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A new symptomatology was observed in celery (Apium graveolens L.) in 23 

Villena, Spain in 2008. Symptomatology included an abnormal amount of shoots per 24 

plant and curled stems. These vegetative disorders were associated with ‘Candidatus 25 

Liberibacter solanacearum’ and not with phytoplasmas. Samples from plant sap were 26 

immobilized on membranes based on the spot procedure and tested using a newly 27 

developed real-time PCR assay to detect ‘Candidatus L. solanacearum’. Then, a test 28 

kit was developed and validated by intra-laboratory assays with an accuracy of 100 %. 29 

Bacterial-like cells with typical morphology of ‘Ca. Liberibacter’ were observed 30 

using electron microscopy in celery plant tissues. A fifth haplotype of ‘Ca. L. 31 

solanacearum’, named E, was identified in celery and in carrot after analyzing partial 32 

sequences of 16S and 50S rRNA genes.. From our results, celery (Fam. Apiaceae) can 33 

be listed as a new natural host of this emerging bacterium.  34 

35 

Additional key words: Apium graveolens, Spot real-time PCR, detection kit, electron 36 

microscopy, haplotypes. 37 

38 
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Celery (Apium graveolens L., Fam. Apiaceae) cultivation is of increasing 40 

interest in European countries. In Spain, there are about 1,640 ha of celery crops, 41 

mainly in the Mediterranean regions, which account for an annual production of 42 

80,000 t.  Celery is affected by fungal, viral and bacterial pathogens causing various 43 

well known diseases (36). In 2008 in Villena, Alicante, Spain, celery plants showed 44 

symptoms that had not been observed before i.e. abnormal amount of shoots, curling 45 

of stems and yellowing (Fig. 1 A, B, C, D). These vegetative disorders were observed 46 

in the crop in the three overlapping cultivation cycles (early, medium and late) from 47 

March to November, in cvs. Loretta, Monterrey and Imperial of var. dulce (Mill.). 48 

Only severe stunting appeared in cv. Brillant of var. rapaceum (Mill). Consequently, 49 

there was a relevant yield reduction and economic losses from 2008 to 2009 in 50 

Villena, followed by other Spanish celery growing regions. Celery was grown in these 51 

areas together with carrots (Daucus carota, Fam. Apiaceae), being affected by the 52 

bacterium ‘Candidatus L. solanacearum’ (10, 25).  53 

‘Ca. L. solanacearum’, also named as ‘Ca. L. psyllaurous’ (12) is a Gram-54 

negative bacterium. This bacterium cannot be cultured in vitro yet. It is restricted to 55 

the plant’s phloem, transmitted through vegetative propagation and naturally by 56 

several psyllid species (23). ‘Ca. L. solanacearum’ causes a disease affecting potato 57 

(zebra chip)(38). Besides causing disease in potato, ‘Ca. L. solanacearum’ can cause 58 

serious damage and economic losses in tomato (Solanum lycopersicum), pepper 59 

(Capsicum annuum), eggplant (S. melongena), tamarillo (S. betaceum), tomatillo 60 

(Physalis peruviana), tobacco (Nicotiana tabacum), carrot and weeds in the 61 

Solanaceae family (10, 23). 62 

The bacterium is transmitted in a persistent (transovarial) way by the psyllid 63 

Bactericera cockerelli (24). It has also been detected in the psyllids Trioza apicalis 64 
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(25), B. trigonica (2), other Trioza species and in Accizia species (37). 65 

Conventional and real-time PCR methods have been developed to detect and/or 66 

identify ‘Ca. L. solanacearum’ in plant material and insect vectors, (8, 12, 16, 18, 19, 67 

20, 26, 33, 34, 42). In most bacterial models, real-time PCR has advantages over 68 

conventional PCR since it is more sensitive and reliable and performs fast and straight 69 

forward (9, 16). The PCR templates require extract preparation and nucleic acid 70 

purification which is laborious, time consuming and increases the risk of 71 

contamination (32). Nucleic acid purification step can be overcome using direct 72 

sample preparation methods such as tissue-print and/or squash or spot immobilization 73 

on membranes (9). The main drawback of target immobilization is the small amount 74 

of target nucleic acid available on the support. This limitation can be offset by 75 

coupling these preparation methods with highly sensitive techniques such as real-time 76 

PCR (4). 77 

Four ‘Ca. L. solanacearum’ haplotypes (designated A, B, C and D) have been 78 

described affecting several crops worldwide. Haplotypes are described from single 79 

nucleotide polymorphisms (SNPs) that are inherited as a package in three gene 80 

regions, 16S rRNA, 16S/23S intergenic spacer region (ISR) and 50s rRNA (30, 33).  81 

In this paper, the presence of ‘Ca. L. solanacearum’ in celery in Spain was 82 

reported for the first time. Its symptoms and haplotype status were described herein. 83 

