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Surveys from different parts of the world have reported that viableMycobacterium avium subsp. paratuberculosis
(MAP) can be cultured from approximately 2% of samples of retail pasteurised milk samples. Pasteurised milk is
used for the production of powdered infant formula (PIF) and therefore there is a concern that MAPmay also be
present in these products. Several studies have previously reported the detection of MAP in PIF using PCR-based
assays. However, culture-based surveys of PIF have not detected viable MAP. Here we describe a phage amplifi-
cation assay coupled with PCR (page-PCR) that can rapidly detect viableMAP in PIF. The results of a small survey
showed that the phage-PCR assay detected viableMAP in 13% (4/32) of PIF samples. Culture detected viableMAP
in 9% (3/32) PIF samples, all of which were also phage-PCR positive. Direct IS900 PCR detected MAP DNA in 22%
(7/32) of PIF samples. The presence of viableMAP in PIF indicates thatMAP either survived PIFmanufacturing or
that post-production contamination occurred. Irrespective of the route ofMAP contamination, the presence of vi-
able MAP in PIF is a potential public health concern.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Mycobacterium avium subsp. paratuberculosis (MAP) is the causative
agent of Johne's disease in cattle. Crohn's disease is a chronic inflamma-
tory bowel disease (IBD) in humans and the first description of similar-
ities between Crohn's disease and paratuberculosis in cattle was
reported in 1913 by Dalziel, and an argument has been made that
MAP may also be the causative agent of Crohn's. Although a causal
link has not been proven, there are both individual studies and meta-
analyses that have found that there is an association between exposure
of humans to MAP and the occurrence of Crohn's disease (Atreya et al.,
2014; Feller et al., 2007; Liverani et al., 2014; Naser et al., 2000;Waddell
et al., 2008).More recently it has been suggested that thismay be due to
indirect immuno-modulatory effects on the host following exposure to
the organism rather than infection per se (Abendano et al., 2013; Atreya
et al., 2014; Nabatov, 2015). Hence the presence of viable MAP in the
human food chain remains to be a concern for human health.
vancomycin; HEYM, Herrold's
avium subsp. paratuberculosis;

.

Johne's disease is a progressive inflammatory bowel disease of cattle,
and in the latter stages of infection the organism spreads systemically
and is then excreted in the milk of infected animals (Ayele et al.,
2001), even when they are asymptomatic (Slana et al., 2008). Since
theprevalence of paratuberculosis in dairy ruminants is highworldwide
(Khol and Baumgartner, 2012), the detection ofMAP DNA in rawmilk is
not surprising, and this has been demonstrated in many studies (see
Eltholth et al., 2009; Nielsen and Toft, 2009). However, viable MAP has
also been detected in surveys of retail pasteurised milk (Ayele et al.,
2005; Carvalho et al., 2012; Ellingson et al., 2005; Grant et al., 2002;
Paolicchi et al., 2012). Despite the concern for human health, contami-
nation of milk with MAP is not legally restricted in any dairy products,
including powdered infant formula (PIF).

Pasteurised milk is used for the production of PIF, and several
studies have reported detection of MAP in PIF by PCR-based
methods. For instanceMAPwas detected in 35% of PIF samples tested
and the levels present were estimated to be equivalent to between
48 and 32 500 cells g−1 (Hruska et al., 2005, 2011). More recently
two small studies have also reported detection of MAP DNA in PIF
by PCR in a high percentage of samples tested (6/6; El-Malek and
Mohamed, 2011, 4/7; Hassan and Ali, 2012). In contrast a study in
Indonesia did not detect MAP in any of 50 PIF samples tested
(Nugroho et al., 2009). PCR methods can quantitatively detect MAP
DNA with high specificity and sensitivity but cannot assess MAP
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viability and ideally the presence of MAP in processed food products
should be confirmed by culture. In previous studies viable MAP has
not been detected in PIF by culture, even from samples with high
levels of MAP DNA (Hruska et al., 2011).

