JOURNAL OF CLINICAL MICROBIOLOGY, Aug. 2005, p. 3704-3712
0095-1137/05/$08.00+0  doi:10.1128/JCM.43.8.3704-3712.2005

Vol. 43, No. 8

Copyright © 2005, American Society for Microbiology. All Rights Reserved.

L)

Check for
updates

Genomic Polymorphisms for Mycobacterium avium subsp.
paratuberculosis Diagnostics

Makeda Semret,' David C. Alexander,! Christine Y. Turenne,' Petra de Haas,”
Pieter Overduin,? Dick van Soolingen,” Debby Cousins,’
and Marcel A. Behr'*

McGill University Health Centre, Montreal, Quebec, Canada H3G 1A44'; National Institute of Public Health
and the Environment, 3720BA Bilthoven, The Netherlands® and Australian Reference Laboratory
for Bovine Tuberculosis, Department of Agriculture, South Perth,
Western Australia, Australia 6151>

Received 16 December 2004/Returned for modification 13 March 2005/Accepted 13 May 2005

Mycobacterium avium subsp. paratuberculosis is an emerging pathogen of mammals and is being actively
investigated as a possible zoonotic agent. The lack of reliable diagnostic assays has hampered rational
assessment of the prevalence of this organism in humans and animals. We have used a comparative genomic
approach to reveal genomic differences between M. avium subsp. paratuberculosis and its close relative M. avium
subsp. avium, a highly prevalent environmental organism. From computational and DNA microarray-based
study of two prototype strains, M. avium subsp. avium strain 104 and M. avium subsp. paratuberculosis strain
K10, we have uncovered two types of large sequence polymorphisms (LSPs): those present in the former but
missing in the latter (LSP*s) and those only present in the latter (LSP*s). We examined the distribution of 3
LSP*s and 17 LSP*s across a panel of 383 M. avium complex isolates in order to determine their potential
utility for the development of accurate diagnostic tests. Our results show that the absence of LSP*8 is 100%
specific for the identification of M. avium subsp. paratuberculosis. Of the 17 LSP"s, 10 regions were not specific
for M. avium subsp. paratuberculosis while 7 were shown to be highly specific (>98%) and, in some cases, highly
sensitive as well (up to 95%). These data highlight the need to evaluate these regions across a diverse panel of
clinical and environmental isolates and indicate the LSPs best suited for M. avium subsp. paratuberculosis

diagnostics.

Mycobacterium avium subsp. paratuberculosis is a serious
pathogen of domestic ruminants, in which it causes paratuber-
culosis (Johne’s disease), a chronic and eventually fatal inflam-
matory bowel disease. Its rising incidence in many regions of
the world has resulted in significant economic losses to the
livestock industry (13). This organism also infects free-ranging
wildlife species (16). The impact of M. avium subsp. paratuber-
culosis in nonruminant wildlife species is largely unknown;
however, the potential for interspecies transmission has impor-
tant implications for paratuberculosis control programs. M.
avium subsp. paratuberculosis is also being actively investigated
as the possible cause of a debilitating human inflammatory
bowel disease, Crohn’s disease (4, 5, 18).

Effective control of Johne’s disease and investigation of the
potential link to Crohn’s disease have been hampered by the
lack of effective assays to easily and accurately diagnose M.
avium subsp. paratuberculosis infections. Commercially avail-
able serological assays for bovine disease are convenient but
offer poor sensitivity, especially during subclinical disease.
Moreover, owing to the high degree of genetic similarity be-
tween M. avium subsp. paratuberculosis and the other members
of the M. avium complex, many of the proteins that are rec-
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ognized during the early stages of infection are not specific for
M. avium subsp. paratuberculosis (14). Since M. avium subsp.
avium is highly prevalent in the environment but not associated
with a similar clinical syndrome in mammals, the capacity to
differentiate between these closely related organisms is essen-
tial for rational clinical and epidemiologic assessment.

Previous work has identified a number of M. avium subsp.
paratuberculosis genetic sequences that are absent from other
mycobacteria, such as the insertion sequence 1S900 (11), the
F57 element (21), and the hspX gene (9), but the value of these
sequences for diagnostics of M. avium subsp. paratuberculosis
remains unclear. Although PCR testing for the multicopy in-
sertion element IS900 is widely used, there are concerns about
its specificity and its validity as a direct proxy for M. avium
subsp. paratuberculosis. 1S900-like elements have been found
in unrelated organisms (10), and other M. avium complex in-
sertion elements, including IS7/377 (7) and 1S1626 (22), share
considerable sequence similarity. In the cases of F57 and AspX,
their specificity for M. avium subsp. paratuberculosis has not to
date been rigorously evaluated in a large sample of clinical
isolates.

More recently, data derived from genome sequencing
projects have suggested a number of polymorphic genomic
regions that may serve in the specific diagnosis of M. avium
subsp. paratuberculosis. Our microarray-based comparisons us-
ing M. avium subsp. avium strain 104 as the reference revealed
14 large sequence polymorphisms (LSPs) that are variably
present among a small collection of M. avium isolates. Three of
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these regions appeared to be present in M. avium subsp. avium
(LSP?s) and absent from M. avium subsp. paratuberculosis
isolates (23). Conversely, computational comparisons of the
genome sequences of M. avium subsp. paratuberculosis strain
K10 (GenBank accession no. NC_002944) and M. avium subsp.
avium strain 104 (http://www.tigr.org) have identified DNA
sequences that are present in the former but missing or diver-
gent in the latter (2, 3, 19). We have to date identified 17
regions varying in length from 2.9 to 66 kb that are unique to
M. avium subsp. paratuberculosis strain K10; we call these
LSP"s. Such sequences can be expected to lend themselves to
nucleic acid-based diagnostic tests and, if they encode immu-
nogenic proteins, to immunological assays as well. One of
these, a 19-kb sequence that we call LSP*12, has been previ-
ously documented (8, 23). Another, a 98-kb segment of the
genome that encompasses elements we call LSP¥14 and
LSPP15, also includes within it a 38-kb element that was re-
cently described as an M. avium subsp. paratuberculosis-specific
putative pathogenicity island (24).

