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Abstract
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Mycobacterium avium subsp. paratuberculosis (MAP) is the causative agent of Paratuberculosis in cattle and other domestic ruminants. Due to similarities in pathophysiology, there is
an ongoing discussion on whether MAP may be a causative agent for Crohn’s disease (CD) in
humans as well. One aspect of this discussion includes the significance of food as a possible
vector for transmission. The aim of this review was to collect information on the occurrence
of MAP in food and on available intervention options for reduction or elimination during
processing to follow precautionary principles in case a zoonotic role of MAP would be evidenced. Except for research on the occurrence and treatment of cow’s milk, studies for MAP
in food are rare. Investigations dealing with intervention measures are often based on very
few or even single studies with a few number of test strains and repetitions. As an essential
research need, the development and validation of accurate and robust detection methods
for live MAP cells in food and human samples were identified. Such methods are needed
to i) conduct systematic and representative surveys on the occurrence of MAP in food, ii)
assess the risk of MAP transmission via food, and iii) evaluate experimental or commercial
food processing for their efficacy in controlling MAP. Furthermore, for experimental setup,
standardized protocols and technologies are crucial.
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Introduction
The German Federal Institute for Risk Assessment
(BfR) and the Max Rubner Institute (MRI) were asked
by decree of the German Federal Ministry of Food and
Agriculture (BMEL) to provide a report on the possible association between the causative agent of bovine
Paratuberculosis (Johne’s disease; JD) and Crohn’s
disease (CD) in humans with regard to the relevance
of food. This article presents the results of the report with a compilation of data on the occurrence of
Mycobacterium avium subsp. paratuberculosis (MAP)
in food, options for intervention to reduce or eliminate the pathogen during processing, and respective
research needs. The occurrence and spread of MAP in
the environment, in feed, in livestock, as well as animal
health aspects and the pathogenesis of CD without reference to food and the diagnostic and therapy of CD
were not subject to the report.
MAP has been known as the causative agent of
Paratuberculosis in cattle since at least 1894 (Johne
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and Frothingham, 1895). Besides the occurrence in
cattle and domestic ruminants like goats and sheep,
numerous wildlife animal species, e.g., deer (farmed
especially), rabbits, wood mice, foxes, stoats, badgers,
but also birds are affected by this disease (Gould et al.,
2005). Paratuberculosis is on the World Organization
for Animal Health (OIE) list of notifiable animal diseases and is endemic in most countries of the world. As
a chronic, progressive and untreatable disease, Paratuberculosis is of particular economic importance in ruminant livestock as it causes major losses.
Due to similarities in pathophysiology, there is since
more than a century an ongoing discussion on whether
MAP may be a causative agent for CD in humans as
well (Dalziel, 1913). One aspect of this discussion includes the significance of food as a possible vector for
transmission. Regarding a link between MAP and CD,
the first food item coming into focus for a possible
transmission was pasteurized milk, based on studies
showing inadequate heat inactivation (Chiodini and

Hermon-Taylor, 1993). This may explain the up-todate unbalanced number of scientific reports regarding
the occurrence, inactivation, and survival of MAP in
milk and milk products compared to other types of
food addressed here.
One objective of this review was to collect information on the occurrence of MAP in food, particularly on
studies in which viable MAPs were detected, to identify
a possible potential for transmission. More comprehensive reviews covering the issues of presence in food and
respective detection methods for viable MAP and MAP
DNA were published, for example, by Eltholth et al.
(2009), the National Advisory Committee on Microbiological Criteria for Foods (NACMCF) (NACMCF,
2010), Waddell et al. (2016b), and recently by Foddai
and Grant (2020), and Grant (2020). Another objective of this review was to identify intervention measures to reduce or eliminate MAP in food processing,
as those measures would play an important role if a
zoonotic potential for MAP would be confirmed. In
addition, research needs regarding intervention options
and detection methods are addressed.
Materials and methods
The literature search was carried out in PubMed,
Google Scholar, Scopus, and public databases (last
search March 2022). The focus was on intervention options for control of MAP in food processing, the occurrence of MAP in food, and respective detection methods. Therefore, unless otherwise noted, only studies
reporting the occurrence/behavior/detection of viable
MAP were used for this review to assess the potential
for foodborne transmission. Literature that focused on
the occurrence and spread of MAP in the environment
(including the role of Amoebae), in feed, in livestock as
well as animal health aspects and the pathogenesis of
CD without reference to food, as well as the diagnostics
and therapy of the disease only, were excluded. The remaining articles, news, or information were evaluated
regarding their relevance to the topic of this article by
examining the abstracts, texts, and keywords. After
that, a full-text search was conducted to check for relevant secondary (cited) references.
Occurrence in food and options for intervention
Regarding the occurrence of MAP in food, currently,
no systematic, representative, and comparable surveys
are available, which is mainly due to the lack of a standardized, internationally accepted detection method of
viable MAP cells and inconsistent study designs. In
general, regarding the occurrence and behavior of MAP
in food, it must be noted that the organism is unable
to multiply outside a host organism due to its dependency on mycobactin as a growth factor. Accordingly,
along the food chain in most cases, the numbers of
MAP cells will not increase (except for example, during cheese-making – see below) but will probably rather
decrease due to dilution and inactivation.
Milk and milk products

