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The objectives of this study were to understand the molecular diversity of animal and human strains of
Mycobacterium avium subsp. paratuberculosis isolated in the United States and to identify M. avium subsp.
paratuberculosis-specific diagnostic molecular markers to aid in disease detection, prevention, and control.
Multiplex PCR of IS900 integration loci (MPIL) and amplified fragment length polymorphism (AFLP)
analyses were used to fingerprint M. avium subsp. paratuberculosis isolates recovered from animals (n � 203)
and patients with Crohn’s disease (n � 7) from diverse geographic localities. Six hundred bacterial cultures,
including M. avium subsp. paratuberculosis (n � 303), non-M. avium subsp. paratuberculosis mycobacteria (n �
129), and other nonmycobacterial species (n � 168), were analyzed to evaluate the specificity of two IS900
integration loci and a newly described M. avium subsp. paratuberculosis-specific sequence (locus 251) as
potential targets for the diagnosis of M. avium subsp. paratuberculosis. MPIL fingerprint analysis revealed that
78% of bovine origin M. avium subsp. paratuberculosis isolates clustered together into a major node, whereas
isolates from human and ovine sources showed greater genetic diversity. MPIL analysis also showed that the
M. avium subsp. paratuberculosis isolates from ovine and bovine sources from the same state were more closely
associated than were isolates from different geographic regions, suggesting that some of the strains are shared
between these ruminant species. AFLP fingerprinting revealed a similar pattern, with most isolates from
bovine sources clustering into two major nodes, while those recovered from sheep or humans were clustered on
distinct branches. Overall, this study identified a high degree of genetic similarity between M. avium subsp.
paratuberculosis strains recovered from cows regardless of geographic origin. Further, the results of our
analyses reveal a relatively higher degree of genetic heterogeneity among M. avium subsp. paratuberculosis
isolates recovered from human and ovine sources.

Paratuberculosis or Johne’s disease (JD) is a chronic gran-
ulomatous enteritis of ruminants caused by Mycobacterium
avium subsp. paratuberculosis (48). It is estimated that 35% of
the U.S. herds are infected with M. avium subsp. paratubercu-
losis, resulting in annual losses of $200 million (7). Crohn’s
disease (CD) is also a chronic inflammation of distal intestines
exhibiting a pathology similar to that of JD in ruminants. The
prevalence of CD is estimated to be 0.15% among the U.S.
population resulting in substantial morbidity and medical costs
(1). M. avium subsp. paratuberculosis has been implicated as a
cause of CD in humans (13, 21, 36). Currently, the evidence for
a link remains inconclusive since strain sharing or a causal role of
M. avium subsp. paratuberculosis has not been demonstrated.

Comprehensive analysis of the molecular diversity and com-
parative molecular pathology of M. avium subsp. paratubercu-

losis will help establish the degree of heterogeneity in strains
isolated from a variety of host species. The extent of strain
sharing across a variety of hosts will reflect the degree of
interspecies transmission. It will also identify any strain simi-
larities between JD and CD. Until recently, an IS900-based
restriction fragment length polymorphism (RFLP) fingerprint-
ing has been applied to study molecular epidemiology of M.
avium subsp. paratuberculosis isolates. Extensive analyses of
the IS900-RFLP patterns have identified that JD in cattle and
other species such as goats and rabbits (3, 20, 33) is caused by
indistinguishable strains. Two M. avium subsp. paratuberculosis
isolates from a CD patient were also shown to carry a bovine-
like IS900-RFLP fingerprint (47). JD in sheep appears to be
caused by a different M. avium subsp. paratuberculosis strain (3,
47). However, the occurrence of a “sheep strain” in cattle with
JD has been reported, indicating that interspecies transmission
cannot be ruled out (49). Use of other independent finger-
printing and molecular diversity analysis tools to verify strain
sharing is essential to provide substantial evidence of interspe-
cies transmission.
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The control and eradication of JD is severely hindered by
prolonged incubation time, the presence of undetected sub-
clinical cases, the absence of M. avium subsp. paratuberculosis-
specific diagnostic tools, and the lack of knowledge of strain
diversity. Current diagnostic methods include isolation from
fecal and tissue specimens, enzyme-linked immunosorbent as-
say (ELISA), and IS900-based PCR. Although culturing the
organisms is considered a “gold standard,” this method is
fraught with difficulties. For example, the organism takes at
least 12 to 16 weeks to grow to detectable levels, and even the
most sensitive culture methods have only 50% sensitivity (43).
Serologic tests such as agar gel immunodiffusion (18), comple-
ment fixation (25), and ELISA are limited in their use because
of low specificity and sensitivity since antibodies may not be
detectable either due to anergy or until their late appearance
in the pathogenesis of JD (32, 42).

The conventional wisdom is that M. avium subsp. paratuber-
culosis differs from other members of the M. avium complex
(MAC) in having 14 to 18 copies of IS900 inserted into con-
served loci in its genome. Insertion element IS900 is a 1,451-bp
segment that lacks inverted terminal repeats and has features
characteristic of the IS900 family such as homologous trans-
posases and particular insertion sites (19). IS900-based PCR
identification techniques have been routinely used for M.
avium subsp. paratuberculosis diagnosis (22, 50), and a number
of studies have used DNA probes based on IS900 for M. avium
subsp. paratuberculosis detection in tissues (29, 50), fecal spec-
imens (17, 43), and milk samples (35). There is growing con-
cern about the zoonotic potential of M. avium subsp. paratu-
berculosis, and several studies have attempted to show a causal
relationship between M. avium subsp. paratuberculosis and CD
by demonstration of IS900 in tissue (22, 37) and milk (9, 31, 35)
samples of CD patients. Additionally, based on the presence of
IS900, several studies have implied that bovine milk may serve
as a mode of transmission of M. avium subsp. paratuberculosis
(9, 35). However, IS900-like elements have been found in
MAC strains (30) and in some atypical mycobacteria (10, 14,
28). This implies that diagnosis of M. avium subsp. paratuber-
culosis based on detection of IS900 alone needs to be evaluated
with caution. Hence, there is a need for identification and
large-scale analysis of additional M. avium subsp. paratubercu-
losis-specific molecular targets other than IS900 to confirm
diagnosis. We report here a molecular test that exploits the fact
that IS900 is integrated into conserved loci in the genome and
that these integration sites are unique to M. avium subsp.
paratuberculosis. Microtiter plate hybridization to integration
site-specific probes was used to confirm specificity of PCR
amplification (40). A recently identified M. avium subsp. para-
tuberculosis unique sequence 251 (2) was also evaluated as a
target sequence for use in molecular diagnosis. The presence
of hsp65 polymorphism was used to confirm the identification
of M. avium subsp. paratuberculosis (15, 26). Two different
molecular typing methods, multiplex PCR of 28 IS900 integra-
tion loci (MPIL) (5) and amplified fragment length polymor-
phism (AFLP) analysis were used to fingerprint M. avium
subsp. paratuberculosis isolates obtained from a variety of geo-
graphical localities and host species. An IS1311 PCR and re-
striction endonuclease analysis (PCR-REA) was used to dif-
ferentiate between bovine and ovine M. avium subsp.
paratuberculosis isolates (46) within MPIL and AFLP clusters.

