
Review

Mycobacterium avium subsp. paratuberculosis in Dairy Products,
Meat, and Drinking Water3

C. O. GILL,1* L. SAUCIER,2 AND W. J. MEADUS1

1Agriculture and Agri-Food Canada Lacombe Research Centre, 6000 C&E Trail, Lacombe, Alberta, Canada T4L 1W1;

; and 2Department of Animal Science, University of Laval, Québec City, Québec, Canada G1K 7P4
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ABSTRACT

Mycobacterium avium subsp. paratuberculosis (Map) is the cause of Johne’s disease, a chronic infection of the gut, in

ruminant animals that provide milk and/or meat for human consumption. Map also may be involved in Crohn’s disease and type 1

diabetes in humans. Although the role of Map in human diseases has not been established, minimizing the exposure of humans to

the organism is considered desirable as a precautionary measure. Infected animals can shed Map in feces and milk, and the

organism can become disseminated in tissues remote from the gut and its associated lymph nodes. The presence of at least some

Map in raw milk and meat and in natural waters is likely, but the numbers of Map in those foods and waters should be reduced

through cooking or purification. The available information relating to Map in milk and dairy products, meats, and drinking water

is reviewed here for assessment of the risks of exposure to Map from consumption of such foods and water.

Johne’s disease, a chronic granulomatous enteritis of

cattle and other ruminants, is caused by Mycobacterium
avium subsp. paratuberculosis (Map). The infection usually

is acquired by young animals through ingestion of Map
(34). Infection of the fetus also can occur. Whether the

course of the disease is the same when animals are infected

before rather than after birth is uncertain (220). Clinical

symptoms of weight loss and diarrhea usually develop in

cattle when animals are 2 years or older (213), but

symptoms can appear in younger sheep and deer (25, 119,
133). However, even older infected animals may not have

poor body condition and/or loose feces, whereas animals not

infected with Map may show such clinical signs (125).
Map is present in domesticated ruminants in most

regions of the world. Determination of the Map infection

status of individual animals or herds can be difficult.

Consequently, estimates of the prevalence of Map in

animals and herds also is difficult. However, the available

information indicates that there is wide regional variation in

Map prevalence. For cattle, estimated animal prevalences

have ranged from ,2 to .20%, and estimated herd

prevalences have ranged from ,10 to .50% (1, 96, 103,
108, 132, 141, 201). In some regions, the prevalence of Map
in beef cattle is apparently about half the prevalence in dairy

cattle (74, 144). Data on Map infection of sheep and goats

are limited, but prevalences of up to 20% in European herds

have been suggested (141).

Map ingested by calves invades the ileum and is found

in lymph nodes associated with the gut soon after infection

(226). Invading Map cells are taken up by macrophages but

survive and proliferate in those cells (90). Granulomata that

may contain only a few Map cells develop at the sites of

infection. However, the infection tends to spread to involve

much of the small intestine and parts of the large intestine in

some species, and lesions of the gut wall become heavily

colonized by Map (33). The organism can be present in the

white cell fraction of blood from infected animals (13) and

can be widely disseminated in the abdominal organs and in

lymph nodes remote from the gut (20). Disseminated

infections have been thought to occur only when the disease

was far advanced. However, recent study results suggest

that episodic disseminated infections can occur at early

stages of the disease and in young animals (41, 226). Cattle

that are infected with Map shed the organism in feces

sporadically from about the age of 1 year (218).
When the ruminant gut is colonized by Map, the tissues

develop a characteristic histological and gross appearance,

and eventually the absorption of nutrients is compromised

(33). In human patients with Crohn’s disease (a chronic

inflammatory condition of the gut), the appearance of the

gut wall is similar to that seen in animals with Johne’s

disease (29). Consequently, it has long been postulated that

Map may cause or be otherwise involved in Crohn’s disease

(168), but the available evidence of this involvement has

been inconclusive. Map has been found in gut tissues from

patients with Crohn’s disease but has not been found

consistently (61). When detected, Map has been present in

only small numbers, whereas large numbers of the organism

are frequently found in the gut tissues of ruminants and
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other animals infected with Map (101). In some studies,

Map was detected in blood from patients with Crohn’s or

other forms of inflammatory bowel disease and from healthy

control individuals (10, 104). In other studies, Map was

detected in blood from only patients with inflammatory

bowel disease (160, 170) or was not detected in blood from

either patients with Crohn’s disease or control individuals

(148). Epidemiological and other indirect evidence for a

possible link between Map and Crohn’s disease is also

inconclusive (102). Thus, the involvement of Map in

Crohn’s disease, as either the primary or a contributory

cause of the condition, has not been established (89, 122,
164). However, the pathogenicity of Map for ruminant and

nonruminant animals other than humans is incontrovertible

(4). Map infection of an immunocompromised patient also

has been reported (159), and Dow (50) hypothesized that

Map is a cause of type 1 diabetes. Therefore, minimizing the

extent to which humans are exposed to Map is widely

considered desirable as a precautionary measure (75).
Transmission of Map to humans most likely would

occur via (i) consumption of milk from herds that include

infected animals and products prepared from such milk, (ii)

consumption of meat and organ tissues from infected

animals or animals contaminated by feces shed by infected

animals, and (iii) drinking or bathing in waters contaminated

with Map from feces of infected animals. In this review,

current information on Map in food and drinking water was

assessed to determine the risks of human exposure to Map
from each of those potential proximate sources.

A report by the National Advisory Committee on

Microbiological Criteria for Foods (139) was prepared in

2007, updated in 2009, and recently published, after the

preparation of the present review. The present review

necessarily refers to many of the publications presented in

the Advisory Committee’s report, but it also includes

material that was outside the Committee’s terms of

reference, was unavailable, or could be given only limited

consideration at the time of final preparation of the

Committee’s report. However, methods for Map isolation

and procedures for detecting Map in milk, which are only

summarized in the present review, are presented and

considered in detail in the Committee’s report.

ISOLATION AND DETECTION OF MAP

Isolation of Map. Strains of Map have been classified

as S or ovine strains, which are found mainly in sheep, and

C or bovine strains, which predominate in cattle and species

other than sheep (37). On the basis of molecular analyses,

the S and C groups have been classified as type I and type II

strains, respectively (27); an additional group of type III or

intermediate strains also has been identified (86). However,

the host specificities ascribed to S and C strains have been

questioned (62). Most mycobacteria grow slowly, and Map
is the most slowly growing of the mycobacteria that can be

cultivated in microbiological media (151). Generation times

at 37uC apparently can range widely from more than one to

several days (111, 225). Consequently, liquid or solid media

inoculated with samples for recovery or detection of Map

are incubated at 37uC for at least 6 weeks; incubation for 12

to 16 weeks is most common. Most strains require the

siderophore mycobactin J for acquisition of iron when

growing in microbiological media (121). Therefore, media

for recovery of Map from foods are supplemented with

mycobactin J.

Map can be grown on or in various mycobactin-

supplemented media formulated for the cultivation of

mycobacteria in general, such as Herrold’s egg yolk,

Lowenstein-Jensen, or Middlebrook media. The media

usually are further supplemented with additional materials

to provide substrates that enhance Map growth or act to

counter growth inhibition by fatty acids or oxidizing

compounds (40, 192, 225). However, no single medium

can support the growth of all strains of the organism (166,
200). The use of multiple media is apparently required if

recovery of Map is not to be biased by the choice and use of

a single medium.

Because of the necessary use of complex media and the

long times required for cultivation, Map is likely to be

overgrown by other organisms naturally present in samples

unless such organisms are inhibited or destroyed. Control of

competing organisms is achieved by supplementing media

with antibiotics (45) or subjecting samples to decontamina-

tion treatments to which Map are relatively resistant (165,
199). Often, both methods of control are used (123, 215).
Although Map is resistant to somewhat harsh decontami-

nation treatments, the treatments may inactivate some and

perhaps large portions of the Map present in a sample (52,
178), thus either reducing or precluding recovery of Map
(83, 157).

The resistance of Map to decontaminating reagents is

due at least in part to the thick cell envelope rich in mycolic

acids with chain lengths of $C60, which is common to

mycobacteria (22, 228). Because of this waxy cell envelope,

Map and other mycobacteria are not readily decolorized

with acid alcohol after staining (44). The Ziehl-Neelsen

method, in which staining is achieved with a hot solution of

carbolfuchsin followed by a decolorizing treatment, is

widely used to establish the presence of acid-fast bacilli in

samples, cultures, or colonies suspected of containing Map
(227).

The waxy cell envelope also makes Map and other

mycobacteria highly hydrophobic (221). Consequently,

Map cells in aqueous suspensions have a strong tendency

to aggregate (17) and to associate with fats in foods and

tissue homogenates (66).

Molecular methods. Because of the difficulties and

long times associated with cultivation of Map, foods have

often been tested by indirect methods for the presence of the

organism. Enzyme-linked immunosorbent assays (ELISAs)

for detection of Map antibodies in blood have been adapted

for detection of Map antibodies in milk (209), but a positive

ELISA result does not establish that Map as such is present

in milk (175). The time required to isolate Map from

enrichment cultures in which acid-fast organisms have

grown greatly extends the time required for detection of

Map. Consequently, the presence of Map in such cultures is
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usually confirmed by a PCR test for a genetic sequence

unique to Map. Because the biochemical activities of Map
are generally nonspecific and weak, the identities of isolates

suspected of being Map are commonly confirmed by a PCR

test (98).
Most PCR assays developed for Map have targeted the

repetitive insertion sequence IS900, which was thought to

be specific to Map (36, 85). However, mycobacteria other

than Map have been found to carry IS900-like elements with

nucleotide sequences that are up to 94% identical to the

nucleotide sequence of Map IS900 (56, 134, 138). Some

PCR systems that target IS900 also can give false-positive

results with DNA from mycobacteria other than Map and

with DNA from other types of organisms (131, 196).
In response to the uncertainty about the specificity of

PCR systems that target IS900 for identification of Map,
several other target sequences for use in Map identification

systems have been proposed: ISMap02, ISMav2, hspX,
locus 255, and F57 (8, 23, 180, 188, 197). The F57

sequence appears to have been the most widely used of

these targets. Both single-round and nested PCR systems

that target the F57 sequence have been reported to be highly

specific for Map (73, 131, 198).
Some researchers have suggested that the sensitivity of

tests targeting sequences such as F57, which occur as single

copies in the Map genome, may be lower than that of tests

that target the multicopy IS900 sequence (54, 173).
However, other researchers found that the number of copies

in the genome of the targeted sequence had little effect on

the sensitivity of the PCR system (131). The achievable

detection limits for all target sequences might then be

between 10 and 100 genomes per PCR for single-round

PCR assays and one genome per PCR for nested PCR

assays (208). Because of the very high sensitivity of nested

PCR tests, cross-contamination during manipulation of test

materials must be scrupulously avoided to prevent false-

positive results.

