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Mycobacterium paratuberculosis has been isolated from tissue taken from patients with Crohn's disease and

has been implicated in the etiology of this disease. On culture, the organisms appear initially as cell
wall-deficient, spheroplast-like forms that are difficult to identify by conventional techniques. Here we examine
30 unidentified cultures by the polymerase chain reaction using primers specific for M. paratuberculosis,
Mycobacterium tuberculosis, and Mycobacterium avium restriction fragment length polymorphism type A/I and
also by a non-species-specific mycobacterial polymerase chain reaction. Six of these cultures, all from Crohn's
disease, were shown to contain DNA from M. paratuberculosis. Cultures from both Crohn's disease and
controls were found to contain mycobacterial DNA of unknown specific origin.

The similarity of Crohn's disease (CD) (regional ileitis) to
mycobacterial diseases in animals and humans was recog-
nized in the earliest descriptions of the disease by both
Dalziel (10) and Crohn (9), and this has long suggested a

possible mycobacteria etiology. However, the absence of
acid-fast bacilli in lesions and the inability to cultivate
mycobacteria from tissues led to a retreat from this concept.
Burnham et al. (2) isolated a strain of Mycobacterium
kansasii from a mesenteric lymph node of a patient with CD.
More recently, Chiodini et al. (3-5, 7) isolated a strain of
Mycobacterium paratuberculosis from intestinal tissue from
four patients with CD. Since M. paratuberculosis causes
ileitis in ruminants in the form of Johne's disease, its
isolation from tissue obtained from patients with CD was
particularly interesting. DNA probes were previously used
to demonstrate that the CD-isolated strains were indistin-
guishable from bovine M. paratuberculosis (23). Other lab-
oratories have also isolated M. paratuberculosis from CD
(11, 12, 15). M. paratuberculosis has also been detected in
CD tissue by the polymerase chain reaction (PCR) in some
studies (28, 31), although results from other studies have
been negative (29, 36). In these and other studies, extremely
slowly growing, pleomorphic, variably acid-fast, sphero-
plast-like organisms have been isolated from CD tissues and
a smaller number of control tissue samples (2, 6, 11-13, 21).
Because of the very poor growth of these cultures, it is
impossible to identify these organisms by conventional tech-
niques, even at the genus level. Without identification of
these spheroplast-like agents, it is not possible to determine
a specific association with CD or to separate pathogenic
from environmental organisms. Using rRNA probes, Chio-
dini et al. demonstrated that the strains of M. paratubercu-
losis isolated from CD tissue first appeared as spheroplast-
like agents (6), and they suggested that M. paratuberculosis
is present in CD tissue ir. a spheroplast-like form. These
observations were, however, specific to the spheroplasts
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that later transformed into M. paratuberculosis. McFadden
et al. (26) used DNA probes to demonstrate that a strain
isolated from another laboratory was not closely related to
M. paratuberculosis. Moss et al. used PCR to demonstrate
the presence of both M. paratuberculosis and Mycobacte-
rium avium DNA in long-term cultures derived from CD and
controls (27). The work described the use of PCR to detect
mycobacterial DNA in similar microbial cultures derived
from CD and control specimens. Four strains of M. paratu-
berculosis, all from CD specimens, have previously been
isolated and identified from these cultures by conventional
methods and with DNA probes (6, 11, 12, 15, 26). However,
many cultures yielded only very slowly growing material
that could not be identified by conventional means. Here we
examine 30 of these unidentified cultures from 21 patients by
PCR (32) to identify mycobacterial DNA. Primers designed
to amplify M. paratuberculosis DNA were derived from the
DNA sequence of the insertion sequence IS900, which is
specific to M. paratuberculosis (14, 35). Recently, a strain of
M. avium designated M. avium restriction fragment length
polymorphism type A/I, which includes the wood-pigeon
bacillus also known as M. avium subsp. silvaticum (34),
which is able to cause Johne's disease in experimental
infections (8) has also been found with DNA probes to be
associated with some cases of Johne's disease in animals
(19). This pathogen was recently identified in cultures from
inflammatory bowel disease tissue with DNA probes (24),
and we also aimed to detect this pathogen, if it was present
in these samples. We therefore utilized PCR primers specific
to sequences from the insertion sequence IS901, which is
specific to the RFLP type A/I strain of M. avium (19, 20).
DNA from the Mycobacterium tuberculosis complex was
detected with primers designed to amplify a sequence from
IS6110 (IS986/6110), which is specific to the M. tuberculosis
complex (16, 22). In addition, we wished to detect DNA
from any other mycobacterial species that was not detected
by the above primer combinations. We therefore utilized
primers designed to amplify a fragment of the gene encoding
the conserved 65-kDa antigen (33), now known to be the
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TABLE 1. Summary of culture results

