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Mpycobacterium paratuberculosis strains, mycobacteria from patients suffering from Crohn’s disease, ‘‘wood
pigeon mycobacteria,”’ and representatives of Mycobacterium avium-Mycobacterium intracellulare were com-
pared by restriction endonuclease Dral digestion and field inversion gel electrophoresis. Characteristic profiles
were seen for M. paratuberculosis, including isolates from patients suffering from Crohn’s disease, for wood
pigeon mycobacteria, and for M. avium-M. intracellulare serotypes 2, 16, 18, and 19. Two M. paratuberculosis
strains used for vaccine production (St 18 and 316 F) presented patterns different from those of the other M.
paratuberculosis strains. Strains St 18 yielded a pattern identical to that of the M. avium type strain serotype
2, whereas 316 F gave a unique pattern. The method developed in this study represents a useful taxonomic tool
for the identification and classification of mycobacteria.

DNA-DNA hybridization studies showed that Mycobac-
terium avium, Mycobacterium paratuberculosis (including
isolates from patients with Crohn’s disease), and ‘‘wood
pigeon mycobacteria’’ belonged to a single genomic group
(13, 23, 29, 30) not including Mycobacterium intracellulare
(1, 2). A 383-base-pair segment of the gene coding for the
65-kilodalton mycobacterial antigen, consisting of a probe
useful for the differentiation of tubercle bacilli from M.
avium and from Mpycobacterium fortuitum, revealed no
nucleotide sequence differences between M. paratuberculo-
sis and M. avium (12). Nonetheless, it is of clinical and
veterinary importance to define subspecific differentiation in
this group, as M. avium is a potential pathogen for animals
and humans, especially in patients with acquired immuno-
deficiency syndrome (21, 22), and is frequently encountered
in nature whereas M. paratuberculosis and wood pigeon
mycobacteria have been isolated only from infected tissues
(20, 26). Moreover, M. paratuberculosis may represent an
etiologic agent of Crohn’s disease (7).

The most striking bacteriological characteristic of M.
paratuberculosis is mycobactin dependence. However, M.
avium-M. intracellulare (MAI) isolates and wood pigeon
mycobacteria may show a variable mycobactin dependence,
often pronounced on primary isolation and attenuated on
further subculturing. Assignment of a mycobactin-depen-
dent strain to a specific taxon depends on the source of
isolation and associated pathogenicity. Other criteria such as
microbiological and biochemical tests, fatty acid composi-
tion, peptidoglycolipid content, and immunodiffusion analy-
sis have not established a reliable correlation between phe-
notype and pathogenicity (3, 4, 10, 18, 24, 26).

Restriction endonuclease digestion profiles of the DNA
from M. avium and M. paratuberculosis strains showed
stringent conservation of genetic composition among strains
of M. paratuberculosis and high heterogeneity within M.
avium species (9, 27, 28). However, these electrophoretic

* Corresponding author.

2823

analyses require the use of restriction enzymes with highly
frequent cleavage sites. Patterns thus obtained may be
difficult to interpret, as usually more than 50 closely spaced
bands are produced. Hybridization with specific radioac-
tively labeled probes results in simple patterns and allows
analysis of restriction fragment length polymorphism. By
using as probes either an rDNA gene of Escherichia coli or
a cloned DNA fragment from an isolate obtained from a
patient with Crohn’s disease, Chiodini et al. and McFadden
et al. confirmed the homogeneity of M. paratuberculosis and
showed that isolates from patients suffering from Crohn’s
disease were strictly identical to M. paratuberculosis but
distinct from M. avium (8, 15, 17). The difference between
M. paratuberculosis and M. avium was mainly due to a
repetitive sequence present in M. paratuberculosis but ab-
sent in MAI isolates (11).

In the present study, we have applied a modification of the
technique originally described by Schwartz et al. (25),
namely field inversion gel electrophoresis (6), to a fine-
structure analysis of the restriction patterns of the DNA of
M. paratuberculosis, wood-pigeon mycobacteria, and MAI
isolates. As mycobacteria present a high GC% range, be-
tween 65 and 70%, we selected the Dral restriction enzyme
with a cleavage site AAATTT in order to get few DNA
fragments. The method developed here is capable of the
resolution of high-molecular-weight DNA fragments of my-
cobacteria and shows characteristic whole DNA patterns
with few bands which can be used for strain identification
without requiring the use of DNA probes.

