN (Fig. 2B). These results support P. agglomerans as a new etiological agent of 505 

a bacterial necrotic disease of mango trees in the Canary Islands. It was previously described that 506 

Pss populations and disease severity are higher during cool and wet seasons (autumn and winter) 507 

and are lower in warm seasons in southern Spain (Cazorla et al. 1998). These data could support 508 

the delay and the development of necrotic symptoms produced by P. agglomerans with respect 509 

to Pss during the pathogenicity test in mango trees, because it was performed in Malaga 510 

(mainland Spain). Moreover, this could explain the presence of P. agglomerans rather than Pss 511 

in the Canary Islands but not in southern Spain due to the milder environmental conditions. In 512 

particular, mango trees reach a dormancy period when the temperature is below 15°C (Samson 513 

1986), which correlates with the minimum temperature in winter in southern Spain (specifically 514 

in Malaga), giving rise to the most destructive BAN symptoms. In the Canary Islands, the 515 

minimum temperature is rarely lower than 15°C. Thus, the development of BAN symptoms is 516 

unusual in the Canary Islands, and this could promote the emergence of alternative pathogens, 517 

such as P. agglomerans. 518 

 519 

To shed light on the possible mechanisms involved in the pathogenicity of P. 520 

agglomerans strains isolated from mango trees, the presence of plasmids and the detection of 521 

relevant genes present on pPATH family plasmids was evaluated (Fig. 3). Some of P. 522 

agglomerans strains isolated from mango trees that exhibited a positive HR response in tobacco 523 

leaves, caused bulb rot in onions (n=10) and produce necrotic symptoms in mango buds (n=4) 524 

harbored the same plasmid profile consisting of 4 different plasmids. The T3SS system present 525 

in pPATH plasmids is one of the major virulence factors of P. agglomerans (Nizan-Koren et al. 526 
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2003). By PCR approach, those putatively pathogenic and pathogenic strains of P. agglomerans 527 

were all positive for the presence of the T3SS hrpJ gene. Interestingly, the pathogenic P. 528 

agglomerans strains from mango Pa UMAF3067 and Pa UMAF3084 were positive for the 529 

presence of the T3SS hrpJ gene in the 140 kb plasmid. However, these strains were negative for 530 

the presence of a unique gene shared by all pPATH plasmids, the replication gene repA. Thus, 531 

our results suggest that the 140 kb plasmid harbored by the pathogenic P. agglomerans strains 532 

isolated in this study was different than that belonging to the previously described pPATH 533 

pathogenicity plasmids, and the presence of the T3SS hrpJ gene could suggest a role for this 534 

plasmid in their pathogenicity. The presence of the pPATH repA gene was only demonstrated in 535 

the 140 kb plasmid of two strains (Pa UMAF3090 and Pa UMAF3094), which were negative for 536 

the HR response, negative for the presence of hrpJ gene, and specifically Pa UMAF3090 failed 537 

to elicit bulb rot in onions, resulting in these strains being considered putatively non-pathogenic. 538 

Despite the presence of repA gene in these two bacterial strains, in pPATH plasmids the T3SS is 539 

located in a pathogenicity island (Barash and Manulis-Sasson 2007) which could be completely 540 

or partially lost during their evolutionary history. 541 

 542 

Subsequently, a genetic diversity analysis of P. agglomerans strains isolated from mango 543 

trees was performed using rep-PCR. Three different groups were generated that were composed 544 

of different P. agglomerans strains isolated from mango trees and other hosts. It is important to 545 

highlight that rep-PCR provided an important sub-group differentiation, as 27 out of the 29 546 

putatively pathogenic and pathogenic P. agglomerans strains that share the same hrpJ gene 547 

variant clustered together (Fig. 4A). The band pattern obtained for these strains was identical, 548 

suggesting a clonal origin of this population associated potentially with the induction of necrotic 549 

symptoms in mango plants on the Canary Islands. Rep-PCR was successfully used to 550 

differentiate the melon-infecting P. ananatis from other Pantoea species, including P. 551 

agglomerans (Kido et al. 2008), and was recently used to reveal limited genetic diversity among 552 

