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ABSTRACT 25 

The ISO 6579:2002/Amd 1:2007 (ISO) has been the bacteriological standard 26 

used in the European Union for the detection of Salmonella spp. on pig mesenteric 27 

lymph nodes (MLN), but there are no published estimates of the diagnostic sensitivity 28 

(Se) of the method in this matrix. Here, the Se of the ISO (SeISO) was estimated on 675 29 

samples selected from two populations of different Salmonella prevalences (14 farms 30 

with ≥20% and 13 farms with <20%) and through latent-class models in concert with 31 

Bayesian inference, assuming 100% ISO specificity, and using an invA-based PCR as 32 

the second diagnostic method. The SeISO was estimated to be close to 87%, while 33 

sensitivity of the PCR reached up to 83.6% and its specificity 97.4%. Interestingly, the 34 

bacteriological re-analysis of 33 potential false-negative (PCR positive) samples 35 

allowed to isolate 19 (57.5%) new Salmonella strains, improving the overall diagnostic 36 

accuracy of the bacteriology. Considering the usual limitations of bacteriology 37 

regarding the Se, these results support the adequacy of the ISO for the detection of 38 

Salmonella spp. from MLN, and also that of the PCR-based method as an alternative 39 

or complementary (screening) test for the diagnosis of pig salmonellosis, particularly 40 

considering cost and time benefits of the molecular procedure.  41 

42 
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INTRODUCTION 43 

Salmonella is recognized as one of the major zoonotic pathogens in the 44 

European Union (EU) (13) and pigs one of the most important sources of infection for 45 

humans (30). In 2003, the EU initiated a process to monitor the control of Salmonella 46 

and other specified zoonotic agents transmitted by foods (EC Regulation No 47 

2160/2003). For this purpose, several bacteriology-based baselines surveys were 48 

carried out to estimate the prevalence of Salmonella spp. in both fattening and 49 

breeding pigs within the EU Member States (MS) (11,12). To facilitate the comparison 50 

of results among MS, a harmonized sampling and bacteriological methods were used 51 

for the detection of Salmonella, according to the Annex I of the Commission Decision 52 

2006/668/EC (10). The bacteriological method recommended for Salmonella spp. 53 

isolation from mesenteric lymph nodes (MLN) of finishing pigs was the ISO 54 

6579:2002/Amd 1:2007 (hereafter ISO), since it was considered a thorough technique 55 

that yields 100% specificity (Sp) by including bacteriological confirmation of 56 

presumptive isolates by serotyping (24). However, no data on the sensitivity (Se) of this 57 

bacteriological protocol has been reported when performed on MLN. 58 

It is well recognized that the Se of the bacteriological culture varies with regard 59 

to factors such as the sample of choice (feces, lymph nodes or tonsils), the type of 60 

sample (single or pooled), the amount of sample processed, or the combination of 61 

culture media used for isolation of the bacterium (2, 7, 8, 17, 32, 41). For instance, Se 62 

of bacteriology on fecal samples has been reported to be as low as 9% (17) or higher 63 

than 90% (32, 41). Thus, when more than one method is used within the same 64 

surveillance system, comparisons are likely to be biased (35). 65 

A common limitation for estimating the diagnostic accuracy of Salmonella 66 

culture is the lack of proper infected and non-infected gold-standard populations. In 67 

fact, most studies estimate the Se of a given bacteriological technique relative to a 68 

combination of different but imperfect bacteriological methods (2, 8, 32). To overcome 69 
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this problem latent-class methods with Bayesian approaches have been used to obtain 70 

unbiased estimates of Se of different culture protocols for the diagnosis of pig 71 

salmonellosis on fecal samples under field conditions (26, 41).  72 

In the present study, the advantage of this statistical methodology was used to 73 

make an estimation of the Se of the ISO (SeISO) when performed on MLN from pigs 74 

raised under typical intensive-production conditions. The Bayesian method chosen is 75 

based on the use of two diagnostic tests applied to individuals from two different 76 

populations with different prevalences (14). For this purpose, a PCR method targeting 77 

the invA gene of Salmonella was used as a second diagnostic method. The invA-gene-78 

based PCR has been proposed as an alternative to bacteriology (27). The use of this 79 

specific gene responsible for the invasion of Salmonella into enteric cells, either in a 80 

conventional or quantitative real time (qRT-) PCR, has been reported to yield 81 

diagnostic sensitivities ≥90% in different type of samples, after pre-enrichment in 82 

proper media (16, 28, 33, 35, 38).  83 

MATERIAL AND METHODS 84 

1. Sampling and microbiological procedures. This study was carried out 85 

within the frame of a larger study developed between February 2008 and January 2010 86 

to estimate the prevalence of pig salmonellosis in a high pig producing area of Spain 87 