MATERIALS AND METHODS

Bacterial strains. Table 1 lists the sources of the mycobac-
terial strains included in this study. Cultures were grown at
37°C in 7H9 Middlebrook liquid medium and were supple-
mented with 0.05% Tween 80 and 2 pg of mycobactin J
per ml (Rhone-Mérieux, France). Four-week-old cultures
(three-week-old cultures, for MAI isolates) were harvested
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TABLE 1. List of the strains used in the study

Organism Source Trapsn;ls-
sion'’
M. paratuberculosis
ATCC 19698 Type strain CIPT
147-89 Goat LCRV
316 F Vaccine Weybridge
St 18 Vaccine CVM
7912 Cow LCRV
3418 Cow LCRV
1077 Sheep CVM
2103 Goat LCRV
Wood pigeon mycobacteria
V1-72 Deer SVSL
3135 Wood pigeon LCRV
6861 Wood pigeon LCRV
6409 Wood pigeon LCRV
M. avium-M. intracellulare
ATCC 25291 (serotype 2) Type strain CIPT
ATCC 13950 (serotype 16) Type strain CIPT
O’Connor 4990 (serotype 18) NJH
W-552 (serotype 19) NJH
Crohn’s disease isolates
CD 2569 Human CDI
CD Lyon Human EVL

“ Abbreviations: LCRV, Laboratoire Central de Recherches Vétérinaires,
Maisons-Alfort, France; CVM, College of Veterinary Medicine, Ames, lowa;
SVSL, State Veterinary Serum Laboratory, Copenhagen, Denmark; CIPT,
Collection Institut Pasteur Tuberculose, Paris, France; NJH, National Jewish
Hospital, Denver, Colo.; CDI, Centraal Diergeneeskundig Instituut, Lely-
stad, The Netherlands; EVL, Ecole Vétérinaire de Lyon, Lyon, France.

by centrifugation at 8,000 X g, and bacterial pellets were
stored frozen at —20°C.

DNA preparation. For this purpose, fresh cultures were
prepared. Cells were suspended in 40 ml of fresh medium at
an optical density at 650 nm of 0.05. The cultures were
incubated to an optical density at 650 nm of 0.2, centrifuged
at 7,000 X g, and washed with 50 mM EDTA (pH 8). Cell
pellets were suspended in 1 ml of a prelysing solution
consisting of 6 ml of 50 mM EDTA (pH 8), 6 ml of 10 mM
EDTA (pH 8), 0.1 M sodium citrate, 150 pl of B-mercapto-
ethanol, and 5 mg of zymolyase (Seikagaku Kogyo, Tokyo,
Japan). Cell suspensions were then mixed with an equal
volume of 1% low-melting-point agarose (Bio-Rad Labora-
tories, Richmond, Calif.) prepared in 125 mM EDTA (pH 8)
that had been melted and cooled at 45°C. The mixture was
dispensed immediately in a slot former containing 60-ul
spaces. Agarose blocks were transferred to tubes with 0.5 M
EDTA containing 7.5% B-mercaptoethanol and were incu-
bated overnight at 37°C. Agarose blocks were extensively
washed with TE (10 mM Tris, 1 mM EDTA, pH 8) and
incubated in 10 mM Tris-1 mM EDTA with 1 mg of
lysozyme per ml for 5 h at 37°C. The solution was changed to
0.5 M EDTA containing 1% sodium lauroyl sarcosine (Sigma
Chemical Co., St. Louis, Mo.) and 2 mg of proteinase K
(Boehringer Gmbh, Mannheim, Federal Republic of Ger-
many) per ml, allowed to stand for 48 h at 55°C, and washed
with TE. Proteinase K was inactivated by washing the
inserts twice for 30 min at 55°C in TE plus 0.04 mg of
phenylmethylsuifony! fluoride per ml (Bio-Rad Laborato-
ries) and three times for 30 min each at room temperature in
TE alone. After this, agarose blocks could be stored at 4°C in
0.5 M EDTA. They were extensively washed with TE before
restriction enzyme digestion.
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Restriction enzyme digestion. Blocks containing about 10
pg of DNA were digested with 50 U of Dral (Bio-Rad
Laboratories) in a total volume of 120 .l containing 75 wl of
distilled water, 20 pl of bovine serum albumin (Pharmacia,
Inc., Piscataway, N.J.), and 20 pl of appropriate buffer as
recommended by the manufacturer.