P. ananatis strains causing bulb rot in onions (Stice et al. 2018). To determine whether the 553 

observed genetic clustering is consistent with the evolutionary history of putatively pathogenic 554 

and pathogenic P. agglomerans strains isolated from mango trees, a phylogenetic analysis was 555 

performed using the housekeeping gyrB and rpoB genes (Fig. 4C). Despite a previous report 556 

describing that the phylogenetic distribution of P. agglomerans was indistinguishable between 557 
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clinical and environmental P. agglomerans isolates (Brady et al. 2008; Delétoile et al. 2009; 558 

Rezzonico et al. 2009), in this study, a primary phylogroup comprised of 27 of the 29 putatively 559 

pathogenic and pathogenic P. agglomerans strains was observed. This result showed a similar 560 

tendency to that observed previously in a genetic diversity analysis, suggesting a specific and 561 

different evolutionary history of these isolates than pathogenic and non-pathogenic P. 562 

agglomerans strains isolated from different hosts, that could be leading to the adaption of this 563 

group to the mango host and the environmental conditions of this crop in the Canary Islands. In 564 

addition, a phylogenetic analysis based on the hrpJ gene sequences generated a main mango 565 

phylogroup that again included a sub-cluster containing 27 of the 29 putatively pathogenic and 566 

pathogenic P. agglomerans isolates. It is important to note that the hrpJ gene sequences were 567 

practically identical for each sub-cluster and were different between them as highlighted above. 568 

These results again show an identical tendency obtained previously with genetic and 569 

phylogenetic analyses. Interestingly, this may suggest that plasmids harbored by P. agglomerans 570 

strains isolated from mango trees came from a common ancestor, and after this acquisition event, 571 

they followed the same evolutionary history as their bacterial hosts, likely influenced by other 572 

factors during their adaptation to the mango host. In addition, it is of interest to note that the two 573 

remaining P. agglomerans strains isolated from mango (putatively pathogenic Pa UMAF3092 574 

and pathogenic Pa UMAF3093) were different from the main 27 P. agglomerans strains at 575 

different levels, being more phylogenetically related to the original P. agglomerans cluster PaII.  576 

 577 

Overall, these data support that P. agglomerans is a new etiological agent that causes a 578 

bacterial necrotic disease associated with the mango tree host in the Canary Islands. 579 

Impressively, different levels of genetic characterization and phylogenetic distribution analyses 580 

revealed that these strains mostly form a differentiated and clonal phylogroup with respect to 581 

other pathogenic P. agglomerans strains that were previously described from other hosts  582 
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 802 

TABLE 1. Physiological and biochemical tests performed in this study to identify the bacterial isolates (n 803 

= 44) from necrotic lesions in different tissues in mango trees in Canary Islands, Spain. For isolation 804 

details of bacterial isolates see Supplementary Table S1 805 

 806 

 807 

 808 

 809 

 810 

 811 

 812 

 813 

 814 

 815 

 816 

a Bt= Bacterial type. 817 

b Metabolism of glucose: O = oxidative, and F = fermentative. 818 

c Growth on yeast extract-dextrose-calcium carbonate agar: W= white colonies, and Y= yellow mucoid colonies. 819 

 820 

 821 

 822 

 823 

 824 

 825 

 826 

 827 

 828 

 829 

 830 

 831 

 832 

 833 

 Physiological and biochemical profiles of bacterial isolates 

Test Bt 1a Bt2 Bt 3 Bt 4 

Morphology Coccobacillus Coccobacillus Coccobacillus Coccobacillus 

Gram stain - - - - 

Fluorescence - - - + 

Glucose metabolismb F F F O 

YDCc Y Y Y W 

Levan production + + + + 

Oxidase - - - - 

Arginine dihydrolase (ADH) - - - - 

Tobacco hypersensitivity + - - + 

Identification Pantoea spp. Pantoea spp. Pantoea spp. Pseudomonas syringae 

Indole production - - + - 

Nitrate reduction + + - - 

Number of isolates 29 4 5 6 

Identification P. agglomerans P. agglomerans P. ananatis Pseudomonas syringae 
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 834 