Unfortunately culture of MAP from any sample is laborious, time
consuming, requires long periods of incubation and is often insensitive
and therefore is not a method that is easily applied for surveys of
foods (Rees and Botsaris, 2012). In contrast bacteriophage amplification
assays have been used to detect MAP in a wide variety of matrices in-
cluding milk, cheese and blood (Botsaris et al., 2013, 2010; Foddai
et al., 2011; Stanley et al., 2007; Swift et al., 2013). Compared to culture,
the phage-based assays are rapid (total time to detection and identifica-
tion is 48 h), only detect viable MAP cells and also allows enumeration
of the number of cells detected (Rees and Botsaris, 2012). The phage-
PCR combines the ability to quantify viable MAP with the specificity of
PCR (Stanley et al., 2007). Hence the aim of this study was to develop
a method that could be used to detect viable MAP cells in PIF. Using
this method, a small survey of commercial PIF was carried out and re-
sults compared with previously published methods for detection of
MAP in PIF.
2. Materials and methods

2.1. Optimisation of the phage assay

Strain K10was used for optimising the PIF samplingmethod. Thiswas
grown in Media Plus (MP; Middlebrook 7H9; Becton Dickenson supple-
mented with 10 mM CaCl2) containing 2 mg ml−1 Mycobactin J;
Synbiotics, France). Cultures were grown with aeration at 37°°C and the
concentration of MAP cells determined using both culture onto MP and
the phage amplification enumeration method (Rees and Botsaris, 2012).
For optimisationexperimentsMAP cultureswerediluted 10-fold fromap-
proximately 1 to 103 cfu ml−1 and 1 ml of each dilution added to 1 g of
laboratory grade skim milk powder (Merck, Darmstadt, Germany).
Three independent samples were prepared for each dilution of MAP and
the sample was fully reconstituted using a further 8 ml MP to give a
total volume of 10 ml. Samples were then centrifuged (2500 ×g,
15 min) and the pellet washed with 2 ml of MP to remove traces of
milk protein. Finally pellets were reconstituted in 1 ml MP and the
phage amplification assay performed as previously described by Botsaris
et al. (2010). As a negative control 1 g of SMP was reconstituted in 9 ml
Media Plus.
2.2. Sampling of milk-based infant formulae

A total of 32 samples of PIF were collected from the retailers in
Cyprus froma total of eight different outlets. The samples selected all in-
cluded skim-milk powder as a listed ingredient. The 32 different sam-
ples were from a total of ten different producers operating in seven
different countries of the European Union. A sample of 3 g was taken
aseptically from each PIF and this was separated into three 1 g aliquots
whichwere tested independently using either phage-PCR, culture or di-
rect IS900 PCR.
2.3. Phage-PCR

For the phage-PCR assay, the sample was prepared as described in
Section 2.1. After the phage assay had been performed (Botsaris et al.,
2010), the number of plaqueswas counted to record the number ofmy-
cobacterial cells detected. Then DNA was extracted from individual
plaques (Rees and Botsaris, 2012) and the presence of MAP genomic
DNA confirmed using PCR amplification of IS900 sequences (Botsaris
et al., 2010).
2.4. Culture

For culture, PIF samples were reconstituted (1 g in 5ml; Hruska et al.,
2005) in sterile distilled water (SDW) and the mixture was centrifuged
(2500 ×g, 15 min). The pellet was resuspended in 5 ml 0.75% HPC, incu-
bated for 4 h at room temperature and recentrifuged (2500 ×g, 15 min).
The pelletwas resuspended in 1ml SDWand an aliquot (200 μl) inoculat-
ed onto two Herrold's egg yolk medium (HEYM) slopes supplemented
with Mycobactin J and antibiotics (ANV; Becton Dickinson, USA). Slopes
were incubated for a period of 6 months at 37°°C and visible growth de-
tected as a thin layer of bacterial bloomcontaining somediscrete colonies.
The growth of MAP was confirmed by IS900 PCR as previously described
(Botsaris et al., 2010). Tubes with no visible growth were also tested for
MAP growth by washing the surface of the slopes with 200 μl SDW
(Williams andMonif, 2009) beforeDNAwas extracted and IS900detected
by PCR.

