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INTERPRETIVE SUMMARY 28 

Bulk tank milk (BTM) and individual cow’s milk were tested by a new phage-based assay 29 

(phagomagnetic separation (PhMS)-qPCR) for detection of viable Mycobacterium avium 30 

subsp. paratuberculosis (MAP) in parallel with milk-ELISA to test for presence of MAP 31 

antibodies.  There was no significant correlation between results of the two tests.  PhMS-32 

qPCR proved to be a much more sensitive test for detecting MAP infected dairy herds via 33 

BTM testing, and for identifying MAP infected and shedding animals within four of these 34 

herds. We have demonstrated that the new PhMS-qPCR assay would be useful for Johne’s 35 

disease surveillance or milk quality assurance programs.  36 

 37 

ABSTRACT 38 

 39 

Bulk tank milk samples from 392 Northern Ireland dairy farms, and individual milk from 40 

animals (n=293) on four of these farms, were tested by a novel phagomagnetic separation 41 

(PhMS)-qPCR assay able to detect and quantify viable Mycobacterium avium subsp. 42 

paratuberculosis (MAP), in order to demonstrate its potential utility as a milk surveillance 43 

tool.  Viable MAP were detected in 26.5% of the bulk tank milks, with MAP contamination 44 

levels ranging from 1-8432 MAP/50 ml milk; <2% of farms had MAP contamination levels 45 

>100 MAP/50 ml in their bulk tank milk.  Follow up PhMS-qPCR testing of milk from 46 

individual animals on four farms that had the highest numbers of MAP in their bulk tank milks 47 

indicated the existence of 17-24% of animals in each herd shedding viable MAP in their milk. 48 

Mean MAP numbers detected ranged between 6.7 and 42.1 MAP/50 ml milk. No significant 49 

correlation was observed between detection of viable MAP in bulk or individual milks by 50 

PhMS-qPCR and parallel milk-ELISA result, or indeed between PhMS-qPCR results and any 51 

other milk recording parameter (somatic cell count, total bacterial count (Bactoscan), 52 

butterfat % or protein %). Viable MAP was detected by IS900 qPCR in 52 (85.2%) Pozzato 53 

broth cultures of 61 PhMS-qPCR positive individual milks after incubation, suggesting few 54 

PhMS-qPCR results were false positives. The mean sensitivities of the PhMS-qPCR assay 55 



 

 

and milk-ELISA applied to individual milks were estimated by Bayesian latent class analysis 56 

to be 0.7096 and 0.2665, respectively, and mean specificities were similar (0.9626 and 57 

0.9509). Our findings clearly demonstrate that the novel PhMS-qPCR assay could be a 58 

useful milk surveillance tool for dairy processors, or a milk monitoring tool for Johne’s 59 

disease control or milk quality assurance programs.  60 

 61 

Key words:  Cows’ milk, Johne’s disease, Mycobacterium avium subsp. paratuberculosis 62 

(MAP), phagomagnetic separation, quantitative PCR (qPCR) 63 

 64 

INTRODUCTION 65 

 66 

Milk is one of three specimen types collected for Johne’s disease diagnosis purposes, the 67 

other two being feces and blood. Milk represents a more convenient sample type to collect, 68 

since the presence of a veterinarian is not required, and it can be sampled from the bulk tank 69 

for herd-level screening purposes or from individual animals on a dairy farm. Animals 70 

infected with Mycobacterium avium subsp. paratuberculosis (MAP), the causative agent of 71 

Johne’s disease, shed the bacterium in their feces and milk even when they are not showing 72 

any clinical signs of Johne’s disease (Barkema et al. 2010). Direct shedding of MAP within 73 

the udder of infected animals may be augmented by indirect contamination during the 74 

milking process with MAP from feces, which generally contains much higher numbers of 75 

MAP than milk (Okura et al. 2013). Thus, good hygiene standards during the milking process 76 

are important to minimise fecal contamination of milk. The presence of MAP in milk or 77 

colostrum of infected dams represents a Johne’s disease transmission risk for calves, which 78 

is why not feeding calves with MAP-contaminated milk is one of the main recommendations 79 

within Johne’s disease control programmes (Whittington et al. 2019). MAP contaminated 80 

milk may also represent a vehicle for human exposure to MAP since cows’ milk is widely 81 

consumed by humans from a young age. Debate continues about whether or not 82 

pasteurisation of milk effectively kills MAP (Lund et al. 2002; Robertson et al. 2017) and 83 



 

 

whether MAP is the cause of or a contributory factor for Crohn’s disease in humans (Chiodini 84 

et al. 2012; Waddell et al. 2015).  85 

      There are several reasons why governments, animal health organisations, farmers or 86 

milk processors may wish to test milk for evidence of MAP contamination.  Firstly, to monitor 87 

levels of MAP in bulk tank milk over time in herds within Johne’s disease control 88 

programmes (McAloon et al. 2019) or milk quality assurance programmes (Weber et al. 89 