Fluid milk
The presence of MAP in raw cow milk is well documented (Bharathy et al., 2017). High loads are thought
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to be due to fecal contamination (super-shedders may
contribute up 108 colony forming units (CFU)/g feces)
and poor milking hygiene, whereas secretory input was
assumed to be low (Nauta and van der Giessen, 1998).
More recent studies, however, conclude that MAP does
not primarily enter the milk through fecal contamination but rather is shed directly into the milk within
the udder (Gerrard et al., 2018). As far as quantitative
data were generated, authors reported low numbers in
a range between 1 CFU/50 mL and 7 CFU/mL based
on samples of quarter milk, composite milk, or bulk
tank milk (Sweeney et al., 1992; Hammer, 1999; Grant
et al., 2002; O’Reilly et al., 2004; Foddai and Grant,
2017).
Except for cattle, no quantitative data are available
for other milk-producing animals. It can be assumed
that for industrial milk processing considerable dilution of the input will occur during milk collection. The
dilution will depend on the number of shedders in a
herd, their individual level of shedding, and the herd
size. Further dilution will occur during milk collection
in the respective truck tanks, and at the dairy depending on the size of the tanks and storage silos (Cerf
et al., 2007; Boulais et al., 2011). For artisanal milk
production and processing, only dilution at the farm
level applies.
Although the performance criteria for hightemperature short-time treatment (HTST, 72°C for
15s) require a 5 Log10 reduction of vegetative bacterial cells (CAC, 2009). MAP-positive samples were reported in the range of 1 to 10% in milk that had undergone this form of heat treatment (Grant et al., 2002;
Ayele et al., 2005; Ellingson et al., 2005; Paolicchi et al.,
2005; Gerrard et al., 2018). Quantification was not performed in these studies; the results are related to retail
packs found positive. Presence in retail milk heated
at even higher temperatures was reported by Paolicchi
et al. (2005) (138°C, 30s) and McDonald et al. (2005)
(78°C, 15s). Findings of MAP in heat-treated milk at
retail are hard to explain, taking the efficacy of HTST
as demanded in the Codex standard as given. Gerrard
et al. (2018) suggested that MAP in raw milk is mainly
found in somatic cells and that the survival of low levels
of MAP during the pasteurization of naturally infected
milk may be due to their intracellular location. The authors assume that the somatic cells provide sufficient
protection to prevent complete inactivation of the bacteria by heat treatment, although further experiments
are needed to confirm this hypothesis.
The formation of spores or a spore-like morphotype
in MAP cells could serve as another possible explanation for heat resistance (Lamont et al., 2012). However, spore formation in Mycobacteria, in general, is
discussed controversially (Traag et al., 2010; Abecasis
et al., 2013). In the study of Lamont et al. (2012),
strong evidence for the presence of spores was presented, and the authors applied several tests to exclude
contamination in the long-term cultures of MAP. However, the following statements require further explanation: i) MAP was grown for sporulation on ArretKirshbaum agar without mycobactin within 72 h, ii)

MAP grew on potato-extract agar with mycobactin
within 2 weeks, iii) spores did survive heat treatment
at 70°C but not at 90°C. Speed of growth on both agars
is quite untypical for MAP, even at the elevated incubation temperature of 39°C. Growth on agar without
the addition of mycobactin can hardly be explained, as
well as the low heat resistance of the spores.
According to a modeling approach, the presence of
survivors in retail packs would generally be feasible
(Cerf et al., 2007; Boulais et al., 2011). By application
of Monte Carlo simulations, the authors estimated contamination of milk with MAP at the farm level, during
milk collection, and at the dairy level after pasteurization. Many variables such as the number and infection
status of herds, the intrinsic or fecal contamination of
milk, the MAP concentration in bulk milk in the collection and dairy tanks, and the efficacy of pasteurization
were considered. For the annual detection rate in 50
mL samples of pasteurized milk, the most probable scenario predicted 0.12% positive samples. This is much
lower than reported in the above-cited studies on detection rates for milk at the retail level. According to Cerf
et al. (2007), possible explanations for this discrepancy
may be artifacts due to i) intra-laboratory contamination, ii) leakage in pasteurizer plates (which could be
detected by determination of numbers of Enterobacteriaceae– a test which was not used by the authors reporting contamination of retail milk with MAP), and
iii) reduced pasteurizer efficacy due to prolonged operation.
Regarding experimental setup for determination of
heat inactivation of MAP in terms of standardization,
the same as for the detection methods apply - none
available (Condron et al., 2015; Robertson et al., 2017).
Laboratory methods normally cannot mimic the situation in practice. For the application of HTST in a pilot
plant, a sufficiently turbulent flow, the application of
overpressure in the product flow (to avoid the influence of plate leakage), a minimum residence time (to
ensure that the fastest particle in the product flow is
heated adequately) and a back-flow valve (for control
of insufficient heating time or temperature – which is
mandatory in Germany) are necessary (Condron et al.,
2015; Robertson et al., 2017; Mullan, 2019). Considering studies performed with pilot plants covering at
least some of these necessities, an inactivation of MAP
during HTST treatment of >4 to >6 Log10 is likely to
be achieved (Robertson et al., 2017; Mullan, 2019).
In dairy practice, bacteria are also removed by
physical methods. Microfiltration will remove 2-3
Log10 of the initial load (Hoffmann et al., 2006). Centrifugal cleaning and bactofugation will lead to a reduction at levels of 50-60% and >99%, respectively
(Alfa Laval personal communication). This should apply to MAP as well. Only one study for MAP dealing
with simulated bactofugation and filtration was found
(Grant et al., 2005a). The authors used a laboratory
centrifuge and membrane filters, achieving 95–99.9%
removal of MAP cells for each technique. As continuous centrifugation with disc stack centrifuges and deepbed filtration are applied instead in dairy practice, re18