2.5. Direct IS900 PCR

For the direct detection of MAP in PIF by IS900 PCR, 1 g of milk pow-
der was mixed with 9 ml of TE (10 mM Tris–HCl, 1 mM EDTA, pH 7.5)
and then the sample was centrifuged (2500 ×g, 15 min). The pellet
was resuspended in 1 ml TE and cells lysed by heating at 100°°C for
20 min (Hruska et al., 2005). Cell debris was removed by centrifugation
(13,000 ×g, 5 min), and the DNA was purified from the supernatant
using a High Pure PCR Template Preparation kit (Roche Diagnostics,
Germany; 25 μl elution volume); 5 μl of this was used for PCR amplifica-
tion of the IS900 element using primers P90 and P91 (Whittington et al.,
1998).

2.6. IS1311 PCR with Restriction Endonuclease Analysis (REA)

Cattle and sheep strains of MAP were distinguished by REA analysis
of IS1311 using primersM56andM94and restriction of the PCRproduct
with HinfI (Whittington et al., 1998; Marsh et al., 1999).

3. Results and discussion

3.1. Development of a method to detect MAP in PIF

When testingmilk sample using the phage amplification assay, it has
been shown that the presence of milk protein can inhibit phage binding
(Stanley et al., 2007) and therefore centrifugation is used to separate out
MAP cells from the milk matrix (Botsaris et al., 2010). Hence when de-
veloping this protocol, the same processing procedures (centrifugation
and rinsing of the pellet to remove residual milk protein; Section 2.1)
were used to separate outMAP cells from the reconstituted PIF product.

To determine the ability of phage to infect cells in reconstituted PIF,
tenfold dilutions of MAP cultures were used to inoculate samples of lab-
oratory grade skimmilk powder. Three independent samples were pre-
pared for each dilution of MAP and then the sample processed
(Section 2.1) before the phage assay was performed (Table 1). It was
noted that the pellets formedweremuch smaller thanwhen processing
rawmilk samples and therefore care is neededwhenwashing thepellet.
The control samples, to which MAP cells were not added, did not pro-
duce any plaques indicating that material from the sample matrix did
not interferewith the inactivation of the phage during the phage ampli-
fication assay and that this processingmethod was appropriate for pre-
paring PIF samples. The results indicated that the phage assay was able
to detect viable MAP cells after recovery from PIF with a detection limit
of approximately 10 cfu ml−1 (Table 1). When plaques were detected,
IS900 PCR was used to confirm that the cells detected were MAP. This
demonstrated that any contaminants remaining following the PIF sam-
ple preparation did not inhibit the PCR reaction. While not sensitive
enough to detect single cells, the detection limit is lower than the esti-
mated of levels of MAP in naturally contaminated product reported by



Table 1
Determining detection limit of the phage-PCR method in PIF.

Sample Approx. MAP
CFU 1 g−1

MAP PFU 1 g−1 detected MAP IS900
PCR1

1 2 3 Average ±
SD

A 1.02 ND† ND ND – NP⁎

B 1.0 × 101 3 2 2 2.3 ± 0.6 +
C 1.0 × 102 54 48 66 56 ± 9.2 +
D3 1.0 × 103 740 820 850 803.3 ± 56.9 +
F Control6 ND ND ND – NP

⁎Not performed.
†Not detected.

1 IS900 PCRwas performed according to Botsaris et al. (2013). for sample B, all plaques
were tested for the presence ofMAP by PCR. For samples C andD a representative number
of plaques (23) from each sample were tested.