The objective of our study was to assess the value of these
LSPs for the specific diagnosis of M. avium subsp. paratuber-
culosis. To be diagnostically specific for M. avium subsp. para-
tuberculosis, an LSP® must be found only in M. avium subsp.
paratuberculosis isolates and should be absent from non-M.
avium subsp. paratuberculosis isolates. Conversely, for an LSP*
to serve in the molecular diagnosis of M. avium subsp. paratu-
berculosis, it should be consistently present in non-M. avium
subsp. paratuberculosis isolates but missing from a broad col-
lection of M. avium subsp. paratuberculosis isolates. We there-
fore tested the distribution of the 17 LSP"s and 3 LSP“s across
a panel of 383 M. avium complex isolates. Our results indicate
that many LSP regions, although distinct between prototype
genome sequences, are heterogeneously distributed across
geographically diverse isolates and so lack the specificity re-
quired for diagnostics. However, a subset of LSPs do appear
highly specific for M. avium subsp. paratuberculosis and should
prove useful in the development of effective diagnostics for
Johne’s disease and evaluation of the Crohn’s disease hypoth-
esis.

MATERIALS AND METHODS

Bacterial isolates. A panel of 107 M. avium subsp. paratuberculosis, 260 M.
avium subsp. avium, 4 M. avium subsp. silvaticum, and 12 M. intracellulare isolates
was assembled (Table 1). Isolates were first identified as M. avium complex
species by the laboratories providing them using the commercial nucleic acid
probe AccuProbe (Gen-Probe Inc., San Diego, CA). Initial dependence on
Mycobactin J and the presence of the insertion sequence IS900 were determined
by these laboratories and used to identify M. avium strains to the subspecies level
as M. avium subsp. paratuberculosis. Designation as M. avium subsp. avium was
supported by phenotypic characteristics (including lack of Mycobactin J depen-
dency) and the presence of IS7245. Additional extensive testing, including se-
quencing of the 16S-23S internal transcribed spacer (ITS) region, was completed
for 160 of these isolates in the context of another study (17). M. avium subsp.
silvaticum strains exhibited dependence on Mycobactin J on primary isolation
and were IS900 negative. M. intracellulare strains were identified using the M.
intracellulare AccuProbe, and species designation was confirmed by 16S rRNA
gene sequencing.

Genomic DNA was extracted from each isolate using previously published
methods (27). The amount of DNA in each sample was quantified using a
spectrophotometer, and each sample was normalized to a concentration of 1
ng/ul prior to PCR testing.

Discovery of LSP” and testing across M. avium complex isolates. As part of
our ongoing work to characterize M. avium complex organisms, we compared the
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TABLE 1. Sources of M. avium complex isolates studied
Name (no. of isolates) and source ils\lo(i:clt(:t fS
M. avium subsp. avium (260)
Bild oo 33
Human 73
Pig 96
Reference .. 32
Cow......... 5
Cigarette. 5
Deer 3
Dog 2
Gl s 2
Fish 1
Sheep 1
Environmental . 3
Unknown.................. 4
M. avium subsp. paratuberculosis (107)
Cow 65
SREEP e 14
Goat 2
DIET oo 12
Human 8
PIg oo 1
Rabbit 1
UNKNOWI ..ottt 4
M. avium subsp. silvaticum (4)
WOOd PIZEOM..uiuiiiiiiiii et 4
M. intracellulare (12)
HUmMan ... 12

sequenced genomes of M. avium subsp. avium strain 104 (http://www.tigr.org)
and M. avium subsp. paratuberculosis strain K10 (GenBank accession no.
NC_002944). Artemis software (http://www.sanger.ac.uk/Software/Artemis/) was
used for visualization of the M. avium subsp. paratuberculosis strain K10 genome
data and annotation of M. avium subsp. avium strain 104. Genome sequence
comparison, via visual inspection in Artemis and with BLASTN, permitted iden-
tification of regions present in M. avium subsp. paratuberculosis strain K10 but
lacking a homologous region in M. avium subsp. avium strain 104 (LSP?). Ad-
ditional homology analyses (using BLASTN) were used to confirm that LSPY
regions were truly missing and not simply displaced (e.g., due to genomic rear-
rangement). BLAST2 was used to precisely define the boundaries of these novel
LSPPs. For the 17 regions and their locations in the M. avium subsp. paratuber-
culosis strain K10 genome, see Table 3.

To screen for the specificity of LSPs, we initially tested for their presence by
PCR targeting a short internal sequence across a panel of 96 M. avium subsp.
avium isolates. LSPPs for which a screening PCR was negative for these M. avium
subsp. avium strains were then tested across the extended panel of 383 M. avium
complex isolates. Since LSP¥14, which includes but is not restricted to a known
38-kb island (24), and LSP*12, a 19-kb sequence (8, 23), were previously postu-
lated to be of potential diagnostic utility, we tested each of these LSPs with two
and three different sets of primers targeting distinct loci, respectively. Primer
sequences for each of the LSPFs tested are listed in Table 2.