Pulsed-field gel electrophoresis. Blocks were loaded into a
1% agarose (Bio-Rad Laboratories) gel, prepared, and run in
0.0587 M Tris (pH 8)-0.0587 M boric acid-0.0013 M EDTA
(0.66x TBE). The inserts were then sealed in the slots with
1% low-melting-point agarose in 0.66x TBE. Field inversion
gel electrophoresis was carried out with a Dnastar Pulse
(Dnastar, Madison, Wis.) apparatus. Forward and reverse
pulses were set at 0.33 and 0.11 s at the beginning of the run
and 60 and 20 s at the end of the run, respectively, according
to a linear ramp of forward and reverse pulses during the
36-h run time. The voltage used was 100 V and produced
about 35 mA. The buffer was allowed to recirculate through
a heat exchanger to maintain 18°C. Lambda concatemers
were used as molecular weight markers. At the end of the
run, the gels were stained with ethidium bromide and pho-
tographed under UV light.

RESULTS

Figure 1 shows the Dral restriction patterns of the dif-
ferent strains listed in Table 1 compared to those of A
concatemers. As the molecular weight of a single phage A is
about 50 kilobases, the upper limit of resolution equivalent
to 14 concatemerized \ phages corresponds roughly to 700
kilobases.

Figure 1 shows that different strains of M. paratuberculo-
sis (Fig. 1A, lanes 1, 3, 7, and 9; Fig. 1B, lanes 1, 5, and 6;
Fig. 1C, lane 3), including the type strain ATCC 19698 (data
not shown), produce similar patterns except for three
strains, namely, St 18 and 316 F, both used for vaccine
production, and strain 2103. The five other strains tested
show identical profiles different from the MAI type strains
(Fig. 1B, lanes 2 and 3; Fig. 1C, lanes 1 and 2), as well as M.
intracellulare serotypes 18 and 19 (Fig. 1A, lanes 4 and 8). In
addition, strains isolated from patients suffering from
Crohn’s disease (Fig. 1A, lane 6; Fig. 1C, lanes 9 and 10)
were found to be indistinguishable from the other M. paratu-
berculosis strains isolated from infected animals.

The two M. paratuberculosis strains used for vaccine
production yielded restriction patterns differing from the
other M. paratuberculosis strains. It is interesting to note
that the St 18 fingerprint is similar to the M. avium type
strain (serotype 2) (Fig. 1C, lanes 2 and 3). However, the
other vaccine strain, M. paratuberculosis 316 F (14), yielded
a unique pattern.

M. paratuberculosis 2103, isolated from a goat lymph
node, was identified as a M. paratuberculosis strain on the
basis of mycobactin dependence seen on first isolation.
However, on subculture the strain lost its mycobactin de-
pendence and became able to grow without the addition of
mycobactin. In addition, the strain was rough on first isola-
tion and smooth on subsequent cultures. The pulsed-field
pattern did not allow the identification as a M. paratubercu-
losis strain, and the misidentification underlines the diffi-
culties of identification relying on usual microbiological
tests.

Wood pigeon mycobacteria produced restriction finger-
prints (Fig. 1A, lane 2; Fig. 1C, lanes 4, 5, 7, and 8) which
allowed their differentiation from M. paratuberculosis
strains, including those isolated from patients with Crohn’s
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FIG. 1. Pulsed-field gel electrophoresis of mycobacterial DNA digested by Dral. (A) Lanes: 1, M. paratuberculosis 7912; 2, wood pigeon
strain 6409; 3, M. paratuberculosis 1077; 4, M. avium serotype 18; 5, A concatemers; 6, Crohn’s disease strain isolated in Lyon; 7, M.
paratuberculosis 2103; 8, M. avium serotype 19; 9, M. paratuberculosis 3418. (B) Lanes: 1, M. paratuberculosis 147-89; 2, M. intracellulare
ATCC 13950; 3, M. avium ATCC 25291; 4, \ concatemers; 5, M. paratuberculosis 1077; 6, M. paratuberculosis 316 F. (C) Lanes: 1, M.
intracellulare ATCC 13950; 2, M. avium ATCC 25291; 3, M. paratuberculosis St 18; 4, wood pigeon strain 6861; 5, wood pigeon strain 6409;
6, \ concatemers; 7, wood pigeon strain 3135; 8, wood pigeon strain V1-72; 9, Crohn’s disease isolate 2569; 10, Crohn’s disease strain isolated

in Lyon.