2008). Secondly, to assure consumer safety in relation to consumption of raw (Giacometti et 90 

al. 2012) or commercially pasteurised (Gerrard et al. 2018) milk. Thirdly, to be able to 91 

demonstrate freedom from infection in MAP test-negative herds (Meyer et al. 2019), or to 92 

certify milk from dairy herds as MAP-free (Köhler et al. 2017).  In a recent study, Gamberale 93 

et al. (2019) wanted to be able to ascertain the MAP contamination status of colostrum in 94 

order to establish a safe colostrum bank.   95 

Currently, the only Johne’s diagnostic test widely applied to test milk is the milk-ELISA, 96 

which detects antibodies to MAP rather than the pathogen itself (Office International des 97 

Epizooties 2019). This test is considered to be a non-invasive, practical and cost-effective 98 

approach for surveillance for MAP infection in dairy cattle (Pesquiera et al. 2017; Köhler et 99 

al. 2017), but it has certain limitations. The milk-ELISA when applied to bulk tank milk only 100 

permits identification of herds with very high herd prevalence of MAP shedders (Köhler et al. 101 

2017; Sergeant et al. 2019), and when applied to test milk from individual animals is 102 

unreliable in non-infected and low prevalence herds (Lavers et al. 2014).  Kostoulas et al. 103 

(2013) reported that the ability of the milk ELISA to discriminate between healthy and MAP 104 

infected cattle was extremely poor, but high between healthy and MAP-infectious (i.e. MAP 105 

shedding) cattle.  The sensitivities of commercial milk ELISAs applied to milk from MAP 106 

infected, MAP infectious and MAP affected animals are in the range 21–61%, and the 107 

specificities of milk-ELISA are in the range 83–100% (Nielsen and Toft, 2008).  Milk-ELISA is 108 

considered less sensitive than blood-ELISA for individual animal testing (Khol et al. 2013).  109 

Culture of milk for diagnostic purposes is not often undertaken, despite the fact that it is 110 

considered the definitive method for confirming the viability of MAP. This is principally 111 



 

 

because of the length of time it takes for results to become available and the distinct 112 

possibility that the low levels of viable MAP present might not be detected because of the 113 

detrimental effects of chemical decontamination, which usually forms part of the milk culture 114 

procedure, on MAP viability (Dundee et al. 2001; Bradner et al. 2013).  A rapid diagnostic 115 

test able to detect and quantify viable MAP in milk, as an alternative to slow culture, would 116 

be an attractive proposition for Johne’s disease surveillance. Recently, we reported the 117 

development and optimisation of a novel phage-based test for viable MAP, called 118 

phagomagnetic (PhMS)-qPCR (Foddai and Grant 2020). This PhMS-qPCR assay is a much 119 

simplified and streamlined version of our previous peptide-mediated magnetic separation 120 

(PMS)-phage assay for detection of viable MAP in milk (Foddai et al. 2011; Foddai and 121 

Grant 2015, 2017). D29 mycobacteriophage-coated paramagnetic beads are used for 122 

magnetic separation of MAP from the milk sample, rather than MAP-specific biotinylated 123 

peptides. In our hands, the PMS-phage assay has proven to be a very sensitive and specific 124 

test for viable MAP in milk. Unfortunately, due to its requirement for two overnight 125 

incubations, multiple timed steps and additions of reagents, and the need to harvest plaques 126 

for PCR confirmation of a positive result (Foddai and Grant 2017), transfer of the PMS-127 

phage assay to other laboratories has proven to be problematic for a variety of reasons 128 

(Butot et al. 2018).  The new PhMS-qPCR assay differs from the PMS-phage assay in a 129 

number of key respects (detailed in Foddai and Grant 2020). The main differences are: 130 

molten agar and an M. smegmatis culture are no longer required, the new test yields results 131 

in ~7 h rather than 48 h, and confirmation of MAP presence is by MAP-specific, and faster, 132 

Taqman qPCR applied directly to the sample and not by conventional IS900 PCR applied to 133 

DNA that has to be extracted from plaques. We believe that the PhMS-qPCR assay may 134 

represent the long awaited alternative test to MAP culture.  135 

      The objective of this study was to demonstrate the potential utility of the novel phage-136 

based PhMS-qPCR assay as a surveillance tool to detect viable MAP contamination in bulk 137 

tank milk at herd-level or in the milk of individual animals within MAP-infected dairy herds. 138 

PhMS-qPCR testing was carried out contemporaneously with milk-ELISA and other milk 139 



 