TABLE 2. Pathogenicity test in 2-year-old mango plants using selected Pantoea agglomerans strains isolated 835 

from mango 836 

 837 

 838 

 839 

 840 

 841 

 842 

 843 

a Pss: Pseudomonas syringae pv. syringae. Bacterial strains inoculated: UMAF0048 and   844 

UMAF0049. 845 

b Pa: P. agglomerans strains isolated from mango. Bacterial strains inoculated: Pa UMAF3067, Pa 846 

UMAF3075, Pa UMAF3084, Pa UMAF3093 and Pa UMAF3098.  847 

c 
P. agglomerans CFBP 4740, non-pathogenic control strain. 848 

 849 

 850 

 851 

 852 

 853 

 854 

 855 

 856 

 857 

 858 

 859 

 860 

 861 

 862 

 863 

 864 

 865 

  Disease incidence (%) 

Bacterial isolates  28 days 42 days 56 days 70 days 84 days 98 days 

Pss (n=2)a  42.8 64.2 92.8 92.8 92.8 92.8 

Pa (n=5)b  0 0 17.1 42.8 80 100 

Pa CFBP4740c  0 0 0 0 0 0 

Phosphate buffer  0 0 0 0 0 0 
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FIGURE LEGENDS 866 

 867 

Fig. 1. Necrotic symptoms on mango trees in Canary Islands. A, Initial necrosis of flower 868 

panicles; B, Advanced necrosis of flower panicles; C, Necrosis of immature fruits; D, Necrotic 869 

symptoms in branches; E, Necrotic spots in leaves; F, Detail of necrotic symptoms in mango 870 

bud, and G,  Necrotic symptoms in stems, both experimentally inoculated with representative 871 

strains of Pantoea agglomerans.  872 

 873 

Fig. 2. Pathogenicity test in onion bulbs using selected Pantoea agglomerans strains. Ten strains 874 

of P. agglomerans isolated from mango were tested (Pa UMAF3066, Pa UMAF3067, Pa 875 

UMAF3075, Pa UMAF3078, Pa UMAF3084, Pa UMAF3086, Pa UMAF3090, Pa UMAF3093, 876 

Pa UMAF3098 and Pa UMAF3101). Just five representative strains were included in this figure. 877 

Positive control: Pst CFBP3614. Negative controls: Pa CFBP4740 and phosphate buffer. Pa: 878 

Pantoea agglomerans, Pst: Pantoea stewartii subsp indologenes. 879 

 880 

Fig. 3. Plasmid profile and detection of repA and hrpJ genes by southern-blot hybridization. A, 881 

Plasmid profile of some P. agglomerans strains isolated from mango that are representative of 882 

the diversity of plasmids found in the P. agglomerans population. Pag 824-1: P. agglomerans pv. 883 

gypsophilae control strain that harbors two plasmids: 60 kb plasmid and a plasmid belonging to 884 

the pPATH family of 135 kb. Pa UMAF3067 and Pa UMAF3084 harbor 4 plasmids: 90 kb, 140 885 

kb, 150 kb and 160 kb approximately. Pa UMAF3090 harbors two plasmids: 110 kb and 140 kb 886 

approximately. Pa UMAF3093 harbors 4 plasmids: 90 kb, 140 kb, 160kb and 170 kb 887 

approximately. Pa UMAF3097 harbors one plasmid: 150 kb approximately; B, Southern blot 888 

hybridization of repA gene at high-stringency, 55 ºC; C, Southern blot hybridization of hrpJ 889 

gene at low-stringency, 45 ºC. PCS: Pathogenic control strain. PaI: Phylogroup PaI. PaII: 890 