disease, and from serovars of MAI. The homogeneity of
wood pigeon mycobacteria was obvious, as all strains gave
the same pattern.

Serotypes 2, 16, 18, and 19 of MAI gave different patterns.
None of them could be related to those obtained with wood
pigeon mycobacteria or M. paratuberculosis strains.

DISCUSSION

Pulsed-field electrophoretic restriction patterns shown in
the present study confirm analyses of restriction fragment
length polymorphism (8, 15, 17), as identical profiles were
found for M. paratuberculosis strains and mycobacteria
isolated from patients with Crohn’s disease. Furthermore,
this technique demonstrated the homogeneity of wood pi-
geon mycobacteria. Both groups gave definite and peculiar
pulsed-field profiles allowing their differentiation from each
other and from MALI serotypes. As shown by the study of
strain 2103, M. paratuberculosis strains could be easily
identified by their pulsed-field profiles, which helped to
detect possible misidentification according to the results of
microbiological and biochemical tests.

Phenotypic methods investigated were not capable of
differentiating M. paratuberculosis from wood pigeon myco-
bacteria or both groups from MAI. Fatty acid gas chroma-
tography allowed Damato et al. to detect an unidentified
peak in M. paratuberculosis extracts which was absent in
MALI strains (10). However, Saxegaard et al. showed only
minor quantitative differences in the gas chromatograms of
M. paratuberculosis and MAI and no species-specific peak
could be demonstrated (24). MAI, wood pigeon mycobac-
teria, and M. paratuberculosis, which had lost their original
mycobactin dependence, were found to be closely related

according to the chromatographic properties of their myco-
bactins (3). Immunodiffusion analysis of M. paratuberculo-
sis and wood pigeon mycobacteria showed slight but signif-
icant differences (18, 26). However, all strains were found
antigenically identical with MAI, as patterns observed cor-
responded to the two immunodiffusion types demonstrated
for MAI (18). Whereas other criteria showed high homoge-
neity among M. paratuberculosis strains, peptidoglycolipid
analysis revealed some heterogeneity. Most isolates did not
synthesize any peptidoglycolipid, but about 10% of the
strains contained the type-specific antigen of M. avium
serotype 8 (4). Camphausen et al. described a new trehalose-
containing lipooligosaccharide from a single M. paratuber-
culosis strain isolated from a patient with Crohn’s disease
(5). The distribution and occurrence of this glycolipid anti-
gen has to be further evaluated, as it could provide a useful
marker for precise identification of M. paratuberculosis
strains.

In the present study, all the M. paratuberculosis strains
were found to be identical except the two strains used for
vaccine production. Strain St 18 (ATCC 12227) was consid-
ered as a working type of M. paratuberculosis until Merkal
proposed ATCC 19698 as a neotype (19). Merkal’s proposal
was motivated by the atypical properties of St-18, including
rapid and profuse growth, mycobactin production, and ab-
sence of pathogenicity for calves. Our study unambiguously
shows identity between St 18 and the M. avium type strain
and thus confirmed previous analyses of restriction fragment
patterns by conventional electrophoresis and serotype-spe-
cific peptidoglycolipid characterization (4, 16, 28). Pulsed-
field electrophoresis revealed that M. paratuberculosis strain
316 F (14) differed from the other M. paratuberculosis strains,
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whereas this strain showed a pattern characteristic of M.
paratuberculosis when examined by restriction enzyme
analysis under only forward electrophoresis conditions (9).

In conclusion, the method described here offers the same
sensitivity as DNA probes examining restriction fragment
length polymorphisms. However, this method does not
require radioactively labeled molecules and can be applied to
the study of mycobacterial groups for which specific probes
are not available.

