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OBJECTIVES: Sardinia is an island community of 1.6 million people. There are also about 3.5 million sheep and
one hundred thousand cattle in which Johne’s disease and Mycobacterium avium subspecies
paratuberculosis infection are endemic. The present study was designed to determine what
proportion of people in Sardinia attending for ileocolonoscopy with or without Crohn’s disease were
infected with this pathogen.

METHODS: Mycobacterium avium subspecies paratuberculosis was detected by IS900 PCR on DNA extracts of
fresh intestinal mucosal biopsies as well as by isolation in culture using supplemented MGIT media
followed by PCR with amplicon sequencing.

RESULTS: Twenty five patients (83.3%) with Crohn’s disease and 3 control patients (10.3%) were IS900 PCR
positive (p = 0.000001; Odds ratio 43.3). Mycobacterium avium subspecies paratuberculosis grew
in cultures from 19 Crohn’s patients (63.3%) and from 3 control patients (10.3%) (p = 0.00001;
Odds ratio 14.9). All patients positive by culture had previously been positive by PCR.
Mycobacterium avium subspecies paratuberculosis first appeared in the liquid cultures in a Ziehl
Neelsen (ZN) staining negative form and partially reverted through a rhodamine-auramine positive
staining form to the classical ZN positive form. This resulted in a stable mixed culture of all 3 forms
illustrating the phenotypic versatility of these complex chronic enteric pathogens.

CONCLUSIONS: Mycobacterium avium subspecies paratuberculosis was detected in the majority of Sardinian
Crohn’s disease patients. The finding of the organism colonizing a proportion of people without
Crohn’s disease is consistent with what occurs in other conditions caused by a primary bacterial
pathogen in susceptible hosts.

(Am J Gastroenterol 2005;100:1529–1536)

INTRODUCTION

Mycobacterium avium (M. avium) subspecies paratuberculo-
sis is a member of the M. avium complex MAC. The recently
sequenced genome of the K10 bovine strain comprises 4.83
million base pairs (mbp) of GC-rich DNA encoding about
4,350 proteins (GenBank accession number AE016958). Of
this, 4.54 mbp shares 96–100% homology in sequence and
genetic organization with generally nonpathogenic M. avium
sp. The remaining 289 kb, representing only 6% of the
genome, is made up of genes that are either unique to M.
avium subspecies paratuberculosis or homologous to genes
many of which are related to pathogenicity in other microor-
ganisms.

Unlike other environmental MAC, M. avium subspecies
paratuberculosis has the specific ability to cause chronic in-
flammation of the intestine of a range of histopathological
types in many animals including primates (1–4). The disease
in animals ranges from pluribacillary to paucimicrobial with
chronic granulomatous inflammation like leprosy in humans
(5). First described in 1895 (6), M. avium subspecies paratu-
berculosis has amplified particularly in domestic livestock
with the emergence of distinct bovine and ovine strains hav-
ing differing phenotypic characteristics while retaining the
ability to cross infect (7–11). Recent data are clarifying the
nature of human Crohn’s disease isolates of these pathogens
which, while demonstrating some differences, have so far all
been on a bovine background (12–14).
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Despite its broad pathogenicity M. avium subspecies
paratuberculosis can live in animals for years without causing
clinical disease. Infection in farm animals is widespread par-
ticularly in Europe and North America (15). Wildlife reser-
voirs contribute to cycles of reinfection (16). Infected animals
secrete M. avium subspecies paratuberculosis in their milk
(17). These organisms are more thermotolerant than M. bovis
(18) and have been so far been cultured from retail pasteur-
ized milk supplies in the United Kingdom, Czech Repub-
lic, and the United States (19, 20) (http://www.johnes.org).
M. avium subspecies paratuberculosis is therefore from time
to time transmitted to people by this route. The possibility
that these pathogens may also cause chronic inflammation of
the intestine in humans is a public health issue of paramount
importance (21).

The central question has been is M. avium subspecies
paratuberculosis actually present in the inflamed gut partic-
ularly of people with Crohn’s disease? This has not been an
easy question to answer. The organisms are very slow grow-
ing and exceedingly difficult to isolate and passage in con-
ventional culture. They are present in low abundance and can
adopt a Ziehl Neelsen (ZN) staining negative form that can-
not be seen in tissues by ordinary light microscopy (22–24).
They appear to be able to minimize immune recognition and
unlike conventional spheroplasts, their ZN negative form is
highly resistant to the prerequisite chemical and enzymatic
lysis procedures essential for reliable detection by PCR (25).
As a consequence of these difficulties the results of much
research carried out during the 1990s were conflicting (22).