(38). In this study, an average of 25 fattening pigs per farm from 27 pig farms were 88 

randomly selected in the slaughter line and MLN samples were obtained and submitted 89 

to Salmonella spp. isolation using the ISO as detailed previously (38). Briefly, fresh 90 

MLN samples were defatted, weighed (25 grams/animal), externally decontaminated 91 

by dipping into absolute alcohol and further flaming, homogenized in 225 mL of 92 

Buffered Peptone Water (BPW) and incubated for 18±2 hours at 37±1ºC. Thereafter, 3 93 

drops (33µL each) of incubated BPW were inoculated into a Modified Semi-solid 94 

Rappaport Vassiliadis (MSRV) medium and plates were incubated for 24±3 h at 95 

41.5±1ºC (negative samples were reincubated for additional 24 hours). One µl of the 96 
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presumptive Salmonella growth (detected by the halo generated in MSRV after 24 or 97 

48 h) was transferred to two selective media (Xylosine Lysine Deoxycholate [XLD] and 98 

Brilliant Green [BG] agars). Suspected colonies were confirmed biochemically (Triple 99 

sugar iron [TSI] agar, urea agar, L-Lysine decarboxylation medium, and indol reaction) 100 

and by serotyping in the National Centre for Animal Salmonellosis (Madrid, Spain) 101 

following the Kauffmann-White-Le Minor scheme (20).  102 

In parallel, 1-mL aliquots of BPW air-liquid interface culture were stored at -103 

20ºC to be used further for identification of Salmonella positive samples through the 104 

molecular PCR method described below, after selection of samples from high and low 105 

salmonellosis prevalence populations based on the ISO results (see below). 106 

Since the main goal of this study was to assess the SeISO, when discrepant PCR 107 

positive but ISO negative (hereafter PCR+/ISO-) samples were detected, the results 108 

were assessed with a 1-mL BPW aliquot that was defrosted, diluted 1:10 in BPW, and 109 

submitted to a second Salmonella spp. culture following the steps as the ISO protocol 110 

described above.  111 

2. DNA extraction and PCR reaction. One 1-mL BPW aliquot of each frozen 112 

sample was submitted to DNA extraction by the rapid boiling procedure (29), consisting 113 

of: 1) centrifugation (13,000 rpm, 10 min); 2) resuspension of the pellet in 100 µL of 114 

distilled water; 3) boiling (99ºC, 20 min); 4) final centrifugation (4,000 rpm, 4 min); and 115 

5) storage of the supernatant containing the bacterial DNA at 4ºC until its use. The 116 

primers Fw 5`-AGTGCTCGTTTACGACCTGAA-3`, and Rv 5`-117 

TGATCGATAATGCCAGACGA-3` were designed to amplify a 229 bp DNA fragment. 118 

The PCR mix was prepared with 5 µL of DNA and 20 µL of 0.4 mM each primer, 0.2 119 

mM each dNTP, 0.5 U Taq DNA polymerase (Kappa Biosystems) and 1× buffer 120 

(containing 1.5 mM Mg2+). After an initial denaturation step (94ºC, 5 min), the PCR was 121 

performed by 40 cycles of denaturation at 94ºC for 30 s, annealing at 55ºC for 30 s, 122 

extension at 72ºC for 20 s, and a final extension step at 72ºC for 10 min. Distilled water 123 
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and DNA extracted from E. coli ATCC 25922 (kindly provided by Dr. José Leiva, 124 