MATERIALS AND METHODS

Bacteria. Mycobacterial strains were obtained from a variety of hosts and
geographical localities (Table 1). A total of 173 field isolates were obtained from
Ohio farms and represented 33 counties (Fig. 1). About 43% of the isolates were
from Columbiana (n � 16), Holmes (n � 22), Logan (n � 18), and Medina (n
� 19) counties in the state of Ohio. Nationally, 27 states were represented. A
bovine isolate each from Argentina and Nova Scotia were also analyzed. Some
human M. avium subsp. paratuberculosis strains analyzed in the present study
have been described elsewhere (31). Most isolates were provided as distinct
colonies on Herrold’s egg yolk medium (HEYM) slants containing mycobactin J.
Some mycobacterial strains that were received as bacterial suspensions in water
or broth were subcultured on HEYM with mycobactin J. DNA from M. tuber-
culosis isolates, representing the extent of diversity within the species based on
IS6110 fingerprinting and classification into the three major groups (41), were a
kind gift from the collection of B. N. Kreiswirth (Public Health Research Insti-
tute, New York, N.Y.). DNA extracts from M. bovis and BCG strains were a kind
gift of B. C. Cooksey (Centers for Disease Control, Atlanta, Ga.).

DNA extraction. Bacteria were harvested into 500 �l of sterile deionized water
for DNA extraction. QIAamp DNA Blood Mini kit (Qiagen, Inc., Valencia,
Calif.) was used with a few modifications. Briefly, the cell suspension was pelleted
by centrifugation, and 180 �l of 20 mg of lysozyme (Sigma Aldrich, St. Louis,
Mo.)/ml was added, followed by vigorous vortex mixing to obtain a homogeneous
mixture. After incubation at 37°C for 30 min, 20 �l of protease and 200 �l of lysis
buffer were added; the combination was vortex mixed thoroughly and then
incubated at 70°C for 30 min. Protease was inactivated by incubating at 95°C for
15 min. Subsequently, the DNA was bound to columns, washed, and eluted in
200 �l of preheated sterile deionized water as suggested by the manufacturer. An
extraction blank was included in each batch and used as negative control for
molecular analyses.

Genetic fingerprinting by MPIL. Genetic fingerprints of a subset of the M.
avium subsp. paratuberculosis and MAC isolates were generated by using a
method described previously (5) with several modifications. Briefly, six sets of
multiplex PCRs referred as 9R1, 5R2, 4L1, 4L2, 3L3, and 3L4 were carried out
as described earlier. The modifications to the published technique included the
use of primer Loc14L in set 5R2 (instead of primer Loc14R) and primer Loc14R
(6) in set 3L3 (instead of primer Loc14L). All primers were used at a concen-
tration of 0.2 �M except the common primer, which was used at a concentration
of 1 �M in a reaction volume of 50 �l that contained 5 U of Taq polymerase, 1�
PCR buffer containing 1.5 mM MgCl2 (Qiagen), a 200 �M concentration of
deoxyribonucleotide triphosphates (Amersham Pharmacia Biotech, Inc., Piscat-
away, N.J.), 10% dimethyl sulfoxide (DMSO), and 1 �l (ca. 50 ng/�l) of genomic
DNA. The thermal cycler parameters were as described previously (5). The PCR
products were electrophoresed at 100 V for 4 h in a 2% agarose gel prestained
with ethidium bromide and visualized on a UV transilluminator (Alpha Innotech
Corporation, San Leandro, Calif.).

Analysis of MPIL fingerprints. The resulting fingerprints were converted into
binary data where “1” indicated the presence and “2” indicated the absence of a
specific band. Cluster analysis was done by using Molecular Evolutionary Genetics
Analysis (MEGA; version 2.1) by the unweighted pair group method with averages
(UPGMA) (39). The distance matrix for input into the MEGA program was created
from the binary data by using ETDIV and ETMEGA (http://foodsafe.msu.edu
/whittam/programs/).