Because extraneous Map DNA and DNA in moribund

cells will be detected in addition to DNA in viable Map
cells, detection of Map DNA alone does not prove that

viable Map cells are present in a sample. Detection of an

appropriate mRNA by a reverse transcriptase PCR assay

and detection of DNA from Map cells lysed by mycophages

have been applied to confirm the presence of viable Map
cells with a PCR method. The half-life of bacterial mRNA is

generally short, so detection of mRNA can be viewed as an

indication that gene transcription in viable cells was

occurring when samples were processed (93, 130). The

assumption that detection of mRNA indicates the presence

of viable cells has been questioned (189), but the technique

has been used to detect viable pathogens in beef (124) and

Map in enrichment cultures (137).
Mycobacterium tuberculosis in clinical samples can be

rapidly detected by treating sample preparations with a

broad spectrum mycophage to infect viable cells (147).
Phage particles that have not infected cells are inactivated,

and the preparation is mixed with a suspension of a quickly

growing mycobacterium and plated to obtain a mycobacte-

rial lawn. Infected cells from the sample lyse to release

phages, which give rise to plaques in the mycobacterial

lawn. The identities of the organisms that initiated plaque

formation can be determined by PCR testing of agar plugs

excised from plaques. This method has been applied for

detection of viable Map in raw, naturally contaminated milk

(183) and in inoculated milk subjected to pasteurization

treatments (63). In a study in which milk was tested by

culture, a quantitative PCR assay, and the phage method, 29

and 22% of the samples of raw cow’s milk were positive for

Map by PCR and the phage method, respectively, but ,1%

of the samples were positive by culture (19). Thus, the

phage method seems be an effective means of rapidly

determining the presence of viable Map in foods.

Confirmed detection of Map. The examination of

foods for viable Map would be greatly facilitated if it were

established that viable Map can be reliably detected by rapid

PCR-based methods, but both the PCR and phage methods

have been only sparingly used for that purpose, probably

because of their relative novelty. Thus, for findings reported

in the literature to date, the detection of Map can be

considered as confirmed by isolation of slowly growing,

mycobactin-dependant acid-fast bacilli that are positive for

IS900 and/or F57. When detection does not involve

isolation of organisms and identification of all the

distinguishing characteristics in isolates, the possibility of

false-positive Map results must be considered.

MILK AND DAIRY PRODUCTS

Map in raw milk. Map can infect lymph nodes

associated with the mammary gland and be shed in

colostrum and milk from asymptomatic animals and those

with clinical signs (67, 187, 193). Shedding of Map in milk

is apparently intermittent (138) as is shedding of the

organism in feces (214). During the milking of both infected

and uninfected animals in herds that have some infected

animals, milk may sometimes be contaminated with fecal

material that could contain Map (145). The presence of Map
in raw milk from infected herds would then be expected.

Data on Map in raw cow’s milk are available for milk

from Map-infected animals, milk from individual animals

not identified as being infected by Map, and milk from bulk

containers at farms or milk processing plants (Table 1). In

three studies of milk from Map-positive animals, Map was

recovered from $12% of the tested samples (67, 68, 193).
Map was recovered from similarly large fractions of

samples from individual animals in India that were not

known to be infected with Map (169) and from bulk

containers of milk in Austria and Mexico (60, 127). In other

studies, Map was recovered from #2% of samples from

individual animals or bulk containers (80, 143, 146, 172,
174, 195). The recovery of Map from large proportions of

milk samples from infected animals would be expected, and

Map is apparently prevalent among cattle in India and

Mexico. However, the recovery of Map from a large

proportion of samples from Austrian bulk milk is difficult to

explain because the prevalence of Map in Austrian dairy

cattle is apparently no greater than that in dairy cattle from
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other European countries where bulk milk was tested for

Map (51).
In studies in which Map was recovered from $16% of

cow’s milk samples, the proportion of tested samples that

were Map positive by PCR assay, with or without

immunomagnetic separation of Map from samples, was

similar to the proportion of samples that were Map positive

by culture (Table 1). Similar results from culture and PCR

assay are expected when the numbers of Map cells in samples

are high. In two studies, fewer samples were Map positive by

PCR assay than by culture (68, 169), which suggests that the

PCR procedures in those studies were problematic. In all

studies in which the proportion of culture-positive samples

was low or none were found and samples were also tested by

PCR assay, the proportion of PCR-positive samples was

much higher or substantial. No study produced negative Map
results for all samples tested by some PCR procedure.

In studies of Map in sheep’s and/or goat’s milk, Map
was recovered in only one study, and then from only one

sample (Table 2). Map was detected in few samples of such

milks that were tested by immunomagnetic separation PCR

assay. In contrast, Map was detected in large proportions of

samples of sheep’s and/or goat’s milk from Switzerland and

Italy that were tested by nested PCR procedures, and three

samples of bulk goat’s milk from Mexico were positive by

PCR (60). The general failure to recover Map from sheep’s

and goat’s milk might be due in part to those animals being

infected by S (or type I) strains of the organism, which grow

very slowly and so are more difficult to recover. The large

proportion of Map-positive samples of sheep’s and goat’s

milk in Switzerland and Italy also might reflect a high

incidences of Map-infected animals in these countries and

the high sensitivity of nested PCR tests. However, the

reported findings suggest that, in at least some regions,

TABLE 1. Surveys of raw cow’s milk for the presence of Mycobacterium avium subsp. paratuberculosis (Map)

Source of samplesa Country No. of samplesb Type of testc

Positive samples
Detection limit

(CFU/ml) ReferenceNo. %

Map-positive animals United States 77 Culture 9 12 NDd 193
Denmark 11 Culture 5 45 ,100 68

PCR 2 12 .100

Canada 134 Culture 46 34 ND 67
PCR 38 28 2

N-PCR 72 54 ND

Animals Poland 87 Culture 2 ,2 ND 195
PCR 18 21 ND

Brazil 222 PCR 8 4 ND 26
India 16e Culture 7 44 ND 169

PCR 1 6 ND

Bulk milk containers United Kingdom 244 Culture 4 2 0.08 80
IMS-PCR 19 8 0.02

Ireland 310 Culture 0 ND 143
Ireland 389 Culture 1 ,1 ND 146

IMS-PCR 50 13 ND

Switzerland 100 PCRf 3 3 ,100 18
Austria 243 Culture 38 16 ND 127

IMS-PCRg 47 19 ,20

Iran 110 N-PCR 12 11 ND 87
Denmark 143 PCR 19 13 5 94
Czech Republic 251 Culture 5 2 ND 172

PCR 85 34 ND

Brazil 16 PCR 0 ND 26
Cyprus 220 Culture 0 ND 174

PCR 63h 29 5

Mexico 14 Culture 10 71 ND 60
PCR 14 100 ND

a Samples were from single animals or bulk containers of milk at farms or milk processing plants.
b Each sample was subjected to all tests listed for the survey.
c Tests were culture of decontaminated samples on solid or in liquid media (culture), or detection of Map DNA by a PCR or nested PCR

(N-PCR) procedure, without or with collection of Map by immunomagnetic separation (IMS). PCR tests were for IS900 unless indicated

otherwise.
d ND, no detection limit was identified.
e Six samples possibly were from more than one animal.
f PCR tests were for F57.
g PCR tests were part of a commercial Map detection system with no specified PCR target.
h Number of samples positive for IS900; 14 of the samples were positive for F57 as well.
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sheep’s and goat’s milk is generally less contaminated with

Map than is cow’s milk.

The findings of a recent study suggest that other species

of mycobacteria, which may also be present in milk, could

give rise to erroneous results for samples of milk tested for

Map. Isolates of the quickly growing Mycobacterium
porcinum were obtained from 8% of bulk milk samples

from 631 dairy cow herds in northern Italy (196). The

isolates carried an IS900-like sequence that gave a positive

result with the commonly used IS900 primer pair p90/91

(129). When M. porcinum was spotted onto slants of

Herrold’s egg yolk agar that had been spread with Map
cultures, growth of Map was totally inhibited. Clearly, raw

milk can be contaminated with Map; but the presence of

mycobacteria other than Map in milk samples can produce

false-positive PCR results or false-negative results for

recovery of Map, and these possibilities must be considered

when assessing reports of the presence of Map in milk.

Further investigation of how tests for Map in milk might be

affected by the presence of other mycobacteria is obviously

required.

Map in pasteurized milk. The findings for raw milks

indicate that generally very few samples of bulk raw milk

are likely to be Map positive by cultivation. That must

suggest that Map would likely be recovered rarely if at all

from pasteurized milk. While that was so in three studies of

pasteurized cows’ milk on retail sale, in four other such

studies the fractions of samples from which Map were

recovered were similar to or much greater than the fractions

of bulk raw milk samples from which Map were generally

recovered (Table 3). When samples of pasteurized milk

were tested by both culture and PCR, Map were detected by

PCR in substantial fractions of samples even when none

were recovered from any sample by culture.

PCR procedures will detect DNA from inactivated as

well from viable cells. Pasteurization could then be expected

to have no effect on the prevalence of Map DNA in milk.

Consequently the prevalence of Map DNA in bulk raw milk

and pasteurized milk prepared from it should be much the

same. The results reported for surveys of Map in pasteurized

milk offered for retail sale seem agreeable with that

expectation. However, the cultivation of Map from some

samples of pasteurized milk suggests that the organism can

survive some commercial pasteurizing treatments. In two

studies the fractions of samples of pasteurized milk from

which Map were recovered were not much less than the

fractions of such samples among samples of bulk raw milk

from countries other than Austria (Tables 1 and 3). In two

other studies, in the United Kingdom and India, Map were

recovered from large fractions of pasteurized milk samples

(128, 169). The findings of the Indian study might be

explained by ineffective pasteurizing of heavily contami-

nated bulk raw milk. Such an explanation for the findings of

the United Kingdom study seems untenable, given the low

levels of Map contamination of United Kingdom bulk raw

TABLE 2. Surveys of raw goat’s and sheep’s milk for the presence of Mycobacterium avium subsp. paratuberculosis (Map)

Milk type Source of samplesa Country

No. of

samplesb Type of testc

Positive samples Detection

limit

(CFU/ml) ReferenceNo. %

Goat Animals Norway 340 Culture 0 10 43
IMS-PCR 5 .1 1

India 20d Culture 1 5 NDe 171
Bulk containers United Kingdom 90 Culture 0 ND 82

IMS-PCR 1 .1 ND

Cyprus 13 Culture 0 ND 19
PCR 0 ND

Mexico 3 Culture 0 ND 60
PCR 3 100 ND

Sheep Animals Switzerland 344 N-PCR 79 23 ND 135
Australia 76 Culture 0 ND 110

Bulk containers United Kingdom 14 Culture 0 ND 82
IMS-PCR 0 ND

Cyprus 5 Culture 0 ND 19
PCR 1 20 ND

Switzerland 63 N-PCR 15 24 ND 135
Sheep and goat Animals Italy 145 f N-PCR 28 19 ND 140

Bulk containers Cyprus 19 Culture 0 ND 19
PCR 1 5 ND

a Samples were from single animals or from bulk containers of milk at farms.
b Each sample was subjected to both tests where two tests are listed for a survey.
c Tests were culture of decontaminated or not decontaminated samples on solid or in liquid media or detection of Map DNA by a PCR or

nested PCR (N-PCR) procedure, without or with collection of Map by immunomagnetic separation (IMS). All PCR tests were for IS900.
d Two samples from each of 10 animals.
e ND, no detection limit was identified.
f Five samples from each of 29 animals.
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milk (80). However, the various findings of viable Map in

pasteurized milk would seem to indicate that at least some

commercial pasteurization treatments are ineffective for

inactivating Map in milk.