2 Original culture contained 1.3 × 108 cfu ml−1 and this was diluted in MP to prepare
the inoculum used for each sample.

3 When testing 1ml samples the number of plaques per platewas too numerous to count;
thenumber of plaques recorded represents the number of countable plaques in a 0.1ml sam-
ple, adjusted to a value per ml.

Table 2
MAP detection in PIF.

Producer Sample
no.

Culture IS900
PCR

Phage combined with
IS900 PCR

Plaque number1

pfu g−1

1 1 − − − 1
2 2 − + − (5)

3 − − + 30
3 4 − − − 0

5 − − − 0
4 6 − − − 0

7 − − − (2)
8 − − − 0

5 9 − − − 0
10 − − − 0
11 − − − 0
12 + + + 95

6 13 − − − 0
7 14 − − − 0

15 − + − 0
16 − − − 0
17 + + + 9
18 − − − 0

8 19 + + + 13
20 − + − (5)
21 − − − (2)
22 − − − 0
23 − − − 0
24 − − − 0
25 − − − 0
26 − − − (4)

9 27 − − − 0
10 28 − − − 0

29 − − − 0
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Hruska et al. (2011; 48 to 32 500 cells g−1 based on the quantification of
DNA), and therefore this simple procedure was deemed to be sufficient
for the purposes of testing naturally contaminated products. IfMAP cells
are able to survive in the dried powder product, it is likely that theymay
be in a stressed or dormant state. Hence although it was possible to de-
tect freshly culturedMAP cells that were spiked into PIF, it was possible
that cells that have been in the product for some time may not be de-
tectable using this method.
30 − − − 0
31 − + − 0
32 − − − 0

Total 3 7 4
% 100 9.4 21.9 12.5

+; MAP detected.
−; MAP not detected.

1 samples that produced plaques but did not give a positive result with the IS900 PCR
assay following DNA extraction from plaques are shown in brackets as these scored as
MAP-negative.
3.2. Survey of PIF products

To test whether the new protocol could detect MAP cells present in
naturally contaminated product, a small survey of retail PIF products
was performed. For comparison, samples were also tested using con-
ventional culture and direct IS900 PCR both of which have been used
previously to try and detect MAP in milk-based infant formulas
(El-Malek and Mohamed, 2011; Hruska et al., 2011). A total of 32 sam-
ples of PIF were tested independently using the phage-based method,
culture and direct IS900 PCR. Using culture, MAP was detected in 3
(9.4%) of the samples; these were produced by different companies
and therefore did not represent one contaminated batch of product
(see Table 2). No additional samples were found to contain evidence
of MAP growth when samples from the surface of slopes that did not
show visible growth were tested by PCR.

Using the direct IS900 PCR assay, MAP DNA was detected in seven
(21.9%) samples including the three samples that were also MAP-
positive by culture on HEYM (#12, #17 and #19). Genetic material
from the three cultured isolates was subjected to IS1311 PCR REA and
all three isolates were characterised as cattle strains. Two isolates
(#12 and #19) were successfully sub-cultured, producing visible colo-
nies on HEYM supplemented with mycobactin J and ANV after
8 weeks incubation, however one sample (# 17) could not be sub-
cultured.

Four PIF samples were MAP-positive by phage-PCR and this group
included the three culture-positive samples (#12, #17 and #19). Sam-
ple #3 was positive by phage-PCR but negative by culture and direct
PCR. For the three culture-positive PIF samples the average plaque
count recorded was 34.5. Five samples produced plaques that were
not due to MAP (i.e. they were IS900 PCR-negative) and the average
plaque number for these samples was 3.6. These may have been due
to other mycobacterial in the sample or breakthrough in the assay as
previously reported (Botsaris et al., 2013; Swift et al., 2013). In a study
of rawmilk samples, it was found that plaque number is a good predic-
tor of whether or not a sample is likely to contain MAP (Botsaris et al.,
2013). Hence the fact that the average plaque number for the MAP-
positive samples was 10-fold higher than that for the MAP-negative
samples is consistent with our previous findings.