Phylogroup PaII. CDNA: Chromosomal DNA.  891 

 892 

Fig. 4. Genetic diversity and phylogenetic analysis of Pantoea agglomerans strains isolated from 893 

mango trees. A, Dendrogram cluster analysis obtained by a repetitive sequence-based 894 

polymerase chain reaction fingerprinting method using a BOXA1-R primer, showing genetic 895 

relationships of P. agglomerans strains isolated from mango trees along with pathogenic and 896 
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non-pathogenic P. agglomerans strains isolated from other hosts. Jaccard’s similarity coefficient 897 

was used to generate a tree with InfoQuest FP software (Bio-Rad), using the unweighted pair-898 

group method with average linkages. The dotted-line box contains almost all pathogenic P. 899 

agglomerans strains isolated from mango trees; B, Phylogenetic analysis based on a partial 900 

sequence of the hrpJ gene obtained from P. agglomerans strains isolated from mango trees, 901 

including the pathogenic control strains P. agglomerans pv. gypsophilae 824-1 and P. 902 

agglomerans pv. betae 4188. The neighbor-joining tree was constructed using MEGA 6, and 903 

bootstrap values (1,000 repetitions) are shown on branches. Evolutionary distances are in units of 904 

nucleotide substitutions per site; C, Phylogenetic analysis using partial sequences of the 905 

housekeeping genes gyrB and rpoB, including all P. agglomerans strains isolated from mango 906 

trees, pathogenic and non-pathogenic P. agglomerans strains isolated from other hosts, P. 907 

stewartii subsp. indologenes CFBP3614, 2 P. ananatis strains isolated from mango trees (Pan 908 

UMAF3071 and Pan UMAF3074), P. ananatis PA13 from the database, and the 6 Pseudomonas 909 

syringae strains also isolated from mango trees in this study. The neighbor-joining tree was 910 

constructed with MEGA 6 using the concatenated sequences of both housekeeping genes. 911 

Bootstrap values (1,000 repetitions) are shown on branches and evolutionary distances are in 912 

units of nucleotide substitutions per site. HR: hypersensitive response, hrpJsp (PCR): PCR of the 913 

hrpJ gene with the specific primers designed in this study, repAsp (PCR): PCR of the repA gene 914 

with the specific primers designed in this study. Black box: positive result; white box: negative 915 

result; and gray box: positive result obtained with the hrpJ gene-specific primers (hrpj5n1 and 916 

hrpj3n1335) designed using the pPATH plasmid sequence from Pag 824-1. Pa: Pantoea 917 

agglomerans; Pan: Pantoea ananatis; Pst: Pantoea stewartii subsp. indologenes; Pag 824-1: 918 

Pantoea agglomerans pv. gypsophilae 824-1; and Pab 4188: Pantoea agglomerans pv. betae 919 

4188. 920 

 921 

 922 
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Fig. 1. Necrotic symptoms on mango trees in Canary Islands. A, Initial necrosis of flower panicles; B, 
Advanced necrosis of flower panicles; C, Necrosis of immature fruits; D, Necrotic symptoms in branches; E, 
Necrotic spots in leaves; F, Detail of necrotic symptoms in mango bud, and G,  Necrotic symptoms in stems, 

both experimentally inoculated with representative strains of Pantoea agglomerans.  
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Fig. 2. Pathogenicity test in onion bulbs using selected Pantoea agglomerans strains. Ten strains of P. 
agglomerans isolated from mango were tested (Pa UMAF3066, Pa UMAF3067, Pa UMAF3075, Pa UMAF3078, 
Pa UMAF3084, Pa UMAF3086, Pa UMAF3090, Pa UMAF3093, Pa UMAF3098 and Pa UMAF3101). Just five 