search using adequate technology is needed. Another
physical factor, which might lead to inactivation due
to shear forces, is homogenization. For MAP, (Grant
et al., 2005b) reported a “beneficial effect” at a holding time of 25s for in-hold homogenization of milk at
2.500 lb/in2 (corresponds to 1.72 MPa) at 72.5° and
76.5°C. Hammer et al. (2014), however, did not find
enhancement of inactivation during up-stream, in-hold,
and down-stream homogenization at 20 MPa at temperatures of 72° and 68°C and a holding time of 28s.
Further options for the control of MAP in fluid milk,
which, however, currently have no relevance for practice are i) UV-irradiation, ii) high-pressure treatment,
iii) pulsed electric fields, and iv) γ-irradiation. UVirradiation of 1.000 mJ/mL led to a 1 Log10 reduction at maximum (Altic et al., 2007; Donaghy et al.,
2009). High-pressure treatment at 5.000 bar for 10
min achieved a 4-6 Log10 reduction (López-Pedemonte
et al., 2006; Donaghy et al., 2007). A 5.9 Log10 reduction was observed by application of pulsed electric
fields at 2.5000 pulses of 30 kV/cm for 8.5 min (Rowan
et al., 2001). Highly effective was γ-irradiation at 1.2
kGy/h resulting in complete inactivation of up to 108
CFU/mL of two MAP strains (Stabel et al., 2001).
Results for the detection of MAP from raw milk,
heat-treated milk, and heat-inactivation experiments
are hardly comparable. Up to date, no methods, especially for detection of viable MAP-laid down in an
internationally accepted standard are available (for a
comprehensive review of methods, see (National Advisory Committee on Microbiological Criteria for Foods
(NACMCF, 2010)). This means that results for cultural detection may be biased in terms of, for example, the method applied, sample size, decontamination
protocol, incubation time, and media used. The same
problem regarding standardization is due to molecular
or phage-based methods (Robertson et al., 2017; Butot
et al., 2019; Mullan, 2019). One of the first efforts to
solve this problem was performed by launching a ring
trial involving four participating laboratories in 2008
(Donaghy et al., 2008).
Cultural and molecular methods were applied to
detect MAP in raw milk artificially contaminated with
Map-containing feces. The overall result was that cultural methods were less sensitive than molecular methods; however, laying down ISO 16140-2 (ISO, 2016a)
as a benchmark for evaluation of alternative microbiological methods – should be applicable though reference methods are not available - the number of matrices, test strains, and participating laboratories was
too low. Butot et al. (2019) published a more recent
study addressing further requirements of ISO 161402. The main deviations from the requirements of the
ISO standard were the number of strains used for testing inclusivity and exclusivity (4 instead of 50 were
used for inclusivity; none instead of 30 for exclusivity) and the number of participating laboratories (2
instead of 10). Cultural, molecular, and phage assaybased methods were investigated for the detection of
MAP in raw milk, heat-treated milk, and milk powder. In terms of sensitivity, among 432 true positive