Overall MAP was detected in eight (25%) of the PIF samples by at
least one of the methods used. As expected, the highest number of
MAP-positive samples (seven) was found using the direct IS900 PCR
method and this is consistent with other surveys of pasteurised milk
which compared both culture and direct PCR, where the number of
PCR-positive samples was always higher than the number of culture-
positive samples (Grant et al., 2002; O'Reilly et al., 2004). The phage-
PCR assay detected viable MAP in more samples than by direct culture
and is consistent with previous reports that the phage-PCR method is
more sensitive than culture when detecting viable MAP in milk and
other dairy products (Stanley et al., 2007; Foddai et al., 2009; Botsaris
et al., 2010). This is not surprising since no chemical decontamination
is required before carrying out the phage-PCR assay.

This is the first report of the use of the phage-PCR method to detect
viable MAP cells in powder milk products. Not only is the method more
sensitive, it is much faster than culture (results gained in 48 h). In addi-
tion the method includes the specificity of PCR but has the advantage
that only viable cells are detected. The cells present in such dried milk
products will experience stress during the skim-milk manufacturing
process and it is possible that the cell surface is affected, reducing the
ability of the phage to adsorb to the cell which will reduce the number
of cells detected. Recently we have shown that stress conditions may
force MAP cells into a dormant-non-stationary phase when they are
no longer sensitive to bacteriophage D29 infection (Swift et al., 2014).
Foddai et al. (2009) have also shown that the detection of MAP cells
present inmilk can be improved by a period of culture.We are currently
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investigating whether introducing a recovery stage will increase the
proportion of cells detected in the PIF and increase the sensitivity of
the phage-PCR method.

This is also the first study to conclusively show that viable MAP can
bepresent in PIF products,with this result being confirmedby two inde-
pendent methods. The fact that these bacteria not only survive
pasteurisation, but also further processing steps during the production
of PIF is unexpected. Grant et al. (2002) found that the probability of
the organism surviving pasteurisation may be related to variation in
the number of MAP cells present in different batches of raw milk.
Hence presence of MAP in PIF maybe the result of very high contamina-
tion levels of the milk used, or due to some other, as yet unidentified,
underlying physiological factor or mechanism of survival, such as the
possibility of the production of spore-like structures (Lamont et al.,
2012).

The overall finding from the results was that 12.5% of the products
tested were found to contain viable MAP cells. Previous authors have
suggested that PIF may be a significant route of exposure of human in-
fants to this organism (Hruska et al., 2011) and there is a concern that
large numbers of mycobacterial cells could act as a pro-inflammatory
trigger in premature babies and bottle-fed newborns even if no infec-
tion is established (see Atreya et al. (2014)). The development of a sim-
ple, rapid method that can be used to monitor the survival of MAP
during the production of PIF will facilitate further investigations and
allow improved control measures to be developed.

4. Conclusions

The phage-PCR assay provides a simple, rapid and quantitative
method to detect viable MAP in PIF. Results from a small retail PIF sur-
vey indicated that the risk of exposure of infants to MAP is high
(12.5% of 32 products harbored viable MAP). The zoonotic potential of
MAP remains unproven, but this method provides a new tool to achieve
the eradication of MAP from this very sensitive category of products.

Acknowledgements

We would like to acknowledge the Cyprus Veterinary Services for
providing us with the BD HEYM slopes for the culture analysis. This
work was supported by the Ministry of Agriculture of the Czech
Republic (grant no.MZE 0002716202) and by theMinistry of Education,
Youth and Sports, Czech Republic (AdmireVet; grant no. CZ 1.05/2.1.00/
01.0006-ED 0006/01/01). BS was supported by a University of Notting-
ham Hermes Innovation Fellowship.