Testing of LSP* across M. avium complex isolates. Our previous DNA mi-
croarray-based analysis revealed numerous large sequences variable among M.
avium isolates. LSPA8, LSP*13, and LSP*14 appeared potentially specific for M.
avium subsp. paratuberculosis (23). When aligned against the genome of M.
avium subsp. paratuberculosis strain K10, these M. avium subsp. avium strain 104
sequences were confirmed to be absent from the M. avium subsp. paratuberculosis
K10 genome. Testing for these regions employed PCR with primers designed
toward the flanking regions of the sequence, such that an amplicon would be
generated only if the region was indeed missing. The PCR test was considered
positive (region missing) if amplification generated a product of the expected
molecular weight. Furthermore, for each set of primers, a random selection of 25
PCR products, originating from 25 different strains, was sequenced using ABI
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TABLE 2. Primers used for testing of LSPs
Sequence PCR target Forward primer Reverse primer Sr:zrg(zgg)
LSP"1 MAP0095 GCGATGTTCAAGAAGCCAGT GGAGGTAATAGTCGCGTTCG 442
LSP"2 MAP0284 CCAGTTACCTTCGACGAGGA CTCTGTTGGATTCCCGTTTG 600
LSP3 MAP0388 GCAATCATCCCGACAACTG TTCAGGTCGAGGTGTGACAA 166
LSP*4 MAPO0865 TCCTCTCCTTCGTCACCAAC ATCTCAGACAGTGGCAGGT 597
LSP*5 MAP0963 GCCACGAAGGACATCAATTC GGTCGGGGTTGCTGATCTAT 592
LSP"6 MAP1233 TCGTAACGTTAGCACCGAGA AGCTTGAAGCATTCGACCAT 661
LSP*7 MAP1345 GCACGATTCCGGTTCTTCTA GCGGCGTTGAAATAGGTAGT 579
LSP"8 MAP1633 AAAAGGGGAACGGTACAACC ATTCACGCTGATCCTCGAAC 653
LSP*9 MAP1718 TCCAATACAACCCGAAGACC TTCCACGCTTTGGATAGACC 625
LSP*10 MAP2027 CGACACCTCGGTGTTCATC CCGAATAATCGCCAGGTTC 373
LSP"11 MAP2154 GTCGGACCAGGGTTGAGAT GGATAAGGCCGCATACAAAC 375
LSP*12 MAP2181c GCTTCGTCGGAATGTACGAG AGCATCAGCCTGACTTGGTT 595
MAP2182c TCTGAACCCGGCTACACAC CATGCCGGTGTGAGTACAA 430
MAP2188c GCCCGTAGAAGTGGACGAT GATGACGGTCGCCAATCC 719
LSP"13 MAP2765 ACTGATCCTGCCATGCCTAC GCGTAACTCAGCGAACAACA 451
LSP*14 MAP3726 GGGCTATCAGACGATGTTCC TACCAGCAGTATCGCCGAAT 211
MAP3750 CACTGAAGCTCGGCATGTAA CGACGACGAGTCCTATCCAG 674
LSP*15 MAP3774 AGCAGTGGACGAGGCAAC GAGGGCGTAGAACTCTGTG 621
LSP"16 MAP3815 GTAATGGCGCATTCTCTGGT CCCTTGATCTCGACACTGGT 611
LSP*17 MAP4269 GGAAACCAAGGAAGGGAAAG GCTAGACGGGTGATCGTGTT 592
LSP~8 Flanking sequence TCTGCAGAGCGGTGACATC ATACCGCCAACGACATCTTC 474
LSP*8 Internal sequence ACCGCCAGATGTTTCTCATC GACTCGGTGCTGCTGGTC 166
LSP~13 Flanking sequence” ACGAATGACGCCGTAGTAGC GTCACGAGCGTCCATCCTAT 444
LSP*13 Internal sequence AGCTCAGAGGGCACTTTCCTT CCAGGTCGATCAGGTCCTC 236
LSP*14 Flanking sequence set A ATATCGAGGCGTTCATCCTG CACTCAACGAAGATCCAGCA 427
LSP*14 Internal sequence ATCACAGGTAGGAGCCTTGG CACTTCAATGCCGAAATCAA 299
LSP*14 Flanking sequence set B GGCCTGGTATTCAACCTCA CCGTTGACGTTGTGTTCAAG 718

@ The sequence of the reverse flanking primer used to amplify across LSP*13 contains one SNP in comparison to the sequence of M. avium subsp. paratuberculosis

strain K10.

dye terminator chemistry. The resulting sequences were aligned with the se-
quenced genomes of M. avium subsp. paratuberculosis strain K10 and of M. avium
subsp. avium strain 104 to determine if the junction of the deleted regions was
identical across the different isolates.

For isolates in which amplification did not occur using the flanking primers,
additional PCR testing was performed (using sets of primers targeting sequences
within the LSP?) to determine whether the intervening sequence was present.
An example is LSP”8 in Fig. 1, with corresponding positions on the genomes of
M. avium subsp. avium strain 104, M. avium subsp. paratuberculosis strain K10,
and M. tuberculosis strain H37Rv. The primer sequences used for all reactions
are given in Table 2.

PCRs. All PCRs were performed in 50-ul volumes, using 5 pl of template
DNA (5 ng) and 1 U Taq polymerase (MBI Fermentas), with 5 wl of 10X PCR
buffer (MBI Fermentas), 2.5 mM MgCl,, 5 pl acetamide 50% (wt/vol), 0.2 mM
deoxynucleoside triphosphates, and each primer at 0.5 wM. PCRs were con-
ducted in 96-well plates. Amplification consisted of an initial denaturation step
of 94°C for 5 min, followed by 30 cycles of denaturation at 94°C for 30s, annealing
at 58°C for 45s, and extension at 72°C for 2 min. PCR products were separated
by electrophoresis in precast 1% (wt/vol) agarose gels containing ethidium bro-
mide (ReadyAgarose gels; Bio-Rad Laboratories, Hercules, CA). Samples that
had bands of the expected molecular weight were considered positive, whereas
those with bands of different size or where no bands were seen were considered
negative. When results were ambiguous, PCRs were repeated using individual
closed tubes.