 

recording tests so that any agreement or correlation between test results could be 140 

determined.   141 

 142 

MATERIALS AND METHODS 143 

Study design 144 

 145 

Bulk tank milk (BTM) samples from 392 Northern Ireland dairy farms were initially tested by 146 

the PhMS-qPCR assay. Subsequently, milk samples from 294 individual animals on four of 147 

the these farms whose BTM had shown the highest level of MAP contamination were tested. 148 

In the latter case, a sufficient volume of milk was collected to permit culture of any PhMS-149 

qPCR positive milk samples, so that the presence of viable MAP in these samples could be 150 

verified. PhMS-qPCR positive BTM samples were not cultured because of the limited 151 

residual sample volumes available to us from the Dale Farm laboratory.  All BTM and 152 

individual milk samples were tested by MAP milk-ELISA at an external laboratory in parallel 153 

with PhMS-qPCR testing.   154 

 155 

Description of PhMS-qPCR assay 156 

 157 

Full details of the development and optimisation of the new PhMS-qPCR assay were 158 

reported in Foddai and Grant (2020). The assay employs D29 mycobacteriophages coated 159 

onto BcMag tosylactivated paramagnetic beads (Bioclone Inc., San Diego, USA) to both 160 

capture and then subsequently lyse any viable MAP cells in a milk sample, to provide MAP 161 

DNA for IS900 Taqman qPCR.  Briefly, milk samples were pre-warmed in a water bath at 162 

37oC for 15 min prior to centrifugation at 2500 x g for 15 min to obtain the milk pellet. This 163 

was thoroughly resuspended in 1 ml phosphate buffered saline containing 0.05% Tween 20 164 

(PBS-T20, Sigma-Aldrich, Poole, UK) before addition of 15 µl D29 phage-coated BcMag 165 

beads (prepared as described by Foddai and Grant, 2020) to each sample. Automated 166 

magnetic separation proceeded in a Dynal BeadRetriever (Life Technologies, Paisley, UK) 167 



 

 

using the built-in ‘Environmental’ programme which consists of mixing of the sample plus 168 

phage-coated beads for 30 min, two washes of bead-MAP cell complexes in 1 ml PBS-T20 169 

for 1 min, and then final elution of bead-MAP cell complexes in 50 µl Middlebrook 7H9 broth 170 

containing 10% OADC (both Difco) and 2 mM CaCl2 (Sigma-Aldrich).  Fifteen milk samples 171 

were processed in each BeadRetriever run.  When PhMS was complete, the beads were 172 

quickly transferred to 1.5 ml Eppendorf tubes and incubated at 37oC for 4 h; at which point 173 

the tubes were transferred to a Stuart block heater (Cole-Parmer, Stone, UK) operating at 174 

55oC for 1 min, before being centrifuged at 10,000 x g for 2 min.  Sample supernatant (8 µl 175 

per reaction) was used as template DNA for IS900 Taqman qPCR, carried out immediately 176 

or the following day after storage of DNA samples at -80oC. Duplicate qPCR reactions per 177 

sample were performed. The qPCR was carried out on an Eco-qPCR system (Illumina Inc., 178 

San Diego, USA) with primers/probe sequences originally reported by Sidoti et al. (2011) 179 

and using SensiFAST™ Probe® Hi-ROX mastermix (Bioline Reagents Limited, London, 180 

UK).  Different from the original Sidoti et al. (2011) protocol, the qPCR reaction setup 181 

included increased primer concentrations and twice the amount of template DNA; which we 182 

found to improve detection sensitivity. PCR cycling conditions consisted of an initial warm up 183 

section of 50°C for 2min, a denaturation step at 95 °C for 10 min followed by 40 cycles of 95 184 

°C for 15 s and 60 °C for 1 min. A real-time PCR threshold cycle (Ct) cut-off of 38 cycles was 185 

consistently applied to all the samples to improve interpretation of qPCR outcomes.  Results 186 

were considered positive if the Ct values were ≤38. A standard curve determination was 187 

included in each qPCR run, comprised of duplicate samples of DNA equivalent to 104, 103, 188 

102 and 10 MAP cells/ml, which permitted quantitation of the detected MAP cells in the milk 189 

samples. Duplicate (rather than triplicate) aliquots of each sample and control DNA were 190 

subjected to qPCR due to the 48 well capacity of the Eco-qPCR plates (Illumina Inc.).   191 

 192 

Bulk tank milk testing 193 

 194 



 

 

A single BTM sample from 392 Northern Ireland dairy farms supplying Dale Farm Limited 195 

was tested by the new PhMS-qPCR assay between October 2019 and January 2020. These 196 

samples were residual BTM samples from the Dale Farm laboratory testing stream and so 197 

milk sample volume was rather inconsistent; varying between 15 and 40 ml.  These 392 198 

herds represent ~30% of the total ~1280 dairy herds supplying Dale Farm with milk for 199 

processing. All BTM samples were to have been tested by a commercially available MAP 200 

milk-ELISA at an external laboratory (Cattle Information Services (CIS), Telford, UK), but 201 

due to one batch of samples not being sent in error, only 340 of the 392 bulk tank milk 202 

samples were tested by milk-ELISA.  PhMS-qPCR and milk-ELISA results were collated 203 

along with other available milk quality results (somatic cell count, total bacterial count 204 