The availability of improved culture media for M. avium
subspecies paratuberculosis and advances in sample pro-
cessing and molecular diagnostics are at last leading to a
resolution of this uncertainty. The work of independent re-
search groups in the United States (26, 27), Italy (23), the
United Kingdom (25), and Germany (28) using appropriate
laboratory methods has confirmed that the inflamed intestine
of most people with Crohn’s disease is infected with these
chronic enteric pathogens. Further work from the United
States has cultured M. avium subspecies paratuberculosis
from the blood of 50% of patients with Crohn’s disease (24)
showing that, as in animals, the infection is often systemic.
Despite this, negative reports still appear (29) and there is a
need for more data from independent research centers par-
ticularly those with differing ethnicity, agriculture, dietary
habits, and climatic conditions. The present study using val-
idated laboratory methods was carried out to determine the
M. avium subspecies paratuberculosis infection rate in the
intestine of people with and without Crohn’s disease in Sar-
dinia, an island community of 1.6 million people, about 2.5
million mostly dairy sheep and 10,000 cattle.

METHODS

Samples
Endoscopic mucosal biopsies were obtained from people at-
tending for ileocolonoscopy at the Clinic of Surgery, Uni-

versity of Sassari, Italy. Biopsies were taken both from vis-
ibly inflamed regions in patients with IBD and from several
regions throughout the intestine in control subjects. Tissue
samples were placed into liquid 7H9 medium, transported
directly to the laboratory, and processed within 1 hr. One
biopsy was used to make a smear and examine by ZN and
rhodamine-auramine staining as previously described (5). In-
formed consent for sampling and publication of the results
was obtained.

DNA Extraction
Samples assigned to PCR were processed as previously de-
scribed (25). Tubes were centrifuged at 10,000 × g for 3 min
and the supernatant was discarded. The tissue was resus-
pended in 600µL of mycobacterial lysis buffer (2 mM sodium
EDTA, 400 mM NaCl, 10 mM Tris HCl, 0.6% sodium do-
decyl sulfate, and 33 µg of proteinase K [Sigma-Aldrich, St.
Louis, MO] per mL) and transferred to a Lysing Matrix B
Ribolyser tube (Qbiogene, Nottingham, UK) and incubated
at 37◦C for 2 hr. The Ribolyser tubes were then chilled on
ice for 5 min and mechanically disrupted in the FastPrep Ri-
bolyser (Qbiogene) at a setting of 6.5 ms−2 for 45 s and then
immediately chilled again on ice for 15 min. A volume of 600
µL of phenol (pH 6.7) saturated in 1 × TE (10 mM Tris HCl,
1 mM sodium EDTA pH 8.0) was added, and the mixture was
vortexed for 20 s and then centrifuged at 10,000 × g for 1 min.
The aqueous layer was transferred to a new screw-cap reac-
tion tube containing an equal volume of phenol-chloroform-
isoamyl alcohol (25:24:1, Sigma), and the mixture was satu-
rated in 1 × TE, vortexed for 20 s, and centrifuged (10,000
× g for 1 min). The aqueous layer was again transferred to a
new tube containing 500 µL of chloroform-isoamyl alcohol
(24:1), vortexed for 30 s, and centrifuged (10,000 × g for 1
min). The final aqueous layer (450 µL) was transferred to a
new tube containing 90 µL of 10 M ammonium acetate and
mixed thoroughly. One milliliter of ice-cold 100% ethanol
was added to enable DNA precipitation at room temperature
for 1 h. The samples were then centrifuged (10,000 × g for
20 min) at room temperature, and the pellets were washed in
750 µL of ice-cold 70% ethanol. The pellets were dried at
room temperature for 30 min and resuspended in 50 µL of
1 × TE.

IS900 PCR
Primers p89 and p92 described in our previous work (23) were
used to amplify a 284 bp fragment. The reaction mixture (fi-
nal volume of 50 (µL) comprised primers at a concentration
of 0.5 µM. Expand High fidelity reaction buffer 1× 200 µM
(each) dNTPs and 3 U of Expand High Fidelity Taq poly-
merase (Expand High Fidelity PCR system; Roche, Lewes,
UK). Cycling conditions were 1 cycle of 94◦C for 3 min
and 36 cycles of 94◦C for 40 s, 62◦C for 40 s, and 72◦C for
40 s. Followed by a final step of 72◦C for 5 min. Amplified
fragments were visualized with ethidium bromide on 2.5%
agarose-1000 gel (Life Technologies, Grand Island, NY)
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and purified with a Quiaquick gel extraction kit (Quiagen,
Crawley, UK). Each amplicon was sequenced in both direc-
tions by using p89 and p92 primers.