representative strains were included in this figure. Positive control: Pst CFBP3614. Negative controls: Pa 
CFBP4740 and phosphate buffer. Pa: Pantoea agglomerans, Pst: Pantoea stewartii subsp indologenes.  
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Fig. 3. Plasmid profile and detection of repA and hrpJ genes by southern-blot hybridization. A, Plasmid 
profile of some P. agglomerans strains isolated from mango that are representative of the diversity of 

plasmids found in the P. agglomerans population. Pag 824-1: P. agglomerans pv. gypsophilae control strain 

that harbors two plasmids: 60 kb plasmid and a plasmid belonging to the pPATH family of 135 kb. Pa 
UMAF3067 and Pa UMAF3084 harbor 4 plasmids: 90 kb, 140 kb, 150 kb and 160 kb approximately. Pa 

UMAF3090 harbors two plasmids: 110 kb and 140 kb approximately. Pa UMAF3093 harbors 4 plasmids: 90 
kb, 140 kb, 160kb and 170 kb approximately. Pa UMAF3097 harbors one plasmid: 150 kb approximately; B, 
Southern blot hybridization of repA gene at high-stringency, 55 ºC; C, Southern blot hybridization of hrpJ 
gene at low-stringency, 45 ºC. PCS: Pathogenic control strain. PaI: Phylogroup PaI. PaII: Phylogroup PaII. 

CDNA: Chromosomal DNA.  
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Fig. 4. Genetic diversity and phylogenetic analysis of Pantoea agglomerans strains isolated from mango 
trees. A, Dendrogram cluster analysis obtained by a repetitive sequence-based polymerase chain reaction 
fingerprinting method using a BOXA1-R primer, showing genetic relationships of P. agglomerans strains 

isolated from mango trees along with pathogenic and non-pathogenic P. agglomerans strains isolated from 
other hosts. Jaccard’s similarity coefficient was used to generate a tree with InfoQuest FP software (Bio-
Rad), using the unweighted pair-group method with average linkages. The dotted-line box contains almost 
all pathogenic P. agglomerans strains isolated from mango trees; B, Phylogenetic analysis based on a partial 
sequence of the hrpJ gene obtained from P. agglomerans strains isolated from mango trees, including the 
pathogenic control strains P. agglomerans pv. gypsophilae 824-1 and P. agglomerans pv. betae 4188. The 
neighbor-joining tree was constructed using MEGA 6, and bootstrap values (1,000 repetitions) are shown on 
branches. Evolutionary distances are in units of nucleotide substitutions per site; C, Phylogenetic analysis 
using partial sequences of the housekeeping genes gyrB and rpoB, including all P. agglomerans strains 
isolated from mango trees, pathogenic and non-pathogenic P. agglomerans strains isolated from other 
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hosts, P. stewartii subsp. indologenes CFBP3614, 2 P. ananatis strains isolated from mango trees(Pan 
UMAF3071 and Pan UMAF3074), P. ananatis PA13 from the database, and the 6 Pseudomonas syringae 

strains also isolated from mango trees in this study. The neighbor-joining tree was constructed with MEGA 6 
using the concatenated sequences of both housekeeping genes. Bootstrap values (1,000 repetitions) are 

shown on branches and evolutionary distances are in units of nucleotide substitutions per site. HR: 
hypersensitive response, hrpJsp (PCR): PCR of the hrpJ gene with the specific primers designed in this 

study, repAsp (PCR): PCR of the repA gene with the specific primers designed in this study. Black box: 
positive result; white box: negative result; and gray box: positive result obtained with the hrpJ gene-specific 

primers (hrpj5n1 and hrpj3n1335) designed using the pPATH plasmid sequence from Pag 824-1. Pa: 
Pantoea agglomerans; Pan: Pantoea ananatis; Pst: Pantoea stewartii subsp. indologenes; Pag 824-1: 
Pantoea agglomerans pv. gypsophilae 824-1; and Pab 4188: Pantoea agglomerans pv. betae 4188.  
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SUPPLEMENTARY TABLE S1. Bacterial strains isolated from necrotic symptoms in mango trees in Canary Islands and their main virulence-related features 