(Bactoscan), butterfat %, protein %) provided by Gary Watson, Dale Farm. Due to the 205 

variable milk volume tested, the PhMS-qPCR result (estimated MAP count/volume tested) 206 

was corrected to per 50 ml to permit comparison of MAP load between BTM samples.  207 

 208 

Individual milk testing 209 

 210 

To evaluate the performance of the PhMS-qPCR assay on individual milk samples, milk 211 

samples (100 ml) were collected from 294 individual cows in four dairy herds (Farms A-D) 212 

during February and March 2020. These herds were selected from amongst the 392 farms 213 

whose BTM had been tested because they had the highest MAP concentrations. The 214 

individual milk samples were sampled from collection jars in the milking parlour (rather than 215 

by hand-milking) at the same time as samples were being collected for routine milk recording 216 

purposes. Upon arrival at the Queen’s University Belfast laboratory, each 100 ml sample 217 

was aseptically split into two sterile 50 ml centrifuge tubes. One 50 ml sample was tested by 218 

the PhMS-qPCR test and the other was frozen at -80oC until the PhMS-qPCR result was 219 

known. Dale Farm sent the milk recording samples from the same animals, collected at the 220 

same time, to CIS Telford for MAP milk-ELISA testing, and their in-house laboratory carried 221 

out the other milk recording analyses. PhMS-qPCR and milk-ELISA results were collated 222 



 

 

along with other available milk recording results (lactation number, milk weight kg, butterfat 223 

%, protein %, somatic cell count) for these animals provided by Gary Watson, Dale Farm.   224 

      PMS followed by culture, as described by Foddai and Grant (2017), was performed on 225 

the second 50 ml aliquot of any individual milk samples that had tested PhMS-qPCR 226 

positive. The 7H9+ broth described by Pozzato et al. (2011) without the addition of egg yolk 227 

(hereinafter referred to as Pozzato broth) and supplemented with PANTA antibiotics (Becton 228 

Dickinson) was employed.  Cultures were incubated at 37oC for several months, and visually 229 

examined periodically for signs of growth from 4 weeks of incubation onwards. Once an 230 

increase in turbidity was observed, a 1 ml aliquot of the culture was carefully removed, 231 

centrifuged and resuspended in 100 µl Tris-EDTA pH 8.0, which was heated at 99oC for 30 232 

min in a heating block to lyse MAP cells and release DNA.  Five µl of the supernatant was 233 

then subjected to IS900 Taqman qPCR (see optimized qPCR protocol described above) in 234 

order to confirm the presence of MAP in the culture.   235 

 236 

Statistical analysis of results 237 

 238 

Correlations between PhMS-qPCR and all other available milk testing results were assessed 239 

by Pearson r correlation test performed using GraphPad Prism version 8.4.3 (GraphPad 240 

Software, San Diego, USA).  Contingency tables (2 x 2) were constructed and Kappa 241 

agreement between PhMS-qPCR and milk-ELISA results was determined using EpiTools 242 

Epidemiological Calculators (http://epitools.ausvet.com.au). P values <0.05 were considered 243 

statistically significant.  244 

      To estimate the sensitivity of the new test at the individual animal level, a two-test, three 245 

population Bayesian latent class model was used. Tests were assumed to be conditionally 246 

independent, the true within-herd prevalence of paratuberculosis was assumed to be 247 

different for each of the three herds, whilst the operating characteristics of the tests were 248 

assumed not to vary between herds. Within-herd true prevalence was modelled using a Beta 249 

distribution. No data exists on the within herd prevalence distribution for herds in Northern 250 



 

 

Ireland. To inform the prior for this parameter we used the posterior estimate from a study in 251 

the Republic of Ireland which reported a median of 0.137 and 97.5th percentile of 0.348 252 

(McAloon et al., 2016). The parameters of the resulting beta distribution (alpha = 2.59, beta 253 

= 14.65) were found using the “PriorGen” package in R (Kostoulas, 2018). The serological 254 

and pathogen detection methods for paratuberculosis diagnosis/detection have a high 255 

specificity at the individual animal level (Nielsen and Toft, 2008). For both tests we used a 256 

beta prior with a mode of 0.98 and 5th percentile of 0.95 resulting in a Beta (151.77, 4.08) 257 

distribution. Uniform, Beta (1,1) priors were used as priors for the sensitivity of both tests.  258 