Clínica Universitaria de Navarra, Pamplona, Spain), Salmonella Enteritidis 3934 (from 125 

the IdAB collection, Pamplona, Spain) and Salmonella Typhimurium DT104 (kindly 126 

provided by Dr. Axel Cloeckaert, INRA, Tours, France) strains were used as negative 127 

and positive controls in each PCR reaction. The resulting PCR products were 128 

submitted to conventional electrophoresis in 1.5% (w/v) agarose gel and ethidium 129 

bromide staining.  130 

3. Statistical analysis. McNemar’s χ2-test and the Kappa statistic (k) were 131 

used to test the level of agreement between the ISO and the invA-based PCR for the 132 

detection of Salmonella spp. McNemar’s χ2 was carried out first to test whether there 133 

was test bias (i.e. the proportion positive to each test differed) (9). Kappa and its 95% 134 

CI, was used further to measure the degree of agreement between the two tests after 135 

taking into account the probability of agreement by chance alone. Strength of 136 

agreement based on k was judged according to the following guidelines: <0.2 = slight 137 

agreement; 0.2–0.4 = fair; 0.4–0.6 = moderate; 0.6– 0.8 = substantial; >0.8 = almost 138 

perfect (9). The software Intercooler Stata 12.0 (StataCorp LP, College Station, TX) 139 

was used for these analyses. 140 

A Bayesian approach was used to estimate the SeISO. This analysis also 141 

allowed for estimates of the Se and Sp of the PCR (SePCR, SpPCR) used as a secondary 142 

test. Bayesian methods rely on a combination of likelihood function (derived from the 143 

observed data) and prior distributions of the parameters under investigation, which are 144 

usually based either on expert opinion or peer-reviewed publications (14). The software 145 

Beta Buster (http://www.epi.ucdavis.edu/diagnostictests/) was used to obtain beta prior 146 

distributions for SeISO, SePCR, SpPCR based on data from the published literature.  147 

The reported Se of different culture protocols on fecal samples varies widely, 148 

ranging from as low as 56% to as high as 90% (3, 8, 22, 23, 26, 32, 41). The authors 149 

are also aware of two studies assessing the SeISO on fecal samples. The first study 150 
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reported a SeISO of 98% on 288 samples from different animal species spiked with 151 

several Salmonella strains (15). In the second study, the relative SeISO was 100% when 152 

performed on 61 samples of cecal contents from pigs at slaughter and after comparing 153 

results with an invA real-time PCR through a frequentistic approach (6). These results 154 

suggested a high SeISO (>95%), although these figures were likely overestimating the 155 

true SeISO due to the origin of the samples (experimentally inoculated with Salmonella 156 

spp.) in the first study, or the limited number of samples used in the latter. Accordingly, 157 

it was decided that the most likely value (mode) for SeISO would be around 70%, with a 158 

5th percentile as low as 40% (we were 95% sure that the SeISO would be at least 159 

≥40%). Hence, the beta distribution parameters for SeISO were a=6.33 and b=3.28.  160 

Specificity of the ISO (SpISO) was considered 100% as all positive samples were 161 

further serotyped, however due to unlikely event of laboratory errors (i.e. mislabeling, 162 

cross-contamination, etc.) beta distribution for SpISO was modeled as a = 999 and b = 1 163 

(i.e. 1 error in 1000 analyses). The almost perfect SpISO helped to reduce the model 164 

uncertainty and the problem of identifiability that may have arisen (5, 14).  165 

Based on the ISO positive results obtained, farms were classified as population 166 

of high Salmonella spp. prevalence (14 farms showing ≥20% of pigs infected/farm, 167 

hereafter PA) or low Salmonella spp. prevalence (13 farms showing <20% of pigs 168 

infected/farm, hereafter PB). This cut-off value of 20% was considered appropriate to 169 

discriminate herds of high and low prevalence given the mean Salmonella prevalence 170 

of 29% observed in Spain (11) and therefore sufficient to satisfy the required model 171 

assumption of different population prevalences (37). Because the perfect SpISO, prior 172 

estimates of the minimum expected prevalence for PA and PB were readily available. 173 

Thus, we were 95% sure that the prevalence for PA was around 50% (Table 2), 174 

therefore a reasonable mode could be set at 70%. For PB the minimum expected 175 

prevalence was around 6% and the mode was set at 15%. Corresponding beta prior 176 

were a=13.32, b=6.28 for PA, and a=3.04, b=12.56 for PB. 177 
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In general, PCR-based methods targeting the Salmonella invA gene usually 178 

yield very high Se and Sp (Table 1), with variations attributed mostly to the use of 179 

different primer pairs for the gene detection, different DNA extraction methods, the type 180 

of matrix analyzed, or the use of more sensitive techniques such as quantitative real 181 

time (qRT-) PCR (1, 25). However, some authors have reported lower SpPCR after 182 

observing an important number of false-positive results suggesting that the Sp of this 183 