A detection method using sample immobilization on membranes and a complete kit 84 

for accurate detection of the bacterium based on universal ‘Ca. Liberibacter’ primers 85 

and a specific probe for real-time PCR were developed and validated, as well. 86 

87 

MATERIALS AND METHODS 88 

89 
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Plant material and prevalence of symptoms. About 37 ha of celery crops 90 

were annually inspected by technical staff from Agrícola Villena Coop. V. (producers 91 

of 20% of fresh celery and carrot in Spain). Inspections were conducted on the field 92 

and in the packing house, from 2008 to 2012 at Villena, Alicante, Spain to estimate 93 

the percentage of field plants showing symptoms and the number of packing house 94 

discards. During this period, 2,655 celery plants were randomly collected from 95 

experimental plots to estimate the prevalence of ‘Ca. L. solanacearum’. Symptomatic 96 

carrot and celery plants were used as positive control and asymptomatic healthy carrot 97 

and celery plants were used as negative control. 98 

In September 2010, at harvest, 502  plants of the celery cvs. Loretta, Imperial 99 

and Monterrey from experimental plots were classified into three categories according 100 

to the severity of the symptoms. The classification was as follows: i) 174 plants as 101 

‘+++’ with severe symptoms making the celery unmarketable (Fig. 1 A and B), ii) 102 

150 plants as ‘+’ with mild symptoms that could be marketed, and iii) 178 103 

symptomless and marketable plants. Each sample was tested for ‘Ca. L. 104 

solanacearum’ and phytoplasmas to investigate the etiology of the disorders.  105 

106 

Sample preparation. Leaf samples (about 1g/plant) were collected from the 107 

middle part of celery and carrot plants into  separate plastic bags and stored at 4ºC for 108 

up to one week until use. Extracts were prepared using a Homex 6 (Bioreba, 109 

Switzerland) homogenizer, grinding the plant material 1:5-10 (w/v) in PBS extraction 110 

buffer (NaCl, 8 g/l; NaH2PO4.2H2O, 0.4 g/l; Na2HPO4.12H2O, 2.7 g/l; pH 7.2). One 111 

ml of extract from each plant was stored at -20
o
C until use. 112 

113 

Direct sample preparation without DNA purification (spot procedure). 114 
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Freshly prepared or frozen plant extracts were immobilized on membranes (32) by 115 

spotting 5 μl of crude plant extract onto pieces (approximately 0.5 cm
2
) of positively 116 

charged nylon membrane (Roche, Mannheim, Germany) or Whatman 3MM filter 117 

paper (GE Healthcare Europe GmbH, Freiburg, Germany), in Eppendorf tubes (7). 118 

Spotted plant extracts were left to dry for 5 min and then stored at room temperature 119 

in the dark until required. The DNA was extracted from each membrane by adding 120 

100 μl of distilled water per tube (3). Each tube was then vortexed and placed on ice. 121 

Then, 3 μl from this preparation was used as the template for real-time PCR. 122 

123 

DNA purification. Total DNA was purified from 200 μl of crude plant extract 124 

by using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) according to the 125 

manufacturer’s protocol or the CTAB (cetyl trimethyl ammonium bromide) protocol 126 

(29). Purified DNA was stored at –20 ºC until use. These DNA templates were 127 

considered as the “gold-standard” when comparing the conventional method using 128 

purified DNA and the direct methods of sample preparation without DNA 129 

purification. 130 

131 

Comparison of sample preparation methods using naturally infected celery 132 

plants: DNA extraction vs. spot. The 502 plants of the celery cvs. Loretta, Imperial 133 

and Monterrey from experimental plots (described above) were tested using two 134 

sample preparation methods: DNA extraction (considered as the gold standard 135 

technique) (29) and the spot procedure (32). Cohen's Kappa (κ) coefficient and the 136 

Bias-adjusted Kappa (BAK) index were used to calculate the coincidence between 137 

methods (6). Both sample preparation methods were compared using the same plant 138 

extract and the newly developed real-time PCR protocol (see below). 139 
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140 

Probe design Nucleotide sequences internal to patented universal ‘Ca. 141 

Liberibacter’ species forward CaLsppF (5’-GCAGGCCTAACACATGCAAGT-3’), 142 

and reverse CaLsppR 5’-(GCACACGTTTCCATGCGTTAT-3’) (3) primers were 143 

selected to design a ‘Ca. L. solanacearum’ specific probe. Alignment of nucleotides 144 

based on the 16S rDNA sequences of ‘Ca. L. solanacearum’ recovered from 145 

GenBank, was performed. Primer Express software (Applied Biosystems, Foster City, 146 

CA, USA) was used to design the specific CaLsolP probe. The probe was labeled with 147 

fluorescent dyes 5`FAM-AGCGCTTATTTTTAATAGGAGCGGCAGACG-3` 148 

TAMRA.  149 

150 

Real-time PCR. Real-time PCR using CaLsppF and CaLsppR primers and the 151 

newly designed (CaLsolP) TaqMan probe was carried out using two real-time PCR 152 

systems: StepOne Plus (Applied Biosystems) and Light Cycler 480 (Roche). Various 153 

concentrations of primers (from 0.3 to 1.0 μM) and probe (from 80 to 300 nM) were 154 

used to tested the optimum amplification conditions. The optimum reaction mix 155 

consisted of 1 x Path-IDTM qPCR master mix (Ambion, Grand Island, NY, USA), 156 

0.5 μM of each CaLsppF and CaLsppR primers 150 nM of CaLsolP TaqMan probe 157 

and 3 μl of purified DNA or DNA from the spotted samples, in a final volume of 12 158 