samples, 94% were correctly assigned by IS900 qPCR,
83% by culture, 76% by f57 qPCR, and 40% by a
peptide-mediated magnetic separation (PMS) phagebased assay. Correct identification out of 720 positive
and negative samples (trueness) was achieved for 93%
by IS900 qPCR, 89% by culture, 85% by f57 qPCR,
and 49% by the PMS-phage. Though cultural methods
are still the gold standard for the detection of viable
MAP (Donaghy et al., 2008; Foddai and Grant, 2017;
Robertson et al., 2017), a major disadvantage is the
incubation times required to obtain either positive or
negative results. A recent study showed a pathway for
improvement of cultural methods by application of a
factorial design and response surface methodology approach (Dane et al., 2022).
Phage assays, in addition to being enforced by
PMS, as developed and improved for more than a
decade by the working group of the Queen‘s University Belfast (QUB) (for example, Foddai et al. (2010);
Foddai and Grant (2017)) would provide an alternative, though the performance of the method available
in 2017 was low compared to cultural methods and
PCR as proved in a ring-trial (Butot et al., 2019). A
recent publication of this group concerning further development of the phage assay (Foddai and Grant, 2020)
sounds promising in terms of speed, simplification, and
standardization of the test approach. However, the authors acknowledged that for preceding tests, technology transfer to other laboratories needed considerable
training and troubleshooting by the QUB team. So,
the performance of the new development in terms of
general and easy applicability needs to be shown and
validated according to ISO 16140-2 (ISO, 2016b).
Milk products
Cheese: As MAP has been detected several times in
raw milk and even in pasteurized milk from cattle,
sheep, and goats (see above), its presence in cheese can
be expected. Several studies based on the application
of PCR or qPCR methods show respective evidence
(Clark et al., 2006; Stephan et al., 2007; Albuquerque
et al., 2019); however, reports based on cultural methods are rare. Cultural detection of MAP was achieved
in 2 of 42 samples of Greek Feta-cheese made from
pasteurized milk (Ikonomopoulos et al., 2005). Milk
for production was pasteurized at 72-74°C for 15s. At
the end of production, the pH of the cheeses was below 4.5, and the content of salt was ≥2%. In the same
study, several cheese types made in the Czech Republic produced from pasteurized cow’s milk were tested.
MAP was detected in one out of 23 samples of hard
cheese. Unfortunately, no information on ripening time
was given. At the time of testing, the range of pH was
5.4-5.9, and the content of salt was 1-1.2%.
In a study from Scotland, 25 samples of artisanal
cheese were tested (Williams and Withers, 2010). The
cheeses were produced with either raw or pasteurized
milk from different species and covered all types from
soft to hard cheese. By cultural examination, MAP
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was isolated from six kinds of cheese; all of them were
ripened >3 months. A similar heterogeneous collection
of cheese was tested in Cyprus with a phage assay and
conventional culture methods. None of the tested 28
samples showed a positive result (Botsaris et al., 2010).
Artisanal cheese from raw goats and sheep milk from
Italy was tested by culture. MAP was not detected in
25 samples of sheep’s milk, whereas one of seven samples of goat’s milk was positive (soft cheese with a pH
of 5.5) (Galiero et al., 2016). Testing of 30 samples of
semi-hard cheese in Brazil (Coalho) from retail showed
one positive result by culture and three positive results
by IS900-based PCR (Faria et al., 2014). No details for
the processing history of the respective samples were
given.
During cheese production, the amount of MAP will
be influenced by a combination of the following factors, which ideally work together in the sense of a hurdle concept: heat treatment of the cheese milk, pH,
starter cultures, burning, salt content, and ripening
time. However, it must be noted that at the beginning of the cheese production process, a concentration
of MAP in the curd takes place (Donaghy et al., 2004;
Badr, 2011). D-values (time needed under defined conditions – i.e., temperature, aw-value, pH, storage time
- to reduce the initial colony count of a microorganism
by 1 Log10 step), not related to a single factor, was
reported in older studies as follows for i) fresh cheese:
36.5-59.9 days (Sung and Collins, 2000), ii) Emmentaler: 27.8 days and Tilsiter: 45.5 days (Spahr and
Schafroth, 2001), iii) Cheddar: 90-120 days (Donaghy
et al., 2004), iv) Danish blue and Gouda: 39.6 and 22.8
days respectively (Donaghy personal communication).
The inactivation of several strains of MAP during the
production of Parmigiano Reggiano and Grana Padano
was investigated more recently (Cammi et al., 2019).
Sampling was performed over a period of 12 months
(months 2, 3, 4, 5, 6, 8, 10, 12), the aw-value was 0.90,
and the pH was 5.3 at the end of ripening. No information on salt content is provided. After three months
of ripening, all strains were no longer detectable. For
Lighvan cheese, an Iranian semi-hard raw milk cheese
produced from a mixture of ewes and goats’ milk, Hanifian (2020) reported survival of MAP up to 10 months
of storage as detected by cultural methods.
The cheeses were produced with three MAP strains
(one clinical strain each from sheep and goats’ origin
and a reference strain) added to the cheese milk at two
different inocula (2 and 3 log cell/ml). D-values for
the clinical strains at an initial count of 103 CFU/ml
of cheese milk were 109-112 days. After the 5th day of
processing, all cheeses displayed a salt content of >4%,
moisture <63%, and a pH of around 4.5. In addition
to the mentioned factors above, Badr (2011) tested γirradiation during the production of fresh cheese also.
Reductions of the test strain by 3 Log10 at 1 kGy, 5
Log10 at 1.5 kGy, and 7 Log10 at 2 kGy were achieved.
Presently γ-irradiation is not allowed to be used in the
European Union during cheese production.