References

Abendano, N., Juste, R.A., Alonso-Hearn, M., 2013. Anti-inflammatory and antiapoptotic
responses to infection: a common denominator of human and bovine macrophages
infected with Mycobacterium avium subsp paratuberculosis. Biomed Res. Int.
908348, 1–7.

Atreya, R., Bulte, M., Gerlach, G.F., Goethe, R., Hornef, M.W., Kohler, H., Meens, J., Mobius,
P., Roeb, E., Weiss, S., Consortium, Z., 2014. Facts, myths and hypotheses on the zoo-
notic nature of Mycobacterium avium subspecies paratuberculosis. Int. J. Med.
Microbiol. 304, 858–867.

Ayele, W.Y., Machackova, M., Pavlik, I., 2001. The transmission and impact of
paratuberculosis infection in domestic and wild ruminants. Vet. Med. 46, 205–224.

Ayele, W.Y., Svastova, P., Roubal, P., Bartos, M., Pavlik, I., 2005. Mycobacterium avium sub-
species paratuberculosis cultured from locally and commercially pasteurized cow's
milk in the Czech Republic. Appl. Environ. Microbiol. 71, 1210–1214.

Botsaris, G., Liapi, M., Kakogiannis, C., Dodd, C.E.R., Rees, C.E.D., 2013. Detection of Myco-
bacterium avium subsp paratuberculosis in bulk tank milk by combined phage-PCR
assay: evidence that plaque number is a good predictor of MAP. Int. J. FoodMicrobiol.
164, 76–80.

Botsaris, G., Slana, I., Liapi, M., Dodd, C., Economides, C., Rees, C., Pavlik, I., 2010. Rapid de-
tection methods for viable Mycobacterium avium subspecies paratuberculosis in milk
and cheese. Int. J. Food Microbiol. 141, S87–S90.

Carvalho, I.A., Campos, V.E.B., Souza, I.M., Zanardo, L.G., Ribeiro, J.D., Gomes, M.J.P.,
Moreira, M.A.S., 2012. Diagnosis of paratuberculosis in cattle: microbiological culture,
serology and PCR. Braz. J. Microbiol. 43, 581–585.

Dalziel, T.K., 1913. Chronic interstitial enteritis. Br. Med. J. 1913, 1068–1070.
Ellingson, J.L.E., Anderson, J.L., Koziczkowski, J.J., Radcliff, R.P., Sloan, S.J., Allen, S.E.,
Sullivan, N.M., 2005. Detection of viableMycobacterium avium subsp paratuberculosis
in retail pasteurized whole milk by two culture methods and PCR. J. Food Prot. 68,
966–972.

El-Malek, S., Mohamed, K., 2011. Detection of Mycobacterium avium subsp.
paratuberculosis IS900 in baby milk powder in Egypt. Int. J. Microbiol. Res. 2, 54–60.

Eltholth, M.M., Marsh, V.R., Van Winden, S., Guitian, F.J., 2009. Contamination of Food
Products with Mycobacterium avium paratuberculosis: a systematic review. J. Appl.
Microbiol. 107, 1061–1071.

Feller, M., Huwiler, K., Stephan, R., Altpeter, E., Shang, A., Furrer, H., Pfyffer, G.E., Jemmi, T.,
Baumgartner, A., Egger, M., 2007. Mycobacterium avium subspecies paratuberculosis
and Crohn's disease: a systematic review and meta-analysis. Lancet Infect. Dis. 7,
607–613.

Foddai, A., Elliott, C.T., Grant, I.R., 2009. Optimization of a phage amplification assay to
permit accurate enumeration of viable Mycobacterium avium subsp paratuberculosis
cells. Appl. Environ. Microbiol. 75, 3896–3902.

Foddai, A., Strain, S., Whitlock, R.H., Elliott, C.T., Grant, I.R., 2011. Application of a peptide-
mediated magnetic separation-phage assay for detection of viable Mycobacterium
avium subsp paratuberculosis to bovine bulk tank milk and feces samples. J. Clin.
Microbiol. 49, 2017–2019.