AFLP of M. avium subsp. paratuberculosis. AFLP was performed as described
in the AFLP Microbial Fingerprinting Kit protocol (Perkin-Elmer Applied Bio-
systems Division, Foster City, Calif.). In brief, the M. avium subsp. paratubercu-
losis DNA was restricted with endonucleases EcoRI and MseI. The restricted
fragments were then ligated to EcoRI and MseI adapters. The restriction-ligation
reaction mixture included 100 ng of genomic DNA, 5 U of EcoRI (New England
Biolabs, Inc. [NEB], Beverly, Mass.), 5 U of MseI (NEB), 1 U of DNA ligase
(NEB), and a 0.4 �M concentration of adapter pairs in T4 DNA ligase buffer (50
mM Tris-HCl [pH 7.8], 10 mM dithiothreitol, 1 mM ATP, 25 �g of bovine serum
albumin). Preselective amplification was carried out in a final reaction volume of
20 �l that contained 4-�l portions of the products of the restriction-ligation
reaction, 125 pmol of AFLP preselective primer pairs (EcoRI preselective
primer [5�-GACTGCGTACCAATTC] and MseI preselective primer [5�-GATG
AGTCCTGAGTAA]), and 15 �l of AFLP core mix (PE-ABD). PCRs were
performed in a thermal cycler (GeneAmp PCR system 9700; Perkin-Elmer) with
an initial denaturation at 72°C for 2 min, followed by 20 PCR cycles of dena-
turation at 94°C for 1 s, annealing at 56°C for 30 s, an extension step at 72°C for
2 min, and a final extension step at 60°C for 30 min. Selective amplification was
performed with the EcoRI selective primer containing a fluorescent label on the
5� end with additional base C (carboxyfluorescein dye, FAM-EcoRI-C [FAM-
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5�-GACTGCGTACCAATTCC]) and MseI selective primer with no additional
base (MseI-O [5�-GATGAGTCCTGAGTAA]) in a final reaction volume of 10
�l containing 1.5 �l of the preselective amplification products, 125 pmol of
MseI-O primer, 25 pmol of FAM-EcoRI-C primer, and 7.5 �l of AFLP core mix
(PE-ABD) in a thermal cycler (GeneAmp PCR system 9700). Aliquots (1 �l) of
each amplification product were mixed with 2 �l of sterile water and subjected to
electrophoresis in 5% Long Ranger gels (LMC Bioproducts, Rockland, Maine)
by using the ABI model 377 automated DNA fragment analyzer (Perkin-Elmer).
An internal size standard (GS-500, ROX size standard) was included in each
lane. The AFLP fingerprint profiles were then automatically analyzed with Gene-
Scan (Perkin-Elmer). Sizes of amplified products were then tabulated and ex-
ported for cluster analysis by using Molecular Analyst software (Bio-Rad, Her-
cules, Calif.). To analyze AFLP fingerprints, DNA fragments of from 50 to 500
bp were included for cluster analysis.

Computer assisted analysis of AFLP fingerprints. Molecular Analyst software
(Bio-Rad) was used to compare the AFLP fingerprint profiles among M. avium
subsp. paratuberculosis isolates. The program automatically computed the simi-
larity for each pair of fingerprints on the basis of band positions by using the Dice
coefficient (SD). Pairs of isolates with a similarity coefficient (SD) of 0.95 were
considered similar and not distinguishable. Cluster analysis among isolates was
performed by the UPGMA linkage method.

Concordance analysis. Kappa statistics (27) were calculated for each concor-
dant pair of the isolates (n � 100) that were analyzed by both MPIL and AFLP
techniques to assess the degree of agreement between the two fingerprinting
techniques.

PCR amplification and hybridization for IS900 integration loci L1 and L9.
Two IS900 integration sites designated locus L1 (left-side integration site of
IS900 into an unknown open reading frame [ORF]) and locus L9 (left-side
integration of IS900 into alkA) were amplified by using PCR. The primers used
were L1 (5�-CCCGTGACAAGGCCGAAGA-3�), L9 (5�-CGGCCCTGGCGTT
CCTATG-3�), and the biotinylated common forward primer 900R (5�-/5Bio/AC
GCTGTCTACCACCCCGCA-3�) (5). Primers were used at a final concentra-
tion of 0.2 �M in a 50-�l PCR master mix also including 1.25 U of Taq
polymerase, 1� PCR buffer containing 1.5 mM MgCl2 (Qiagen), and a 200 �M
concentration of deoxyribonucleotide triphosphates (Amersham Pharmacia Bio-

tech). A total of 5 �l (ca. 50 ng/�l) of genomic DNA was used in each reaction.
The thermal cycler parameters used for amplification included an initial 95°C
incubation step for 15 min for Taq polymerase activation, followed by 35 cycles
of denaturation at 94°C for 15 s, annealing at 58°C for 20 s, and extension at 72°C
for 20 s, with a final extension step at 72°C for 7 min. A PCR blank was included
for each batch and used as negative control for molecular analyses. The ampli-
fication products were detected in two independent ways. First, they were visu-
alized on a UV transilluminator (Alpha Innotech) after electrophoresis at 125 V
for 45 min in 1.5% agarose gels prestained with 5% ethidium bromide. Second,
the biotinylated amplicons were detected in a reverse hybridization reaction on
a microtiter plate as described previously (40). The probes were designed to
target the unique integration regions (spanning IS900 into the genes of insertion)
located within the amplicons. The probes used were PrL1 (spanning the IS900-
unknown ORF region; 5�-TACACACAGCCGCCATACACTTCGCTTCATGC
CCTTACG-3�) and PrL9 (spanning the IS900-alkA region; 5�-AGCCATCGAA
GGGGATTCTCAATGACGTTGTCAA-3�). The two integration loci were
detected simultaneously in microtiter wells (Corning Incorporated, Corning,
N.Y.) coated with a mixture of both probes as described previously (40). DNA
extraction blanks, PCR amplification negatives, and hybridization negatives were
used in all analyses as negative controls. The cutoff optical density was set at 0.2
on the basis of analysis of several known negatives and M. avium subsp. paratu-
berculosis positives.

PCR amplification of M. avium subsp. paratuberculosis unique sequence 251.
The primers used to amplify the entire 417-bp ORF of M. avium subsp. paratu-
berculosis unique sequence 251 have been published elsewhere (2). PCRs were
performed in 25-�l volumes, which included 0.625 U of Taq polymerase, 1�

PCR buffer, 2.5 mM MgCl2, a 200 �M concentration of deoxyribonucleotide
triphosphates (Amersham Pharmacia Biotech), a 0.2 �M concentration of each
primer, 5% DMSO, and 2 �l (ca. 50 ng/�l) of genomic DNA. The thermal cycler
parameters used for amplification included an initial 95°C incubation step for 15
min for Taq polymerase activation, followed by 35 cycles of denaturation at 94°C
for 20 s, annealing at 53°C for 30 s, and extension at 72°C for 30 s, with a final
extension step at 72°C for 7 min. Amplicons were visualized after electrophoresis
at 125 V for 45 min in a 1.5% agarose gel prestained with ethidium bromide.