ACKNOWLEDGMENTS

We gratefully thank J. Davies and H. L. David for their constant
interest during this study and critical reading of the manuscript. We
thank B. Canard and C. Petit for helpful advice in pulsed-field gel
electrophoresis conditions. We are grateful to J. Haagsma, Centraal
Diergeneeskundig Instituut, Lelystad, The Netherlands, and F.
Perard, Ecole Vétérinaire de Lyon, Lyon, France, for providing M.
paratuberculosis strains from patients suffering from Crohn’s dis-
ease.

This investigation received financial support from Institut Pasteur
and the United Nations Development Program-World Bank-World
Health Organization Special Program for Research and Training in
Tropical Diseases.

LITERATURE CITED

1. Baess, I. 1979. Deoxyribonucleic acid relatedness among spe-
cies of slowly-growing mycobacteria. Acta Pathol. Microbiol.
Scand. Sect. B 87:221-226.

2. Baess, I. 1983. Deoxyribonucleic acid relationships between
different serovars of Mycobacterium avium, Mycobacterium
intracellulare, and Mycobacterium scrofulaceum. Acta Pathol.
Microbiol. Scand. Sect. B 91:201-203.

3. Barclay, R., D. F. Ewing, and C. Ratledge. 1985. Isolation,
identification and structural analysis of the mycobactins of
Mycobacterium avium, Mycobacterium intracellulare, Myco-
bacterium scrofulaceum, and Mycobacterium paratuberculosis.
J. Bacteriol. 164:896-903.

4. Camphausen, R. T., R. L. Jones, and P. J. Brennan. 1988.
Antigenic relationship between Mycobacterium paratuberculo-
sis and Mycobacterium avium. Am. J. Vet. Res. 49:1307-1310.

5. Camphausen, R. T., M. McNeil, I. Jardine, and P. J. Brennan.
1987. Location of acyl groups of trehalose-containing lipooli-
gosaccharides of mycobacteria. J. Bacteriol. 169:5473-5480.

6. Carle, G. F., M. Frank, and M. V. Olson. 1986. Electrophoretic
separations of large DN A molecules by periodic inversion of the
electric field. Science 232:65-68.

7. Chiodini, R. J. 1989. Crohn’s disease and the mycobacterioses:
a review and comparison of two disease entities. Clin. Micro-
biol. Rev. 2:90-117.

8. Chiodini, R. J., H. J. Van Kruiningen, W. R. Thayer, and J. A.
Coutu. 1986. Spheroplastic phase of mycobacteria isolated from
patients with Crohn’s disease. J. Clin. Microbiol. 24:357-363.

9. Collins, D. M., and G. W. De Lisle. 1986. Restriction endonu-
clease analysis of various strains of Mycobacterium paratuber-
culosis isolated from cattle. Am. J. Vet. Res. 47:2226-2229.

10. Damato, J. J., C. Knisley, and M. T. Collins. Characterization of
Mycobacterium paratuberculosis by gas-liquid and thin-layer
chromatography and rapid demonstration of mycobactin depen-
dence using radiometric methods. J. Clin. Microbiol. 25:2380—
2383.

11. Green, E. P., M. T. Moss, J. Hermon-Taylor, and J. J. McFad-
den. 1989. Insertion elements in mycobacteria. Acta Leprolog-
ica 7:239-242.

12. Hance, A. J., B. Grandchamp, V. Lévy-Frébault, D. Lecossier, J.
Rauzier, D. Bocart, and B. Gicquel. 1989. Detection and identi-
fication of small numbers of mycobacteria by amplification of
mycobacterial DNA. Mol. Microbiol. 3:843-849.

13. Hurley, S. S., G. A. Splitter, and R. A. Welch. Deoxyribonucleic

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

J. CLIN. MICROBIOL.

acid relatedness of Mycobacterium paratuberculosis to other
members of the family Mycobacteriaceae. Int. J. Syst. Bacte-
riol. 38:143-146.