DNA extracts were also tested using Real Time PCR
(5 µL of tissue DNA extract was added to the reaction per-
formed by the iCycler iQTM instrument, Biorad, Hercules,
CA). The PCR Primers used for the Real Time PCR (iCy-
cler, Biorad were 5′-CCGACGCGATGATCGAGGAG for
the sense primer and 5′-GAACTCAGCGCCCAGGATGA
for the antisense primer and [6-FAM]CCGCCACCG
CCACGCCGAAA[3′ TAMRA-5′ 6-FAM] for the internal
Taqman probe sequence. As a standard for the Real Time, an
internal fragment of IS900 cloned into the vector PCR 2.1
(TA cloning Invitrogen) was used.

Mycobacterial Culture
Tissue samples were decontaminated by adding an equal vol-
ume of sodium hydroxide (2% final concentration) and in-
cubating for 10 min. Tubes were then centrifuged at 3,000
× g for 30 min and the supernatant was discarded. The tis-
sue pellet was washed with 10 mL of phosphate-buffered
saline (0.067 M, pH 6.8) and resuspended in 0.2% fatty-
acid-free albumin. The samples were inoculated into MGIT
media supplemented with mycobactin J and egg yolk emul-
sion (20 µL using the MGIT 960 nonradioactive culture sys-
tem (Becton Dickinson, Palo Alto, CA). The medium was
then incubated in the MGIT instrument until growth was
detected.

Electron Microscopy
Scanning electron microscopy was performed on the MGIT
isolates. Bacteria grown in MGIT were fixed in 2.5% glu-
taraldehyde in 0.2 mol/L sodium cacodylate buffer (pH 7.2),
postfixed in 1% osmium tetroxide in 0.2 mol/L sodium ca-
codylate buffer (pH 7.2), and serially dehydrated in ethyl
alcohol. After critical point drying, they were coated with
gold using a sputter-coating system (sputter-coater 5150A,
Edwards High Vacuum International, Crawley, UK) and then
examined with a scanning electron microscope (DSM 962,
Zeiss, Oberkochen, Germany) operating at kV20 20 kV. Im-
ages were digitized and stored as tagged image file format
files in the microscope computer. In order to compare the
appearances of these natural Crohn’s disease isolates with
the artificially induced ZN negative state a culture of M.
avium subspecies paratuberculosis ATCC 43015 (human iso-
late) into 7H9 medium plus mycobactin J was treated with
cycloserine (7 µg/mL) and lysozyme (1 µg/mL) for up to
3 months.

Statistics
The χ2 Pearson test and odds ratios were used to compare
the results of PCR and culture between CD and non-CD pa-
tients. A p value of less than 0.05 was judged to be signifi-
cant.

RESULTS

The results are summarized in Table 1. The Crohn’s disease
group consisted of 30 patients (19 males and 11 females). Tis-
sue samples from 25 (83.3%) of these patients were positive
by IS900 PCR. PCR positivity was independent of disease
activity. Three CD patients were being treated with Pred-
nisolone at the time of sampling and all were positive by PCR
and culture. Cultures from 19 (63.3%) PCR positive patients
became positive in the MGIT system and were confirmed as
M. avium subsp. paratuberculosis by IS900 PCR (Table 1).
Sequencing of the amplicons from the PCRs on these cul-
tures confirmed the presence of M. avium subsp. paratuber-
culosis with 100% sequence identity to IS900 AF416985
locus available in the National Center for Biotechnology
Information database. No sequence polymorphisms were
detected.

The control group consisted of 29 patients (13 males
and 16 females) classified as not having Crohn’s disease.
There were two additional patients (both male) diagnosed
with ulcerative colitis (Table 1). Both patients with ulcerative
colitis tested negative by IS900 PCR and in the MGIT sys-
tem. Of the 29 non-Crohn’s disease patients, 3 (10.3%) were
positive by IS900 PCR and by MGIT culture and showed
100% identity to the isolates from Crohn’s patients. These
results (3/29 vs 25/30 CD) are significantly different from
the Crohn’s disease group (at the level of p = 0.000001;
odds ratio 43.3%). One of the three positive non-Crohn’s
disease patients had diverticulitis, one had indeterminate
colitis, and one was diagnosed with irritable bowel syn-
drome. Two additional MGIT cultures from the 29 con-
trol patients exhibited bacterial growth in the MGIT system
but were negative by IS900 PCR. These cultures were neg-
ative by ZN staining for acid fast bacilli after 16 wk of
incubation.