TABLE 1. Bacterial isolates used for analysis

Strain and source

No. of isolates used in each analysis

L1-L9
PCRa

Locus
251

PCR

hsp65
PCR-REA

IS1311
PCR-REA MPIL AFLP

Mycobacterium avium subsp. paratuberculosisa

ATCC (700535, 19698, and 19851) 3 3 3 2 3
Cattle 254 71 105 78 165 72
Sheep 18 11 18 10 16 4
Goat 19 19 8 10 17 7
CD patients 7 7 7 7 7 2
Deer 1 1 1 1 1
Mouse 1 1 1 1 1 1
K-10 1

MAC strains
TIGR 104 1 1 1 1
CD patients 31 15 30 24 20 10
Unknown host 53 45 53 30 17 6

Mycobacterium tuberculosis (human) 25 21 5 6
Mycobacterium bovis (cattle and deer) 9 3 2 2
Mycobacterium bovis BCG 4 3 3 3
Atypical mycobacteriab (ATCC) 6 6 6 6
Staphylococci 10 10 4 2
Salmonella enterica subsp. (cattle) 3 1 1
Escherichia coli (cattle) 20 20 4 4
Mannheimia hemolytica (cattle) 2 2 2 2
Uncharacterized nonmycobacteria (human and animal) 133 89 19

Total 600 328c 272c 190c 247c 104c

a PCR amplification and hybridization for IS900 integration loci L1 (left-side integration site of IS900 into an unknown ORF) and L9 (left-side integration of IS900
into alkA).

b Atypical mycobacteria include M. chelonae, M. xenopi, M. celatum, M. marinum, M. scrofulaceum, and M. smegmatis.
c The numbers represent a convenient subset of isolates analyzed for L1-L9 integration loci.
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PCR-REA for polymorphisms in hsp65 and IS1311 genes. New primers were
designed to target previously described (15, 46) polymorphic regions of hsp65
and IS1311. A 248-bp fragment of hsp65 was amplified with the primers hsp3
(5�-GCCGCTGCTGATCATCGCCGA--3�) and hsp4 (5�-CCTTGGTGACGAC
GACCTT--3�), whereas a 749-bp region of IS1311 was amplified with the primers
IS1311F (5�-GCGTGAGGCTCTGTGGTGAA--3�) and IS1311R (5�-TCAGAG
ATCACCAGCTGCAC--3�). PCR was carried out in a reaction volume of 50 �l.
The master mix included 1.25 U of Taq polymerase, a 0.2 �M concentration of
each primer, 1� PCR buffer containing 1.5 mM MgCl2 (Qiagen), a 200 �M
concentration of deoxyribonucleotide triphosphates (Amersham Pharmacia Bio-
tech), 5% DMSO, and 2 �l (ca. 50 ng/�l) of genomic DNA. The thermal cycler
parameters used were as described for integration loci PCR. A PCR blank was
included in each batch and used as negative control for molecular analyses. After
the amplification, 10 �l of each PCR product was digested with 4 U of restriction
enzyme at 37°C for 1 h according to the supplier’s instructions. PstI (New
England Biolabs) was used to detect polymorphism in nucleotide 861 of the
hsp65 ORF (GenBank accession no. X74518, ORF from 125 to 1750), and HinfI
(New England Biolabs) was used to detect the IS1311 polymorphism in nucle-
otide 167 of the IS1311 ORF (GenBank accession no. AJ223974, ORF from 35
to 1219). Both digested and undigested amplicons were electrophoresed in ad-
jacent wells of 1.5% agarose gels and visualized on a UV transilluminator (Alpha
Innotech).

DNA sequencing. PCR products were sequenced by using standard dye ter-
minator chemistry and analyzed on an automated DNA sequencer (Perkin-
Elmer ABI 377). Sequences were aligned against sequences in GenBank data-
base and analyzed by using Editseq and MegAlign programs (DNASTAR, Inc.,
Madison, Wis.).

RESULTS

Fingerprinting by MPIL. Of the 390 bacterial isolates fin-
gerprinted by MPIL (Fig. 2), a panel of 247 isolates, including
210 M. avium subsp. paratuberculosis strains from a variety of
species and geographic localities and 37 MAC strains, were
subjected to cluster analysis (Table 1). Negative control strains
were excluded from the analysis due to the absence of a fin-
gerprint. These included extraction blank (n � 1), nonmyco-
bacterial isolate (n � 1), atypical mycobacteria (n � 6), un-
characterized mycobacterial (BACTEC positive) controls (n �

FIG. 2. Multiplex PCR of IS900 loci of M. avium subsp. paratuber-
culosis isolates selected from bovine (lanes 1, 4, 7, 10, and 13), ovine
(lanes 2, 5, 8, 11, and 14), and human (lanes 3, 6, 9, 12, and 15) hosts.
Lanes 1, 2, and 3 depict the IS900 integrations amplified from the right
end of the insertion. The left-end integration sites were analyzed as
separate sets termed as 4L1 (lanes 4 to 6), 4L2 (lanes 7 to 9), 3L3
(lanes 10 to 12), and 3L4 (lanes 13 to 15).
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14), and MAC strains with no or one band (n � 64). M. avium
subsp. paratuberculosis isolates fingerprinted in duplicate (for
technique validation and amplification quality control) either
from the same (n � 21) or different (n � 30) culture tubes were
also excluded from the cluster analysis. Six of the M. avium
subsp. paratuberculosis isolates were excluded due to the ab-
sence of sufficient DNA for fingerprinting. Cluster analysis by
UPGMA sorted the fingerprints into 90 electrophoretic types

(ETs). The distances were generated as proportion differences.
ET clusters at a distance of �0.1 U were grouped together and
assigned a fingerprint. The major branches were arbitrarily
designated A and B. Branch A had 18 different fingerprints;
branch B had 11 fingerprints (Fig. 3). A majority of the M.
avium subsp. paratuberculosis isolates (201 of 210 analyzed)
clustered in branch A. A total of 78% of the total bovine
isolates clustered in A18. Isolates from Ohio showed limited

FIG. 3. MPIL cluster analysis by UPGMA. Cluster analysis of 247 isolates identified 90 ETs. Clusters at a proportion distance of �0.1 U were
grouped together and assigned a fingerprint. Most of the bovine isolates clustered into a major group (A18) containing 154 isolates that included
the caprine, murine, and deer isolates, indicating limited diversity. On the other hand, the sheep isolates were more polymorphic in that they were
distributed in several nodes of the tree. Similarly, human isolates were distributed without clustering into any specific nodes. Unless specified, all
isolates are M. avium subsp. paratuberculosis.