M. avium subsp. paratuberculosis strain K10 and M. avium subsp. avium strain
104 were used as positive and negative controls for each set of primers used to
test for the LSPs.

RESULTS

LSP"s: regions present in M. avium subsp. paratuberculosis
K10 and absent from M. avium subsp. avium 104. LSP*s rep-
resent four types of polymorphisms with respect to the se-
quenced genome of M. avium subsp. avium 104. For certain
regions, the M. avium subsp. paratuberculosis K10 genome sim-

ply contains an additional element when aligned against the
corresponding positions on the genomes of M. avium subsp.
avium strain 104 and M. tuberculosis strain H37Rv; the element
is flanked by regions of high homology and synteny among the
three genomes (schematically depicted by the example of
LSP®4 in Fig. 2A). For other regions, the M. avium subsp.
paratuberculosis K10 genome does not contain additional
DNA, but rather, there is a region of extremely low sequence
similarity (<20%) with the best hit against the M. avium subsp.
avium 104 genome, flanked by regions of high homology
(>97%) between the two sequences (depicted as the example
of LSP*2 in Fig. 2B). Some regions are characterized by both
additional DNA and sequence with low similarity (examples of
LSP"14 and LSP*15 in Fig. 3A). Finally, one region is the
result of additional DNA in the M. avium subsp. paratubercu-
losis K10 genome and loss of DNA from the M. avium subsp.
avium genome and thus is characterized by the replacement of
a DNA segment with another (example of LSP12, Fig. 3B).

For the 17 LSP"s, a positive PCR using primers internal to
these sequences indicated the presence of at least part of the
region tested. From the screening panel of 96 M. avium subsp.
avium isolates, 10 of these sequences were variably present in
M. avium subsp. avium isolates while 7 could not be amplified
from the screening panel (LSPT2, LSPT4, LSPF11, LSPF12,
LSP"14, LSP*15, and LSP"16; Table 3). These regions were
thus investigated using an extended panel of 383 M. avium
complex isolates; results are summarized in Table 4, with more
detailed descriptions below.

LSP"2, LSP*4, and LSP"15 could not be amplified from any
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FIG. 1. Schematic representation of LSP*8 in M. avium subsp.
avium 104, M. avium subsp. paratuberculosis K10, and the homologous
region in M. tuberculosis H37Rv. Coordinates on the genome are given
as base pairs starting from the first nucleotide of the start codon of
dnaA in M. avium subsp. avium 104 and M. avium subsp. paratubercu-
losis K10, respectively. Striped boxes represent homologous sequences;
the 10-kb sequence (LSP* 8) that is present in M. avium subsp. avium
104 but missing in M. avium subsp. paratuberculosis strain K10 is
depicted by the white box. Black and gray boxes represent genes that
are truncated in M. avium subsp. paratuberculosis. Thick arrows rep-
resent primers flanking the LSP (flanking primers); a PCR product is
obtained if the region is missing (as in M. avium subsp. paratuberculosis
K10). Thin arrows represent primers targeting a sequence that is
within LSP*8 (internal primers).

of the 276 non-M. avium subsp. paratuberculosis isolates, dem-
onstrating 100% specificity for this subspecies.

LSP*11 and LSP*16 also exhibited high specificity but un-
expectedly amplified from a group of six non-M. avium subsp.
paratuberculosis strains: one isolate gave amplification prod-
ucts for both LSPF11 and LSP*16; four isolates gave amplifi-
cation products for LSP11 only, and one gave a product for
LSP*16 only. The five LSP¥11 and two LSP*6 amplicons ob-
tained from these isolates were identical to M. avium subsp.
paratuberculosis strain K10 sequences. To further characterize
these six isolates, all clinical human isolates collected in Mon-
treal, we performed additional analysis, including 16S rRNA
sequencing (to confirm species designation) and 16S-23S ITS
sequencing to identify their sequevar. By 16S analysis, one
isolate (13373) had a novel 16S rRNA sequence, similar to M.
chimaera (previously known as MAC-A) (26) and a unique ITS
sequence, closest to the MAC-C sequevar. Four isolates had a
16S sequence consistent with M. avium and had ITS sequences
identical to the common Mav-B sequevar. Finally, we deter-
mined that one isolate (9033) was potentially mixed, based on
the presence of double peaks in the DNA sequence chromato-
grams, with features of both M. avium subsp. avium and M.
intracellulare (Min-A sequevar).