The model was implemented in WinBUGS version 1.4. The model was run for 50,000 259 

iterations, with the first 20,000 discarded as burn in. Convergence was assessed by visual 260 

inspection of the time series trace plots, and by running multiple (n = 3) chains from 261 

dispersed starting values 262 

 263 

RESULTS AND DISCUSSION 264 

 265 

The primary purpose of the milk testing reported here was to assess the utility of the new 266 

PhMS-qPCR assay as a milk surveillance tool and to compare its performance with the 267 

assay commonly applied to test milk for evidence of MAP infection in many countries, the 268 

milk-ELISA (Geraghty et al. 2014; Meyer et al. 2019). The PhMS-qPCR assay is a much 269 

simpler and easy-to-apply version of the PMS-phage assay, previously optimised for testing 270 

milk by Foddai and Grant (2015), and hence it could potentially be suitable for larger scale 271 

milk testing as a rapid alternative to culture of MAP.  272 

      To our knowledge, the BTM testing reported here represents the first reasonably sized 273 

survey for MAP in cows’ milk produced by N. Ireland dairy herds. Viable MAP was detected 274 

in 104 (26.5%) of the 392 BTM from different N. Ireland dairy farms tested by the new 275 

PhMS-qPCR assay, with numbers of viable MAP detected ranging from 1–8432  MAP/50 ml 276 

BTM. No previous survey for Johne’s disease in N. Ireland dairy herds has been carried out, 277 

however it is likely that the proportion of infected herds in N. Ireland is within the range 20% 278 



 

 

(United Kingdom data, Animal Health and Welfare Northern Ireland, 2014) to 35% (Republic 279 

of Ireland data, McAloon et al., 2016). Thus, the figure of 26.5% for MAP infection 280 

prevalence in the N. Ireland dairy herds supplying a local dairy cooperative falls within the 281 

anticipated range. Figure 1 shows the distribution of MAP contamination levels detected in 282 

50 ml samples of BTM. The majority of BTM samples (286/392, 73.15%) tested negative for 283 

viable MAP by the PhMS-qPCR assay, and only 2 (0.5%) and 5 (1.28%) bulk tank milk 284 

samples had MAP contamination levels in the highest 1,001-10,000 MAP/50 ml and 101-285 

1,000 MAP/50 ml categories. These PhMS-qPCR-derived MAP counts are consistent with 286 

those reported for BTM tested by earlier versions of the phage assay (2-320 PFU/50 ml by 287 

Phage-PCR assay, Botsaris et al. 2013; 18-685 PFU/50 ml by PMS-phage assay, Foddai 288 

and Grant 2017) and by f57 qPCR (<15-32.4 cells/ml, Ricchi et al. 2016). They are also 289 

consistent with figures predicted by Okura et al. (2013) for BTM from Danish dairy herds with 290 

within-herd MAP infection prevalence from 7.5-60.0%.  In the case of BTM, the restricted 291 

volumes of residual milk available for testing meant that culture could not be carried out on 292 

PhMS-qPCR positive samples in order to confirm that viable MAP were indeed present. 293 

However, later on in our study, PhMS-qPCR positive individual milk samples were cultured 294 

and 85.2% of the liquid cultures yielded IS900 qPCR positive results; so in light of this we 295 

believe a PhMS-qPCR positive result is indicative of milk contaminated with viable MAP.  296 

      In contrast to the 26.5% of BTM positive by the PhMS-qPCR assay, only 21 (7.2%) of 297 

340 (one batch of 50 BTM was not tested and one milk sample was sour and could not be 298 

tested) BTM samples tested ‘positive’ (nine with S/P ratio >0.3) or ‘doubtful’ (twelve with S/P 299 

ratio 0.2-0.3) by the MAP milk-ELISA. Only three milk-ELISA ‘positive’ samples also tested 300 

PhMS-qPCR positive (Table 1). No significant correlation, positive or negative, was found to 301 

exist between the PhMS-qPCR and milk-ELISA results (r2 = -0.02, p=0.520) for BTM 302 

samples. This is probably not surprising since the two tests detect different things; shedding 303 

of MAP organisms in the case of PhMS-qPCR and presence of MAP antibody in the case of 304 

milk-ELISA. Kappa value (0.0046, 95% CI: -0.0463-0.0555, P(kappa) 0.4281) indicated ‘no 305 

agreement’ between PhMS-qPCR and ‘positive’ milk-ELISA results for BTM (Table 1). The 306 



 

 

milk-ELISA has been used to test BTM for MAP surveillance purposes previously in some 307 

countries (Nielsen and Toft, 2014; van Weering et al., 2007). However, it is generally 308 

acknowledged that the milk-ELISA test is likely to be a more reliable indicator of MAP 309 

infection status when applied to milk from individual animals within dairy herds rather than 310 