2020 MOTIWALA ET AL. J. CLIN. MICROBIOL.



F
IG

.
4.

A
F

L
P

cluster
analysis.A

totalof
104

isolates
including

type
strains

M
.avium

subsp.paratuberculosis
strain

K
-10

and
M

.avium
subsp.avium

strain
104

w
ere

fingerprinted
by

using
A

F
L

P
and

analyzed
by

U
PG

M
A

.A
nalysis

separated
the

isolates
into

25
differentfingerprints,w

hich
w

ere
arbitrarily

designated
Z

1,Z
2,and

Z
4

to
Z

26.Isolates
w

ith
identicalfingerprints

(100%
m

atch)
w

ere
assigned

the
sam

e
fingerprint.U

nless
otherw

ise
specified,allisolates

are
M

.avium
subsp.paratuberculosis.M

ajority
ofthe

bovine
isolates,including

the
caprine

and
m

urine
isolates,

clustered
into

Z
1

and
Z

2.O
ne

of
the

four
ovine

isolates
analyzed

clustered
w

ith
the

bovine
isolates

in
Z

2,w
hile

the
other

tw
o

w
ere

in
close

proxim
ity

to
a

N
ew

Y
ork

bovine
isolate,and

the
fourth

ovine
isolate

fellon
a

distinct
branch.O

ne
of

the
hum

an
isolates

appeared
in

closer
proxim

ity
to

the
node

containing
m

ost
of

the
anim

alM
.avium

subsp.paratuberculosis
isolates

(Z
1

to
Z

9),w
hereas

the
other

one
had

a
diverse

fingerprint.T
his

illustrates
the

lim
ited

variation
in

bovine
isolates

from
a

variety
of

hosts
and

the
high

degree
of

diversity
am

ong
the

ovine
and

hum
an

isolates.T
he

M
A

C
isolates

from
C

D
patients

and
unknow

n
hosts

fellinto
distinct

branches.

VOL. 41, 2003 MOLECULAR EPIDEMIOLOGY OF M. PARATUBERCULOSIS 2021



variation across the counties (Fig. 1). Fourteen of the ovine
isolates were scattered throughout the dendrogram, with 50%
clustering in the same node (A7 to A12) along with bovine
isolates from Ohio and Iowa. Four of the human isolates also
fell into the major cluster A18, whereas two appeared in close
proximity to a bovine and an ovine strain (A5 and A14). The
last human isolate appeared to have a distinct fingerprint
(A13). All of the MAC strains (isolated from CD patients and
other sources) clustered in branch B. This branch also included
two ovine strains and seven bovine strains. On the basis of
distance, both of the ovine strains were closer to the MAC
strains than the bovine isolates.

Fingerprinting by AFLP. AFLP analysis was performed for
104 isolates from our culture collection. Isolates identified as
distinct ETs and representing all of the MPIL fingerprint pro-
files were selected for AFLP analysis. These included 86 M.
avium subsp. paratuberculosis isolates (bovine, n � 72; ovine, n
� 4; caprine, n � 7; murine, n � 1; human, n � 2) and 16 MAC
isolates (human host, n � 10; unknown host, n � 6). Type
strains M. avium subsp. paratuberculosis strain K-10 and M.
avium subsp. avium TIGR strain 104 were also included as
positive controls. The dendrogram clustered 90% of the bovine
M. avium subsp. paratuberculosis isolates into two major
branches designated Z1 and Z2 (Fig. 4). These branches also
included the goat and mouse isolates. Only one of the sheep
isolates clustered into the major branch Z2. The other two
Ohio ovine isolates clustered together in close proximity on
one major node with a bovine isolate from New York and were
assigned to the Z7, Z8, and Z9 genetic types (97% similarity),
respectively. The MAC isolates from CD patients and un-
known hosts clustered into distinct branches, suggesting a clear
segregation between the strains. Both of the human M. avium
subsp. paratuberculosis isolates analyzed appeared on indepen-
dent branches. One bovine M. avium subsp. paratuberculosis
isolate from Iowa appeared on a distinct branch and was as-
signed a unique fingerprint (Z21) (Fig. 4).

Concordance analysis was performed for isolates (n � 100)
that were fingerprinted by both MPIL and AFLP. The major
MPIL cluster A18 containing 73% of the isolates could be
further divided into different Z fingerprints by AFLP analysis
as follows: Z1 (n � 23), Z2 (n � 42), Z4 (n � 1), Z5 (n � 1),
Z6 (n � 1), Z9 (n � 1), Z10 (n � 1), Z11 (n � 1), Z12 (n �
1), and Z21 (n � 1). Isolates (n � 7) that had the B11 finger-
print could be divided into Z13 (n � 1), Z17 (n � 1), Z19 (n
� 1), Z24 (n � 1), Z25 (n � 1), and Z26 (n � 2). Isolates (n
� 8) that had the B6 fingerprint could be divided into Z16 (n
� 3), Z22 (n � 2), Z23 (n � 1), and Z24 (n � 2). Similarly, the
major AFLP cluster Z2 (n � 49) could be divided into A4 (n
� 1), A6 (n � 1), A15 (n � 3), A18 (n � 42), and B2 (n � 1).
Kappa coefficients of the major MPIL-AFLP pairs were
A18-Z1 (� � 0.2) and A18-Z2 (� � 0.25).