μl. Positive and negative controls were used in each PCR reaction. The real-time PCR 159 

amplification protocol consisted of 95°C for 10 min followed by 45 cycles of 95°C 160 

for 15 s and 60°C for 1 min. Data acquisition and analysis were performed with the 161 

thermal cycler’s software. The default threshold set by the machine was slightly 162 

adjusted above the noise in the linear part of the growth curve. This new real-time 163 

assay was compared with the procedure of Li et al. (16). 164 
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165 

Specificity and sensitivity. One hundred and ten reference ‘Ca. L. 166 

solanacearum’ DNA samples from 10 different origins, 17 DNA samples of ‘Ca. 167 

Liberibacter’ species other than ‘Ca. L. solanacearum’, 16 strains of bacterial species 168 

that affect solanaceous and other crops and 81 unidentified bacterial isolates from 169 

celery, carrot and potato microbiota (Table 1), were used to test specificity of the new 170 

real-time assay. Sensitivity was tested using serial dilutions of a ‘Ca. L. 171 

solanacearum’ positive celery extract cv. Loretta (prepared by homogenizing 1:10 172 

(w/v) plant material in PBS buffer pH 7.2) in a healthy celery extract of the same 173 

cultivar (negative to ‘Ca. L. solanacearum’ by PCR). A sample of each dilution was 174 

spotted on Whatman 3MM paper and/or used for DNA purification. Spotted extracts 175 

and purified DNA were used to compare four conventional (see below) and two real-176 

time PCR protocols. 177 

178 

Conventional PCR protocols. Four previously described conventional PCR 179 

protocols using different primers were compared: OA2 and OI2c (17); Lso TX F and 180 

Lso TX R; Lso adk F and Lso adk R (33); LsoF and OI2c (16). Amplifications were 181 

performed as described by these authors. Positive and negative controls were used in 182 

each PCR reaction. 183 

184 

Intra-laboratory validation of a complete kit. A complete kit (Ref. 185 

CaLsol/100; Plant Print Diagnòstics SL, Valencia, Spain) for accurate detection of the 186 

bacterium was developed based on the new real-time assay and primers (3). The kit 187 

used lyophilized master mix and was based on a direct method of sample preparation. 188 

The kit was tested in three different laboratories at Instituto Valenciano de 189 
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Investigaciones Agrarias (IVIA), using three different real-time PCR systems 190 

(StepOne Plus and LightCycler 480 described earlier and SmartCycler-Cepheid). Ten 191 

blind samples immobilized on Whatman 3MM filter paper were used: 5 positive for 192 

‘Ca. L. solanacearum’ and 5 negative. Template preparation was performed according 193 

to the kit manufacturer’s instructions. Positive samples were ‘Ca. L. solanacearum’ 194 

infected extracts from carrot and celery plants. Negative samples were extracts from 195 

healthy carrot, celery, potato, Nicotiana benthamiana and periwinkle. The 196 

amplification conditions for the kit were 4°C higher than those described previously 197 

for real-time amplification using fresh (non-lyophilized) master mix.. Six replicate 198 

reactions were performed on each sample. Diagnostic parameters (sensitivity, 199 

specificity and accuracy) were calculated according to https://www.antonio-200 

olmos.com/parameters/online/calculator.html. Positive or negative results and Ct 201 

values were recorded for each sample. 202 

203 

Association of ‘Ca. L. solanacearum’ and/or phytoplasmas with symptoms. 204 

The 502 plants of celery from experimental plots (described above) were tested for 205 

‘Ca. L. solanacearum’ using the real-time PCR kit described in this paper and for 206 

phytoplasmas using de procedure of Hren et al., (13). Results were compared using 207 

multinomial regression analysis (‘Program R’ www.r-project.org). 208 

209 

Electron microscopy. Leaf midribs from symptomatic plants that had tested 210 

real-time PCR positive for ‘Ca. L. solanacearum’ from commercial celery fields were 211 

prepared for transmission (TEM) and scanning (SEM) electron microscopy. For TEM 212 

analyses, midribs were first fixed in 'Karnovisky' solution for 24 h, then fixed with 213 

osmium tetroxide in 1% cacodylate buffer for 1 h and contrasted with uranyl acetate 214 

https://www.antonio-olmos.com/parameters/online/calculator.html
https://www.antonio-olmos.com/parameters/online/calculator.html
http://www.r-project.org/
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0.5% overnight. Samples were then dehydrated using increasing concentrations of 215 

acetone (30-100%). Infiltration and embedding was performed in 1:1 acetone (100%): 216 

‘Spurr’ epoxy resin for at least 5 h and then in pure resin 'Spurr' overnight or longer, 217 

depending on the infiltration capacity of the samples. Polymerization was carried out 218 

at 70°C for three days. The resin blocks were cut into 70 nm sections (using an 219 

ultramicrotome with diamond knife), which were placed on copper´s screens, 220 

contrasted with uranyl acetate 3% and lead citrate (35). Samples were examined using 221 

a JEOL JEM 1011 transmission electron microscope and images were captured using 222 

a digital camera. 223 

For SEM analyses, midribs were fixed with ‘Karnovisky’ solution for 24 h, 224 

infiltrated with glycerol, immersed in liquid nitrogen and fractured with a scalpel. 225 