BTM (van Weering et al. 2007), and when applied to test milk from older animals (Kostoulas 311 

et al. 2013; Wilson et al. 2010).  The presence of viable MAP detected by the PhMS-qPCR 312 

assay in BTM was also not significantly correlated with any of the other milk recording 313 

results (somatic cell count, total bacterial count (Bactoscan), % butterfat or % brotein), 314 

illustrated by the correlation matrix in Figure 2.   315 

 316 

Individual milk testing 317 

The four dairy herds (Farms A-D) selected for follow-up testing of milk from individual 318 

animals were amongst the seven N. Ireland herds with the highest MAP load indicated for 319 

their BTM in the earlier part of the study. The purpose of this individual milk testing was 320 

twofold.  Firstly, to identify which animals within the suspected MAP infected herds were 321 

shedding the bacterium in their milk and in what numbers, and secondly to determine if there 322 

may be a better correlation between results of the new PhMS-qPCR assay and milk-ELISA 323 

when applied at individual cow-level. Individual milk samples tested were collected from milk 324 

recording jars in the milking parlour for convenience and speed, as individual milk samples 325 

normally would be for milk recording purposes, rather than being collected after meticulous 326 

udder cleaning by hand. We, therefore, cannot exclude the possibility of carryover of MAP 327 

contamination between the milk samples from different cows.  328 

      Table 2 summarises the results of testing of individual milks from 294 animals on Farms 329 

A-D. PhMS-qPCR results confirmed the existence of individual animals shedding MAP in 330 

their milk on all four of the farms. On Farms A and D, ~17% of cows were shedding MAP 331 

into their milk, and on Farms B and C ~24%. Milk-ELISA results indicated the existence of 332 

MAP-infected animals on three of the four farms (all except Farm D); Farm B had the highest 333 

number of cows testing milk-ELISA positive (11/42, 26.2%) and Farm D had no positive 334 



 

 

results and only one ‘doubtful’ result.  However, in the case of Farm D only, the milk-ELISA 335 

test had to be carried out on previously frozen milk samples, due to a misunderstanding 336 

between Dale Farm and the testing laboratory. Consequently, we cannot rule out the 337 

possibility that frozen storage may have had a negative impact on milk-ELISA results, as has 338 

been reported previously for serum-ELISA results (Alinovi et al. 2009).  The mean number of 339 

viable MAP being shed by PhMS-qPCR positive animals ranged from 6.7 MAP/50 ml milk for 340 

Farm A to 42.1 MAP/50 ml milk for Farm B.  Once again, these MAP counts are consistent 341 

with numbers reported for milk from individual animals in the UK and N. Ireland contexts 342 

when tested using the optimised PMS-phage assay (6-948 PFU/50 ml, Foddai and Grant 343 

2017; 8-94 PFU/50 ml, O’Brien et al. 2018).   344 

Statistical analysis indicated that for individual milks, as for BTM, there were no 345 

significant correlations, positive or negative, between PhMS-qPCR and milk-ELISA results 346 

on any of the four farms (r2 = 0.22 (p=0.080), -0.17 (p=0.284), 0.02 (p=0.817) and 0.13 347 

(p=0.300) for Farms A, B, C and D, respectively).  With the exception of Farm C, the r2 348 

values were higher than for BTM and the correlation p value approached statistical 349 

significance for Farm A. Kappa agreement between PhMS-qPCR and milk-ELISA results 350 

also varied by farm, with Farm A results showing ‘fair agreement’, Farm C results showing 351 

‘slight agreement’, and Farm B results showing ‘no agreement’ (Table 3). Kappa agreement 352 

for Farm D results could not be calculated due to the issue of ELISA testing of frozen and 353 

thawed milks potentially impacting milk-ELISA results, as mentioned earlier. Similar to the 354 

BTM findings, there were no significant correlations between the presence of viable MAP 355 

detected by PhMS-qPCR and any of the milk recording parameters (lactation number, 356 

weight of milk (kg), % butterfat, % protein or somatic cell count), as illustrated by the 357 

correlation matrices for the four farms in Figure 3.   358 

       Bayesian latent class analysis of results of individual milk testing was possible in 359 

order to estimate and compare the sensitivity (Se) and specificity (Sp) of the new PhMS-360 

qPCR and milk-ELISA tests; Farm D results were excluded from this analysis due to the 361 

freezing issue prior to ELISA testing.  Latent class analysis results are summarised in Table 362 



 

 

4.  The mean Se of the PhMS-qPCR assay (0.7096) was higher than that of the milk-ELISA 363 

(0.2665), but the probability intervals are broad so there is quite a lot of uncertainty in the 364 

estimate.  Mean Sp of the two tests applied to individual milks was similar (0.9626 and 365 