Map in dairy products other than milk. In developed

countries, most cheese is made from pasteurized milk.

However, many types of cheese continue to be made from

raw milk or milk that has been subjected to heating

treatments less severe than those used for pasteurization

(113). Map obviously may be present in raw milk and can

survive subpasteurization heating treatments (181); it also

may be present in pasteurized milk. The microbiological

safety of cheese is assured by salting of the curd and the

growth of inoculated or naturally occurring lactic acid

bacteria, with consequent production of organic acids and

decline of the cheese pH during maturation under controlled

conditions (11).
The D-value is the time required for a 1-log reduction in

the population of a specified bacterium under specified

inactivation conditions. Four studies of the inactivation of

Map inoculated into cheeses have been reported. The D-

values for the various strains of Map used in three of the

studies under ripening conditions that differed for each cheese

ranged from 28 to 107 days (Table 4). The highest D-values

were obtained for the cheese with the lowest pH. That might

not be expected, because D-values for two of the strains in

acetate buffer decreased with decreasing pH (191). The D-

value for the one of those strains that was inoculated into soft

cheese was 37 days when the culture was heated to 62uC for

4 min before it was inoculated into the cheese. The D-value

was 60 days when the culture was not heated. The authors

therefore suggested that when cheeses were made from heated

but not pasteurized milk and ripened for 60 days or more, as is

the usual and often mandated practice, the populations of Map
in the cheese would be reduced by about 3 log units. The

findings of other workers also indicate that $2-log reductions

in Map numbers would occur during ripening of cheese (178).
However, Cirone et al. (31) observed only about 1-log

reductions in Map during maturation of cow’s and goat’s milk

cheeses for 60 days. Donaghy et al. (46) found that at least

some strains of Map tended to concentrate in the curd when it

was formed. Because of that concentration and the slow

decline in Map numbers observed in the study, these authors

suggested that mild cheddar cheese, which is ripened for

112 days or less, might pose a relatively high risk of consumer

exposure to Map.

Seven surveys of Map in cheeses or other milk products

have been reported (Table 5). Hruska et al. (97) detected

Map DNA from presumably inactivated Map in about half

of 51 samples of dried milk foods for infants from seven

European Union (EU) countries. A similarly high preva-

lence of Map DNA was found for Greek cheese (feta) made

from mixtures of sheep’s and goat’s milk (99). The

prevalence of Map DNA in Cyprus cheeses made from

cow’s, sheep’s, and goat’s milk was 25% (19). However,

the prevalence of Map DNA in cheeses or curd made from

TABLE 3. Surveys of pasteurized cow’s milk from retail containers from which samples were tested for the presence of Mycobacterium

avium subsp. paratuberculosis (Map)

Country

No. of samples

collected Type of testa
No. of samples

tested

Positive samples
Detection limit

(CFU/ml) ReferenceNo. %

United Kingdom 312 Culture 54 15 28b NDc 128
PCR 312 22 7 ,300

United Kingdom 567 Culture 567 10 ,2 0.08 80
PCR 567 67 12 0.02

Ireland 77 Culture 77 0 ND 143
Canada 710 Culture 244 0 ND 65

N-PCR 710 110 15 ND

Ireland 357 Culture 357 0 ND 146
PCR 357 35 10 ND

United States 720 Culture 720 20 3 .1 53
India 27 Culture 27 18 67 ND 169

PCR 27 9 33 ND

a Tests were culture of decontaminated or not decontaminated samples on solid or in liquid media or detection of Map DNA by a PCR or

nested PCR (N-PCR) procedure. All PCR tests were for IS900.
b Eighteen PCR-positive and 36 PCR-negative samples were tested; 50% of these positive and 17% of these negative samples were culture

positive for Map.
c ND, no detection limit was identified.

TABLE 4. Reported inactivation of Mycobacterium avium subsp.
paratuberculosis during ripening of inoculated cheeses

Cheese type

Ripening

pH D-value(s) Reference

Time

(days)

Temp

(uC)

Soft 28 4 6.2 60 191
Hard 120 12, 22a 5.7 28 178
Semihard 120 15 5.7 46 178
Cheddar 189 10 5.2 107, 96, 90b 46

a Cheese was ripened at 12uC for 10 days, 22uC for 60 days, and

then 12uC for 50 days.
b D-values are for three strains of Map.
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cow’s milk in the Czech Republic, the United States, and

Switzerland was #12% (32, 99, 185). Treatment and

processing procedures for the milk used for the production

of the cheeses and curds examined in the Czech Republic

and the United States were not reported, but the milk used

for the U.S. products probably were pasteurized. The Swiss

cheeses were all prepared from raw milk.

Map DNA or acid-fast cells were detected in material

obtained from inoculated slants of one or two Map-selective

media in three of four studies with cheeses and in one study

with curd. However, no Map isolates were obtained in any

of the studies. Consequently, the Swiss and U.S. researchers

concluded that the presence of viable Map in the cheeses

they studied had not been established (32, 185). Whether

viable Map was detected in the products examined by other

researchers also must be questioned. The low prevalence of

Map DNA in most of cheeses and curds examined seems to

be compatible with the generally low prevalence reported

for Map in bulk milk. The high prevalence of Map in Greek

and Cyprus cheeses might be due to high prevalence of Map
in livestock providing milk for localized cheese production

(99). However, the findings for Greek and Cyprus cheeses

obviously contrast with the low prevalences of Map found

for sheep’s and goat’s milk in other countries (Table 2). The

high reported prevalence of viable Map in Scottish cheeses

made from pasteurized cow’s milk as well as from raw

cow’s and sheep’s milk (224) seems contrary to the various

findings for United Kingdom raw and pasteurized milk.

Similarly, the very high prevalence reported for Map DNA

in infant foods manufactured in the EU (97) seems to be at

variance with the generally low prevalences found for Map
in EU bulk milks, even when the concentrating effects of

drying processes are taken into account. The finding of Map
in most of a few samples of Indian milk products is,

however, agreeable with the apparently common presence

of the organism in Indian pasteurized milk (169).

Effects of pasteurizing treatments on Map in milk.
The likelihood of Map being at least occasionally present in

raw milk prompted investigations of the efficacies of

pasteurizing treatments for inactivating Map in milk. In

most such studies, the effects of various heating treatments

on several strains of Map inoculated alone into cow’s milk

were investigated. The levels of inoculation ranged from ,2

to .8 log CFU/ml, and in most of the studies Map strains

were inoculated at two or more levels. Feces from infected

animals were used as the inoculum in one study (156). In

another, pasteurization of naturally contaminated milk was

investigated (81).
Because heating to pasteurizing temperatures should

inactivate at least some Map cells, detection of Map DNA in

pasteurized milk is obviously not useful for determining the

effects of a treatment. Therefore, in several, mostly earlier

studies Map was recovered from pasteurized milk by

spreading undiluted and diluted samples of milk on selective

agars. Detection levels with such methods are necessarily

$1 CFU/ml. In most later studies, 50- or 100-ml samples of

milk were centrifuged to pellet cells. In some studies, the

resuspended pellet was decontaminated with cetylpyridin-

ium chloride, and the preparation was centrifuged again to

obtain a pellet. In other studies, a final pellet was obtained

from both the pellet and the cream layer formed during

centrifugation of a sample. Whatever procedure was

adopted, the final pellets were resuspended in small volumes

TABLE 5. Reports of the detection of Mycobacterium avium subsp. paratuberculosis (Map) in dairy products other than milk by PCR
or culture

Product Country No. of samples Type of test

Positive samples
Detection

limit (CFU/g) ReferenceNo. %

Infant food formula EU 51 PCR-IS900 25 49 NDa 97
PCR-F57 18 35 ND

Curd United States 98 PCR-IS900 5b 5 ND 32
Culturec 1d 2 ND

Cheese Greece 42 PCR-IS900 21 50 ND 99
Culturec 2 5 ND

Czech Republic 42 PCR-IS900 5 12 ND 99
Culturec 1d 2 ND

Cyprus 28 PCR-IS900 7 25 ND 19
Culture 0 0 ND

Scotland, United Kingdom 28 Culture 7 25 ND 224
Switzerland 143 PCR-F57 6 4 ND 185

IMS-culturee 1d 1 40

Variousf India 9 Culture 5 56 ND 169
PCR-IS900 7 78 ND

a ND, no detection limit was identified.
b Samples also were positive for hspX.
c Samples were decontaminated and inoculated onto agar slants.
d Map was not isolated.
e Map cells were collected by immunomagnetic separation (IMS) and inoculated into liquid media.
f Included ice cream and flavored milk.
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of diluent, and portions of each suspension were spread on

selective agars in up to five tubes and/or inoculated into

liquid media. With such procedures, Map could in most

instances be detected, at least in principle, at levels between

about 1 CFU/10 ml and 1 CFU/100 ml of milk. However,

actual levels of detection usually were somewhat higher.