Table 1: Research needs and data requirements (extracted/summarized from the above text without reference to distinct papers, only interventions already applied in
practice regarded)
Food commodity

Options for intervention

Estimated efficacy

Database sufficiency Remarks/research needs
Milk and milk products

Fluid milk

HTST*

4-6 log10 reduction

Yes

Several studies utilizing adequate technology available

Filtration

2-3 log10 reduction

No

only one study, laboratory filter was utilized; sufficient number of studies

Centrifugation

2-3 log10 reduction

No

using deep-bed filtration
Only one study, laboratory centrifuge was utilized; sufficient number of
studies using stack centrifuges
Homogenization

Not clear

No

Only two studies, one supporting and one denying efficacy; more studies
on shear forces needed

Cheese

Hurdle concept

D-values 23-120 days, strongly depending

No

on cheese type

HTST (if applied) + burning + competing starter culture (incl. bacteriocin production) + decrease of pH-value + decrease of aw-value + storage
time, only six studies, all for different types of cheese; more studies cov-
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ering aspects of cheese-making to develop improved database
Yoghurt and similar products Hurdle concept decrease of pH- 0.1-3.8 log10 reduction, strongly dependvalue <4

Dried milk

Hurdle concept

No

HTST (if applied) + decrease of pH-value + competing starter culture

ing on combination of pH-value and

(incl. bacteriocin production), only three studies; more studies covering

starter culture

aspects of fermented fresh produce to develop improved database needed

No data

No

HTST + concentration + spray drying may lead to additive efficacy, input
of ingredients for infant formula unclear; whole field needs to be investigated

Meat and meat products
Meat for direct consumption

Heat treatment (cooking/frying) D70°C-value 12-13s; log10 -reduction 2-7,

No

depending on size and cooking time
Processed raw meat products Hurdle concept decrease of pH- Up to 1.2 log10 reduction

Only two studies, done for ground beef; for marination and similar no
data; studies on all aspects of (dish) meat preparations needed

No

value

One study only; whole field needs to be investigated Thermally processed
meat products thermal treatment no data no i.e. heat-treated sausages;
whole field needs to be investigated

Vegetables
Tomatoes

No fertilization with manure or Unknown
irrigation water containing MAP

*

HTST = high-temperature short time treatment

No

Only one study; whole field needs to be investigated

Yogurt and similar products
The reduction of MAP in these products is influenced
by pH and the influence of starter cultures. Production of yogurt from milk inoculated with MAP before
adding the starter cultures Lactobacillus delbrueckii
subsp. bulgaricus and Streptococcus thermophilus resulted in a final pH of 4.5 and no reduction of MAP
count after six weeks of storage (Van Brandt et al.,
2011). In the same study, five different fermented milk
products (one yogurt and four probiotic milk drinks)
were produced with one or mixtures of different probiotic starter cultures (Bifidobacteria and Lactobacilli)
were obtained from retail sale and afterward inoculated
with MAP. After storage at 6°C, with a pH of around
4.0 for six weeks, D-values of 16-36 days were determined. Interestingly depending on the starter culture
present in the product and the tested MAP strain, a
higher inactivation of 1.2 up to ≥3.8 log units was observed in these products.
Klanicova et al. (2012) investigated the behavior
of MAP during the production of yogurt, sour milk,
and Kefir. Two test strains were used at initial counts
of 106 CFU/mL. Yoghurts made with L. delbrueckii
subsp. bulgaricus and S. thermophilus or S. thermophilus only reached pH values of 5.9 or 4.4 after
fermentation for 18 h. For the production of sour milk,
L. helveticus was used, resulting in a pH of 3.5, and
for Kefir, a mixture of 7 starter cultures, some of them
producing bacteriocins, led to a final pH of 4.1 after
18 h. After six weeks of storage, a reduction of MAP
to a non-detectable level was observed for sour milk.
For both yogurts, 0.1-0.5 Log10 reduction was achieved,
whereas, for Kefir, 1.9-2.3 log reduction was obtained,
possibly due to the lower pH. The authors confirm that
MAP can survive a pH reduction, but longer exposure
to a pH below 4 in these products seems to contribute
to inactivation. They, therefore, suggest that probiotic cultures that can lower the pH below 4 during fermentation will achieve better inactivation of MAP in
soured milk products. From these data, the conclusion
can be drawn that for substantial reduction of MAP a
pH below 4 should be reached.
Kralik et al. (2018) tested the efficacy of
bacteriocin-producing starter cultures on three strains
of MAP in-vitro in the same laboratory. If the compounds enterocin and plantaricin were produced by
Lactobacillus spp. more than 2 Log10 reductions were
achieved, compared to less than 1 Log10 reduction if
they originated from Enterococcus spp. Nisin from Lactococcus spp. led to a reduction of less than 1 Log10
too. Interestingly, seven of the starter cultures tested
here were also used during the production of Kefir in
the earlier study without any effect on MAP. Further
research on this discrepancy is needed, especially in
terms of the characterization of bacteriocin-producing
starter cultures for their suitability in controlling MAP.