Grant, I.R., Hitchings, E.I., McCartney, A., Ferguson, F., Rowe, M.T., 2002. Effect of
commercial-scale high-temperature, short-time pasteurization on the viability ofMy-
cobacterium paratuberculosis in naturally infected cows' milk. Appl. Environ.
Microbiol. 68, 602–607.

Hassan, K.I., Ali, A.A., 2012. Detection of Mycobacterium avium in milk powder using spe-
cies specific PCR. Int. J. Adv. Sci. Eng. Technol. 2, 115–119.

Hruska, K., Bartos, M., Kralik, P., Pavlik, I., 2005. Mycobacterium avium subsp
paratuberculosis in powdered infant milk: paratuberculosis in cattle — the public
health problem to be solved. Vet. Med. 50, 327–335.

Hruska, K., Slana, I., Kralik, P., Pavlik, I., 2011.Mycobacterium avium subsp paratuberculosis
in powdered infant milk: F57 competitive real time PCR. Vet. Med. 56, 226–230.

Khol, J.L., Baumgartner, W., 2012. Examples and suggestions for the control of
paratuberculosis in European cattle. Jpn. J. Vet. Res. 60, S1–S7.

Lamont, E.A., Bannantine, J.P., Armien, A., Ariyakumar, D.S., Sreevatsan, S., 2012. Identifi-
cation and characterization of a spore-like morphotype in chronically starved Myco-
bacterium avium subsp. paratuberculosis cultures. PLoS One 7, e30648.

Liverani, E., Scaioli, E., Cardamone, C., Dal Monte, P., Belluzzi, A., 2014. Mycobacterium
avium subspecies paratuberculosis in the etiology of Crohn's disease, cause or epiphe-
nomenon? World J. Gastroenterol. 20, 13060–13070.

Marsh, I., Whittington, R., Cousins, D., 1999. PCR-restriction endonuclease analysis for
identification and strain typing of Mycobacterium avium subsp. paratuberculosis and
Mycobacterium avium subsp. avium based on polymorphisms in IS1311. Mol. Cell.
Probes 13, 115–126.

Nabatov, A.A., 2015. The vesicle-associated function of NOD2 as a link between Crohn's
disease and mycobacterial infection. Gut Pathog. 7.

Naser, S.A., Schwartz, D., Shafran, I., 2000. Isolation of Mycobacterium avium subsp
paratuberculosis from breast milk of Crohn's disease patients. Am. J. Gastroenterol.
95, 1094–1095.

Nielsen, S.S., Toft, N., 2009. A review of prevalences of paratuberculosis in farmed animals
in Europe. Prev. Vet. Med. 88, 1–14.

Nugroho, S.W., Sudarwanto, M., Lukman, D.W., Setiyaningsih, E., Usleber, E., 2009. Detec-
tion of Mycobacterium avium subspecies paratuberculosis of dairy cows in Bogor.
Indones. J. Anim. Vet. Sci. 14, 307–315.

O'Reilly, C.E., O'Connor, L., Anderson, W., Harvey, P., Grant, I.R., Donaghy, J., Rowe, M.,
O'Mahony, P., 2004. Surveillance of bulk raw and commercially pasteurized cows'
milk from approved Irish liquid-milk pasteurization plants to determine the inci-
dence of Mycobacterium paratuberculosis. Appl. Environ. Microbiol. 70, 5138–5144.

Paolicchi, F., Cirone, K., Morsella, C., Gioffre, A., 2012. First isolation of Mycobacterium
avium subsp paratuberculosis from commercial pasteurized milk in Argentina. Braz.
J. Microbiol. 43, 1034–1037.

Rees, C.R., Botsaris, G., 2012. The Use of Phage for Detection, Antibiotic Sensitivity Testing
and Enumeration. In: Cardona, P.-J. (Ed.), Understanding Tuberculosis— Global Expe-
riences and Innovative Approaches to the Diagnosis. InTech, Rijeka, pp. 293–306.