Total no.
No. of M. para- No. of samples with

Source of culture of patientS tuberculosis unidentified growth
isolates in culture tubes

CD 28 4a 16
Ulcerative colitis 10 0 2
Control 13 0 3

a Previously described (3-7).

mycobacterial groEL gene, of M. tuberculosis and other
mycobacteria (30). The groEL PCR has previously been
shown to amplify DNA from a range of mycobacterial
species but not from a collection of nonmycobacterial DNA
samples (30). In order to detect a false-negative PCR due to
inhibition by sample components and as a check on the
sensitivity of amplification, we utilized modified templates
engineered by site-directed mutagenesis as controls in our
PCR (30).

MATERIALS AND METHODS

Cultures. Thirty unidentified cultures isolated from 21
different patients were obtained from R.C.'s laboratory
(Table 1). These cultures had been inoculated with resected
gastrointestinal tissues onto Herrold's egg yolk medium
supplemented with mycobactin, as previously described (7).
All cultures were coded and sent to the laboratory of J.J.M.
for (blinded) PCR analysis.
Sample preparation. An inoculating loop was used to

remove a small quantity of visible growth from the culture
tubes. This growth was suspended in 100 ,ul of water in a
1.5-ml-volume screw-cap centrifuge tube and was boiled for
10 min. Glass beads (0.1 mm in diameter) were added to fill
three-quarters of a 0.5-ml-volume microcentrifuge tube, the
sample suspension was added, and the tube was shaken
vigorously for 3 min with a Mini-Bead Beater (Stratech
Scientific, Ltd., Luton, United Kingdom). The base of the
microcentrifuge tube was then pierced with a fine needle,
and the lysate was recovered by centrifuging into a 1.5-ml-
volume centrifuge tube. This lysate was then added directly
to PCRs. When PCR inhibition was detected, the sample was
further purified by treatment with guanidinium isothiocy-
anate and DNA purified on silica particles, as described
previously (1), before the PCR was repeated.
PCR. PCRs were performed by standard protocols as

described previously (30, 32).
The primers for the detection of M. paratuberculosis,

based on the sequence of IS900, were IS900-1, (209)TGGA
CAATGACGGTTACGGAGGTGG(234), and IS900-2, (563)
TGATCGCAGCGTCTTlGGCGTCGGT(538). The num-
bers in parentheses refer to the published sequence of IS900
(14). The primers amplify a 354-bp fragment from M. para-
tuberculosis DNA. PCR parameters were 35 cycles of an-
nealing (65°C, 45 s), extension (72°C, 150 s), and denatur-
ation (94°C, 30 s).
The primers used for site-directed mutagenesis to engineer

the modified template for IS900 PCR were MTpl, TGAC
GACGTTGGTTGATGGAGGCG, from the IS900 sequence
(375)TGACGACGTTGGCCGATGGAGGCG(398) with a 2-
base (CC-+TT) substitution, and MTp2, the complementary
sequence of MTpl. IS901 primers, specific for M. avium
RFLP type A/I, were as previously described (19). The
primers amplify a 1,104-bp product from M. avium RFLP
type A/I. IS98616110 primers specific for M. tuberculosis

were INS1 and INS2, as described previously (16). The
primers amplify a 244-bp product from M. tuberculosis
complex mycobacteria.
groEL primers were TB1 and TB2, as described previ-

ously (30), which amplified a 626-bp sequence from all
mycobacteria tested. PCR products were electrophoresed
through 1.5% agarose. When modified template was used,
the samples were first digested with either HaeIII (IS900) or
XhoI (groEL) and electrophoresed through either 2% agar-
ose or 6% polyacrylamide in Tris-borate buffer. Products
were detected by staining with ethidium bromide and were
photographed under UV illumination.