tained for 122 samples of infant formula (12 producers from nine countries) collected in Australia. Among
them, four showed positive results based on IS900 PCR
(Acharya et al., 2017). A group of 51 samples of infant
formula (10 producers from seven countries) collected
in the Czech Republic was tested twice (Hruska et al.,
2011, 2012).
PCR based on IS900 and qPCR based on f57 fragments yielded 25 and 18 positive results, respectively.
A positive result from culture was not verified by repeated testing. In the second round of testing 18 samples showed positive results with f57 qPCR in a range
of 48 to 32,500 cells/g again. Botsaris et al. (2016),
who tested 32 samples from 10 different producers collected in Cyprus, performed a similar study. The authors used a phage assay with subsequent PCR on material from the plaques, which indicates the presence
of viable MAP. In addition, the cultural examination
was applied. MAP was detected in three samples with
both methods. According to the plaque counts, numbers of 10 to <100 CFU/g were estimated. In a survey
performed in the USA, 68 samples of infant formulas
from 18 countries, representing 40 brands, were tested
by peptide-mediated separation followed by a phage
amplification assay (Grant et al., 2014). The detection method was based on Foddai et al. (2010). Viable
MAP was detected in 44.1% of the samples in numbers
of 4-668 plaque-forming unit (PFU)/50 mL. In addition, in two soy-based products, MAP was detected.
The authors noted that “those provocative findings
need further validation” and that “those studies are
in progress”. A subsequent publication on this issue
could not be found.
With regard to an entry of MAP via milk powder
as an ingredient of infant formula, positive results are
difficult to explain. The combined effects of dilution
during milk collection, inactivation during pasteurization, concentration, and spray drying should result in a
considerable reduction (Robertson et al., 2017; Mullan,
2019). Although the dry matter content is increased
during concentration, a starting temperature of at least
73°C during the multiple-step process should also reduce bacterial numbers (Azzaro-Pantel et al., 2022).
Spray drying, even with hot air, is regarded to be of
minor efficacy due to cooling by evaporation and other
factors (Lang and Sant’Ana, 2021). The presence of
a cultivable MAP in a finished product seems to be
rather unlikely in this context. However, the composition of infant formula can be quite complex, containing
up to 30-50 ingredients (Lang and Sant’Ana, 2021).
Besides milk powder, various ingredients can be included that cannot be heat-treated to achieve bacterial
inactivation, such as vitamins, individual amino acids,
etc. (reviewed by Kent et al. (2015). In practice, these
components are added in a dry mix process, wet mix
process, or a combination of both, and the absence of
MAP would be crucial for each compound. Presently,
Dried milk
no information is available on the MAP load of these
Only a few data are published on the occurrence of ingredients. Research in cooperation with industries
MAP in products for human consumption containing will be necessary to identify critical ingredients with
dried milk. Negative results based on culture were ob- regard to the input of MAP.
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Meat and meat products

Comparable to the situation in milk, MAP can be
present in or on the meat and organs of slaughtered
animals. Regarding detection methods, the same problems as for milk and milk products are due. According to European law, clinically ill animals must not
be slaughtered for human consumption; however, cattle without clinical symptoms may show disseminated
infection with MAP (Antognoli et al., 2008).
Cross-contamination at the slaughterhouse can occur as well (Wells et al., 2009). Detection of MAP
in beef without providing quantitative data was reported by several authors (Rossiter and Henning, 2001;
Alonso-Hearn et al., 2009; Elze, 2009; Wells et al., 2009;
Gill et al., 2011; Okura et al., 2011; Chaubey et al.,
2017). Besides qualitative detection in beef, Mutharia
et al. (2010) reported the presence of MAP in lymph
nodes associated with muscles at levels of 200 CFU/g.
In another study, MAP was detected in the meat of a
sick cow at a level of 60 CFU/g, in meat from a subclinically ill sheep at 8 CFU/g, and in meat from 37
clinically ill sheep at levels of 50 ±8 CFU/g (Reddacliff et al., 2010). The reported counts are most likely
underestimated, as the samples were chemically decontaminated in advance.
During meat processing, MAP can enter the production chain through individual carcasses or parts
thereof. Mixing this meat with that of healthy animals,
e.g., during the production of sausages or minced meat,
can lead to dilution and spread on a large scale. Two
studies investigated the occurrence of MAP in minced
meat. In the first, 200 samples from retail in the USA
were tested for MAP by qPCR and culture without
positive results (Jaravata et al., 2007). In the second
investigation in Italy, 140 samples were obtained directly from a processing plant and also examined by
qPCR (all samples negative) and cultivation in broth
(two samples positive) (Savi et al., 2015). Another two
studies dealt with the inactivation of MAP in minced
meat. Saucier and Plamondon (2011) contaminated
portions of 25 g of ground beef with 107 CFU/g of
MAP. These portions were sealed in plastic bags and
pressed to a layer of 2 mm. Heating was performed in
a water bath at temperatures of 55, 60, 65, and 70°C
until a 5 Log10 reduction was achieved. From the necessary heating times, D-values were calculated. At 70°C,
the D-values were 12-13s resulting in z-values of 5.65.7°C. The experimental design can be questioned as
ground beef usually is cooked by frying. However, using these results for the preparation of meals like “chili
con carne” or “sauce Bolognaise” could be suitable.
For the second study, lean ground beef sterilized by
γ-irradiation was used a(Hammer et al., 2013). Three
strains of MAP were used to produce contaminated
Hamburger patties of 50 and 70 g, thickness 1 and 0.7
cm, respectively. Frying was performed in a pan adjusted to 177°C (temperature requirement of a global
fast-food supplier). Temperatures during cooking were
recorded by seven thermocouples placed at different locations within the patties. A reduction of more than
5 Log10 of MAP was achieved for all 50 g patties after
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cooking (including 1 flip) for 5 or 6 min, compared to
more than 4 Log10 reductions for all 70 g patties cooked
for 6 min and 2 to 7 Log10 reduction after 5 min of
cooking. The distribution of inactivation efficacy in 70
g patties cooked for 5 min was possibly due to the wide
variation of temperatures achieved during the heating
process recorded by the different thermocouples. This
was most likely due to the non-homogeneous nature of
the beef patties.
Regarding meat products other than minced meat,
a series of publications by a laboratory from the Czech
Republic are available. MAP was detected by qPCR in
beef, pork, and chicken (with and without bones), ham,
and pork sausages from retail (Klanicova et al., 2011).
In a subsequent study, testing performed again only by
qPCR, MAP was detected in liver dumplings, sausages,
and Teewurst (beef, pork, or mixed) (Lorencova et al.,
2014). It should be questioned whether positive results for products originating from pork and chicken
could be due to cross-contamination during processing or retailing as, to date, these animals have not
been recognized as hosts for MAP. The inactivation of
MAP during the production of dry fermented sausage
(DFS) and Teewurst was tested by the same laboratory (Lorencova et al., 2019). Two MAP strains were
used at initial counts of about 2.5x104 CFU/g. No reduction was observed during the three-day production
period for Teewurst. After four weeks storage, the final pH was 4.6 and aw-value was 0.92, which resulted
in a reduction of MAP by 0.8-1.2 Log10 cycles. The
production time for DFS was 13 days, with no MAP
detected on and after day 7. At that point of time, the
pH was 4.96 and aw-value was 0.95. Compared to milk
products, a higher pH seems to be effective in MAP reduction, possibly augmented by decrease of aw-value.
Miscellaneous