Thus, in a study in which the level of detection was in

principle less than 1 CFU/10 ml, the level determined

experimentally was more than 1 CFU/ml (181).
Three early laboratory studies were carried out with

inoculated milk in test tubes. In those studies, the milk was

subjected to heating treatments similar to those used for

pasteurizing in holding tanks (holder pasteurizing) (e.g.,

63uC for 30 min) or for high-temperature short-time (HTST)

pasteurizing (e.g., 72uC for 15 s) (Table 6). The findings of

those studies indicated that the reductions in Map numbers

achieved with either type of treatment could be #2 log

units. Consequently, in two of those studies Map was

recovered from most or all samples of pasteurized milk (30,
76). In the third study, holder pasteurization in test tubes at

temperatures up to 76uC was ineffective. However, HTST

pasteurization in a laboratory pasteurizer, with treatments as

mild as 65uC for 15 s, resulted in .6-log reductions (182).
Subsequent studies with milk heated in test tubes, capillary

tubes, or laboratory pasteurizers all indicated that both

holder and HTST pasteurizing could be effective for

inactivating Map in milk (Table 6), with minimum

reductions for holder pasteurization of 4 to 7 log units

(65, 181). Reductions with HTST pasteurization were up to

6 log units (77–79).
In all studies with pilot scale or industrial pasteurizing

equipment, the level of detection of Map was #1 CFU/10 ml

of milk (Table 7). In three studies with such equipment,

heating at $72uC for $6 s reduced the populations of Map
inoculated at #5 log CFU/ml to undetectable levels of ,1

CFU/40 ml (117, 152, 156). In other studies, Map was

detected in some samples of milk subject to comparable

treatments. In most instances, the surviving Map cells were

too few to enumerate. In a study with naturally contami-

nated raw milk in which the number of Map cells was very

low, Map was recovered from some samples of pasteurized

milk (81). In one study, increasing the treatment temperature

from 72 to 82uC had little effect on Map survival, and

increasing the treatment time from 15 to 60 s had no effect

(84). In another study, surviving Map cells were detected in

samples regardless of the level of inoculation, the treatment

temperature, or the time (88).
The disparate results obtained in various studies are

mirrored by the D-values that have been reported for Map in

milk heated to inactivation temperatures (Table 8). The D-

values obtained in some studies suggest that Map D-values

at 72uC could be about 10 s. If this were the case, then usual

HTST pasteurization would be relatively ineffective for

inactivating Map (105, 190). In other studies, D-values at

72uC have been estimated at between 1 and 2 s, in which

case HTST pasteurization could be expected to reduce Map
numbers by .7 log units (152, 156). The range of D-values

reported for Map probably reflects both differences in the

procedures used for heating samples and differences

between Map strains in their susceptibility to inactivation

by heat. Despite the differences in D-values, all estimates of

z-values (the change in temperature required for a 10-fold

change in D-value) for Map were similar.

Various explanations for the survival of Map in milk

subjected to pasteurization treatments have been proposed.

Hydrophobic cells such as those of Map tend to accumulate

at liquid surfaces and on the sides of tubes. Thus, in studies

in which milk was heated in open tubes, Map at the milk

surface or in liquid films on the sides of tubes above the

level of the water in the bath used for heating the tubes can

TABLE 6. Laboratory studies of pasteurization inactivation of Mycobacterium avium subsp. paratuberculosis (Map) inoculated into milk

Equipment

Treatment Level of

detection

(CFU/ml)

Maximum

inoculum

(log CFU/ml)

No. of

samples

Map-positive samples Minimum

reduction

(log CFU) ReferenceTemp (uC) Time No. %

Test tubes 63 30 min 2 5 36 36 100 ,1 30
72 15 s 36 36 100 ,1

Test tubes 63.5 30 min 2 7 66 63 95 2 76
71.7 15 s 66 60 91 2

Test tubes 65–76 30 min 5 8 16 5 31 2 182
Laboratory

pasteurizer

65–75 15 s 6 12 0 .6

Capillary tubes 63 30 min 4 5 30 0 .5 105
72 15 s 30 0 .5

Laboratory

pasteurizer

72 15 s 0.04 3 117 7 6 ,1 77

Laboratory

pasteurizer

#90 15 s 2 6 54 18 33 6 79
72 25 s 9 0 .6

Test tubes 63 30 min 3 7 7 0 7 65
72 15 s 11 2 18 5

Laboratory

pasteurizers

63 30 min 0.04a 8 36 4 11 4 181
66 16 s 36 34 94 1

72–74 15 s 108 8 7 4

a Level determined experimentally was ,10 CFU/ml.
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escape heating to the intended temperature (116). Such

inadequate heat treatment of milk in some parts of the

equipment also may occur with laboratory pasteurizers. In

those processors, milk is heated while stationary in a

treatment chamber, but parts of the inlet and outlet tubes

remain above the level of the water used for heating (64).
Repeated sampling of open tubes would be highly

likely to give erroneous results because of milk splashing

onto tube sides above the level of the heating water and

carryover on pipette surfaces of organisms that had

accumulated at the milk surface (47, 116). Inadequate

heating also might occur in pasteurizers in which milk is

treated during continuous flow along a length of tubing (the

holding tube). This holding tube issue may be particularly

problematic when the flow is laminar rather than turbulent

(92) because with laminar flow the fluid particles that move

fastest travel at up to twice the average rate of flow (163).
There also will be a range of fluid particle residence times

when turbulent flow is maintained within the holding tube

(202). However, in most reported studies with pilot scale or

industrial pasteurizers, the operating conditions were

arranged to ensure both turbulent flow of the milk and

treatment of the fastest moving particles for the specified

time. Such conditions are mandated for industrial HTST

pasteurization of milk (205).
Some researchers have suggested that apparent or

actual heat resistance of Map might result from the

clumping of cells; each clump of cells would be detected

as a single CFU. In principle, even if all but one of the cells

in a clump were inactivated, the clump could still give rise

to a colony. Thus, the presence of large clumps in a

suspension could result in tailing of the Map inactivation

curve (106). Tailing as a result of clumping was found or

suggested in several studies (76, 79, 84, 88). Some cells

within a clump also might be protected from heat

inactivation. Slowing of the heating of cells within clumps

could be trivial (39). However, bacteria are more resistant to

dry than to wet heat, and Map within a clump might then be

protected from heat inactivation if the clump provided a

nonaqueous environment for some cells. Cells entrained

within globules of milk fat also might be protected from

heat inactivation (118, 167). The role of cell clumps in the

apparent or actual protection of Map from heat inactivation

has been investigated in several studies. In some studies,

treatments of suspensions (e.g., homogenization) to reduce

clumping enhanced heat sensitivity (81, 84, 162). In other

studies, such treatments were without effect (105, 156, 190).
The presence of Map within macrophages that were

inoculated into milk also had no effect on the ability of

Map to survive pasteurization (88, 179).
Lund et al. (116) reviewed the information available in

2001 that related to the possible survival of pasteurization

treatments by Map in milk. These authors concluded that

findings of similar small numbers of Map surviving

pasteurization regardless of the initial numbers present in

the milk could be artifactual. In addition, they suggested that

the presence of Map in pasteurized milk could be due to

inadequate holding during pasteurization, leaks in valves or

TABLE 7. Studies of inactivation of Mycobacterium avium subsp. paratuberculosis (Map) in milk pasteurized with pilot scale or
industrial equipment

Equipment

Treatment Level of

detection

(CFU/ml)

Maximum

inoculum

(log CFU/ml)

No. of

samples

Map-positive samples Minimum

reduction

(log CFU) ReferenceTemp (uC) Time (s) No. %

Pilot scale 63, 66 15 0.025 4 12 12 100 ,1 152
69 6 1 17 .4

72 6 0 .6

Industrial 73 15 0.04 NIa 72 4 6 NDb 81
25 72 6 8

Pilot scale 68–79 18 0.02 5 282 77 27 ,0 88
71–77 18 4 98 50 51 ,2

72–90 18–60 5 146 146 100 ,3

Pilot scale 65–85 15–60 0.1 5 816 27 3 ,2 84
Industrial 72–78 15–25 0.004 3 20 3 15 3 123
Pilot scale 60–70 6–15 0.023 5 .108 .90 .83 0

72–90 .24 0 .4 156
Pilot scale 72.5 27 0.02 5 16 0 .4 117

a No inoculum; naturally contaminated milk was used for the study.
b ND, not determined.

TABLE 8. Ranges of the decimal reduction times (D-values) at
pasteurization temperatures that have been determined for
Mycobacterium avium subsp. paratuberculosis in milk

Temp (uC) D-value (s)a Reference(s)

60 846–6,492 105
62 112–309 190
63 12–174 63, 105, 152
65 20–71 117, 190
66 6–7 152
68 9–24 63, 190
69 4 152
71 10–13 190
72 1–4 63, 152, 156

a Temperature changes required for a 10-fold change in the D-

value (the z-value) have been reported as 6.6 to 8.8uC (152, 156,
190).
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heat exchangers of the pasteurizing equipment, or recon-

tamination of pasteurized milk by Map that survived in the

dairy plant environment.

Subsequently, Cerf et al. (28) reviewed the information

on Map and milk pasteurization available in 2007. These

researchers constructed a model for identification of level of

Map contamination in raw milk that would be required for

Map to be present in pasteurized milk at the sample

prevalence reported by Ayele et al. (6), Ellingson et al. (53),
and Grant et al. (80). Cerf et al. concluded that the numbers

of Map in raw milk, the prevalence of the organism in

livestock, and/or contamination of raw milk with animal

feces would have to be improbably high for the reported

prevalence in milk samples to be reached. They then

suggested that the findings of Map in pasteurized milk were

due to leaks in pasteurizing equipment, inadequate heating

of milk because of fouling of pasteurizer heat exchangers, or

contamination of samples during laboratory analysis. The

results of various recent studies largely support the

contention that current HTST pasteurization procedures

for milk are adequate for inactivating Map when these

procedures are properly used (117, 123, 156).

MEAT

Map on dressed carcasses. Animals that carry Map
and are farmed to provide meat for human consumption

include cattle, buffalo, sheep, goats, and deer. The carcasses

of these animals are skinned during the carcass dressing

process. During dressing, all carcasses that are skinned will

inevitably be contaminated with fecal organisms that are

transferred from the hide to the meat (70). Some carcasses

also may be contaminated with feces spilled from the

intestine. These fecal organisms include both bacteria shed

by the animal and bacteria acquired from other animals,

directly or via the pen and transport facilities (158, 176).
Animals reared specifically for their meat are generally

slaughtered while young (3, 177) when shedding of Map is

likely to be limited. In contrast, animals culled from dairy or

breeding herds are mostly more than 3 years old (107, 142),
and some animals culled from Map-infected herds may be

shedding Map in high numbers (115). Thus, Map should be

more prevalent on dressed carcasses from culled animals

than on those from younger animals.

The results from two studies in which swab samples

from beef carcass at North American meat processing plants

were examined for Map are summarized in Table 9. In one

study, swab samples collected at three plants from the

carcasses of older culled cattle and young fed beef cattle

after skinning and after completion of the dressing process

were tested by PCR procedures for the presence of the

IS900 and F57 sequences (126). The IS900 sequence was

detected by nested PCR in large percentages of samples

from skinned but not eviscerated carcasses of both older and

younger animals. The prevalence of the F57 sequence was

much lower. The percentage of samples from dressed and

decontaminated carcasses that were positive for IS900 or

F57 were generally smaller. However, at one plant the

skinned carcasses of culled cattle provided fewer IS900-

positive samples than did the dressed carcasses. The higher

prevalence of Map DNA on the dressed than on the skinned

carcasses could have been due to the redistribution of Map
on carcass surfaces during carcass dressing operations.