Synthesis and use of PCR-modified template. The standard
IS900 PCR product was modified by site-directed mutagen-
esis (17) to alter its restriction endonuclease digestion pat-
tern. A standard PCR was performed with IS900 primers to
synthesize the wild-type IS900 PCR product with 0.1 ng of
M. paratuberculosis DNA as a template. A 0.1-,l volume of
this product was used as the template in PCRs with (i)
IS900-1 primer plus IS900 MTp2 primer and (ii) IS900-2
primer plus IS900 MTpl primer. The products of these
reactions were mixed and diluted 1:1,000, and 5 RI was used
for a PCR with IS900-1 and -2. This product was electro-
phoresed through 1.5% agarose, excised, and purified with
Gene-Clean (Bio 101, Inc., La Jolla, Calif.). The ends of the
purified product were then filled in with Klenow fragment of
Eschenchia coli DNA polymerase I, phosphorylated with T4
polynucleotide kinase, and cloned into the SmaI site of the
plasmid pUC18. DNA extracted from this clone was used as
a modified template to spike PCR mixtures.
The groEL modified template was similarly constructed,

as described previously (30).
For IS900 PCRs, 0.09 fg (corresponding to approximately

20 target molecules) of modified template was added to each
reaction mixture. For the groEL reaction, 0.2 fg (corre-
sponding to approximately 50 target molecules) of modified
template was added to the mixture.

RESULTS

In preliminary experiments with IS900 primers in which
samples were spiked with known amounts of M. paratuber-
culosis DNA, we found that some of the samples contained
components that inhibited the PCR, leading to false-negative
results. Since this decreased our confidence in negative
results, we decided to construct a modified template that
could be added to all IS900 PCR mixtures that would
indicate whether successful amplification had occurred in
the tube but for which the PCR product was easily distin-
guishable from wild-type product. The 354-bp amplified
fragment from IS900 was therefore modified by site-directed
mutagenesis by PCR (17). A 2-base substitution (CC-1TT)
was made in the HaeIII restriction site at IS900 position 385
(14) in the amplified product. This base substitution elimi-
nated one of the four sites for HaeIII in this amplified
fragment so that upon digestion of the modified product,
bands present at 178 and 39 bp were lost and a new band at
217 bp was produced. The modified amplified product was
then cloned into pUC18. DNAwas extracted from this clone
and used to spike IS900 PCR mixtures, and the reactions
were then performed normally. In order to analyze the
result, the amplified product of PCRs was digested directly
(in the PCR buffer) with HaeIII. Preliminary experiments
were performed that demonstrated that so long as the
amount of modified template added to each reaction mixture
was no greater than 0.1 fg, corresponding to approximately
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FIG. 1. IS900 PCR products with modified template, digested
with HaeIII, electrophoresed through 6% polyacrylamide, stained
with ethidium bromide, and photographed. Lanes: M, 300 ng of
+X174 DNA fragment size markers digested with HaeIII; 1, 18, and
41, 60 fg of M. paratuberculosis DNA; 2 through 17, 19 through 33,
and 34 through 40, 30 randomized test samples plus 8 negative
control samples. MT, modified template; ptb, PCR product band.
Size markers (in base pairs) are on the left.

25 target molecules, the presence of modified template did
not significantly reduce the sensitivity for detection of M.
paratuberculosis DNA.

The positive, negative, and false-negative results for IS900
PCR with the modified template can be seen in Fig. 1. The
modified-template product band at 217 bp is visible in most
samples (MT in Fig. 1). Positive amplification of M. paratu-
berculosis DNA is indicated by the presence of a PCR
product band at 178 bp (ptb in Fig. 1, lanes 1, 3, and 4, etc).
Unless only very small quantities (less than about 60 fg) of
M. paratuberculosis DNA were present in the sample (Fig.
1, lane 41), the positive template products were not usually
seen in M. paratuberculosis-positive samples, presumably
because of competition for PCR reagents. A false-negative
result is shown by the absence of any band (e.g., Fig. 1, lane
11). By being used to spike the reaction mixtures at a specific
concentration (20 target gene copies per reaction mixture),
the modified template also acts as an internal sensitivity
control. A similarly constructed modified template was also
utilized in the groEL PCRs as described previously (30).
The sensitivities (in femtograms) of the PCRs were deter-

mined with dilutions of homologous genomic mycobacterial
DNA as the target and by detecting PCR product by ethid-
ium bromide staining and were as follows: IS900 PCR, 6;
IS901 PCR, 6; IS98616110 PCR, 6; and groEL PCR, 100.
Therefore, all of the PCRs using insertion sequences as the
target gave sensitivities equivalent to detecting one to two
mycobacterial cells, whereas the sensitivity of the groEL
PCR was about 1/20 of this.