The presence of LSPY12, a 19-kb sequence that is found in
lieu of a 197-kb sequence in M. avium subsp. avium 104, was
evaluated with three distinct sets of internal primers targeting
different genes. Across the entire panel of M. avium complex
isolates, amplification of two target genes (MAP2182c and
MAP2187c¢) was restricted to M. avium subsp. paratuberculosis
strains, resulting in a calculated specificity of 100%. However,
primers targeting MAP2181c (predicted to encode a transcrip-
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FIG. 2. Schematic representation of two LSP® elements, as illus-
trated by the alignment of M. avium 104 (middle), M. avium subsp.
paratuberculosis K10 (bottom), and the homologous region in M. tu-
berculosis H37Rv (top). Coordinates on the genome are given as base
pairs starting from the first nucleotide of the start codon of dnaA4 in M.
avium subsp. avium 104 and M. avium subsp. paratuberculosis K10,
respectively. Gray striped boxes represent a sequence that is shared
and syntenic among the three genomes. White boxes represent a se-
quence that is shared between M. avium subsp. avium and M. avium
subsp. paratuberculosis. Black boxes represent a sequence that is found
only in M. avium subsp. paratuberculosis. Thin arrows represent prim-
ers targeting a sequence within the LSP® (internal primers). (A) An
additional 18-kb sequence (LSP*4) is found in M. avium subsp. para-
tuberculosis strain K10 compared to the M. avium subsp. avium 104
genome. (B) The M. avium subsp. paratuberculosis strain K10 and M.
avium subsp. avium 104 genomes contain discrete regions nearly equiv-
alent in size but extremely low in sequence similarity (LSP*2).

tional regulator of the TetR family) unexpectedly produced an
amplicon from two non-M. avium subsp. paratuberculosis iso-
lates, clinical specimens 13373 and 9033 noted above. Sequenc-
ing of the MAP2181c amplicons revealed numerous sequence
level polymorphisms shared across these isolates and only 89%
sequence identity to M. avium subsp. paratuberculosis strain
K10.

LSP*14 is a heterogeneous region (Fig. 3A). Some portions
are extra to M. avium subsp. paratuberculosis K10, including a
previously described 38-kb island (24), while other segments
exhibit moderate sequence similarity to M. avium subsp. avium
104. LSP"14 was tested using two different sets of primers
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FIG. 3. Schematic representation of LSP*14 and LSP"15 (A) and
of LSP¥12 (B), illustrated by the alignment of M. avium subsp. avium
104 (middle), M. avium subsp. paratuberculosis K10 (bottom), and the
homologous region in M. tuberculosis H37Rv (top). Coordinates on the
genome are given as base pairs starting from the first nucleotide of the
start codon of dnaA in M. avium subsp. avium 104 and M. avium subsp.
paratuberculosis K10, respectively. Striped boxes represent a sequence
that is shared and syntenic among the three genomes. White boxes
represent a sequence that is shared between M. avium subsp. avium
and M. avium subsp. paratuberculosis. Black boxes represent a se-
quence that is found only in M. avium subsp. paratuberculosis. Gray
boxes represent a sequence of low similarity between M. avium subsp.
avium and M. avium subsp. paratuberculosis. Thin arrows represent
primers targeting a sequence within the LSP? (internal primers).

targeting MAP3726 and MAP3750 within the additional seg-
ment of DNA. Seven non-M. avium subsp. paratuberculosis
isolates tested positive for at least one of the two genes. One
M. avium subsp. avium isolate was positive for both MAP3726
and MAP3750, while six other isolates were positive for one of
the two genes tested. In the case of MAP3726, a sequence with
97% similarity to that of M. avium subsp. paratuberculosis
strain K10 was amplified from three M. avium subsp. avium
strains. One of these isolates was from a pig in The Nether-
lands and had an ITS sequence identifying it as a Mav-B
sequevar, while the other two were isolated from birds and had
Mav-A sequevars. For MAP3750, sequences with less than
93% similarity to that of M. avium subsp. paratuberculosis
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strain K10 were amplified from five M. avium subsp. avium
isolates, including the pig isolate described above. The pres-
ence of polymorphic sequence within M. avium subsp. avium
isolates, and the fact that only a subset of M. avium subsp.
paratuberculosis isolates were positive for these two genes,
prompted us to look for polymorphisms within M. avium subsp.
paratuberculosis isolates. Amplicons obtained from eight dif-
ferent isolates for each of these two genes also revealed several
single-nucleotide polymorphisms (SNPs) compared to the ge-
nome of M. avium subsp. paratuberculosis K10. Specifically, of
the eight isolates tested, one (obtained from a deer) had a SNP
noted within MAP3726 (at position 400 starting from the first
base pair of the gene) and an additional two SNPs within
MAP3750 (positions 331 and 396). Three other isolates (two
from cows, one from a sheep) had a shared SNP within MAP3750
(at position 384). These findings suggest that LSP¥14 is polymor-
phic within M. avium subsp. paratuberculosis.

Of the seven LSPs tested extensively, only LSP¥12 and
LSP"15 could be amplified from the majority of M. avium
subsp. paratuberculosis isolates, suggesting either that the other
LSP®s were not universally present in this subspecies or that
sequence level polymorphisms prevented their amplification
across some isolates. Despite our efforts to identify a pattern,
it was not possible to correlate the distribution of these vari-
able LSPY regions with respect to the host source of the isolate
tested.

LSP*s: regions present in M. avium subsp. avium 104 and
absent from M. avium subsp. paratuberculosis K10. A positive
PCR with primers flanking the LSP“s indicated the absence of
the region. PCR with flanking primers demonstrated the ab-
sence of LSP*8 in 94 M. avium subsp. paratuberculosis isolates.
For the 289 isolates (including 13 of M. avium subsp. paratu-
berculosis) which failed to amplify using the flanking primers,
we performed internal PCR testing using two different sets of
primers targeting sequences within LSP*8 and found the se-
quence was present in all 276 non-M. avium subsp. paratuber-
culosis isolates. The 13 M. avium subsp. paratuberculosis iso-
lates did not generate PCR products with either set of primers
internal to this region. Therefore, it appears that this sequence
is consistently missing from M. avium subsp. paratuberculosis
isolates and is present in every other M. avium complex strain
tested. Sequencing of 25 of the amplicons generated from M.
avium subsp. paratuberculosis strains using the flanking primers
revealed the same polymorphism in all M. avium subsp. para-
tuberculosis strains, with the junction point truncating two
genes (called Maa4183 [the ortholog of MAP3636] and
Maa4172 [not annotated in M. avium subsp. paratuberculosis)),
homologs of Rv0197 and Rv0201 in M. tuberculosis, respec-
tively. These results strongly suggest that absence of LSPAS is
the result of a genomic deletion from the ancestral genome.