Fractured pieces were post-fixed in 0.1% OsO4 for 1 h, dehydrated in acetone, dried at 226 

the critical point, gold coated by sputtering and examined in a LEO 435 VP scanning 227 

electron microscope (39). 228 

229 

Phylogenetic analyses. ‘Ca. L. solanacearum’ PCR products from celery and 230 

carrots, amplified with 16S rDNA OA2/OI2c primers (1,168 pb) and with 50S rDNA 231 

rplj CL514F/CL514R primers (669pb) (28), were purified using High Pure PCR 232 

Product Purification Kit (Roche, Mannheim, Germany) and sequenced. Sequences 233 

were compared with 23 sequences from other hosts in GenBank (NCBI) . Nucleotide 234 

sequences were aligned using Clustalw software implemented in Geneious program. 235 

Phylogenetic trees were inferred using MEGA 5.1, and the neighbor-joining algorithm 236 

(14), with 1,000 bootstrap replicates. 237 

Six ‘Ca. L. solanacearum’ sequences from celery and two from carrot based on 238 

16S rRNA, 16S/23S ISR and 50S rRNA genes obtained in this work and four 239 
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sequences from the previously described haplotypes (A, B, C and D), were aligned 240 

within the respective gene regions using Geneious program. The SNPs were visually 241 

identified and annotated. A phylogenetic tree was constructed with MEGA 5.1, using 242 

the UPGMA algorithm. 243 

244 

RESULTS 245 

246 

Prevalence of symptoms and ‘Ca. L. solanacearum’ detection. The 247 

prevalence of symptoms in celery cultivars in Villena was: 50% (2008), 60% (2009), 248 

32% (2010), 0.8% (2011) and 0.1% (2012). The cv. Loretta was the most susceptible, 249 

showing symptoms in up to 70% of the plants in 2009 and 2010. The cv. Imperial 250 

followed by the cv. Monterrey were less susceptible. The number of positive plants 251 

for ‘Ca. L. solanacearum’ out of the total number of randomly tested plants was 32/52 252 

(62%) in 2009, 252/503 (50%) in 2010, 82/900 (9%) in 2011 and 6/1200 (0.5%) in 253 

2012. 254 

255 

Real-time PCR assay, specificity and sensitivity. The new real-time PCR 256 

assay using CaLsolP probe and CaLsppF/CaLsppR primers was specific for ‘Ca. L. 257 

solanacearum´ targets with a PCR product of 111 bp. All reference ‘Ca. L. 258 

solanacearum’ isolates (Table 1) were amplified. No amplification occurred with 17 259 

‘Ca. Liberibacter’ isolates causing citrus huanglongbing (HLB) disease, 16 bacterial 260 

species that affect tomato, potato, pepper and other crops, or from 81 microbiota 261 

isolates from celery, carrot and potato.  262 

Using purified DNA (from infected celery) only two out of the four 263 

conventional PCR protocols detected ‘Ca. L. solanacearum’ (Table 2).  The protocol 264 
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of Ravindran et al. (33) that uses TX primers was the most sensitive, amplifying down 265 

to a 10
-2 

dilution. However, the sensitivity of the real-time PCR assays (i.e. the new 266 

assay described in this paper and the assay of Li et al. (16)) was higher than with 267 

conventional PCR, amplifying down to a 10
-3 

dilution. Using spotted samples, no 268 

amplification was obtained with conventional PCR assays and only real-time PCR 269 

assays detected ‘Ca. L. solanacearum’ down to a 10
-2

 dilution.270 

271 

Comparison of sample preparation methods using naturally infected celery 272 

plants: DNA extraction vs. spot. Of 502 samples tested using the new real-time PCR 273 

assay, 151 samples were positive using both DNA extraction and spot procedure. One 274 

hundred samples were positive using only purified DNA and one sample was positive 275 

using only spot procedure. The remaining samples were negative independent from 276 

the sample preparation method used. The coincidence between methods was 80%. 277 

The estimated prevalence (positive by both methods) was 30%. The Cohen's kappa 278 

coefficient (κ) was 0.60 ± 0.040 and the Bias-adjusted Kappa (BAK) index was 0.58 279 

± 0.040.  280 

The Ct values from spotted samples on nylon or paper membranes were similar 281 

(data not shown). In addition, no differences were found between DNeasy or CTAB 282 

(data not shown). 283 

284 

Intra-laboratory validation of a complete kit. ‘Ca. L. solanacearum’ was 285 

detected only in the “blind” positive samples at Ct values ranging from 29.8 ± 2.2 to 286 

37.2 ± 1.5 in all three laboratories (data not shown). Similar Ct values were obtained 287 

with the different thermal cyclers. The calculated diagnostic parameters (sensitivity 288 

and specificity) were 1.0 indicating a 100 % accuracy for the kit.  289 
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290 

Association of symptoms with ‘Ca. L. solanacearum’ and/or phytoplasmas. 291 

The percentage of celery plants positive for ‘Ca. L. solanacearum’ in each symptom 292 

classification group were: 86% in plants with severe symptoms (+++), 42% in plants 293 

with mild symptoms (+) and 21% in symptomless plants (Table 3). Multinomial 294 

logistic regression analysis showed that the only significant independent variable (Pr 295 