When the samples were tested by real-time PCR assay,

only 2 of the 500 samples were positive for IS900, and none

were positive for F57. The researchers concluded that the

amount of Map DNA present on the carcasses was small and

therefore that the number of Map cells on the carcasses,

viable or otherwise, was also small. Those findings

suggested that viable Map would be recoverable from

carcass surfaces only infrequently.

In the second study, most swab samples from the hides

of carcasses of culled cattle were positive for IS900 (210).
The percentage of IS900-positive samples from skinned

carcasses was smaller, and the percentage from dressed

TABLE 9. Reports of Mycobacterium avium subsp. paratuberculosis (Map) recovered from or detected in swab samples of the surfaces of
cattle carcasses

Carcass type Stage of processing No. of carcasses Type of testa

Map-positive samples

ReferenceNo. %

Culled cattle After skinning 150 N-PCR 65 43 126
After dressing 150 N-PCR 56 37

Fed cattle After skinning 100 N-PCR 32 32

After dressing 100 N-PCR 23 23

Culled cattle Before skinning 343 PCR 273 80 210
After skinning 338 PCR 117 35

Culture 172 51

After dressing 302 PCR 30 10

Culture 3 1

Fed cattle Before skinning 243 PCR 3 1

After skinning 245 PCR 3 1

Culture 0

After dressing 210 PCR 4 2

Culture 0

a PCR and nested PCR (N-PCR) procedures targeted IS900.
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carcasses was still smaller. Half or more of the IS900-

positive samples from skinned or dressed carcasses also

were positive for the ISMAP02 sequence. The skinned and

dressed carcasses also were tested for viable Map cells. Map
was recovered from half the skinned but few of the dressed

carcasses. Few samples from hides or carcasses from fed

cattle, i.e., beef cattle finished in feedlots, were positive for

IS900. ISMAP02 was detected in ,1% of samples from

skinned carcasses and was not detected in samples from

dressed carcasses. Map was not recovered from the

carcasses of fed cattle.

The obvious difference between the two studies in the

findings for Map DNA on the carcasses of fed cattle might

have arisen because of differences between the plants

involved in the studies. In the first study, samples were

collected at plants that processed culled and fed cattle,

whereas in the second study the plants from which samples

were collected were reported to process one or the other but

not both types of animal. Fed cattle at the plants involved in

the first study might have been contaminated by Map from

plant pens that had held culled cattle. Whatever the reasons

for the discrepancies between the findings of the two

studies, both sets of findings suggest that decontaminating

treatments that are routinely applied to beef carcasses may

remove Map from carcass surfaces. The findings of the

second study indicate that much of the Map DNA on

dressed carcasses that is detected by PCR could be derived

from organisms that were inactivated by pasteurizing and

other decontaminating treatments routinely applied to

carcasses at most North American beef packing plants

(71). Thus, both studies indicate that few viable Map are

likely to be present on the surfaces of beef carcasses at the

end of dressing processes at North American packing plants.

As yet there has been no report of beef or other carcasses

produced in countries outside North America being

examined for Map. However, carcass decontaminating

treatments are not permitted elsewhere (16). It is then

possible that viable Map may be more prevalent, and

present in higher numbers on dressed carcasses produced in

countries outside North America.

Map in muscle and organ tissues. In addition to the

possibility of Map being present on carcass surfaces, Map
may be present within muscle and organ tissues used for

human food. Map has been recovered from or detected in

the liver, kidney, spleen, and other organs of fetuses from

Map-infected cattle (24, 194). Calves infected as fetuses

may develop symptoms of Johne’s disease only when they

are 2 years or older (120) as is usual with animals infected

after birth. Map was recovered from the liver of a calf

shortly after experimental infection, but in other experi-

mentally infected animals Map was not subsequently

recovered from tissues other than gut and its associated

lymph nodes (226). However, the organism survives and

proliferates within macrophages and can certainly be

disseminated to organs and lymph nodes not associated

with the gut when the disease is far advanced (207).
The presence of Map in tissues other than those of the

intestine and its associated lymph nodes was investigated in

four studies (5, 6, 20, 150) of the prevalence of disseminated

Map infections among older animals (Table 10). Most of the

animals used in these studies were culled from dairy herds

known to be infected with Map. In all these studies, Map
was detected by recovery of colonies from tissue homog-

enates. The findings of the four studies appear to be

generally in agreement; Map was found particularly in the

liver and in at least some samples from most other tissues

that were examined. The disseminated Map infection of an

animal could not be predicted from the presence or lack of

clinical signs or from results of testing of blood by ELISA

or testing of feces for the presence of viable Map (5, 20, 41,
150).

When all the animals in a closed herd of dairy cattle that

had become infected with Map were slaughtered, Map was

recovered from the gut tissues more often than from the

feces of these animals (91). The animals with Map-positive

gut tissues included 7 (16%) of 44 animals that were

#18 months old and 2 (6%) of 36 fetuses. Map was

recovered from other than gut tissues from 13 (10%) of all

the animals and 1 (3%) of the fetuses.

Map was detected by PCR in the blood of 11% of 262

Indian cattle that were 3 years or older but in only 1 (1%) of

78 sheep (13). In contrast, Map was not detected in blood

from five cattle with advanced Johne’s disease (137).
However, Coelho et al. (35) found that 19% of 300 pooled

samples of blood from groups of five Portuguese sheep were

positive for Map by PCR.

Few studies have been conducted to examine muscle

tissues for the presence of Map. Antognoli et al. (5) sampled

tissues from two muscles of each of 40 culled cows but

recovered no Map from those samples, despite finding the

organism in samples of liver from 17 of these animals.

However, Alonso-Hearn et al. (2) recovered Map from

diaphragm muscle obtained before the removal of viscera

from 6 of 47 culled cattle and from the blood of 1 of those

animals.

Mutharia et al. (137) tested for Map in raw, frozen, and

cooked muscle tissues from five culled dairy cows with

advanced Johne’s disease. Freezing appeared to have little

effect upon the recovery of viable Map. With a level of

detection of 40 CFU/g, Map was recovered from 1 of 50

samples of raw muscle tissue. The organism was detected by

PCR in enrichment cultures that were positive for growth in

6 of the 50 samples of raw muscle tissues, 1 of 15 samples

cooked to 61uC, and 1 of 40 samples cooked to $70uC.

Map was recovered from samples of chopped mesenteric

lymph nodes from the infected animals. These samples

included some that had been cooked within hamburger

patties. These studies with lymph node tissues that

contained Map at .103 CFU/g indicated that some Map
cells may survive usual cooking to temperatures generally

regarded as adequate for assuring the microbiological safety

of meat (204).
The D-values at 70uC and z-values for Map in meat

substrates determined in two studies were .10 s and ,6uC
(155) and ,2 s and about 4uC (219), respectively. Despite

those differences, the findings from both studies indicate

that Map would be unlikely to survive in meat cooked to a
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well-done condition. The recovery of Map from some well-

done hamburger patties in the study conducted by Mutharia

et al. (137) might have resulted from uneven heating of the

meat, which can occur during grilling of meat patties (149).
Samples of meat from commercial beef strip loins from

young animals and mesenteric lymph nodes from young

animals also were tested for Map (137). Enrichment cultures

that were not positive for growth were tested by PCR, and 4

of 12 of these cultures were positive for IS900. These

findings suggested that small numbers of Map cells can be

present in lymphatic and muscle tissue of young animals.

That hypothesis is supported by the finding of Map in liver,

spleen, kidney, and intestinal tissue of cattle younger than

2 years old (21). In contrast, Wells et al. (210) detected Map
by PCR for IS900 in ileocecal lymph node samples from

only 1 of 232 fed cattle but in 34% of such samples from

330 culled cows. The results for fed cattle may be due in

part to the lower prevalence of Map in beef cattle than in

dairy cattle, which would make up a substantial portion of

the culled animals. However, these finding are not wholly

reconcilable with those of various reports that indicate that

infection with Map is commonly acquired by calves or

fetuses or with those of surveys that indicate that the

prevalence of Map in U.S. beef cattle is about 8% (95).
Map can obviously be present in the intestinal tissues of

both young and old animals and in the feces of animals both

without and with symptoms of overt disease. Gut tissues

that are used for human food, such as beef tripe, sheep

stomach, and natural casings, might then be contaminated

with large numbers of Map cells from feces spilled on the

gut collection table or conveyors (69) or in lymphatic tissue

remaining on casings after processing (109, 222). The

presence of Map on or in stomach tissues used for food and

in natural casings does not seem to have been investigated.

Although it is unlikely that Map would survive the harsh

bleaching and/or prolonged cooking or salt preservation of

those foods (7, 9, 223), some investigation of Map
contamination of those tissues is warranted.

Organs of meat animals that are used for food include

liver, kidney, and heart; spleen in chopped meat prepara-

tions; and udders, testicles, and lungs in some ethnic dishes.

All can evidently be contaminated with Map in older

animals and probably occasionally in younger animals. The

Map populations in the tissues or associated lymph nodes of

TABLE 10. Reports of Mycobacterium avium subsp. paratuberculosis (Map) recovered from or detected in tissues other than gut or
associated lymph nodes from commercial animals that provide meat for human consumption

Animal type

No. of

animals Type of testa

No. (%) of animals with Map-positive tissues

ReferenceBlood

Abdominal

organsb
Thoracic

organsc
Reproductive

organsd
Lymph

nodese Muscle

Culled cows 132 Culture NT f 32 (24) NT NT 39 (30) NT 150
Culled bulls 4 Culture NT 1 (25) NT 4 (100) 1 (25) NT 6
Culled cows 40 Culture NT 17 (43) 4 (10) 6 (15) 8 (20) 0 5g

Culled cows 21 Culture NT 8 (38) 14 (67) 8 (38) 16 (76) NT 20
Culled cattleh 262 N-PCR 30 (11) NT NT NT NT NT 13
Culled cattle 47 Culture 1 (2) NT NT NT NT 6 (13) 2
Map-positive

cows

5 Culturei 0 3 (60) NT 1 (20) 1 (20) 1 (20) 137
PCRj 0 4 (80) NT 0 0 4 (80)

Cow herd 91

Fetus 36 Culture NT 1 (3) 0 0 0 NT

#1.5 yr 44 Culture NT 0 0 1 (2) 0 NT

1.6–3.0 yr 30 Culture NT 2 (7) 2 (7) 1 (3) 1 (3) NT

3.1–8.0 yr 45 Culture NT 1 (2) 0 2 (2) 1 (2) NT

.8.0 yr 12 Culture NT 0 1 (8) 0 0 NT

Fed cattle 14 Culture NT 5 (36) NT NT 0 NT 21
Sheep 78 N-PCR 1 (1) NT NT NT NT NT 13
Sheep 1,500k PCR $56 ($4)l NT NT NT NT NT 35

a All PCR and nested PCR (N-PCR) procedures targeted IS900.
b Liver, kidney, and/or spleen and associated lymph nodes.
c Heart and/or lungs and associated lymph nodes.
d Mammary glands and testes and associated lymph nodes.
e Lymph nodes of the head, neck, shoulder, thigh, etc.
f NT, tissue was not tested.
g These findings are also reported elsewhere (41).
h Cattle were 3 years or older.
i IS900 was detected in growth medium inoculated with sampled tissues.
j Map was recovered from IS900-positive growth medium that had been inoculated with muscle tissue samples.
k Samples of blood from five animals were combined for testing.
l Fifty-six of 300 composite samples were positive for IS900.
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some of these organs may be $102 CFU/g (137). However,

the available information on the Map populations in organs

and lymphatic tissues is very limited, and no information is

available on Map in meat products that can contain such

tissues.