The initial smears obtained from representative fresh biop-
sies from all patients were negative by ZN and rhodamine-
auramine staining. After 8 wk of incubation, positive MGIT
cultures showed positive rhodamine-auramine staining cells
that were ZN staining negative (Fig. 1A). After 14 wk of
incubation the MGIT cultures showed rhodamine-auramine
and ZN staining cells characteristic of a mixture of pre-
spheroplast, spheroplast, and acid fast bacilli (Fig. 1B). The
average time for growth of M. avium subsp. paratubercu-
losis to be detected in the MGIT system was about 10
wk.

A scanning electron microscopy picture of one of the nat-
ural ZN negative M. avium subsp. paratuberculosis isolates
from Crohn’s disease is shown in Figure 2. The cells are seen
to have lost their natural bacillary shape. This appearance
is compared to that of M. avium subsp. paratuberculosis in-
duced into the ZN negative state by treatment with cycloserine
and lysozyme (Fig. 3).

As shown, M. avium subsp. paratuberculosis cells after
treatment lose their bacillary shape and although they be-
come ZN-negative they retain the ability to be stained by
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Table 1. Patient Details

Group and Sex Age (Years) Disease Duration (Years) Disease Location Disease Activity Drugs PCR Culture

Crohn’s disease
1 M 32 18 I/C Active No + +
2 M 29 TI Active No + +
3 F 33 4 I/C Active No + +
4 M 26 TI Active No + +
5 F 25 TI Active No + +
6 M 35 >5 TI Inactive No + +
7 M 45 3 TI Active P + +
8 M 44 0 TI Active No + +
9 M 26 0 TI Active No + +

10 M 44 4 I Inactive No + +
11 F 55 >6 I Active No + +
12 M 66 C Active P + +
13 M 28 TI Active No + +
14 M 20 5 C/R Active No + +
15 F 22 0 TI Inactive No + −
16 M 18 C Active No − −
17 F 50 >10 I/C/R Active No + +
18 F 39 1 C Active No + +
19 F 33 4 I Active No + +
20 M 14 I Active No − −
21 M 53 TI Active No − −
22 F 70 I Active No + −
23 M 25 TI Inactive No + −
24 F 73 C Inactive No + −
25 F 59 I Active No + −
26 F 34 0 TI Active No − −
27 M 74 I Inactive No + −
28 M 67 I Active No + +
29 M 14 0 I Active P + +
54 M 35 R Active No − −
Ulcerative colitis
30 M 29 TI Active No − −
31 M 35 R Active No − −
No inflammatory bowel disease Diagnosis
32 M 30 TI IBS No − −
33 F 52 S Gastritis P − −
34 M 39 C Diarrhea − +
35 F 26 TI IBS No − −
36 F 77 R Adenocarcinoma − −
37 M 65 I Diverticulitis − −
38 F 69 I Screening − −
39 F 73 I Adenocarcinoma − −
40 F 72 C Diverticulitis − −
41 M 59 C Adenocarcinoma − −
42 M 57 I Adenocarcinoma − −
43 F 71 R Adenocarcinoma − −
44 M 73 R Adenocarcinoma − −
45 M 49 C Adenocarcinoma − −
46 F 61 C Diverticulitis + +
47 M 36 C/R Adenocarcinoma − −
48 F 39 C/R Colitis + +
49 M 78 I Diverticulitis − +
50 M 59 I Screening − −
51 M 66 C Screening − −
52 F 73 C Diverticulitis − −
53 F 39 I IBS No + +
55 F 25 I IBS No − −
56 F 40 I Screening − −
57 F 55 I Bleeding − −
58 M 75 TI Screening − −
59 M 44 C/R Screening − −
60 F 61 I IBS No − −
61 F 47 I Colitis − −
Abbreviations: M = male; F = female; S = stomach; I = ileum; TI = terminal ileum; C = colon; R = rectum; P = prednisolone. Results of PCR for M. avium subsp.