PCR would be lower than 100% (1, 42). Thus, after considering all these studies it was 184 

decided that a reasonable prior for SePCR would have a mode of 90% and a 5th 185 

percentile as low as 80% (a=42.57 and b=5.61). Similar beta parameters were 186 

considered realistic for SpPCR.  187 

Both bacteriological and molecular diagnostic tests were considered 188 

conditionally independent with regard to their specificities as SpISO=100% (18). 189 

Regarding Se, bacteriology is based on the detection of live (viable) Salmonella 190 

organisms and PCR technique on the detection of a specific genetic sequence of 191 

Salmonella. Thus, it was initially assumed that the SeISO and the SePCR were 192 

conditionally independent, i.e. the probability of a positive result for culture is the same 193 

regardless of the result obtained for the PCR and vice-versa. However, since both tests 194 

were performed on the same BPW-enriched samples, some degree of Se correlation 195 

between tests was not unexpected (41). Hence, initially a conditional independence 196 

model for two tests, in two populations (5) was carried out using Winbugs software 197 

(http://www.mrc-bsu.cam.ac.uk/bugs/). Further, a conditional dependence model for 198 

two tests in two populations (5) was also performed and results compared to the first 199 

model to assess whether the assumption of independence held.  200 

The influence of prior information on the estimates were assessed after 201 

performing several models using non-informative (diffuse) priors (i.e. a = 1, b = 1) 202 

alternatively for Se, Sp and population prevalences (37). Posterior inferences were 203 

based on 100,000 iterations after a burn-in phase of 5,000 iterations. Model 204 



 9 

convergence was assessed by visual checking of Kernel density and trace plots for 205 

each parameter, and running multiple chains from dispersed starting values and further 206 

estimate the Gelman and Rubin statistic (36).  207 

RESULTS 208 

From the 646 pigs analyzed, a total of 332 belonged to PA and 314 to PB. The 209 

cross-classification of the results provided by the ISO and invA-based PCR methods 210 

for each population is shown in Table 2. The ISO showed a Salmonella spp. 211 

prevalence of 47.9% for PA and 6.7% for PB, while the PCR showed prevalences of 212 

49.4% and 7% for PA and PB, respectively. The McNemar's χ2 test indicated the 213 

absence of test bias (χ2 =0.417, 1 df; P= 0.51) and therefore the overall Kappa statistic 214 

was further calculated. The level of agreement between the ISO and the PCR was 215 

considered substantial (k = 0.77).  216 

Overall, the ISO failed to detect 33 (17.7%; 27 from PA and 6 from PB) of the 217 

186 PCR positive samples. When these 33 samples were submitted to a second BPW 218 

non-selective enrichment, 19 new Salmonella spp. isolates (18 from PA and 1 from PB) 219 

were obtained, suggesting that the ISO failed to detect Salmonella spp. in at least 220 

57.5% of PCR positive samples (Table 2, data in brackets). Considering these 19 new 221 

Salmonella isolates, the Kappa statistic suggested an almost-perfect agreement 222 

between both tests (k= 0.85; 95% CI: 0.80, 0.89).  223 

The posterior medians obtained with the different Bayesian models and their 224 

respective 95% probability intervals (95% PI) for SeISO, SePCR, SpPCR, and prevalence 225 

for PA and PB are shown in Table 3. Under the assumption of conditional independence 226 

between tests and when prior information was used for all parameters (model I, fully 227 

informative) posterior medians were 87.6 % (SeISO), 83.6% (SePCR), 97.4% (SpPCR), 228 