All of the samples were subjected to all four PCRs. To

TABLE 2. PCR results for spheroplast-like agents

Result for:
Culture no.a Datab Sourcec Growthd

IS900 groEL

la 1982 CD + - -
1982 CD + - -

ic 1982 CD + + - +
2e 1985 CD +++ + +
3a 1981 CD + + - +
3b 1981 CD +++ - -
4 1984 CD +++ - +
5 1983 CD + - -
6a 1984 CD + - -
6bef 1984 CD ++ + +
7a 1983 CD + - +
7b 1983 CD + - -
7ce 1983 CD + + +
8 1984 CD + - -
9a 1981 CD ++ _ -
9b 1981 CD +++ + +
1oa 1984 CD ++ - +
10b 1984 CD ++ - +
llef 1981 CD +++ + +
12e 1981 CD ++ + -
13e 1982 CD +++ - +
14 1983 CD +++ - +
15 1984 CD +++ - +
16 1984 CD + - -
17 1984 CD + - -
18 1984 ML + - -
19a 1983 UC ++ - +
19b 1983 UC +++ - +
20 1983 Cancer +++ - -
21 1983 DV + - +

a Multiple cultures from the same patient are designated by alphabetical
subscripts.

b The year in which the culture tube was inoculated.
Abbreviations: UC, ulcerative colitis; ML, melanosis coli; DV, divertic-

ulitis.
d The quantity of visible growth in each tube was estimated by eye. + to

+ + +, low to high levels of growth.
e Sample was subcultured.
f Subcultured growth was examined by electron microscopy.

minimize the possibility of sample contamination, samples
were processed and analyzed in small batches (usually six
samples). A positive result was recorded when a PCR
product of the expected size was detected by ethidium
bromide staining of agarose gels. When inhibition of PCR
was detected (by the absence of modified template bands)
with any of the samples, it was further diluted and/or purified
until positive amplification was obtained. All reactions were
performed at least in duplicate, and positive and negative
controls were included in all runs. Two types of negative
controls were always examined: (i) PCR reagents with no
template DNA and (ii) samples containing only water that
were subjected to the complete cycle of sample preparation
in parallel with test samples. Any experiment in which any
controls were positive was discarded. The results are pre-
sented in Table 2, and gels containing a representative group
of samples are shown in Fig. 1. All samples were negative for
both the IS901 and IS986/6110 PCRs, and therefore, these
results are not presented. Table 2 also shows our estimate of
how much visible growth was present in each tube.
Of the 30 samples examined, 6 were positive for IS900.

Four positive samples may be seen in Fig. 1, lanes 3, 4, 30,
and 35 (corresponding to samples 6b, 2, 11, and 12, respec-
tively, in Table 2). Two further positives (samples 7c and 9b)
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were obtained upon purification of inhibiting samples. All
IS900-positive samples were from the 25 CD samples. Alto-
gether, 14 of the 30 samples were positive with the groEL
PCR, 14 of 25 from CD and 3 of 5 from controls (data not
shown).

Dilutions of most positive samples of up to 1:100 gave
visible amplification products, indicating that a minimum of
100 target molecules were present in the original 4-,ul sample
aliquot added to the PCR mixtures and therefore that greater
than 2,500 molecules were present in the original sample. As
can be seen from Table 2, multiple cultures from the same
patient did not always give the same result.

Samples that gave positive PCR results were examined by
Ziehl-Neelsen staining, and these showed the presence of
very scanty acid-fast rods plus variable acid-fast coccobacil-
lary and pleomorphic forms very similar to the forms de-
scribed previously for M. paratuberculosis spheroplasts (6).
Since these cultures were very old and might therefore be
expected to have anomalous staining characteristics, a num-
ber of samples (indicated in Table 1) giving positive PCR
results were inoculated onto fresh media (Middlebrook 7H11
agar with 4 ,ug of mycobactin per ml). After 4 months of
incubation, very tiny colonies (less than 1 mm) were barely
visible in all tubes, except for the tube containing sample 13,
in which no growth was visible. A culture of M. paratuber-
culosis inoculated at the same time showed good growth
after a similar period of incubation. The subcultures in which
tiny colonies were visible were examined by Ziehl-Neelsen
staining, by carbon shadowing and electron microscopy, and
by PCR. After Ziehl-Neelsen staining, very scanty acid-fast
rods were seen again along with smaller amounts of pleo-
morphic forms. Electron microscopy of carbon-shadowed
samples revealed scanty rods of sizes and shapes similar to
those of M. paratuberculosis bacilli. All subcultures in
which growth was visible gave the same PCR result as the
original culture. After a further 3 months of incubation, the
colonies were still very small in these subcultures, indicating
that growth was still very slow and that the initial slow
growth was not due to small amounts of inoculum.
As can be seen from Table 2, all samples that were

positive for IS900 were also positive for the groEL PCR, as
expected, except for one sample, sample 12. This sample
was subcultured, but the subculture continued to give the
same anomalous result. It is possible that the groEL target
sequence in this organism may have a minor sequence
variation that prevents primer binding. A less likely possi-
bility is that this sample contains a nonmycobacterial organ-
ism with IS900.