Water
Viable MAP has been detected by culture in surface
water (lakes, rivers, catchment areas) and drinking
water (Aboagye and Rowe, 2011; Gill et al., 2011;
Chaubey et al., 2017; Sousa et al., 2021). In terms
of potable water preparation, different applications
of chlorination were investigated. The most effective treatment (inactivation achieved: 2.82 Log10 ) was
reached at a chlorine concentration of 2 µg/mL for a
duration of 30 min (Whan et al., 2001). For mycobacteria of the Mycobacterium avium-complex (MAC), it
was shown that typical decontamination of potable water by irradiation with ultraviolet light resulted in a 4
Log10 reduction (Hayes et al., 2008).
Vegetables
The presence of MAP on or in plants for food production cannot be excluded if contaminated surface water
is used for irrigation or if manure from infected animals
is used for fertilization. In this context, the NACMCF
(2010) concluded that because MAP can survive in cattle feces, water, and soil and is present in many wild animals, farm runoff could potentially contaminate irrigation water that comes into contact with fruits and vegetables. No respective publications were found, how-

ever. The issue was addressed in a study where tomatoes were grown in contaminated soil under different
experimental conditions (Kaevska et al., 2014). The
soil was contaminated directly with cultures of MAP
or with feces from an infected cow. Samples of stems,
leaves, pollen, and fruits as far as available were collected at different time intervals and tested by culture
and qPCR. Many samples showed positive PCR results, whereas only one sample from a stem after four
weeks of growth was positive by culture.
Relevance of MAP in food for human health
Crohn’s disease (CD) is a human inflammatory bowel
disease (IBD) that can occur in any part of the gastrointestinal tract (Friedman and Blumberg, 2020).
The acute or chronic phase, relapsing or recurrent
course of the disease can severely impair the quality of
life for patients. The etiology of the disease is still unknown; an autoimmune disease, a genetic disposition,
and an infectious cause are discussed (McNees et al.,
2015). Genetic and environmental factors appear to
be involved in both the etiology of CD and immune
dysregulation (Patel and Shah, 2011).
Due to the similarity of the pathognomonic changes
in human CD and JD in cattle, the hypothesis came
up that MAP could be causally related to CD. The detection of MAP in Crohn’s patients is another reason
for this hypothesis. A connection between MAP and
CD has therefore been discussed since 1913 (Dalziel,
1913). A correlation between the increase in incidences
of CD and JD over the past 100 years has indirectly
contributed to this discussion. Because of the high importance of CD, numerous studies have therefore been
carried out in recent decades to investigate the role of
MAP in the development of CD.
Liverani et al. (2014) compared and evaluated the
evidence for and against MAP involvement in the etiology of CD. They concluded that the available data
do not prove that MAP is the causative agent of CD,
but a certain degree of involvement of this bacterium in
the physio-pathological steps of the disease seems justified. According to the authors, the literature contains
conflicting and contradictory evidence for this association, with a lack of uniformity in the materials and
methods used for MAP detection and inappropriate
parameters for selecting patients and controls. Variability in the quality and quantity of samples analyzed
and possible contamination during sample collection,
transport, and/or preparation further biased the studies. Waddell et al. (2015) performed a meta-analysis
on the zoonotic potential of MAP and its possible association with CD, evaluating 108 relevant studies. They
revealed a significant positive association between JD
and CD (odds ratio (OR) range 4.26-8.44). Great variability was found with regard to the selection of patient
and control groups, sample selection, detection methods, and epidemiological level of evidence. Therefore,
and due to the existing knowledge gaps, they judged
the available evidence as not strong enough to assess
the potential public health impact of exposure to MAP.
In a review, Robertson et al. (2017) addressed a
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possible link between MAP and CD and concluded
that a microbial contribution to the complex etiology
of CD could not be ruled out; however, no causal link
has been established yet. Regarding the more specific
question of whether MAP in pasteurized milk poses a
risk to food safety, the authors stated that the weight
of evidence indicates that commercial pasteurization
of milk substantially inactivates MAP, and levels of