PCR-REA for polymorphisms in IS1311 gene. A C3T poly-
morphism in nucleotide 167 in ORF (GenBank accession no.
AJ223974, ORF from 35 to 1219) of insertion element IS1311
is unique to bovine M. avium subsp. paratuberculosis isolates,
whereas ovine M. avium subsp. paratuberculosis strains are
identical to M. avium subsp. avium in this locus (46). This
results in the gain of an HinfI restriction site in M. avium subsp.
paratuberculosis of bovine origin. A panel of 190 isolates (Table
1) was analyzed for polymorphism in the IS1311 gene. Undi-

gested amplicons from all MAC isolates and an atypical My-
cobacterium (M. xenopi) showed the presence of a single
749-bp band after PCR. After digestion with HinfI all cattle,
goat, mouse, and deer M. avium subsp. paratuberculosis isolates
and five MAC isolates showed presence of the predicted four
bands (67, 85, 218, and 379 bp), while all ovine M. avium subsp.
paratuberculosis isolates and 50 of 55 MAC isolates showed the
presence of three bands (85, 285, and 379 bp), indicating the
absence of the restriction site (Fig. 5). The other five atypical
mycobacterium and nonmycobacterium isolates did not am-
plify the IS1311 segment. Amplification specificity was con-
firmed by sequencing a bovine, an ovine, and a MAC isolate.
All three isolates showed homology to the published sequences
(GenBank accession numbers AJ308375, AJ223975, and
U16276), as well as the expected polymorphism. One bovine
isolate, which was L1-L9 and 251 positive, showed a different
pattern when the restriction enzyme products were electropho-
resed (Fig. 5). The undigested product was of the expected
band length (749 bp). The nucleotide sequence of this product
revealed that this isolate had numerous mutations resulting in
a total of six restriction sites, only one of which was in the
expected position. Restriction digestion resulted in seven frag-
ments (31, 63, 85, 95, 130, 148, and 195 bp) instead of the
expected three or four.

PCR amplification of two IS900 integration sites. A panel of
600 bacterial isolates including M. avium subsp. paratuberculo-
sis (n � 303), MAC (n � 85), M. tuberculosis complex (n � 38),
atypical mycobacteria (n � 6), nonmycobacterial negative con-
trols (n � 35), and other uncharacterized non-M. avium subsp.
paratuberculosis control isolates (n � 133) from a variety of
geographic locations and hosts were analyzed for the presence
of two integration sequences (Table 1). PCR amplified two
regions corresponding to the integration sites of IS900 at loci
L1 (206 bp) and L9 (147 bp). Gel electrophoresis showed the
presence of two bands of expected sizes in 296 M. avium subsp.
paratuberculosis and 5 of the 85 isolates from the MAC group.

FIG. 5. Typical IS1311 PCR-REA patterns with undigested and
HinfI-digested amplicons in adjacent lanes. Shown are bovine M.
avium subsp. paratuberculosis (lanes 1 and 2), ovine M. avium subsp.
paratuberculosis (lanes 3 and 4), and PCR-negative control (lanes 5 and
6) isolates and a bovine isolate with several mutations resulting in
multiple restriction sites (lanes 7 and 8).
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Microtiter plate hybridization results were positive for all of
the known M. avium subsp. paratuberculosis isolates (n � 303).
All other isolates including DNA extraction, PCR, and hybrid-
ization negatives were below the cutoff value of an optical
density at 450 nm of 0.2.

Presence of M. avium subsp. paratuberculosis-specific target
251 in known M. avium subsp. paratuberculosis isolates. A
subset of 328 isolates from the culture collection was analyzed
for the presence of M. avium subsp. paratuberculosis unique
sequence 251 (Table 1). Agarose gel electrophoresis showed
the presence of a 417-bp band for all 113 known M. avium
subsp. paratuberculosis isolates and 5 MAC isolates that were
also positive by L1-L9 PCR. The locus was absent in all other
mycobacterial (n � 27), atypical mycobacterial (n � 6), and
nonmycobacterial bacterial (n � 121) isolates analyzed. The
PCR products from nine bovine (Ohio), three human (CD),
and three ovine (Ohio) isolates were sequenced. The nucleo-
tide sequences had 100% identity with the published ORF of
locus 251 (GenBank accession no. AF445445, ORF from 123
to 539), indicating the stability of this target and its usefulness
in JD diagnostics.

PCR-REA for polymorphisms in hsp65 gene. A subset of 272
isolates (Table 1) that were analyzed for the presence of L1
and L9 integration sites were reflexed for identity confirmation
by PCR-REA analysis of this locus. A G3T polymorphism in
nucleotide 861 in the ORF (GenBank accession no. X74518)
of the hsp65 gene is unique to M. avium subsp. paratuberculosis
and leads to the loss of a PstI restriction site in the species.
Prior to digestion, all mycobacterial isolates analyzed showed
the presence of a single 248-bp band when visualized by aga-
rose gel electrophoresis. After digestion with PstI, all M. avium
subsp. paratuberculosis isolates retained the full 248-bp band,
while all MAC and other bacterial isolates showed the pres-
ence of two bands (135 and 113 bp), indicating the presence of
the restriction site. All six atypical mycobacterium and 10 M.
tuberculosis complex isolates showed a MAC-like pattern. The
nonmycobacterial isolates included in the analysis did not am-
plify the region of interest.

DISCUSSION

The efficiency of preventive and prophylactic measures in JD
is restricted due to the lack of M. avium subsp. paratuberculo-
sis-specific diagnostic tools and, in particular, the lack of
knowledge of strain diversity that has been limited due to its
slow growth rate and restricted allelic variation. It is desirable
to differentiate among the isolates of M. avium subsp. paratu-
berculosis to better understand the epidemiology of M. avium
subsp. paratuberculosis infections, its host specificity, distribu-
tion, and prevalence. In the present study we sought to estab-
lish the degree of molecular diversity among M. avium subsp.
paratuberculosis strains from a variety of hosts and locations, to
identify any strain sharing among various host species and to
identify M. avium subsp. paratuberculosis-specific diagnostic
molecular markers to aid in disease prevention and control.