Jorgensen, J. B. 1984. The effect of vaccination on the excretion
of Mycobacterium paratuberculosis, p. 131-136. In J. B. Jor-
gensen and O. Aalund (ed.), Paratuberculosis, diagnostic meth-
ods, their practical application and experience with vaccination.
EUR 9000 EN, Commission European Communities, Brussels.
McFadden, J. J., P. D. Butcher, R. Chiodini, and J. Hermon-
Taylor. 1987. Crohn’s disease-isolated mycobacteria are identi-
cal to Mycobacterium paratuberculosis, as determined by DNA
probes that distinguish between mycobacterial species. J. Clin.
Microbiol. 25:796-801.

McFadden, J. J., P. D. Butcher, J. Thompson, R. Chiodini, and
J. Hermon-Taylor. 1987. The use of DNA probes identifying
restriction-fragment-length polymorphisms to examine the My-
cobacterium avium complex. Mol. Microbiol. 1:283-291.
McFadden, J. J., J. Thompson, E. Hull, S. Hampson, J. Stan-
ford, and J. Hermon-Taylor. 1988. The use of cloned DNA
probes to examine organisms isolated from Crohn’s disease
tissue, p. 515-520. In R. P. MacDermott (ed.), Inflammatory
bowel disease: current status and future approach. Elsevier,
Amsterdam.

Mclntyre, G., and J. L. Stanford. 1986. Immunodiffusion anal-
ysis shows that Mycobacterium paratuberculosis and other
mycobactin-dependent mycobacteria are variants of Mycobac-
terium avium. J. Appl. Bacteriol. 61:295-298.

Merkal, R. S. 1979. Proposal of ATCC 19698 as the neotype
strain of Mycobacterium paratuberculosis Bergey et al. 1923.
Int. J. Syst. Bacteriol. 29:263-264.

Merkal, R. S. 1984. Paratuberculosis, p. 1237-1249. In G. P.
Kubica and L. G. Wayne (ed.), The mycobacteria. A source-
book. Marcel Dekker, Inc., New York.

Nunn, P. P., and K. P. W. J. McAdam. 1988. Mycobacterial
infections and AIDS. Br. Med. Bull. 44:801-813.

Portaels, F. 1987. Le SIDA et les mycobactéries atypiques.
Ann. Soc. Belge Méd. Trop. 67:93-116.

Saxegaard, F., and I. Baess. 1988. Relationship between Myco-
bacterium avium, Mycobacterium paratuberculosis and ‘‘wood
pigeon mycobacteria.”” Acta Pathol. Microbiol. Immunol.
Scand. 96:37-42.

Saxegaard, F., 1. Baess, and E. Jantzen. 1988. Characterization
of clinical isolates of Mycobacterium paratuberculosis by DNA-
DNA hybridization and cellular fatty acid analysis. Acta Pathol.
Microbiol. Immunol. Scand. 96:497-502.

Schwartz, D. C., W. Saffran, J. Welsh, R. Hass, M. Goldenberg,
and C. R. Cantor. 1983. New techniques for purifying large
DNAs and studying their properties and packaging. Cold Spring
Harbor Symp. Quant. Biol. 47:189-195.

Thorel, M. F., and P. Desmettre. 1982. Etude comparative de
souches de mycobactéries mycobactine-dépendantes, isolées de
pigeon ramier, avec Mycobacterium avium et M. paratubercu-
losis: étude des caractéres biologiques et antigéniques. Ann.
Microbiol. (Paris) 133B:291-302.

Wards, B. J., D. M. Collins, and G. W. De Lisle. 1987.
Restriction endonuclease analysis of members of the Mycobac-
terium avium-M. intracellulare-M. scrofulaceum serocomplex.
J. Clin. Microbiol. 25:2309-2313.

Whipple, D. L., R. B. LeFebvre, R. E. Andrews, and A. B.
Thiermann. 1987. Isolation and analysis of restriction endonu-
clease digestive patterns of chromosomal DNA from Mycobac-
terium paratuberculosis and other Mycobacterium species. J.
Clin. Microbiol. 25:1511-1515.

Yoshimura, H. H., and D. Y. Graham. 1988. Nucleic acid
hybridization studies of mycobactin-dependent mycobacteria.
J. Clin. Microbiol. 26:1309-1312.

Yoshimura, H. H., D. Y. Graham, M. K. Estes, and R. S.
Merkal. 1987. Investigation of association of mycobacteria with
inflammatory bowel disease by nucleic acid hybridization. J.
Clin. Microbiol. 25:45-51.