LSP*13, a 19.5-kb sequence, was confirmed as missing in
167 isolates by PCR using primers flanking this sequence. Of
these, 102 were M. avium subsp. paratuberculosis isolates, but
also 64 of M. avium subsp. avium and 1 of M. avium subsp.
silvaticum were shown to lack this region. Sequencing of the
amplicons generated using the flanking primers in 25 M. avium
subsp. paratuberculosis and 25 M. avium subsp. avium isolates
demonstrated the exact same sequence, which is also identical
to that of the M. avium subsp. paratuberculosis K10 type strain.
LSPA13 is located at the tRNA-argl” gene and is flanked by
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TABLE 3. Locations of LSP? s and their distribution across a screening panel of 96 non-M. avium subsp. paratuberculosis isolates”

Presence in non-M. avium

Sequence Start End Open reading frames subsp. paratuberculosis Characteristic of LSP?
isolates
LSP*1 101,281 117,322 MAP0094-0107 21
LSPF2 298,775 303,349 MAP0282-0284 0 Segment with low homology
LSP*3 409,982 413,017 MAP0387-0389 4
LSP*4 874,118 889,494 MAP0851-0866 0 Additional segment
LSP*5 990,416 1,003,949 MAP0957-0967 51
LSPF6 1,292,643 1,300,357 MAP1231-1237 56
LSP*7 1,441,715 1,449,170 MAP1344-1349 19
LSPF8 1,785,287 1,792,800 MAP1631-1637 40
LSP*9 1,877,241 1,894,258 MAP1718-1732 44
LSPF10 2,233,452 2,236,388 MAP2027-2029 10
LSP*11 2,378,964 2,391,994 MAP2148-2158 0 Additional segment
LSPP12 2,422,564 2,442,004 MAP2179-2196 0 Replacement of a segment
LSP*13 3,081,818 3,099,481 MAP2751-2768 8
LSP*14 4,144,803 4,209,911 MAP3725-3764 0 Additional and low-homology segments
LSP*15 4,214,731 4,220,156 MAP3771-3776 0 Additional and low-homology segments
LSPF16 4,261,192 4,267,858 MAP3814-3818 0 Additional segment
LSP*17 4,734,953 4,738,741 MAP4266-4270 5

¢ Start and end refer to base pairs from the first nucleotide of the start codon of dnaA on the genome of M. avium subsp. paratuberculosis strain K10. Gene names
are those given to M. avium subsp. paratuberculosis strain K10 (GenBank accession number NC_002944).

direct repeats, features characteristic of mobile genetic ele-
ments. Whatever its origin, the absence of this region was not
specific to M. avium subsp. paratuberculosis.

LSP*14, a 23-kb region, was initially judged to be missing in
101 isolates, all of which were M. avium subsp. paratuberculosis,
by PCR using flanking primers (set A). Upon sequencing, the
amplicons obtained from 25 of these M. avium subsp. paratu-
berculosis isolates were identical to that of the prototype, M.
avium subsp. paratuberculosis K10. When testing for the pres-
ence of LSP*14, an intervening sequence was shown to be
present in 215 isolates (all non-M. avium subsp. paratubercu-
losis). However, 67 isolates did not give products with either
the flanking or the internal primers, leading us to hypothesize
that the sequence may be missing (as in M. avium subsp.
paratuberculosis) but associated with polymorphisms in the
flanking regions. To test the latter possibility, we designed a
new set of primers (set B) to amplify across LSP*14, such that
the resulting PCR products would encompass the sequences of
the original flanking primers (set A). Using flanking primer set
B, we determined that the region was indeed missing in these
isolates. Upon sequencing the resulting PCR products, we
noted that the LSP*14 junction point in these isolates was
identical to that in M. avium subsp. paratuberculosis. However,
the sequence of the flanking region in these isolates was only
97% identical to that of M. avium subsp. paratuberculosis. Fur-
ther, two of the SNPs noted to be common to these non-M.
avium subsp. paratuberculosis isolates occurred along the rec-
ognition site for one of the original flanking primers (set A).
These results indicate that a positive PCR using flanking
primer set A appears to be specific for M. avium subsp. para-
tuberculosis; however, absence of this region is not specific to
M. avium subsp. paratuberculosis.

DISCUSSION

Members of the M. avium complex form a closely related
group of bacteria, with M. avium subsp. avium and M. avium

subsp. paratuberculosis sharing the same species designation.
Despite their taxonomic relationship, M. avium subsp. avium
and M. avium subsp. paratuberculosis exhibit markedly differ-
ent capacities to cause disease across a number of hosts. In
particular, M. avium subsp. paratuberculosis is emerging as a
serious threat to many mammalian species, but control pro-
grams to detect and eradicate this pathogen have been ham-
pered by the lack of sensitive, specific, and practical assays. The
availability of sequence information for two prototype strains
of the M. avium complex offers the opportunity to uncover M.
avium subsp. paratuberculosis-specific sequences that may be
employed for nucleic acid-based tests and development of im-
munological assays.