DISCUSSION

M. paratuberculosis has previously been isolated from CD
tissue, and upon primary isolation, organisms appear as
non-acid-fast coccobacillary forms that have the ultrastruc-
tural appearance of cell wall-deficient spheroplasts. How-
ever, most spheroplast-like agents isolated from CD and
control tissues have not transformed in culture to typical
mycobacterial forms and have therefore remained unidenti-
fied. Using PCR, we demonstrated here that DNA from a
number of these cultures contained the insertion sequence
IS900. IS900 has so far not been found in any bacterium
other than M. paratuberculosis (35), and we therefore con-
clude that these cultures contain M. paratuberculosis. Upon
subculture, the agents retain the very slow growth rate of the
parent cultures. The positive samples from both the original
cultures and the subcultures contain acid-fast rods in very

small numbers. Coccobacillary and pleomorphic variably
acid-fast material similar to that previously described (6) was
present in the original cultures and in the subcultures. We
are uncertain as to whether the pleomorphic, variably acid-
fast material represents a form of M. paratuberculosis that is
contributing to the PCR result or the PCR signal is associ-
ated only with the small number of acid-fast rods. Unfortu-
nately, insufficient material was available for any detailed
ultrastructural studies. However, a major difference be-
tween the agents we have examined and M. paratuberculosis
is very apparent, and that difference is the extremely slow
growth rate of these agents.

This study increases the number of CD tissue samples that
have yielded M. paratuberculosis in culture. Six samples
were positive for M. paratuberculosis, representing 6 of the
28 patients from which samples were available. These are in
addition to the four samples which have already yielded M.
paratuberculosis in culture. In this study, the association of
M. paratuberculosis remains specific to CD. To our knowl-
edge, no control sample has yet yielded M. paratuberculosis
in culture. However, in the study described by Moss et al.
(27), M. paratuberculosis DNA was detected by PCR in 6 of
18 cultures derived from CD but in 1 of 6 non-inflammatory
bowel disease control specimens, a frequency not signifi-
cantly different from that for the CD group. The continued
specific association between M. paratuberculosis, the cause
of regional ileitis in ruminants, and CD, the cause of regional
ileitis in humans, in our study remains provocative. How-
ever, remember that only a small percentage of CD tissue
samples examined in a number of studies have yielded M.
paratuberculosis in culture (25). M. paratuberculosis may be
associated with CD in only a minority of patients. A signif-
icant proportion of samples were positive with the mycobac-
teria-specific groEL PCR, indicating that these spheroplast-
like cultures did not contain DNA fromM. paratuberculosis,
M. avium RFLP type A/I, or M. tuberculosis but did contain
DNA that was probably mycobacterial. However, these
were identified from a similar proportion of controls as CD
samples, and their significance is therefore uncertain. A
significant proportion of the spheroplast-like samples remain
unidentified, since they did not give a positive PCR. Many of
these were, however, from tubes in which very little growth
was visible.

Spheroplast-like agents have long been suspected to be
present in mycobacterial diseases, including tuberculosis, in
which they have been previously proposed to be responsible
for the persistence of infection following successful treat-
ment (18). The phenomenon of persistence has increased
relevance presently because of the AIDS pandemic, since
human immunodeficiency virus infection is strongly associ-
ated with reactivation of tuberculosis. The study of sphero-
plast-like agents that may be involved in persistence has
been severely hampered by the inability to specifically
identify unusual agents isolated from mycobacterial dis-
eases. We here demonstrate that organisms isolated from
CD tissue having some of the characteristics of spheroplast-
like agents may be specifically identified and studied by
PCR.

Finally, the use of a modified template in PCRs may be of
value in any PCRs in which unsuccessful amplification due
to inhibition or other causes (e.g., operator error) is sus-
pected. The technique may also be of value in quantitative
PCR.
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