< 2
-16

) was the presence of ‘Ca. L. solanacearum’ whereas the presence of 296 

phytoplasmas (Pr = 0.84) did not affect the model. 297 

298 

Electron microscopy observations. Bacteria-like organisms (BLOs) were 299 

observed using SEM in the phloem sieve tubes of celery samples that had tested real-300 

time PCR positive for ‘Ca. L. solanacearum’ (Fig. 2 A and B). The BLOs were 301 

neither observed in the associated companion or mesophyll cells, nor in symptomless 302 

celery plants testing negative for ‘Ca. L. solanacearum’. Using TEM, observed BLO 303 

cells were pleomorphic and surrounded by an electron dense cell wall separate from 304 

the cytoplasmic membrane, which was slightly rippled, wrinkled or uneven (Fig. 2 C 305 

and D). The BLO cells were triple-layered membrane (i.e. outer cell wall membrane 306 

and the inner cytoplasmic) suggesting the presence of ‘Ca. Liberibacter’ cells (Fig. 2 307 

D) rather than phytoplasma cells which do not have a cell wall.308 

309 

Phylogenetic analyses. Based on bootstrap consensus phylogenetic trees of the 16S 310 

and 50S rRNA genes, celery strains grouped into two for 16S rRNA (data not shown). 311 

The first cluster contained the Spanish celery isolates collected in 2007, 2009 and 312 

2010, the carrot isolates from Finland and Spain, and one Spanish isolate recovered 313 

from B. trigonica. The second cluster contained the celery and carrot isolates 314 
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collected in Spain in 2011. These clusters belonged to a broad cluster which was 315 

separated from another cluster that grouped all the tomato isolates from USA. For 50S 316 

rDNA, celery isolates were grouped into the same clusters as for 16S rDNA (data not 317 

shown). Table 4 is based on a previous report (31) with the addition of descriptions of 318 

SNPs for the new haplotype numbered as 5 and named E. Today, this haplotype is 319 

represented by isolates from celery and carrot plants grown in Spain in 2011. A 320 

cladogram (Fig. 3) on the 16S rRNA gene shows the divergence of the different 321 

haplotypes described up to now. GenBank accession numbers were KF737346 322 

(Celery, Spain, 16S rDNA) and KF737348 (Carrot, Spain, 16S rDNA).   323 

DISCUSSION 324 

325 

Species of ‘Ca. Liberibacter’ are emerging plant pathogens associated with 326 

economically important diseases (5, 23) but their causes are still not clear. Although, 327 

‘Ca. L. solanacearum’ is only pathogenic to Solanaceae (18), it has also been 328 

associated with diseases in other botanical families such as Apiaceae in different 329 

geographical areas (23). The emergence of the disease in celery crops may be linked 330 

to the proximity of infected carrots with ‘Ca. L. solanacearum’, to the presence of B. 331 

trigonica populations (1, 2, 41) and probably to the existence of other psyllid vector 332 

species. Infection of carrots with ‘Ca. L. solanacearum’ in different geographical 333 

areas (i.e. Finland, France, Spain, and Sweden) suggests that carrot seeds might be the 334 

first source of inoculum in these countries,  despite seed transmission of  ‘Ca. L. 335 

solanacearum’ has not been reported yet (2). The bacterium ‘Candidatus L. 336 

solanacearum’ was consistently detected in symptomatic celery plants using 337 

conventional PCR and confirmed by sequencing. Phytoplasmas belonging to Aster 338 
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yellows and Stolbur groups and Celery mosaic virus (11) were sporadically detected 339 

(data not shown). 340 

Liberibacters such as ‘Ca. L. americanus’ and ‘Ca. L. solanacearum’ have been 341 

described to be heat sensitive (21, 27); thus temperature may be an important factor in 342 

the epidemiology of the disease. During the study period, the prevalence of symptoms 343 

in celery decreased markedly from >30% plants in 2008-2010 to <1% plants in 2011-344 

2012. These figures corresponded to a decrease in ‘Ca. L. solanacearum’ detection 345 

from 62-50% in 2009-2010 to 9-0.5% in 2011-2012. The summer of 2008 was the 346 

coldest within the 2008-2012 period, showing only a few peaks above 30ºC. These 347 

temperatures probably favored the multiplication of ‘Ca. L. solanacearum’ in plants 348 

as well as in psyllid vectors. In the following years, temperatures above 30ºC were 349 

frequent. These high temperatures may have resulted in a decrease in the prevalence 350 

of the bacterium. The fact that ‘Ca. L. solanacearum’ was detected in greenhouse 351 

plants grown at 15-25ºC but not in the same plants after one month at about 30ºC 352 

(data not shown), provides additional evidence that the bacterium is heat sensitive. 353 

The designed TaqMan probe resulted specific to ‘Ca. L. solanacearum’. The 354 

new real-time PCR protocol and the one previously described (16) showed similar 355 

sensitivity; being higher than the most sensitive conventional PCR protocol (33). 356 