The few data available on Map in muscle tissues

indicate that the organism may sometimes be present in

small numbers in muscle tissue from young and older

animals. This age and tissue distribution obviously requires

further investigation, as does the survival of Map in cooked,

processed, and fermented meats (55). The Map populations

in meat tissues are likely to be much reduced, if they are

not entirely eliminated, by cooking meats to a well-done

condition. However, muscle and some organ tissues such as

liver are commonly undercooked because many consumers

prefer underdone meat (114), and some meat may be eaten

raw (48). There are no reports of the effects of preservative

treatments or fermentation process on the survival of Map in

meat.

Map in retail meat. Culling of animals infected with

Map is an essential element of Johne’s disease control

programs (49), and culling of dairy cattle identified as

shedding large numbers of Map cells is apparently a

common practice (115). Because Map is not recognized as a

human pathogen by regulatory authorities, there are no

restrictions on the slaughter of Map-infected animals to

provide meat for human consumption, although emaciated

animals may be excluded. Thus, meat from Map-infected

animals can enter the human food supply. Meat from

animals culled because of this disease probably is relatively

common in ground beef. However, only one survey of Map
in meat presented for retail sale has been reported. In that

survey, 200 retail packs of ground beef obtained from three

supermarkets were tested for Map using a real-time PCR

assay with a level of detection of 10 CFU/g (100). No Map
DNA was detected, although the product was likely to

include large and variable portions of meat from culled

animals. This finding agrees with the hypothesis that Map
populations in muscle tissues from older and younger

animals are likely to be small.

WATER

In various surveys of water and soil for nontuberculous

mycobacteria that are opportunistic pathogens for humans,

M. avium subsp. avium and other organisms of the M. avium
complex have been recovered from natural waters, potable

water systems, hot water systems, and forest, acidic, and

potting soils (57). Procedures that would allow the recovery

of Map were not used in these surveys. Unlike other M.
avium complex organisms, Map probably cannot grow

outside a host except when cultivated in the laboratory, but

both members of the M. avium complex and Map can

survive ingestion by and may grow within protozoa (136,
186). Protozoa can be found in meat processing plants (206)
and probably in other food processing plants and in water

and soil. Map also may be able to grow in biofilms in

potable water and hot water systems (112, 161). M. avium
subsp. avium can readily form biofilms in drinking and hot

water distribution systems (58, 59), and possibly Map may

sometimes be a component of biofilms in which M. avium
subsp. avium predominates.

Map shed in feces can survive for prolonged periods

in soil, water, and sediment, although survival is affected

by soil and water composition and is reduced by exposure

to sunlight (42, 216, 217). In a study of Map in biofilms

on water trough materials immersed in trough water that

had been inoculated with Map, the organisms persisted on

the trough materials for the 1-year duration of the study

(38). Estimation of Map populations from quantitative

PCR data indicated that the Map population in tank water

declined rapidly, the number of cells on some materials

declined slowly, but Map persisted at constant high

populations on concrete and galvanized steel. Map has

been recovered from and detected in river, lake, and

reservoir water and in sediments in the United Kingdom

(153, 211). Map also has been recovered from water

entering a treatment plant and from solids extracted from

the water during treatment (154). The survival of Map in

water treated for drinking and in biofilms in potable water

systems is expected because, like other M. avium complex

organisms, Map is relatively resistant to inactivation by

chlorine (184, 212). Map was detected by quantitative

PCR in approximately 90% of both water and biofilm

samples from 31 cold water faucets in southwestern Ohio

(12). However, Map and other mycobacteria tend to be

associated with particles in water because of their

hydrophobic tendencies and so are removed with particles

during water purification (15, 203). This particle attraction

and removal could explain, at least in part, findings that

seem to disagree with those for the Ohio faucets. An

organism initially identified as M. avium but subsequently

identified as Map was isolated from only 1 of 68 potable

water systems in the Los Angeles area (72, 130). Map also

was detected by nested PCR in only 1 of 54 samples of

sediment from domestic water tanks in the United

Kingdom despite that fact that Map was detected in 40

of 70 samples of water entering the treatment plant that

supplied water to the tanks (154).
Other data on the presence of Map in drinking water

appear to be lacking, and the matter obviously requires

further investigation. The available data suggest that people

may be exposed to Map from natural waters, by direct

contact or in aerosols formed at water surfaces, or by dust

from contaminated soils (14). However, exposure to Map in

water treated for drinking should be limited as long as the

water is not contaminated after treatment.

CONCLUSIONS

False-positive and false-negative results from tests for

Map in foods often cannot be reliably excluded, and any

estimation of Map populations in food samples is highly

uncertain (139). Based on these considerations and the

relatively few and somewhat contradictory findings that

have been published, any conclusion about the exposure of

consumers to Map in foods or drinking water must be

tentative. Consumers may certainly be exposed to Map from
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raw milk and dairy products made from raw milk,

inadequately pasteurized milk and milk pasteurized with

defective equipment, organ tissues and to a lesser extent

muscle tissues from at least older food animals, and perhaps

drinking water. However, the Map populations to which

consumers would commonly be exposed by consumption of

water or any of those foods would be small.

The numbers of viable Map cells in foods or drinking

waters that are likely to be encountered by consumers

probably will be reliably determined only when better

methods have been developed for enumerating Map in

complex menstrua, which may often be contaminated with

other mycobacteria, including some that are closely related

to Map. Whether the apparently small populations of Map in

foods and drinking water will pose health risks to some

consumers can be established only when the current

uncertainties about the involvement of Map in Crohn’s

disease and/or diabetes and the effects of Map infection on

apparently healthy people have been resolved.
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and R. Hernández-Castro. 2010. Mycobacterium avium subsp.

paratuberculosis in individual and bulk tank milk samples from

bovine herds and caprine flocks. Foodborne Pathog. Dis. 7:351–

355.

61. Feller, M., K. Huwiler, R. Stephan, E. Altpeter, A. Shang, H. Furrer,

G. E. Pfyffer, T. Jemmi, A. Baumgartner, and M. Egger. 2007.

Mycobacterium avium subspecies paratuberculosis and Crohn’s

disease, a systematic review and meta-analysis. Lancet Infect. Dis. 7:

607–613.

62. Florou, M., L. Leontides, P. Kostoulas, C. Billinis, and M. Sofia.

2009. Strain-specific sensitivity estimates of Mycobacterium avium

subsp. paratuberculosis culture in Greek sheep and goats. Zoonoses

Public Health 56:49–52.

63. Foddai, A., C. R. Elliott, and I. R. Grant. 2010. Rapid assessment of

the viability of Mycobacterium avium subsp. paratuberculosis cells

after heat treatment, using an optimized phage amplification assay.

Appl. Environ. Microbiol. 76:1777–1782.

64. Franklin, J. G. 1965. A simple laboratory-scale HTST milk

pasteurizer. J. Dairy Sci. 32:281–289.

65. Gao, A., L. Mutharia, S. Chen, K. Rahn, and J. Odumeru. 2002.

Effect of pasteurization on survival of Mycobacterium paratuber-

culosis in milk. J. Dairy Sci. 85:3198–3205.

66. Gao, A., L. Mutharia, M. Raymond, and J. Odumeru. 2007.

Improved template DNA preparation procedure for detection of

Mycobacterium avium subsp. paratuberculosis in milk by PCR. J.

Microbiol. Methods 69:417–420.

494 GILL ET AL. J. Food Prot., Vol. 74, No. 3

http://www.ingentaconnect.com/content/external-references?article=0167-7012()69L.417[aid=9462433]
http://www.ingentaconnect.com/content/external-references?article=0167-7012()69L.417[aid=9462433]
http://www.ingentaconnect.com/content/external-references?article=0022-0302()85L.3198[aid=7384130]
http://www.ingentaconnect.com/content/external-references?article=0099-2240()76L.1777[aid=9462435]
http://www.ingentaconnect.com/content/external-references?article=1473-3099()7L.607[aid=8830801]
http://www.ingentaconnect.com/content/external-references?article=1473-3099()7L.607[aid=8830801]
http://www.ingentaconnect.com/content/external-references?article=1535-3141()7L.351[aid=9462437]
http://www.ingentaconnect.com/content/external-references?article=0099-2240()67L.1225[aid=9462438]
http://www.ingentaconnect.com/content/external-references?article=1477-8920()6L.209[aid=9462439]
http://www.ingentaconnect.com/content/external-references?article=1364-5072()107L.356[aid=9462440]
http://www.ingentaconnect.com/content/external-references?article=1364-5072()107L.356[aid=9462440]
http://www.ingentaconnect.com/content/external-references?article=0378-1097()209L.267[aid=5577564]
http://www.ingentaconnect.com/content/external-references?article=1364-5072()107L.1061[aid=9462441]
http://www.ingentaconnect.com/content/external-references?article=1364-5072()107L.1061[aid=9462441]
http://www.ingentaconnect.com/content/external-references?article=0362-028x()68L.966[aid=8830805]
http://www.ingentaconnect.com/content/external-references?article=0362-028x()68L.966[aid=8830805]
http://www.ingentaconnect.com/content/external-references?article=0266-8254()33L.173[aid=9243759]
http://www.ingentaconnect.com/content/external-references?article=0931-1793()53L.477[aid=9462442]
http://www.ingentaconnect.com/content/external-references?article=0306-9877()67L.782[aid=9462443]
http://www.ingentaconnect.com/content/external-references?article=0378-1135()92L.135[aid=9462445]
http://www.ingentaconnect.com/content/external-references?article=0378-1135()92L.135[aid=9462445]
http://www.ingentaconnect.com/content/external-references?article=0378-1135()131L.154[aid=9462447]
http://www.ingentaconnect.com/content/external-references?article=0378-1135()131L.154[aid=9462447]
http://www.ingentaconnect.com/content/external-references?article=0099-2240()72L.5927[aid=9243766]
http://www.ingentaconnect.com/content/external-references?article=0099-2240()56L.566[aid=9243734]
http://www.ingentaconnect.com/content/external-references?article=0362-028x()67L.2310[aid=8830803]
http://www.ingentaconnect.com/content/external-references?article=0167-5877()75L.92[aid=9462444]
http://www.ingentaconnect.com/content/external-references?article=0099-2240()70L.4899[aid=7384131]
http://www.ingentaconnect.com/content/external-references?article=0266-8254()37L.285[aid=9243760]
http://www.ingentaconnect.com/content/external-references?article=0266-8254()37L.285[aid=9243760]
http://www.ingentaconnect.com/content/external-references?article=0167-5877()89L.110[aid=9462446]
http://www.ingentaconnect.com/content/external-references?article=0378-1135()141L.103[aid=9462448]
http://www.ingentaconnect.com/content/external-references?article=0378-1135()141L.103[aid=9462448]
http://www.ingentaconnect.com/content/external-references?article=0095-1137()28L.1591[aid=9462449]
http://www.ingentaconnect.com/content/external-references?article=0893-8512()7L.328[aid=1294877]
http://www.ingentaconnect.com/content/external-references?article=0021-9975()116L.217[aid=9462452]
http://www.ingentaconnect.com/content/external-references?article=0890-8508()20L.197[aid=8830807]
http://www.ingentaconnect.com/content/external-references?article=0890-8508()20L.197[aid=8830807]


67. Gao, A., J. Odumeru, M. Raymond, S. Hendrick, T. Duffield, and L.

Mutharia. 2009. Comparison of milk culture, direct and nested

polymerase chain reaction (PCR) with fecal culture based on

samples from dairy herds infected with Mycobacterium avium

subsp. paratuberculosis. Can. J. Vet. Res. 73:58–64.