Molecular diversity in M. avium subsp. paratuberculosis. Mu-
tations in structural genes (24) or antigenic variations (16) can
serve as useful molecular markers to study epidemiology and
natural history of an organism. However, in well-conserved
genomes such as that of mycobacteria (41), these markers

provide limited information in strain typing. In mycobacterial
genomes, the degree of diversity in the number and site of
integration of transposable genetic elements or single nucleo-
tide polymorphisms in genes associated with drug resistance or
host immunological pressure may be more useful than those
that rely on genome-wide single nucleotide polymorphisms as
indicators of strain variation. Several molecular epidemiolog-
ical studies have demonstrated the usefulness of insertion se-
quences in determining strain distribution of mycobacteria
such as IS1245 in M. avium (45) and IS6110 in M. tuberculosis
(44) and IS711 in Brucella sp. (4). Other repetitive elements
have also been used in strain typing (12). Seminal studies that
identified IS900 in M. avium subsp. paratuberculosis strains
suggested that it was exclusively present in M. avium subsp.
paratuberculosis (19). Hence, IS900 has been the marker of
choice for most fingerprinting studies reported (11, 34, 47).
This exploits the fact that the IS900 elements show a high
degree of target sequence specificity resulting in similar finger-
prints in epidemiologically related isolates (19). IS900-RFLP
analyses have broadly divided the M. avium subsp. paratuber-
culosis strains into either sheep or cattle and other ruminant
subtypes, designated S and C, respectively (3, 8, 47). In con-
trast, isolation of an S strain from cattle has been reported
(49). Most investigations have identified limited strain sharing
between cattle and sheep hosts, whereas little variation in
fingerprints is evident between cattle and other animals, in-
cluding rabbits and goats, and M. avium subsp. paratuberculosis
isolates from a human with CD. Evidence of strain sharing
between bovine and human M. avium subsp. paratuberculosis
isolates is of special interest since this implies the existence of
a potential animal reservoir for CD. Several studies have im-
plicated an inability to compare fingerprints from sheep iso-
lates due to difficulties encountered in culturing them. Thus, an
indication of limited strain sharing between bovine and ovine
isolates does not rule out interspecies transmission since there
may be a bias in the analysis due to under-representation of the
slow-growing ovine strains. In summary, there has been inad-
equate data to support the idea of extensive strain sharing and
interspecies transmission. Besides being elaborate and expen-
sive, fingerprinting by RFLP requires large amounts of un-
sheared genomic DNA extracted from relatively large cultures.
There are multiple reports (10, 14, 28, 30) of the presence of
IS900-like elements in mycobacteria other than M. avium
subsp. paratuberculosis. Sequence analysis of a few MAC iso-
lates with the commonly used IS900 primers (3) showed the
presence of IS900 elements (data not shown). Nucleotide se-
quences indicated significant homology between these regions
and the IS900 element in M. avium subsp. paratuberculosis.
This supports the notion that the use of IS900 probe as a tool
in molecular typing could result in false positives correspond-
ing to IS900-related elements in mycobacteria other than M.
avium subsp. paratuberculosis (8, 38).

Both techniques reported in the present study require very
small quantities of genomic DNA and are applicable to de-
graded DNA samples not suitable for RFLP analysis. AFLP
analysis results with 104 isolates from distinct geographic re-
gions and hosts showed that 72% of the M. avium subsp.
paratuberculosis, including bovine, caprine, and murine strains,
fell into either one of the two major clusters reiterating the low
degree of heterogeneity at the genomic level. This suggests
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that only a few strains may be responsible for disease in bovine
hosts and that interspecies transmission could have occurred
since these clusters also included M. avium subsp. paratuber-
culosis strains isolated from other hosts. In agreement with
previous studies, the two major branches included only one of
the four ovine isolates, while the other two ovine strains clus-
tered into distinct branches in close proximity to a bovine
isolate. In contrast to earlier reports (33, 47) and our MPIL
data, AFLP fingerprints of the human M. avium subsp. para-
tuberculosis isolates were unique and did not cluster with either
the bovine or ovine strains, suggesting that they were relatively
more heterogeneous at the genome level.

In MPIL analysis 78% of the U.S. bovine isolates, including
those from Argentina and Nova Scotia, fell within one major
cluster, indicating a significant degree of uniformity within
isolates infecting bovine hosts. M. avium subsp. paratuberculo-
sis strains from other ruminants, such as goat and deer, and
one mouse strain also fell within this cluster. Similar to AFLP,
this major cluster included only 2 of the 16 ovine isolates
analyzed. The analysis identified clear genetic diversity be-
tween ovine isolates, whereas there were limited differences
within strains from bovine hosts across several geographic lo-
calities. M. avium subsp. paratuberculosis isolates from the hu-
man CD patients were more diverse with phylogenetic prox-
imities at various levels to strains isolated from both bovine
and ovine host species, an indication of a greater level of
diversity. Although this suggests a close association of the
human and animal strains, it does not provide direct evidence
for a causal role of M. avium subsp. paratuberculosis in CD.
Comprehensive comparative genomics with larger numbers of
human isolates and reproduction of JD in animals by the hu-
man strains will be required to demonstrate, albeit indirectly, a
causal association between M. avium subsp. paratuberculosis
and CD.

The possibility of nonspecific amplification of Loc5R and
Loc5L primers in M. avium subsp. avium strains due to homol-
ogy in desA1 and desA2 genes have been described (5). Similar
nonspecific amplifications may have been the case in the low-
copy strains of our collection. Conversion of this gel-based
analysis into a microarray by using integration site probes
would provide a more accurate picture of the fingerprinting by
MPIL.

Concordance analysis showed that AFLP fingerprinting was
able to discriminate between isolates clustered together by
MPIL analysis. Similarly, MPIL fingerprinting discriminated
between isolates in one cluster by AFLP analysis. Kappa scores
for the major concordant pairs show that fingerprints gener-
ated by MPIL and AFLP analysis are independent. This indi-
cates the need to use more than one fingerprinting technique
to distinguish between the M. avium subsp. paratuberculosis
strains. Restricted allelic variation within this mycobacterial
subspecies may limit the application of any single fingerprint-
ing method in epidemiological studies of JD. Alternately, the
use of other combinations of restriction enzymes (such as ApaI
and TaqI) or application of a multiplex-AFLP protocol (23)
may provide a better indication of diversity.