56.7% (PA prevalence) and 7.9% (PB prevalence). These results remained virtually 229 

without modification when uninformative priors were used for the different parameters 230 

under the independence assumption (models II to IV) (Table 3). Under the conditional 231 
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dependence assumption, results remained also very similar to those from the same 232 

models assuming independent tests (data not shown). The posterior estimate of 233 

correlation between tests´ sensitivities included zero, suggesting that there was no 234 

evidence of conditional dependence between SeISO and SePCR.  235 

The distribution of the Salmonella serotypes and serogroups isolated in each 236 

population is presented in Table 4. The most prevalent serotype was Typhimurium in 237 

both populations, followed by Rissen in PA and the monophasic variant of S. 238 

Typhimurium in PB. Overall, in both populations, the most prevalent serogroup was B, 239 

followed by C1 (Table 4). Although it did not appear to be large differences regarding 240 

the Salmonella serogroups between PA and PB, a higher variability was observed 241 

regarding serotypes, which might somewhat influence the SeISO since different 242 

serotypes may exhibit different growth characteristics in the same enrichment and 243 

selective media (8, 32, 34). However, no differences were expected with respect to 244 

SePCR since the invA gene is considered present in all Salmonella spp. (31). Regarding 245 

the SpPCR, it has been suggested that it may be affected by the proportion of potential 246 

cross-reacting bacteria in the guts of the animals sampled in each population (26). 247 

Hence, it was decided to check the assumption of constant test accuracy across 248 

populations by running separate Bayesian analyses of the two populations (19). 249 

Results from these independent analyses showed slightly different SeISO between 250 

populations (88% in PA and 85% in PB), but same SePCR (82%). The SpPCR also varied 251 

to some extend between populations PA (91%) and PB (97%). 252 

DISCUSSION 253 

The ISO has been chosen as the reference bacteriological method to be used 254 

for assessing the prevalence of Salmonella spp. infection in fattening pigs in the EU 255 

countries (11, 12). This bacteriological method is a thorough culture protocol that is 256 

considered sensitive enough and suitable for comparing results among MS (10). In 257 

fact, according to the results of two previous studies, this culture method would yield a 258 
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good overall Se when performed on fecal samples (6, 15). When used on MNL, this 259 

technique would be expected to yield better Se than when used on feces, because the 260 

competitive flora and/or other inhibitory substances present in feces that could interfere 261 

with bacteriological isolation of Salmonella spp. (10). However, there are no published 262 

studies assessing the SeISO on MLN. 263 

In the absence of gold standard, latent-class analyses allowed us to obtain 264 

unbiased estimates of the SeISO. The analysis performed in this study included three 265 

main assumptions that may influence significantly on the posterior estimates obtained 266 

(37), i.e. different population prevalences, conditional independence between tests, 267 

and constant Se and Sp across populations. Here, the assumption of different 268 

population prevalences was easily met since one of the tests (the ISO) was considered 269 

100% specific and populations were defined based on its results. The large difference 270 

found between population prevalences contributed to obtain better precision (i.e. 271 

smaller 95% PI) of test estimates (37).  272 

Regarding the assessment of the conditional independence between the two 273 

tests, the different models performed under this assumption yielded very similar results 274 

to those from the conditional dependence models (data from the dependence models 275 

not shown), supporting the lack of significant correlation between tests´ sensitivities 276 

(19) and thus indicating that the conditional independence model (Table 3) could be 277 

used.  278 

It has been described that the absence of constant test Se across populations 279 

bias the overall test Se results towards the estimate supported by the population with 280 

the highest disease prevalence (37). Thus, the SeISO may be somewhat lower than 281 

87.6%, and this figure should be interpreted as an estimate of the average SeISO across 282 

populations (5). Likewise, the SpPCR was higher for PB, and the overall SpPCR obtained 283 

was likely biased towards the estimate supported by the population with the lower 284 

disease prevalence, thus the SpPCR would be somewhat lower than 97.4%. 285 
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Finally, estimates from the different models (I to IV in Table 3) remained very 286 

close regardless the use of informative or diffuse priors, therefore showing the 287 

consistency of the results, and suggesting that these estimates did not depend much 288 

on the priors but on the observed data. Since data were obtained from a large number 289 

of field samples, these results may be more representative of the diagnostic accuracy 290 

of the ISO than those obtained from experimental studies.  291 

Overall, these results confirmed that the SeISO was somewhat below 87.6%, 292 

rather high for a culture protocol, and higher than most of the reported results from 293 

other studies using different culture protocols and matrices (3, 8, 17, 22, 23, 26). Both 294 

the large amount of sample (25 grams) and the repeated enrichment and subculturing 295 

in different media used by the ISO would have had an effect on the recovery of 296 