 

Bacterial strains 

Location  

(Canary Islands, Spain) 

 

Isolated from 

Year of 

isolation 

HR 

response 

hrpJ 

genea 

repA 

geneb 

Plasmid 

profiled 

Pathogenicity 

onion bulbs 

Pathogenicity 

mango buds 

P. agglomerans          

UMAF3064 Tenerife Leaf 2005 + + - I NT NT 

UMAF3065 Tenerife Leaf 2005 + + - I NT NT 
UMAF3066 Tenerife Stem 2005 + + - I + NT 

UMAF3067 Tenerife Flower panicle 2005 + + - I + + 

UMAF3068 Tenerife Leaf 2005 + + - I NT NT 
UMAF3069 Tenerife Leaf 2005 + + - I NT NT 

UMAF3075 Tenerife Leaf 2006 + + - I + + 

UMAF3076 Tenerife Leaf 2006 + + - I NT NT 
UMAF3077 Tenerife Flower panicle 2006 + + - I NT NT 

UMAF3078 Tenerife Flower panicle 2006 + + - I + NT 

UMAF3079 Tenerife Bud 2007 + + - I NT NT 
UMAF3080 Tenerife Leaf 2007 + + - I NT NT 

UMAF3081 Tenerife Stem 2007 + + - I NT NT 

UMAF3082 Tenerife Stem 2007 + + - I NT NT 
UMAF3083 Tenerife Leaf 2007 + + - I NT NT 

UMAF3084 Tenerife Stem 2007 + + - I + + 

UMAF3085 Tenerife Flower panicle 2007 + + - I NT NT 
UMAF3086 Tenerife Immature fruit 2007 + + - I + NT 

UMAF3087 Tenerife Immature fruit 2007 + + - I NT NT 

UMAF3090 Tenerife Flower panicle 2008 - - + III - NT 
UMAF3091 Tenerife Leaf 2008 + + - I NT NT 

UMAF3092 La Palma Leaf 2008 + + - II NT NT 

UMAF3093 La Palma Leaf 2008 + + - II + + 
UMAF3094 La Palma Leaf 2008 - - + III NT NT 

UMAF3095 Tenerife Leaf 2008 + + - I NT NT 

UMAF3096 La Palma Flower panicle 2008 + + - I NT NT 
UMAF3097 Tenerife Leaf 2009 - - - IV NT NT 

UMAF3098 Tenerife Flower panicle 2009 + + - I + + 

UMAF3099 Tenerife Flower panicle 2009 + + - I NT NT 
UMAF3100 Tenerife Stem 2009 + + - I NT NT 

UMAF3101 Tenerife Stem 2009 + + - I + NT 

UMAF3102 Tenerife Stem 2009 - - - IV NT NT 
UMAF3103 Tenerife Stem 2009 + + - I NT NT 

P. ananatis          

UMAF3070 Tenerife Leaf 2005 - NTc NT NT NT NT 
UMAF3071 Tenerife Leaf 2005 - NT NT NT NT NT 

UMAF3072 Tenerife Stem 2005 - NT NT NT NT NT 

UMAF3073 Tenerife Leaf 2005 - NT NT NT NT NT 
UMAF3074 Tenerife Leaf 2005 - NT NT NT NT NT 
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a hrpJ gene detection by PCR. 
b repA gene detection by PCR 
c Non-tested.  
d Plasmid profile. I: 90, 140, 150 and 160 Kb; II: 90, 140, 160 and 170 Kb; III: 110 and 140 Kb; IV: 150 Kb.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