68. Giese, S. B., and P. Ahrens. 2000. Detection of Mycobacterium

avium subsp. paratuberculosis in milk from clinically affected cows

by PCR and culture. Vet. Microbiol. 77:291–297.

69. Gill, C. O. 1988. Microbiology of edible meat by-products, p. 47–

82. In A. M. Pearson and T. R. Dutson (ed.), Edible meat by-

products. Elsevier Applied Science, Amsterdam.

70. Gill, C. O. 2005. Sources of microbial contamination at slaughtering

plants, p. 231–243. In J. N. Sofos (ed.), Improving the safety of

fresh meat. Woodhead Publishing, Cambridge.

71. Gill, C. O. 2009. Effects on the microbiological condition of product

of decontaminating treatments routinely applied to carcasses at beef

packing plants. J. Food Prot. 72:1790–1801.

72. Glover, N., A. Holtzman, T. Aronson, S. Froman, O. G. W. Berlin,

P. Dominguez, K. A. Kunkel, G. Overturf, G. Stelma, Jr., C. Smith,

and M. Yakrus. 1994. The isolation and identification of

Mycobacterium avium complex (MAC) recovered from Los Angeles

potable water, a possible source of infection in AIDS patients. Int. J.

Environ. Health Res. 4:63–72.

73. Godfroid, J., C. Delcorps, L. M. Irenge, K. Walravens, S. Marche,

and J. L. Gala. 2005. Definitive differentiation between single and

mixed mycobacterial infections in red deer (Cervus elaphus) by a

combination of duplex amplification of p34 and f57 sequences and

Hpy188I enzymatic restriction of duplex amplicons. J. Clin.

Microbiol. 43:4640–4648.

74. Good, M., T. Clegg, H. Sherdian, D. Yearsely, T. O’Brien, J. Egan,

and P. Mullowney. 2009. Prevalence and distribution of paratuber-

culosis (Johne’s disease) in cattle herds in Ireland. Irish Vet. J. 62:

597–606.

75. Gould, G., P. Franken, P. Hammer, B. Mackey, and F. Shanahan.

2005. Mycobacterium avium ssp. paratuberculosis and the food

chain. Food Prot. Trends 25:268–297.

76. Grant, I. R., H. J. Ball, S. D. Neill, and M. T. Rowe. 1996.

Inactivation of Mycobacterium paratuberculosis in cows’ milk at

pasteurization temperatures. Appl. Environ. Microbiol. 62:631–636.

77. Grant, I. R., H. J. Ball, and M. T. Rowe. 1998. Effect of high-

temperature, short-time (HTST) pasteurization on milk containing

low numbers of Mycobacterium paratuberculosis. Lett. Appl.

Microbiol. 26:166–170.

78. Grant, I. R., H. J. Ball, and M. T. Rowe. 1998. Isolation of

Mycobacterium paratuberculosis from milk by immunomagnetic

separation. Appl. Environ. Microbiol. 64:3153–3158.

79. Grant, I. R., H. J. Ball, and M. T. Rowe. 1999. Effect of higher

pasteurization temperatures, and longer holding times at 72uC, on

the inactivation of Mycobacterium paratuberculosis in milk. Lett.

Appl. Microbiol. 28:461–465.

80. Grant, I. R., H. J. Ball, and M. T. Rowe. 2002. Incidence of

Mycobacterium paratuberculosis in bulk raw and commercially

pasteurized cows’ milk from approved dairy processing establish-

ments in the United Kingdom. Appl. Environ. Microbiol. 68:2428–

2435.

81. Grant, I. R., E. I. Hitchings, A. McCartney, F. Ferguson, and M. T.

Rowe. 2002. Effect of commercial-scale high-temperature, short-

time pasteurization on the viability of Mycobacterium paratubercu-

losis in naturally infected cows’ milk. Appl. Environ. Microbiol. 68:

602–607.

82. Grant, I. R., L. M. O’Riordan, H. J. Ball, and M. T. Rowe. 2001.

Incidence of Mycobacterium paratuberculosis in raw sheep and

goats’ milk in England, Wales and Northern Ireland. Vet. Microbiol.

79:123–131.

83. Grant, I. R., and M. T. Rowe. 2004. Effect of chemical

decontamination and refrigerated storage on the isolation of

Mycobacterium avium subsp. paratuberculosis from heat-treated

milk. Lett. Appl. Microbiol. 38:283–288.

84. Grant, I. R., A. G. Williams, M. T. Rowe, and D. D. Muir. 2005.

Efficacy of various pasteurization time-temperature conditions in

combination with homogenization on inactivation of Mycobacteri-

um avium subsp. paratuberculosis in milk. Appl. Environ.

Microbiol. 71:2853–2861.

85. Green, E. P., M. L. Tizard, M. T. Moss, J. Thompson, D. J.

Winterbourne, J. J. McFadden, and J. Hermon-Taylor. 1989.

Sequence and characteristics of IS900, an insertion element

identified in a human Crohn’s disease isolate of Mycobacterium

paratuberculosis. Nucleic Acids Res. 17:9063–9073.

86. Griffiths, T. A., K. Rioux, and J. De Buck. 2008. Sequence

polymorphisms in a surface PPE protein distinguish types I, II, and

III of Mycobacterium avium subsp. paratuberculosis. J. Clin.

Microbiol. 46:1207–1212.

87. Haghkhah, M., M. Ansari-Lari, A. M. Novin-Baheran, and A.

Bahramy. 2008. Herd-level prevalence of Mycobacterium avium

subspecies paratuberculosis by bulk-tank milk PCR in Fars

Province (southern Iran) dairy herds. Prev. Vet. Med. 86:8–13.

88. Hammer, P., C. Kiesner, H. G. Walte, K. Knappstein, and P. Teufel.

2002. Heat resistance of Mycobacterium avium ssp. paratubercu-

losis in raw milk tested in a pilot plant pasteurizer. Kiel.

Milchwirtsch. Forschungsber. 54:275–303.

89. Hansen, R., J. M. Thomson, E. M. El-Omar, and G. L. Hold. 2010.

The role of infection in the aetiology of inflammatory bowel disease.

J. Gastroenterol. 45:266–276.

90. Harris, N. B., and R. G. Barletta. 2001. Mycobacterium avium

subsp. paratuberculosis in veterinary medicine. Clin. Microbiol.

Rev. 14:489–512.

91. Hasonova, L., I. Trcka, V. Babak, Z. Rozsypalova, R. Pribylova,

and I. Pavlik. 2009. Distribution of Mycobacterium avium subsp.

paratuberculosis in tissues of naturally infected cattle as affected by

age. Vet. Med. (Prague) 54:257–269.

92. Hasting, A. P. M., C. D. W. Blackburn, and J. S. Crowther. 2001.

Mycobacterium paratuberculosis and the commercial pasteurization

of milk. Food Bioprod. Process. 79:83–88.

93. Hellyer, T. J., L. E. Desjardin, G. L. Hehman, M. D. Cave, and K.

D. Eisenach. 1999. Quantitative analysis of mRNA as a marker for

viability of Mycobacterium tuberculosis. J. Clin. Microbiol. 37:290–

295.

94. Herthnek, D., S. S. Nielsen, A. Lindberg, and G. Bolske. 2008. A

robust method for bacterial lysis and DNA purification to be used

with real-time PCR for detection of Mycobacterium avium subsp.

paratuberculosis in milk. J. Microbiol. Methods 75:335–340.

95. Hill, B. B., M. West, and K. V. Brock. 2003. An estimated

prevalence of Johne’s disease in a subpopulation of Alabama beef

cattle. J. Vet. Diagn. Invest. 15:21–25.

96. Hirst, H. L., F. B. Garry, P. S. Morley, M. D. Salman, R. P.

Dinsmore, B. A. Wagner, K. D. McSweeney, and G. M. Goodell.

2004. Seroprevalence of Mycobacterium avium subsp. paratuber-

culosis infection among dairy cows in Colorado and herd-level risk

factor for seropositivity. J. Am. Vet. Med. Assoc. 225:97–101.

97. Hruska, K., M. Bartos, P. Kralik, and I. Pavlik. 2005. Mycobac-

terium avium subsp. paratuberculosis in powdered infant milk:

paratuberculosis in cattle—the public health problem to be solved.

Vet. Med. (Prague) 50:327–335.

98. Hughes, M. S., N. W. Ball, J. McCarroll, M. Erskine, M. J. Taylor,

J. M. Pollock, R. A. Skuce, and S. D. Neill. 2005. Molecular

analyses of mycobacteria other than the M. tuberculosis complex

isolated from Northern Ireland cattle. Vet. Microbiol. 108:101–112.

99. Ikonomopoulos, J., I. Pavlik, M. Bartos, P. Svastova, W. Y. Ayele,

P. Roubal, J. Lukas, N. Cook, and M. Gazouli. 2005. Detection of

Mycobacterium avium subsp. paratuberculosis in retail cheeses

from Greece and the Czech Republic. Appl. Environ. Microbiol. 71:

8934–8936.

100. Jaravata, C. V., W. L. Smith, G. J. Rensen, J. Ruzante, and J. S.

Cullor. 2007. Survey of ground beef for the detection of

Mycobacterium avium paratuberculosis. Foodborne Pathog. Dis.