Using DNA extraction, the detection level was the 10
-4

 dilution of the celery extract. 357 

Detection levels decreased to 10
-2 

dilution when spots of crude plant extracts were 358 

used as template.  359 

The use of friendly direct methods of sample preparation prior real-time PCR is 360 

highly recommended for large-scale use (9). In this case, we used a spot procedure as 361 

in other validated methods (4, 6, 32, 40) for ‘Ca. L. solanacearum’ detection. The 362 

sensitivity and specificity of the conventional preparation of celery samples based on 363 
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DNA extraction was equal to 1.0 and it was considered as a gold standard, 364 

independent from the false positives inherent to high sensitivity (22). Nevertheless, 365 

spot’s sensitivity (0.60) and specificity (0.99) guarantee a low number of false 366 

positives. The calculated Cohen’s kappa coefficient and the BAK index showed a 367 

moderate concordance between methods as defined by Landis and Koch (15). The 368 

agreement between spotted samples and the gold standard, the simplicity in the 369 

preparation and the considerably lower cost compared with DNA purification, 370 

confirm the appropriateness of the spot method for detection of ‘Ca. L. solanacearum’ 371 

and for large-scale screening purposes.  372 

The efficacy of a commercially available complete kit was demonstrated 373 

through intra-laboratory performance studies, showing an excellent sensitivity and 374 

specificity. The recommended kit’s real-time protocol differs from the protocol that 375 

uses fresh master mix in four degrees (64ºC instead of 60ºC) for the amplification 376 

reaction. In fact, in previous assays lyophilization was shown to alter the specificity of 377 

the TaqMan probes.  378 

In carrot plants, mixed infections of ‘Ca. L. solanacearum’ and phytoplasmas 379 

are frequently detected (1) and it was not possible to associate either pathogen with 380 

the symptoms observed. In celery plants mixed infections were less frequent and in 381 

multinomial logistic regression analysis the presence of ‘Ca. L. solanacearum’ was 382 

the only significant independent variable. The presence or absence of phytoplasmas 383 

not affected the regression analyses. In (14%) of the samples showing severe 384 

symptoms (+++), ‘Ca. L. solanacearum’ was not detected either by real-time PCR or 385 

by conventional PCR. These results were not considered as false positive because 386 

visual inspection of symptoms is not specific. In fact, phytoplasmas, that cause similar 387 

symptoms, were detected in these plants. In addition, only typical ‘Ca. Liberibacter’-388 
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like cells with an electron dense layer cell wall with a triple-layered ultrastructure (5) 389 

were observed in microscopic examinations by TEM and SEM (Fig. 2). 390 

Several haplotypes have been described in ‘Ca. L. solanacearum’. Haplotype A 391 

has been found from Central to North America whereas haplotype B has been found 392 

in Mexico, North America and New Zealand. Both haplotypes are present in 393 

solanaceous crops and are transmitted by the vector B. cockerelli (30). Haplotype C is 394 

present in Finland and was first described in carrot in association with the carrot 395 

psyllid T. apicalis (30). Haplotype D was described in mainland Spain and the Canary 396 

Islands, associated with carrot and B. trigonica (23, 31). The new haplotype E, was 397 

characterized by five nucleotide changes in 16S rDNA, seven in the ISR-23S and five 398 

in the 50S rDNA regions. The spatial and temporal coexistence of the same 399 

haplotypes in carrot and celery suggests the natural transmission between both plant 400 

species. 401 

B. cockerelli, the vector of the zebra chip disease, has never been detected in402 

Spain. Haplotypes D and E detected in carrot and celery plants could be associated 403 

with their natural spread by B. trigonica and maybe by other psyllid species. The 404 

almost permanent presence of ‘Ca. L. solanacearum’ along the year in carrot and 405 

celery crops, even in symptomless plants, could also contribute to the spread of the 406 

bacterium.  407 

In conclusion, we have demonstrated that the bacterium ‘Ca. L. solanacearum’ 408 

is directly associated with the vegetative disorders found in celery in Spain. The 409 

developed real-time PCR detection system and the newly discovered haplotype of this 410 

bacterium will allow increasing the knowledge on the biology and epidemiology of 411 

‘Ca. L. solanacearum’ and developing appropriate control strategies. 412 

413 
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TABLE 1. ‘Candidatus Liberibacter solanacearum’ samples, reference ‘Ca. Liberibacter’ species, other bacterial strains that affect solanaceous 571 

plants and microbiota from celery, potato and carrot used in specificity assays. 572 

573 

Bacterial isolates and strains Host – year Number Origin (reference) 
Real-time PCR 

CaLsppF/CaLsppR 

‘Candidatus Liberibacter solanacearum’ Apium graveolens – 2010 10 Villena-Spain  (IVIA
a
-A10.1-10) + 

‘Ca. Liberibacter solanacearum’ A. graveolens – 2011 10 Villena-Spain (IVIA
a
-A11.1-10) + 

‘Ca. Liberibacter solanacearum’ A. graveolens – 2012 15 Villena-Spain (IVIA
a
-A12.1-15) + 

‘Ca. Liberibacter solanacearum’ Bactericera trigonica – 2010 10 Canary Islands-Spain (ICIA
b
-Bt10.1-10) + 

‘Ca. Liberibacter solanacearum’ B. trigonica – 2011 10 Canary Islands-Spain (IVIA
a
-Bt11.1-10) + 

‘Ca. Liberibacter solanacearum’ B. nigricornis – 2012 10 La Rioja-Spain (IVIA
a
-Bn 12.1-10) + 