0.9509, respectively).  In the case of the individual milk samples only, PMS-culture was 366 

carried out on a second 50 ml aliquot of each PhMS-qPCR positive milk sample (collected at 367 

the same time but stored frozen at -20oC until required), in order to confirm the presence of 368 

viable MAP in these samples and hence verify that a PhMS-qPCR positive was not a false 369 

positive result.  Of 61 PhMS-qPCR positive milk samples cultured in Pozzato broth, 52 370 

(85.2%) cultures yielded a pellet at the end of a 12-week incubation period that tested IS900 371 

Taqman qPCR positive, indicating the presence of viable MAP.  Only liquid culture was 372 

applied, and pure cultures of MAP on solid media have yet to be isolated. This high 373 

percentage of IS900 qPCR positive cultures strongly suggests that a positive PhMS-qPCR 374 

result is a real indication of the presence of viable MAP in a milk sample, and not a false 375 

positive result.  Non-detection of MAP DNA in nine (14.8%) cultures of the previously PhMS-376 

qPCR positive milk after 12 weeks incubation may have been due to adverse effects of 377 

freezing at -20oC for 2-4 weeks before culture on MAP viability, particularly if low numbers of 378 

viable MAP were present in the fresh milk samples. We have previously reported that if 379 

culture is not going to be possible immediately that milk samples may be stored at -70oC for 380 

up to 1 month, with minimal impact on MAP viability (Foddai and Grant, 2015). During the 381 

present study, we had insufficient -70oC freezer space available for 294 milk samples, so 382 

had to use a -20oC freezer instead. We have no available data on the impact the latter 383 

storage conditions have on viable MAP numbers in milk samples. 384 

      In terms of how the new PhMS-qPCR test might be applied as a screening test for viable 385 

MAP in milk, this could easily be added to the existing range of tests applied to either bulk 386 

tank milk or milk samples from individual animals for milk recording purposes by milk 387 

processors. A remaining difficulty is the limitation of the Beadretriever instrument only being 388 

able to process 15 samples at a time, meaning that multiple runs are needed to process a 389 

reasonable number of milk samples (probably maximum of three runs, 45 samples), in order 390 



 

 

to complete the assay within a working day. Larger capacity magnetic separation 391 

instruments do exist (e.g. Kingfisher Flex from Thermofisher Scientific and BioSprint 96 from 392 

Qiagen) that are capable of processing up to 96 x 1 ml samples in a single run.  However, 393 

these have primarily been designed for DNA extraction and not bacterial cell separation 394 

purposes.  It may be possible to customize software protocols to make these instruments 395 

suitable for MAP cell separation and concentration. Of course, PhMS could be performed 396 

manually with samples in 1.5 ml Eppendorf tubes, a rotator mixer and a suitable magnetic 397 

rack; which would facilitate the processing of as many samples as wished in a working day.  398 

However, the limitations of manual PhMS would be its laborious nature, increased amount of 399 

plastic consumables required, and the probability that more than one wash of the captured 400 

bead-cell complexes would not be feasible. It also needs to be remembered that after PhMS 401 

an incubation period of 4 h for naturally contaminated milk samples is required before DNA 402 

can be harvested (before storage at -80oC overnight prior to IS900 Taqman qPCR next day), 403 

so in this scenario the manual PhMS-qPCR assay is no longer a one-day test.  404 

 405 

CONCLUSIONS 406 

 407 

Our recently developed PhMS-qPCR assay for viable MAP in milk was demonstrated to 408 

have greater MAP infection detection sensitivity than the widely used milk-ELISA method. 409 

The findings of this study clearly demonstrate that the novel PhMS-qPCR assay could be a 410 

useful milk surveillance tool for dairy processors, as it provides information on the MAP 411 

infection status of supplying dairy herds and individual cows within the herds, as well as an 412 

indication of the numbers of viable MAP present. For milk monitoring purposes, as part of 413 

Johne’s disease control programs or for milk quality assurance purposes, for example, 414 

PhMS-qPCR assay results would be more meaningful than milk-ELISA results because 415 

viable MAP cells (the infectious agent) are being detected and not simply antibodies to MAP. 416 
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Figure legends 606 

 607 

Figure 1.  Distribution of viable MAP concentrations per 50 ml of bulk tank milk (BTM) from 608 

392 Northern Ireland dairy farms indicated by results of the PhMS-qPCR assay. 609 

 610 

Figure 2. Correlation coefficient matrix (heat map) for results of bulk tank milk testing.  611 

PhMS-qPCR result is ‘No. of MAP/50 ml’, milk-ELISA result is Milk-ELISA S/P ratio. Other 612 

results are milk recording parameters.  613 

 614 

Figure 3. Correlation coefficient matrices (heat maps) for results of individual milk testing for 615 

followed up Farms A-D. PhMS-qPCR result is ‘No. of MAP/50 ml’, milk-ELISA result is Milk-616 

ELISA S/P ratio.  Other results are milk recording parameters.   617 



 

 