4:103–106.

101. Jeyanathan, M., O. Boutros-Tadros, J. Radhi, M. Semret, A. Bitton,

and M. A. Behr. 2007. Visualization of Mycobacterium avium in

Crohn’s tissue by oil-immersion microscopy. Microb. Infect. 9:

1567–1573.

J. Food Prot., Vol. 74, No. 3 M. PARATUBERCULOSIS IN FOOD 495

http://www.ingentaconnect.com/content/external-references?article=1286-4579()9L.1567[aid=9462454]
http://www.ingentaconnect.com/content/external-references?article=1286-4579()9L.1567[aid=9462454]
http://www.ingentaconnect.com/content/external-references?article=1535-3141()4L.103[aid=8830799]
http://www.ingentaconnect.com/content/external-references?article=1535-3141()4L.103[aid=8830799]
http://www.ingentaconnect.com/content/external-references?article=0099-2240()71L.8934[aid=7987172]
http://www.ingentaconnect.com/content/external-references?article=0099-2240()71L.8934[aid=7987172]
http://www.ingentaconnect.com/content/external-references?article=0378-1135()108L.101[aid=9462455]
http://www.ingentaconnect.com/content/external-references?article=0003-1488()225L.97[aid=9462457]
http://www.ingentaconnect.com/content/external-references?article=1040-6387()15L.21[aid=7384125]
http://www.ingentaconnect.com/content/external-references?article=0167-7012()75L.335[aid=9243788]
http://www.ingentaconnect.com/content/external-references?article=0095-1137()37L.290[aid=9462458]
http://www.ingentaconnect.com/content/external-references?article=0960-3085()79L.83[aid=9462459]
http://www.ingentaconnect.com/content/external-references?article=0944-1174()45L.266[aid=9462461]
http://www.ingentaconnect.com/content/external-references?article=0167-5877()86L.8[aid=9462462]
http://www.ingentaconnect.com/content/external-references?article=0095-1137()46L.1207[aid=9462463]
http://www.ingentaconnect.com/content/external-references?article=0095-1137()46L.1207[aid=9462463]
http://www.ingentaconnect.com/content/external-references?article=0305-1048()17L.9063[aid=5577572]
http://www.ingentaconnect.com/content/external-references?article=0305-1048()17L.9063[aid=5577572]
http://www.ingentaconnect.com/content/external-references?article=0099-2240()68L.602[aid=5577516]
http://www.ingentaconnect.com/content/external-references?article=0099-2240()68L.602[aid=5577516]
http://www.ingentaconnect.com/content/external-references?article=0099-2240()68L.2428[aid=5577571]
http://www.ingentaconnect.com/content/external-references?article=0893-8512()14L.489[aid=5577575]
http://www.ingentaconnect.com/content/external-references?article=0893-8512()14L.489[aid=5577575]
http://www.ingentaconnect.com/content/external-references?article=0099-2240()71L.2853[aid=9243752]
http://www.ingentaconnect.com/content/external-references?article=0099-2240()71L.2853[aid=9243752]
http://www.ingentaconnect.com/content/external-references?article=0266-8254()38L.283[aid=9243753]
http://www.ingentaconnect.com/content/external-references?article=0378-1135()79L.123[aid=7384128]
http://www.ingentaconnect.com/content/external-references?article=0378-1135()79L.123[aid=7384128]
http://www.ingentaconnect.com/content/external-references?article=0266-8254()28L.461[aid=1294881]
http://www.ingentaconnect.com/content/external-references?article=0266-8254()28L.461[aid=1294881]
http://www.ingentaconnect.com/content/external-references?article=0099-2240()64L.3153[aid=9243755]
http://www.ingentaconnect.com/content/external-references?article=0266-8254()26L.166[aid=2997743]
http://www.ingentaconnect.com/content/external-references?article=0266-8254()26L.166[aid=2997743]
http://www.ingentaconnect.com/content/external-references?article=0099-2240()62L.631[aid=1294883]
http://www.ingentaconnect.com/content/external-references?article=0960-3123()4L.63[aid=9462467]
http://www.ingentaconnect.com/content/external-references?article=0960-3123()4L.63[aid=9462467]
http://www.ingentaconnect.com/content/external-references?article=0362-028x()72L.1790[aid=9319241]
http://www.ingentaconnect.com/content/external-references?article=0378-1135()77L.291[aid=5577514]


102. Jones, P. H., T. B. Farver, B. Beaman, B. Cetinkaya, and K. L.

Morgan. 2006. Crohn’s disease in people exposed to clinical cases

of bovine paratuberculosis. Epidemiol. Infect. 134:49–56.

103. Jubb, T. F., and J. W. Galvin. 2004. Effect of a test and control

program for bovine Johne’s disease in Victorian dairy herds 1992–

2002. Aust. Vet. J. 82:228–232.

104. Juste, R. A., N. Elguezabal, A. Pavón, J. M. Garrido, M. Geijo, I.

Sevilla, J.-L. Cabriada, A. Tejada, F. Garca-Campos, R. Casado, I.

Ochotorena, and A. Izeta. 2009. Association between Mycobacte-

rium avium subsp. paratuberculosis DNA in blood and cellular and

humoral immune response in inflammatory bowel disease patients

and controls. Int. J. Infect. Dis. 13:247–254.

105. Keswani, J., and J. F. Frank. 1998. Thermal inactivation of

Mycobacterium paratuberculosis in milk. J. Food Prot. 61:974–

978.

106. Klijn, N., A. A. P. M. Herrewegh, and P. De Jong. 2001. Heat

inactivation data for Mycobacterium avium subsp. paratuberculosis:

implications for interpretation. J. Appl. Microbiol. 91:697–704.

107. Knaus, W. 2009. Dairy cows trapped between performance demands

and adaptability. J. Sci. Food Agric. 89:1623–1641.

108. Kobayashi, S., T. Tsutsui, T. Yamamoto, and A. Nishiguchi. 2007.

Epidemiological indicators associated with within-farm spread of

Johne’s disease in dairy farms in Japan. J. Vet. Med. Sci. 69:1255–

1258.

109. Koolmees, P. A., M. H. G. Tersteeg, G. Keizer, J. Van den Broek,

and R. Bradley. 2004. Comparative histological studies of

mechanically versus manually processed sheep intestines used to

make natural casings. J. Food Prot. 67:2747–2755.

110. Lambeth, C., L. A. Reddacliff, P. Windsor, K. A. Abbott, H.

McGregor, and R. J. Whittington. 2004. Intrauterine and transmam-

mary transmission of Mycobacterium avium subsp. paratuberculosis

in sheep. Aust. Vet. J. 82:504–508.

111. Lambrecht, R. S., J. F. Carriere, and M. T. Collins. 1988. A model

for analyzing growth kinetics of a slowly growing Mycobacterium

sp. Appl. Environ. Microbiol. 54:910–916.

112. Lehtola, M. J., E. Torvinen, I. T. Miettinen, and C. W. Keevil. 2006.

Fluorescence in situ hybridization using peptide nucleic acid probes

for rapid detection of Mycobacterium avium subsp. avium and

Mycobacterium avium subsp. paratuberculosis in potable-water

biofilms. Appl. Environ. Microbiol. 72:848–853.

113. Little, C. L., J. R. Rhoades, S. K. Sagoo, J. Harris, M. Greenwood,

V. Mithani, K. Grant, and J. McLauchlin. 2008. Microbiological

quality of retail cheeses made from raw, thermized or pasteurized

milk in the UK. Food Microbiol. 25:304–312.

114. Lopez-Osornio, M. M., G. Hough, A. Salvador, E. Chambers IV, S.

McGraw, and S. Fiszman. 2008. Beef’s optimum internal cooking

temperature as seen by consumers from different countries using

survival analysis statistics. Food Qual. Pref. 19:12–20.

115. Lu, Z., R. M. Mitchell, R. L. Smith, J. S. Van Kessel, P. P. Chapagain,

Y. H. Schukken, and Y. T. Grohn. 2008. The importance of culling in

Johne’s disease control. J. Theor. Biol. 254:135–146.

116. Lund, B. M., G. W. Gould, and A. M. Rampling. 2002.

Pasteurization of milk and the heat resistance of Mycobacterium

avium subsp. paratuberculosis: a critical review of the data. Int. J.

Food Microbiol. 77:135–145.

117. Lynch, D., K. N. Jordan, P. M. Kelly, T. Freyne, and P. M. Murphy.

2007. Heat sensitivity of Mycobacterium avium ssp. paratubercu-

losis in milk under pilot plant pasteurization conditions. Int. J. Dairy

Technol. 60:98–104.

118. MacDonald, F., and A. D. Sutherland. 1993. Effect of heat treatment

on Listeria monocytogenes and gram-negative bacteria in sheep,

cow and goat milks. J. Appl. Bacteriol. 75:336–343.

119. Mackintosh, C. G., G. W. de Lisle, D. M. Collins, and J. F. T.

Griffin. 2004. Mycobacterial diseases of deer. N. Z. Vet. J. 52:163–174.

120. Manning, E. J. B., M. Augenstein, M. T. Collins, and K. M. Nelson.

2003. Case report—Johne’s disease: the recipient risk. Bovine Pract.

37:20–22.

121. Manning, E. J. B., and M. T. Collins. 2001. Mycobacterium avium

subsp. paratuberculosis: pathogen, pathogenesis and diagnosis. Rev.

Sci. Tech. Off. Int. Epizoot. 20:133–150.

122. Marks, D. J. B., F. Z. Rahman, G. W. Sewell, and A. W. Segal.

2010. Crohn’s disease: an immune deficiency state. Clin. Rev.

Allergy Immunol. 38:20–31.

123. McDonald, W. L., K. J. O’Riley, C. J. Schroen, and R. J. Condron.

2005. Heat inactivation of Mycobacterium avium subsp. paratuber-

culosis in milk. Appl. Environ. Microbiol. 71:1785–1789.

124. McIngvale, S. C., D. Elhanafi, and M. A. Drake. 2002. Optimization

of reverse transcriptase PCR to detect viable Shiga-toxin–producing

Escherichia coli. Appl. Environ. Microbiol. 68:799–806.

125. McKenna, S. L. B., G. P. Keefe, H. W. Barkema, J. McClure, J. A.

VanLeeuwen, P. Hanna, and D. C. Sockett. 2004. Cow-level

prevalence of paratuberculosis in culled dairy cows in Atlantic

Canada and Maine. J. Dairy Sci. 87:3770–3777.

126. Meadus, W. J., C. O. Gill, P. Duff, M. Badoni, and L. Saucier. 2008.

Prevalence on beef carcasses of Mycobacterium avium subsp.

paratuberculosis DNA. Int. J. Food Microbiol. 124:291–294.

127. Metzger-Boddien, C., D. Khaschabi, M. Schönbauer, S. Boddien, T.
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