‘Ca. Liberibacter solanacearum’ Daucus carota – 2010 15 Villena-Spain (IVIA
a
-Z10.1-15) + 

‘Ca. Liberibacter solanacearum’ D. carota – 2010 10 Canary Islands-Spain (ICIA-Z10.1-10) + 

‘Ca. Liberibacter solanacearum’ D. carota  – 2011 10 Villena-Spain (IVIA
a
-Z11.1-10) + 

‘Ca. Liberibacter solanacearum’ D. carota – 2012 10 Canary Islands-Spain (ICIA
b
-Z12.1-10) + 

‘Ca. Liberibacter americanus’ Catharanthus roseus 1 Brazil* - 

‘Ca. Liberibacter americanus’ Citrus sp. 1 Brazil* - 

‘Ca. Liberibacter asiaticus’ Citrus sp. 1 Brazil - 

‘Ca. Liberibacter asiaticus’ C. roseus 1 China* - 

‘Ca. Liberibacter asiaticus’ C. roseus 1 Philippines* - 

‘Ca. Liberibacter asiaticus’ Citrus sp. 1 Philippines (PH 70)* - 

‘Ca. Liberibacter asiaticus’ C. roseus 1 Florida-USA* - 

‘Ca. Liberibacter asiaticus’ C. roseus 1 India (Poona 70)* - 

‘Ca. Liberibacter asiaticus’ Citrus sp. 1 India (Poona 70)* - 

‘Ca. Liberibacter asiaticus’ Citrus sp. 1 Indonesia-Bali* -
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‘Ca. Liberibacter asiaticus’ Citrus sp. 1 Malaysia (95-1)* - 

‘Ca. Liberibacter asiaticus’ Citrus sp. 1 Mauritius Island (95-11)* - 

‘Ca. Liberibacter africanus’ Citrus sp. 1 Reunion Island-France  (USA-7)* - 

‘Ca. Liberibacter africanus’ C. roseus 1 South Africa (AFS 84)* - 

‘Ca. Liberibacter asiaticus’ Citrus sp. 1 Taiwan (LK 70)* - 

‘Ca. Liberibacter asiaticus’ C. roseus 1 Thailand (TH 88)* - 

‘Ca. Liberibacter asiaticus’ Citrus sp. 1 Vietnam (95-35)* - 

Agrobacterium tumefaciens Prunus sp. 1 USA  (C 58) - 

Clavibacter michiganensis subsp. 
michiganensis 

Solanum lycopersicum 1 Spain (IVIA 873-6) - 

C. michiganensis subsp. sepedonicus S. tuberosum 1 USA (NCPPB 2140) - 

Dickeya sp. S. tuberosum 1 Spain (IVIA
a
 1374-13) - 

Dickeya sp. S. tuberosum 1 Spain (IVIA
a
 2688-1-2) - 

Pectobacterium atrosepticum S. tuberosum 1 United Kingdom (SCRI 1001) - 

Pectobacterium carotovorum S. tuberosum 1 United Kingdom (SCRI 194) - 

Pseudomonas cichorii Lactuca sativa 1 Spain (IVIA
a
 593) - 

Pseudomonas corrugata S. lycopersicum 1 UK (NCPPB 2445) - 

Pseudomonas mediterranea S. lycopersicum 1 Spain (IVIA
a
 592-4-4) - 

Pseudomonas syringae pv. syringae Pyrus communis 1 Spain (IVIA
a
 773-1) - 

Pseudomonas syringae pv. tomato S. lycopersicum 1 Spain (IVIA
a
 1001-1a) - 

Ralstonia solanacearum S. tuberosum 1 Spain (IVIA
a
 1602) - 

Rhodococcus fascians Dahlia sp. 1 France (CFBP 41) - 

Rhodococcus sp. Nicotiana tabaccum 1 Spain (IVIA
a
 4264) - 

Xanthomonas vesicatoria S. lycopersicum 1 Spain (IVIA
a
 3617) - 

Microbiota strains S. tuberosum 50 Spain (IVIA
a
 1F to 50F) - 

Microbiota strains D. carota 21 Spain (IVIA
a
 3925-1 to 3925-21) - 

Microbiota strains A. graveolens 10 Spain (IVIA
a
 AM-1 to AM-10) - 

*From INRA-Bordeaux, France, provided by Prof. J.M. Bové 574 
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a)
IVIA - Instituto Valenciano de Investigaciones Agrarias575 

b)
ICIA - Instituto Canário de Investigaciones Agrarias576 

c)
NCPPB - National Collection of Plant Pathogenic Bacteria577 

d)
SCRI - Scottish Crop Research Institute578 

579 

580 

581 

582 

583 

584 

585 

586 

587 

588 

589 

http://ncppb.fera.defra.gov.uk/
http://www.google.es/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0CDEQFjAA&url=http%3A%2F%2Fwww.scri.ac.uk%2F&ei=oy1lUvv5CIKI7Aag94DADA&usg=AFQjCNFdxcj7DPCrcDwyeVavZ7KeVSKwOQ&bvm=bv.54934254,d.ZGU
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TABLE 2. Comparison of the sensitivity of conventional and real-time PCR-based protocols using purified DNA and the spot procedure. 590 

PCR protocol 

DNA extracted from crude extract serial dilutions Direct spot from crude extract serial dilutions 

1 10 10
-1

10
-2

10
-3

10
-4

 10
-5

1 10 10
-1

10
-2

10
-3

 10
-4

 10
-5

C
o
n

v
en

ti
o
n

a
l 

Liefting et al., 2009 + - - - - - - - - - - - - -

Li et al., 2009 

(Lsof/OI2c) 
- - - - - - - - - - - - - - 

Ravindran et al. 