Using a comparative genomic approach, we have identified
two types of markers: large sequences present in M. avium
subsp. paratuberculosis K10 but not in M. avium subsp. avium
104 (LSP®s) and large sequences present in M. avium subsp.
avium strain 104 but not in M. avium subsp. paratuberculosis
(LSP%s). We evaluated the distribution of these markers
across a large panel of M. avium complex isolates and deter-
mined that, of the latter, PCR-based testing for the loss of
LSPA8 was 100% specific for the identification of M. avium
subsp. paratuberculosis. Akin to the RD1 region of the M.
tuberculosis complex, which permits accurate differentiation
between virulent M. bovis and BCG strains (25), our results for
LSP*8 have immediate applicability in the diagnostics of M.
avium subsp. paratuberculosis. First, the presence of this region
(by PCR testing of a sequence internal to LSP“8) can be used
to determine that an isolate is highly unlikely to be M. avium
subsp. paratuberculosis. Second, the absence of LSP*8 (by
PCR testing using primers flanking these sequences) can be
used to diagnose M. avium subsp. paratuberculosis with 100%
specificity.

Of the 17 LSP"s, 10 had poor specificity for M. avium subsp.
paratuberculosis, based on the amplification of genomic targets
from these regions in non-M. avium subsp. paratuberculosis
isolates, while 7 of the LSPFs showed a high degree of speci-
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TABLE 4. Results of PCR testing of selected LSPs across an extended panel of M. avium complex isolates”
No. of isolates
N f O di . . e o
rir;li?)r? frf,:ler:erf:ﬁgég PCR result A/Isu(gsl;m Non;ﬁsgflum Sensitivity (%) Specificity (%)
paratuberculosis paratuberculosis
LSPF2 MAP0284 + 44 0
- 63 276
Total 107 276 41.1 100.0
LSPFP4 MAPO0865 + 73 0
- 34 276
Total 107 276 68.2 100.0
LSPF11 MAP2154 + 62 5
- 45 271
Total 107 276 57.9 98.2
LSPF12 MAP2181c + 102 2
- 5 274
Total 107 276 95.3 99.3
MAP2182c + 99 0
- 8 276
Total 107 276 92.5 100.0
MAP2187 + 74 0
- 33 276
Total 107 276 69.2 100.0
LSPF14 MAP3726 + 78 3
- 29 273
Total 107 276 72.9 98.9
MAP3750 + 83 5
- 24 271
Total 107 276 77.6 98.2
LSP*15 MAP3774 + 97 0
- 10 276
Total 107 276 90.7 100.0
LSP*16 MAP3815 + 48 2
- 59 274
Total 107 276 44.9 99.3

“ Testing for large sequences of M. avium subsp. paratuberculosis strain K10 absent from M. avium subsp. avium strain 104 (LSP¥s). A positive PCR test signifies that
the gene tested for is present. Sensitivity was calculated as follows: number of M. avium subsp. paratuberculosis isolates with positive PCR test/number of M. avium subsp.
paratuberculosis isolates tested. Specificity was calculated as follows: number of non-M. avium subsp. paratuberculosis isolates with negative PCR test/number of non-M.

avium subsp. paratuberculosis isolates tested.

ficity for M. avium subsp. paratuberculosis. In recent microar-
ray-based genomic comparisons, Paustian et al. also identified
genomic regions divergent between M. avium subsp. paratuber-
culosis and other members of the M. avium complex (20). The
seven regions they describe as potentially unique to M. avium
subsp. paratuberculosis represent a subset of our LSPFs. How-
ever, our confirmatory testing of these regions across an ex-
tended panel revealed that sequences identical or nearly iden-
tical to LSP*11, LSP”14, and LSP"16 (which encompass the
regions called MAP_RD3, MAP_RD6, and MAP_RD7 by
Paustian et al.) can be occasionally found in other closely
related bacteria, which were isolated from clinical specimens
from various hosts.

LSP"14, a 66-kb sequence rich in genes encoding proteins of
the PE/PPE family, includes a previously described 38-kb ele-
ment (24). It has recently been suggested that one gene from
this region, MAP3732, encodes an immunogenic protein of
potential utility for the diagnosis of M. avium subsp. paratu-
berculosis infection (19). By PCR testing of two different gene

loci within LSP"14, we were able to detect sequences with
homology to M. avium subsp. paratuberculosis K10 in some M.
avium subsp. avium isolates, with one isolate being positive for
two of the genes tested. Additionally, only 67 of the 107 (63%)
M. avium subsp. paratuberculosis isolates tested positive for
both targets; 30 isolates amplified with only parts of this se-
quence, and 10 isolates did not amplify with any part of this
sequence. These findings, combined with variable sequence
data obtained from M. avium subsp. paratuberculosis isolates,
confirm that there is sequence divergence in this region, which
may undermine its potential utility in the accurate diagnosis of
M. avium subsp. paratuberculosis infection.

LSP"2, LSP"4, and LSP"15 were 100% specific for M. avium
subsp. paratuberculosis. The presence of LSPF12, a previously
described 19-kb island (8, 23), was also highly predictive of the
identification of M. avium subsp. paratuberculosis. Two of the
targeted genes for this region, MAP2187c and MAP2182c,
were only detected in M. avium subsp. paratuberculosis, while
an element similar but not identical to MAP2181c, a putative
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transcriptional regulator of the TetR family, can be present in
a minority of non-M. avium subsp. paratuberculosis isolates.
MAP2182c encodes a protein (HspX) possibly involved in me-
diating cell attachment and has been shown in a previous
PCR-based study to be specific for M. avium subsp. paratuber-
culosis (9). In that study, where PCR tests were done in two
different laboratories, hspX was detected in 10 out of 12
(83.3%) M. avium subsp. paratuberculosis isolates, which is
comparable to the sensitivity of our assay (92.5%). Of note,
three M. avium subsp. paratuberculosis isolates failed to am-
plify with all three primer pairs used in testing for LSP¥12 yet
had an LSP* profile suggestive of M. avium subsp. paratuber-
culosis (absence of LSP*8); this suggests that a small propor-
tion of M. avium subsp. paratuberculosis isolates may be truly
devoid of this sequence or that there is sequence level poly-
morphism in certain isolates.