consumer exposure via dairy products would be very
low. In a recent publication, Agrawal et al. (2021) addressed common questions about the contribution of
MAP to the pathophysiology of CD. They reviewed the
available information and evidence from different disciplines, including microbiology and veterinary medicine.
The conclusion was that although much progress has
been made in the evaluation of the links between MAP
and CD, the true behavior of MAP in humans has not
been fully understood or elucidated. They further concluded that simple microbe-host interaction can probably be excluded, however, MAP can cause dysbiosis
of the gut microbiome which may lead to inflammatory cascades. “Infection” does not necessarily mean
disease but may lead to colonization, persistence, or
latency in this concern.
In summary, numerous scientific studies and publications have investigated possible causal relationships
between MAP and CD. The results are ambiguous
and partly contradictory. The studies themselves are
hardly comparable because they differ in methodology
and design. Scientific evidence proving that the intake
of MAP via food in humans is causally involved in the
development of CD in humans is, therefore, to be regarded as insufficient at present.
Research needs
For all issues addressed above, common and essential research needs development of accurate and robust detection methods for viable MAP cells in food
and human samples were identified (Robertson et al.,
2017; Mullan, 2019; Agrawal et al., 2021). These
methods should be evaluated according to internationally accepted standards, i.e., ISO 16140 (ISO, 2016a).
Although phage-based methods are a promising approach, the current application is not yet validated as
an international standard and, therefore, is not ready
for routine use. Standardized methods are crucial to
obtain valid, reliable data on the occurrence of MAP
in food, e.g., in the context of systematic and representative surveys, as well as to assess the risk of MAP
transmission via food and to evaluate experimental or
commercial food process measures on their efficacy in
controlling MAP. This is particularly important if a
zoonotic potential of MAP becomes evident. These
considerations are supported by the results of Waddell
et al. (2016a). They point out that differences in the
laboratory protocols of the various studies are an important source of heterogeneity.
Also, Condron et al. (2015) and Robertson et al.
(2017) emphasize that standardized protocols and
technologies should be used for experimental setups to
allow the comparison of results. Waddell et al. (2016a)

furthermore noted that only a few studies provided results estimating the average concentrations in contaminated samples, but this information is needed to develop a quantitative human exposure assessment model
that could help interpret the relative importance of the
different sources of MAP. Besides, fluid milk, studies on
the occurrence and control of MAP in food are rare and
sometimes utilize an inappropriate number of strains
and repetitions. The whole field of seafood is not covered presently (Waddell et al., 2016b). In addition, the
lack of standardized test protocols and detection methods makes comparisons difficult and often impossible,
which is true for the data for fluid milk as well. An
interesting aspect for further research would be the influence of pH in combination with factors increasing or
decreasing its efficacy in any fermentation process.
Conclusion
In general, effective control and eradication of Paratuberculosis in ruminant livestock will reduce the risk of
human exposure to MAP to levels causing no problems
(NACMCF, 2010; Waddell et al., 2016b). However, if
control of MAP during food production would become
necessary due to a proven link to CD, several options
for intervention are available (Table 1). Unfortunately,
all data, except for heat inactivation in fluid milk, are
based on very few or even single studies with a few
test strains and repetitions. Therefore, substantial efforts to standardize testing protocols for intervention
measures in the laboratories and practice, as well as
detection methods of viable MAP cells, are required.
Furthermore, surveys on the occurrence of MAP in
food are necessary to determine the dimension for the
risk of transmission via food if the organism ever will
be regarded as a human pathogen. This is particularly essential for exposure assessment in the context
of risk assessment, to identify the major sources of risk
and develop suitable risk mitigation strategies. More
research is needed to evaluate options for intervention
during food processing and to establish valid concepts,
including hurdle technology.
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