2011(adk) 
- - - - - - - - - - - - - - 

Ravindran et al.2011 

(TX) 
+ + + + - - - - - - - - - - 

R
ea

l-
ti

m
e Li et al., 2009 

(Lsof/HLBr) 
+(22,8)

*
 +(25,7)

 *
 +(28,4)

 *
 +(33,7)

 *
+(34,5)

 *
 - - +(28,8)

 *
 +(32,5)

 *
 +(34,5)

 *
- - - - 

This paper +(23,6)
 *
 +(26,5)

 *
 +(28,3)

 *
 +(31,6)

 *
+(32,5)

 *
 - - +(28,8)

 *
 +(28,2)

 *
 +(34,0)

 *
- - - - 

* Positive sample (Ct)591 
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TABLE 3. Association of symptom intensity in celery plants grown in experimental 592 

plots and detection of ‘Ca. Liberibacter solanacearum’ and/or phytoplasmas by real-593 

time PCR 594 

Symptoms 

Real-time PCR 

‘Ca. L. solanacearum’ Phytoplasmas 

Positive Negative Positive Negative 

+++
a 150 24 28 146 

+
b 63 87 25 125 

-
c 38 140 26 152 

Total 251 251 79 365 
a
 Celery plants with severe symptoms (unmarketable) 595 

 b 
Celery plants with mild symptoms (marketable) 596 

c 
Celery plants with no symptoms 597 

598 
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TABLE 4. SNP differences between haplotypes. The reference sequence for the 16S 599 

and 23S rRNA genes is EU 812559.1 and for 50S rRNA gene is EU 834131.1. 600 

Nucleotide numbers count from the beginning of the reference sequence, haplotypes 601 

A, B, C and D as previously described by Nelson et al. (32) 602 

Description Gene region Haplotypes 

A B C D E 

116 C>T 16S rRNA C C C T C 

151 A>G A A A A G 

212 T>G T C T T T 

581 T>C T C T T T 

959 C>T C C C C T 

1039 A>G A A G G A 

1073 G>A G G G A G 

1620 A>G ISR-23S A A A A G 

1632 G>A A A A A G 

1648 G>A G G G G A 

1742 A>G A A A G A 

1748 C>T C C C T C 

1858_1859insG - G G - - 

1859_1860insT - T - - - 

1860_1861delT T T T - T

1873 A>G A A A A G 

1920 T>C T T C T T 

583 G>C 50S rRNA G G C G G 

622 A>G A A A G A 

640 C>T C C T C C 

669 G>C G C G G G 

689 C>T C C C T T 

691 G>T G T T G G 

700 A>G A A A G A 

712 G>T G T G G G 

722 G>A G G G G A 

749 C>A C C C A C 

780_781insA  - - A A A 

785 G>A G A G G G 

849 T>C T T T C C 

909 T>C T C C C C 

920 T>C T C C C T 

922_923insTGT - - TGT  - - 

955 G>T G G T G G 

987 T>G T G G G G 

993 A>G A A G A A 

1041 G>A G A A G G 

1049 A>G A G A A A 

1068 C>T C C C C C 

1107 G>A G A G G G 

1110_1111insC - - C  - - 

1122 G>A G A A A A 

1143 G>A G A G G G 
603 
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FIGURE CAPTIONS 604 

605 

FIG. 1. Severe symptoms in celery plants associated with ‘Candidatus Liberibacter 606 

solanacearum’. Abnormal amount of shoots and curling of stems (left) compared with 607 

a symptomless plant (right) (A). Proliferation, abnormal amount of shoots (B). 608 

Curling of stems (left) compared with a normal stem (right) (C). Mild symptoms in 609 

marketable plants (D). 610 

611 

FIG. 2. Scanning (SEM) and transmission (TEM) electron microscopy 612 

photomicrographs of celery tissue samples. Presence of bacteria-like organisms 613 

(BLOs) (white arrows) in the phloem sieve tubes analyzed by SEM (A and B). TEM 614 

studies shows BLO (black arrows) individual cells pleomorphic in shape and 615 

surrounded by an electron dense cell wall separate from the cytoplasmic membrane, 616 

slightly rippled and wrinkled (C and D). Cells showing a triple-layered ultrastructure 617 

of both the outer cell wall membrane and the inner cytoplasmic membrane (between 618 

two black arrows) suggesting the presence of ‘Ca. Liberibacter’-like cells (D).  CW- 619 

cell wall. 620 

621 

FIG. 3. Cladogram of ‘Candidatus Liberibacter solanacearum’ haplotypes on the 16S 622 

rRNA gene segment (1011 bp) with ‘Candidatus Liberibacter asiaticus’ as the 623 

outgroup using the UPGMA algorithm. GenBank accession number and origin are 624 

indicated. 625 