Of the sequences noted to be highly specific for M. avium
subsp. paratuberculosis, LSPT12 and LSP"15 consistently gave
positive results across M. avium subsp. paratuberculosis iso-
lates, while amplification of most other LSP"s was variable.
The low observed sensitivity of PCR-based testing for these
LSP®s may reflect technical limitations of a PCR-based ap-
proach. However, in this work we deliberately opted for PCR
parameters (such as low annealing temperatures) that maxi-
mize sensitivity and thereby achieved successful and consistent
amplification of numerous other targets across a wide range of
isolates. Moreover, in preliminary microarray-based studies of
M. avium subsp. paratuberculosis strains, certain isolates that
gave negative amplification results for the LSP® regions stud-
ied in this investigation also failed to hybridize to probes de-
signed for these same regions (unpublished observations). To-
gether, these observations argue that certain elements are truly
missing from certain M. avium subsp. paratuberculosis strains.
In fact, many of the LSP"s we describe have characteristics of
mobile genetic elements and include genes annotated as en-
coding transposases and phage-like integrases. LSP'1 is most
likely a prophage. LSP¥13 is composed almost entirely of 1S
elements. The extra sequence represented by LSP¥4 is, as is
common with mobile elements, inserted at a tRNA gene and
flanked by long direct repeats. Testing for such sequences may
be specific, but consistent with their mobile nature, they may
be variably present in M. avium subsp. paratuberculosis.

LSP"12 was the most widely conserved M. avium subsp.
paratuberculosis-specific region. Besides the previously de-
scribed AspX gene, this sequence also includes a cluster of six
homologs of the mammalian cell entry gene (mce) family
(MAP2189 to MAP2194), as well as genes predicted to encode
potentially useful metabolic functions, more specifically, genes
involved in lipid metabolism. The former have previously been
identified as important for invasion, survival within macro-
phages, and possibly virulence (6), although some homologs of
mce genes present in the opportunistic pathogen M. avium
subsp. avium were noted to be missing from M. avium subsp.
paratuberculosis (23). Our analysis indicates that there are nine
mce gene clusters in the M. avium subsp. avium strain 104
genome, including four that are homologous to those identified
in M. tuberculosis. The genes present in LSP¥12 represent an
mce cluster unique to M. avium subsp. paratuberculosis. Al-
though the functional importance of this requires further
study, work done by others has shown that there are immuno-
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dominant epitopes within mce genes (12), suggesting that these
could potentially be exploited as a source of antigenic proteins
for the diagnosis of M. avium subsp. paratuberculosis. LSPF12 is
also of interest because it truncates mbtA, which mediates the
first step in mycobactin biosynthesis (Fig. 3B). This truncation
is potentially sufficient to prevent siderophore biosynthesis and
may account for the dependence on Mycobactin J for the in
vitro growth of M. avium subsp. paratuberculosis.

LSP”15, for which amplification was observed in over 90%
of M. avium subsp. paratuberculosis isolates, includes genes
likely required for the transport of iron. Since iron plays a key
role in the balance between pathogen survival and host immu-
nity, and since M. avium subsp. paratuberculosis, unlike other
mycobacteria, lacks cell-wall associated mycobactin and sid-
erophores, the proteins encoded by these genes may serve in
iron acquisition in the intracellular environment. These find-
ings suggest that LSP¥12 and LSP*15 are of great potential not
only for diagnostics but possibly also for studies of the patho-
genesis of M. avium subsp. paratuberculosis.

Identification of the isolates used in our study to the species
level was based partly on the presence of I1S900, a multicopy
insertion element widely used in the molecular diagnosis of M.
avium subsp. paratuberculosis. Therefore, the sensitivity and
specificity of our LSPs have not been directly compared to
those of this element. However, insertion elements of different
bacterial species share sequence similarities, a feature which
can confound diagnostic testing relying on PCR amplification
of small fragments of these elements. This issue has previously
been raised in the molecular diagnostics of M. avium subsp.
paratuberculosis relying on IS900 (7, 10) and also for the use of
IS6110 as a marker of M. tuberculosis (15). Furthermore, as has
been shown to be the case with some members of the M.
tuberculosis complex which do not contain IS6710 (1), it is
possible some strains of M. avium subsp. paratuberculosis are
either low copy number or IS900 negative, providing additional
argument for the need to develop molecular tests that rely on
genomic characteristics other than mobile elements.

In summary, we have evaluated the distribution of numerous
LSPs across a large panel of M. avium complex isolates. Our
findings emphasize that in silico identification of a species-
specific sequence in a prototype genome does not guarantee its
utility as a diagnostic marker. Although most polymorphisms
lack the sensitivity and specificity necessary for reliable diag-
nosis of M. avium subsp. paratuberculosis infection, the pro-
teins they encode may contribute to the virulence of M. avium
subsp. paratuberculosis and still prove valuable as markers of
infection or disease. In contrast, seven of the LSPFs and LSP#8
revealed themselves to be exquisitely specific for M. avium
subsp. paratuberculosis. Further work geared toward the char-
acterization of these and other polymorphisms should facilitate
the development of effective diagnostics.
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