Salmonella organisms (2, 17, 32) and would explain this high overall SeISO. 297 

Considering the usual limitations of bacteriology regarding Se, our results support the 298 

adequacy of the ISO for the detection of Salmonella spp. from pig MLN, but they also 299 

mean that around 13% of the infected pigs would be overlooked when this standard 300 

method is strictly (i.e. without re-culturing negative samples) applied.  301 

Interestingly, when the 33 discrepant PCR+/ISO- samples were resubmitted for 302 

bacteriological analysis, 57.6% new isolates were detected, highlighting the inherent 303 

limitations of the ISO and suggesting the adequacy of the invA-based PCR as a 304 

complementary method to bacteriology. In fact, when these new results were 305 

incorporated into the Bayesian analysis (data not shown), the overall Se of this 306 

bacteriological approach (i.e. a second culture of frozen BPW samples) increased up to 307 

88.6%, which is in line with other studies suggesting that the addition of a second 308 

enrichment medium may help to increase the SeISO (40).  309 

Although estimating the diagnostic accuracy of the invA-gene-based PCR used 310 

here was not the main goal of this study, the Bayesian analysis provided information 311 

regarding the overall accuracy of this technique. In these conditions, the SePCR 312 
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appeared to be lower than expected according to previous studies (Table 1). Main 313 

differences between this study and prior studies lay mostly on the origin of the samples 314 

and their number, which may introduce important analytical bias. Three of these 315 

studies used reference Salmonella strains or experimental infections instead of field 316 

samples (1, 28, 31) and another a much lower number of samples (26). Another three 317 

studies used qRT-PCR instead of PCR (Table 1). The qRT-PCR method is based on 318 

an increase in fluorescence that indicates the presence of the target more accurately 319 

than the common gel electrophoresis analysis of the PCR (21). Finally, observations 320 

from our laboratory (data not shown) suggest that working with fresh samples would 321 

likely improve the overall SePCR. However, due to requirements of the experimental 322 

design (i.e. to select samples from high and low prevalence populations based on ISO 323 

results) this study used previously frozen BPW samples for all the PCR analyses and 324 

second cultures, diminishing the Se of both methods. Thus, the 14 samples that 325 

remained PCR+/Culture- after the second culture could also indicate a lack of SeISO 326 

due to the presence of dead bacteria after frozen of BPW samples, but they could also 327 

indicate a lack of SpPCR. This latter possibility has been associated with the use of 328 

some primer sets (42) and the presence of non-Salmonella intestinal bacteria such as 329 

E. coli that may present similar DNA sequences to invA (1). Regarding the primers 330 

used here for PCR-invA, the 14 PCR products showed the expected size in gel 331 

electrophoresis (PCR+), thus, suggesting the lack of SeISO. This is also suggested by 332 

the fact that interfering bacteria are less likely in MLN and defrozen BPW samples than 333 

in intestinal content matrix. Whether the PCR products were truly the expected invA 334 

fragments it was not further investigated, since it was not required for the statistical 335 

analysis. In fact, the potential lack of SpPCR is already included in the underlying 336 

Bayesian approach when the priors for SpPCR were considered. The SpPCR remained 337 

quite constant and high (97.4%) in all the analyses performed, in correspondence with 338 

the average SpPCR showed by other published reports (Table 1).  339 
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This is the first study assessing the SeISO for Salmonella spp. detection in MLN. 340 

According to these results, around 13% of the infected pigs would be overlooked when 341 

this culture technique is strictly performed. Being aware of the limitations related to this 342 

diagnostic technique will help to estimate adjusted values of prevalence and calculate 343 

appropriate sample sizes when the prevalence of pig salmonellosis had to be 344 

estimated in large-scale studies. In particular, the true mean Salmonella prevalence in 345 

fattening pigs in EU countries would be 11.8% instead of the unadjusted 10.3% 346 

observed by the EFSA in 2008 (11). 347 

As found in other studies, the diagnostic accuracy of the PCR technique was 348 

reasonably good. Since PCR is quicker and cheaper than culture methods, it could be 349 

used as an alternative or complementary (screening) test for the diagnosis of pig 350 

salmonellosis. Thus, a trade-off between the purpose of the diagnosis, the diagnostic 351 

accuracy and cost should be sought. In general, bacteriology may be used further on 352 

all PCR-positive samples in order to confirm positive results and, when required, to 353 

identify and characterize them.  354 
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