P. syringae          

UMAF2805 Tenerife Leaf 2005 + NT NT NT NT NT 

UMAF2808 Tenerife Stem 2006 + NT NT NT NT NT 
UMAF2811 Tenerife Petiole 2007 + NT NT NT NT NT 

UMAF2812 Tenerife Leaf 2008 + NT NT NT NT NT 

UMAF2813 La Palma Leaf 2008 + NT NT NT NT NT 
UMAF2814 Tenerife Bud 2009 + NT NT NT NT NT 
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SUPPLEMENTARY TABLE S2. Bacterial strains used as controls for the different 

biochemical, physiological and pathogenicity tests performed in this study 
Bacterial strains Reference or source 

Bacillus subtilis UMAF6639 Romero et al. 2007 

Escherichia coli CECT831 CECTa 

Pantoea agglomerans pv. betae 4188b Burr et al., 1991 

Pantoea agglomerans pv. gypsophilae 824-1b Manulis et al., 1991 

Pantoea agglomerans CECT850 CECT 

Pantoea agglomerans CFBP4740 CFBPc 

Pantoea stewartii subsp. indologenes CFBP3614 CFBP 

Pseudomonas syringae pv. syringae UMAF0048 Cazorla et al. 1998 

Pseudomonas syringae pv. syringae UMAF0049 Cazorla et al. 1998 

Pseudomonas syringae pv. syringae UMAF0158 Cazorla et al. 2002 
a
 CECT: Spanish Type Culture Collection. 

b
 Bacterial strains kindly provided by Shulamit Manulis-Sasson and Isaac Barash.  

c
 CFBP: French Collection of Plant Associated Bacteria. 
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SUPPLEMENTARY TABLE S3. Primers and PCR conditions used in this study 

 

 

PCR amplifications 

 

Primer name and sequence 

 

PCR cycles 

 

Source or reference 

repA-PCR repAFsp: 5’-GCTGACTGAAGCTGCTTATC-3’ 

repARsp: 5’-AGACTCAGGCAGCATGAATC-3’ 

2´-94ºC; 45´´-94ºC, 45´´-58ºC, 30´´-72ºC 

(X 30 cycles); 5´-72ºC  

Weinthal et al. 2007 

hrpJ-PCR hrpj5n1: 5´-CGCCAGGATGAAAATTGCTC-3´ 

hrpj3n1335: 5´-CGCAGCCGATTCAACGCC-3´ 

2´-94ºC; 45´´-94ºC, 45´´-62ºC, 30´´-72ºC 

(X 30 cycles); 5´-72ºC 

This study 

hrpJ specific-PCR hrpJPaF: 5´-GACCTTCGCGGAACAGGTTG-3´ 

hrpJPaR: 5´-CGGCAGATGGTAGACCAG-3´ 

2´-94ºC; 45´´-94ºC, 45´´-60ºC, 45´´-72ºC 

(X 30 cycles); 5´-72ºC 

This study 

BOX-PCR BOXA1R: 5´-CTACGGCAAGGCGACGCTGACG-3´ 7´-94ºC; 1´-94ºC, 1´-53ºC,   8´-65ºC          

( X 30 Cycles ); 15´-65ºC 

Rademaker et al. 1998 

gyrB-PCR gyrB3i: 5´-AACGCWATCGACGAAGC-3´ 

gyrB4i: 5´-TGGAAVCCRTCRTTCCAC-3´ 

2´-94°C; 1´-94°C, 1´-60°C, 1´- 72°C (X 

30 cycles);  5´-72°C 

Modified from Delétoile et 

al. 2009 

rpoB-PCR Vic3: 5´-GGCGAA ATGGCWGAGAACCA-3´ 

Vic2: 5´-GAGTCTTCGAAGTTGTAACC-3´ 

4´-94°C; 45´´-94°C, 45´´-50°C, 45´´-72°C 

(X30 cycles); 5´-72°C 

Modified from Delétoile et 

al. 2009 
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