Table 1.  2 x 2 contingency table of PhMS-qPCR and milk-ELISA results for 340 bulk tank 618 

milk samples. 619 

 620 

 
Milk-ELISA +ve Milk-ELISA -ve Total 

PhMS-qPCR +ve 3 101 104 

PhMS-qPCR -ve 6 230 236 

Total 9 331 340 

Kappa = 0.0046 ‘No agreement’, 95% CI: -0.0463-0.0555, P(kappa) = 0.4281 

 621 

 622 

 623 

  624 



 

 

Table 2.  Summary of PhMS-qPCR, milk-ELISA and other milk recording results for 294 625 

individual milk samples collected from cows on four Northern Ireland dairy farms that had the 626 

highest MAP loads in their bulk tank milk during the initial survey.  627 

 628 

Parameter Farm A Farm B Farm C Farm D 

 

No. of milking cows sampled 

 

 

62 

 

42 

 

123 

 

67 

PhMS-qPCR results:     

No. (%) cows with PhMS-

qPCR positive milk sample 

12 (17.7) 10 (23.8) 29 (23.6) 12 (17.9) 

 

Mean no. (±SD) viable MAP/50 

ml detected by PhMS-qPCR  

 

 

6.7±5.2 

 

42.1±37.2 

 

14.0±12.47 

 

22.2±36.67 

Milk-ELISA results: 

No. (%) milk samples with S/P ratio: 

>0.30 (positive) 7 (11.3) 11 (26.2) 9 (7.5) 01 (0) 

0.20-0.30 (doubtful) 3 (4.8) 2 (4.8) 7 (5.8) 1 (1.5) 

<0.20 (negative) 52 (83.9) 29 (69.0) 

 

104 (86.7) 64 (98.5) 

Milk recording data (mean ± SD): 

Lactation no. 3.47 ± 2.29 2.86 ± 1.60 2.91 ± 2.05 2.72 ± 1.95 

Milk weight (kg) per cow 25.56 ± 7.97 29.83 ± 8.22 30.68 ± 7.16 18.81 ± 7.15 

Somatic cell count (‘000) 125.0 ± 174.2 132.1 ± 429.0 200.9 ± 453.1 94.39 ± 138.1 

Butterfat (%) 5.30 ± 0.79 4.28 ± 0.58 4.53 ± 0.66 5.43 ± 1.41 

Protein (%) 3.44 ± 0.41 3.41 ± 0.36 3.50 ± 0.27 3.49 ± 0.38 

     

1 For Farm D only, Milk-ELISA was carried out on previously frozen and thawed milk 629 

samples because of a misunderstanding between Dale Farm and the testing laboratory. 630 

  631 



 

 

Table 3. Agreement between PhMS-qPCR and milk-ELISA results for milk from individual 632 

animals on Farms A-D. 633 

 634 

 Test result combination, n (%1) 

Kappa 

(95% CI) 
P(kappa) Milk-ELISA + + - - 

PhMS-qPCR + - + - 

Farm A 4 (6.5) 3 (4.8) 8 (12.9) 47 (75.8) 0.3248 

0.0226 – 0.6269 

0.0036** 

Farm B 2 (4.8) 9 (21.4) 7 (16.7) 23 (54.8) -0.0547  

(-0.3445 - -0.2352) 

0.3620NS 

Farm C 3 (2.4) 6 (4.9) 25 (20.3) 86 (69.9) 0.0549  

(-0.1801 – 0.2179) 

0.2304NS 

Farm D 0 0 12 (17.9) 53 (79.1) -2 - 

 

1 calculated as % of total number of animals tested in herd, rather than % of animals for 635 

which both test results were available; 2 not calculable because no milk-ELISA positive 636 

animals detected 637 

  638 



 

 

Table 4.  Estimates of sensitivity (Se) and specificity (Sp) of PhMS-qPCR and milk-639 

ELISA assays and within-herd prevalence (Pi) of Johne’s disease on Farms A, B and 640 

C obtained by Bayesian latent class analysis of the individual animal milk testing 641 

results.  642 

Variable 
Posterior probability limits 

Mean St. dev 2.50% median 97.50% 

Se - PhMS-qPCR 0.7096 0.14750 0.4412 0.7023 0.9776 

Se - Milk-ELISA 0.2665 0.08532 0.1278 0.2582 0.4534 

 

Sp - PhMS-qPCR 0.9626 0.01937 0.9152 0.9660 0.9900 

Sp - Milk-ELISA 0.9509 0.01829 0.9142 0.9512 0.9845 

 

Pi - Farm A 0.2073 0.06356 0.09839 0.2011 0.3460 

Pi - Farm B 0.2709 0.09447 0.1114 0.2625 0.4730 

Pi - Farm C 0.2523 0.06392 0.1389 0.2480 0.3867 

 643 