Slana, I., Kralik, P., Kralova, A., Pavlik, I., 2008. On-farm spread of Mycobacterium avium
subsp paratuberculosis in raw milk studied by IS900 and F57 competitive real time
quantitative PCR and culture examination. Int. J. Food Microbiol. 128, 250–257.

Stanley, E.C., Mole, R.J., Smith, R.J., Glenn, S.M., Barer, M.R., McGowan, M., Rees, C.E.D.,
2007. Development of a new, combined rapidmethod using phage and PCR for detec-
tion and identification of viable Mycobacterium paratuberculosis bacteria within
48 hours. Appl. Environ. Microbiol. 73, 1851–1857.

Swift, B.M., Denton, E.J., Mahendran, S.A., Huxley, J.N., Rees, C.E.D., 2013. Development of a
rapid phage-based method for the detection of viable Mycobacterium avium subsp.
paratuberculosis in blood within 48 h. J. Microbiol. Methods 94, 175–179.

Swift, B.M., Gerrard, Z.E., Huxley, J.N., Rees, C.E.D., 2014. Factors affecting phage D29 infec-
tion: a tool to investigate different growth states of mycobacteria. PLoS One 9,
e106690.

Waddell, L.A., Rajic, A., Sargeant, J., Harris, J., Amezcua, R., Downey, L., Read, S., McEwen,
S.A., 2008. The zoonotic potential of Mycobacterium avium subspp. paratuberculosis
— a systematic review. Can. J. Public Health 99, 145–155.

Whittington, R.J., Marsh, I., Turner, M.J., McAllister, S., Choy, E., Eamens, G.J., Marshall, D.J.,
Ottaway, S., 1998. Rapid detection of Mycobacterium paratuberculosis in clinical sam-
ples from ruminants and in spiked environmental samples by modified BACTEC 12B
radiometric culture and direct confirmation by IS900 PCR. J. Clin. Microbiol. 36,
701–707.

Williams, J.E., Monif, G.R., 2009. A Procedure to Assist in the Identification of Slow Grow-
ing Mycobacterium from Slant Cultures The Paratuberculosis Newsletter. IAP, p. 5.

http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0005
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0005
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0005
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0005
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0010
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0010
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0010
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0015
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0015
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0020
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0020
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0020
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0025
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0025
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0025
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0025
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0030
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0030
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0030
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0035
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0035
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0040
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0045
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0045
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0045
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0050
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0050
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0055
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0055
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0055
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0060
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0060
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0060
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0065
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0065
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0065
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0070
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0070
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0070
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0070
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0075
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0075
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0075
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0075
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0080
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0080
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0085
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0085
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0085
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0090
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0090
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0095
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0095
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0100
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0100
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0100
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0105
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0105
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0105
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0110
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0110
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0110
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0110
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0115
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0115
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0120
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0120
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0120
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0125
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0125
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0130
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0130
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0130
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0135
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0135
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0135
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0140
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0140
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0140
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0145
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0145
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0145
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0150
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0150
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0150
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0155
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0155
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0155
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0160
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0160
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0160
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0165
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0165
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0165
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0170
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0170
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0175
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0175
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0175
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0175
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0180
http://refhub.elsevier.com/S0168-1605(15)30124-0/rf0180

	Detection of viable Mycobacterium avium subspecies paratuberculosis in powdered infant formula by phage-�PCR and confirmed ...
	1. Introduction
	2. Materials and methods
	2.1. Optimisation of the phage assay
	2.2. Sampling of milk-based infant formulae
	2.3. Phage-PCR
	2.4. Culture
	2.5. Direct IS900 PCR
	2.6. IS1311 PCR with Restriction Endonuclease Analysis (REA)

	3. Results and discussion
	3.1. Development of a method to detect MAP in PIF
	3.2. Survey of PIF products

	4. Conclusions
	Acknowledgements
	References