paratuberculosis DNA and culture shown as positive (+) or negative (–).
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Figure 1. Mycobacteria grown in MGIT cultures from fresh biopsies, if stained at 8 wk from the inoculum were positive rhodamine auramine
staining (A) whereas Ziehl Neelsen positive cells could be visualized only after 14 wk of growth (B).

auramine rodhamine. Cell shape can be appreciated by look-
ing at the electron microscope appearance (Fig. 4). Treated
cells are in aggregates and round in shape very similar to that
of wild type M. avium subsp. paratuberculosis isolated from
Crohn’s disease patients (Fig. 2 and Fig. 4B). When observed
by the electron microscopy untreated cells appear as bacilli
(Fig. 4A), whereas after lysozyme treatment the same cells
have a more rounded shape similar to those isolated from
Crohn’s disease patients (Fig. 4B) and the cell wall is thicker
(Fig. 4C).

DISCUSSION

In the present study, we have found by PCR and by culture
that a highly significant majority of patients with Crohn’s
disease living on the island of Sardinia are infected with M.
avium subspecies paratuberculosis. This adds to the increas-

Figure 2. Electron microscopy of a strain IS900 positive isolated
from a fresh biopsy after 75 days of growth in the MGIT medium.

ing body of reliable evidence contributed independently from
several laboratories elsewhere in Europe and North America
which implicates these chronic enteric pathogens in disease
causation (23–28). As in our previous study (23) the two
patients with ulcerative colitis tested negative, although in
some cases it is probable that a M. avium subspecies paratu-
berculosis superinfection on an underlying ulcerative col-
itis may occur giving rise to a mixed clinico-pathological
picture (30).

Testing the tissue samples fresh and the inclusion of opti-
mized mechanical disruption of the sample lysate are again
demonstrated to be important for PCR detection (25, 31).
Our finding that these very slow growing pathogens will
usually replicate in liquid MGIT medium sufficiently over
10–14 wk of incubation to become detectable, is in agree-
ment with the previous work (24, 26). The organisms in
culture are initially in their ZN staining negative in vivo
form and appear slowly to revert through a rhodamine-
auramine staining form, to a partial or complete ZN pos-
itive form classically seen in mycobacteria. The resulting
culture appears to be a stable mixture of all three forms
demonstrating the phenotypic versatility and plasticity of
these complex pathogens. The acid fast negative induced
forms of M. avium subspecies paratuberculosis in culture
were seen to have a shape very similar to the M. avium sub-
species paratuberculosis cells isolated from fresh Crohn’s
disease tissues. M. avium subspecies paratuberculosis infec-
tion is widespread in the island’s dairy sheep flocks and it
will be important to compare the genotypes of human and
ovine isolates in Sardinia taking advantage of the improved
PCR-based typing procedures which have become available
(11, 14, 32, 33).

The isolation of M. avium subspecies paratuberculosis
from 10% of people in Sardinia having ileocolonoscopies
for reasons other than Crohn’s disease is consistent with a
fairly widespread human exposure in milk supplies or from
the environment, and is in line with what is commonly found
with Helicobacter pylori, M. tuberculosis, Strep pneumo-
niae, and many other bacterial pathogens. The finding in
people without Crohn’s disease that M. avium subspecies
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Figure 3. Auramine rhodamine staining (A) and Ziehl Neelsen staining (B) of Mycobacterium avium subsp. paratuberculosis cells after 2
months of growth in MGIT medium plus Lysozyme.

paratuberculosis colonization occurred in the presence of an
established colonic abnormality is also in agreement with
previous studies (25) particularly in relation to diverticulitis
(34, 35).

In Sardinia, the 2.5 million sheep and 200,000 cattle make
a big contribution to the island’s economy. As happens else-
where, clinically diseased animals in flocks and herds indi-
cate the presence of a much wider subclinical burden of M.

Figure 4. Scanning electron microscopy of Mycobacterium avium subsp. paratuberculosis cells grow in absence of Lysozyme (A) and after 2
months of growth in MGIT medium plus Lysozyme (B). Transmission electron microscopy of Mycobacterium avium subsp. paratuberculosis
cells after 2 months of growth in MGIT medium plus Lysozyme (C).

avium subspecies paratuberculosis infection (36). These or-
ganisms can survive for long periods in the environment and
in surface waters (37, 38), as well as in pasteurized milk and
soft cheeses (39, 40). Our present study suggests that they
may also causing disease in the human population and much
further work needs to be done including the develop-
ment and introduction of new vaccines for animals and
humans.
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