Analysis of the isolates for presence of polymorphism in
IS1311 by PCR-REA facilitated the classification of the M.
avium subsp. paratuberculosis isolates into bovine or ovine
strains. The gain of the HinfI restriction site due to a single

nucleotide polymorphism, which is unique to the bovine strain,
is indicative of limited strain sharing between the two hosts.
One bovine isolate from an Ohio farm showed a difference in
the density of the restricted bands compared to other isolates
in our analysis. This is consistent with the speculation (46) that
M. avium subsp. paratuberculosis isolates may vary in the num-
ber of IS1311 insertion elements carrying the polymorphism.
The well-conserved nature of the mycobacterial genome indi-
cates that the probability of several mutations within one gene
is very low. Hence, the bovine M. avium subsp. paratuberculosis
isolate with multiple HinfI restriction sites within IS1311 is of
special interest. Although the absence of the C3T polymor-
phism indicates that it is an ovine strain, it clustered with other
bovine isolates by MPIL analysis.

Integration loci as M. avium subsp. paratuberculosis unique
targets. IS900 is a 1,451-bp segment that lacks inverted repeats
and has features characteristic of the IS900 family such as
homologous transposases and particular insertion sites (19).
Detection of a portion of IS900 sequence is routinely used to
detect the presence of M. avium subsp. paratuberculosis in field
and clinical samples (37, 50). However, the presence of IS900-
like sequences has been demonstrated in non-M. avium subsp.
paratuberculosis mycobacteria, including M. avium subsp.
avium (30, 38), M. cookii (14), M. marinum, and M. scrofula-
ceum (10, 28). Because of the importance of differentiating
these closely related mycobacteria in clinical specimens there is
a need for molecular targets based on genes other than IS900
to confirm the presence of M. avium subsp. paratuberculosis.

The present study reports the development of a multiplex
PCR to amplify two distinct integration sites of the insertion
element IS900. This exploits the fact that the IS900 elements
integrate into conserved loci in the M. avium subsp. paratuber-
culosis genome (19). Although geographically restricted excep-
tions cannot be ruled out, this large-scale analysis indicates
that the integration sites of IS900 at loci L1 and L9 were
unique to M. avium subsp. paratuberculosis and are consistently
present in M. avium subsp. paratuberculosis from diverse loca-
tions and hosts. These two integration sequences were absent
in non-M. avium subsp. paratuberculosis mycobacteria, nonspe-
cific bacterial DNA, and in 80 of 85 MAC strains analyzed, 33
of which had low numbers (one to six) of IS900 integration
sites as determined by multiplex PCR. The five MAC isolates
that showed presence of both the integration sites were reclas-
sified as M. avium subsp. paratuberculosis on the basis of M.
avium subsp. paratuberculosis-like pattern for six distinct mo-
lecular targets: L1-L9, 251, hsp65 PCR-REA, IS1311 PCR-
REA, MPIL, and AFLP (two isolates) cluster analysis. The
isolates were confirmed to be mycobactin J dependent. This
implies that these sites could serve as valuable tools in the
molecular diagnostics of M. avium subsp. paratuberculosis and
can significantly reduce the time to diagnosis of M. avium
subsp. paratuberculosis from 16 to 23 weeks to 2 to 10 days in
subclinical infections. Routine use of the integration sites to
detect M. avium subsp. paratuberculosis will prevent the report-
ing of false-positive IS900 PCR results. A recent study in our
laboratory of feces from field animals (A. Ozbek, F. C. Michel,
M. Strother, A. S. Motiwala, B. Byrum, W. Shulaw, C. G.
Thornton, and S. Sreevatsan, unpublished data) established
the feasibility of application of this method in the development
of a sensitive assay for primary clinical samples.
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To confirm the stability of the integration loci as diagnostic
targets and to evaluate the possibility of reflexing ambiguous
isolates to hsp65 PCR-REA, we analyzed a subset of bacterial
isolates for polymorphism in hsp65 gene. This subset included
M. avium subsp. paratuberculosis strains obtained from a vari-
ety of host species. Although this technique proved to be very
valuable for pure cultures, subsequent analysis of M. avium
subsp. paratuberculosis from broth cultures showed that it is
not as efficient for mixed cultures from feces or broth due to
the highly conserved nature of this gene across many species.
Hence, hsp65 analysis was restricted to pure cultures, whereas
locus 251 was used as an additional marker for broth cultures.

Recently identified unique M. avium subsp. paratuberculosis
sequences (2) show promise of serving as target sequences in
molecular diagnosis of M. avium subsp. paratuberculosis. One
of these sequences, locus 251, was consistently detected with
the L1-L9 integration sites in 118 of 121 known positive iso-
lates. Sequence analysis from bovine, ovine, and human iso-
lates show 100% homology with the published sequence, indi-
cating the possibility of applying this locus in a multiplex PCR-
hybridization format, along with LI-L9 integration sites to aid
in the unambiguous diagnosis of JD. Although the specificity in
amplification of the locus from M. avium subsp. paratubercu-
losis isolates in our sample was absolute, we note that the
forward primer (251R) used for the amplification of locus 251
revealed homology (15 of 20 nucleotides at the 3� end) to
plasmid sequences from the enteric bacterium Salmonella spp.
on BLASTN searches with the public databases (GenBank
accession numbers AF250878 and AL513383). Hence, positive
results of amplification, as seen on a gel, must be interpreted
with caution, especially when fecal samples and primer pairs
are used as described in the present study. Postamplification
detection on a solid phase (such as a microtiter plate) through
hybridization to an internal sequence is likely to improve the
specificity of the results.

In conclusion, the present study identified a high degree of
genetic similarity within the bovine isolates, indicating that
only a few very closely related clones of M. avium subsp. para-
tuberculosis may be responsible for widespread infection in
cattle, other ruminants, and possibly wildlife. This study estab-
lished strain sharing among isolates from a variety of hosts and
geographic locations. In addition, we identified multiple M.
avium subsp. paratuberculosis unique diagnostic targets and
protocols that may provide a facile approach to unambiguously
detect M. avium subsp. paratuberculosis. Future comparative
genomics and pathogenesis studies with the bovine and ovine
M. avium subsp. paratuberculosis strains and with human M.
avium subsp. paratuberculosis and MAC isolates will be re-
quired to further elucidate the natural history of this organism.
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