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Accurate sequence analysis of mononucleotide repeat regions is difficult, complicating the use of short sequence repeats (SSRs)
as a tool for bacterial strain discrimination. Although multiple SSR loci in the genome of Mycobacterium avium subsp. paratu-
berculosis allow genotyping of M. avium subsp. paratuberculosis isolates with high discriminatory power, further characteriza-
tion of the most discriminatory loci is limited due to inherent difficulties in sequencing mononucleotide repeats. Here, a method
was evaluated using matrix-assisted laser desorption ionization–time of flight mass spectrometry (MALDI-TOF MS) as an alter-
native to Sanger sequencing to further differentiate the dominant mycobacterial interspersed repetitive-unit (MIRU)–variable-
number tandem-repeat (VNTR) M. avium subsp. paratuberculosis type (n � 37) in Canadian dairy herds by targeting a highly
discriminatory mononucleotide SSR locus. First, PCR-amplified DNA was digested with two restriction enzymes to yield a suffi-
ciently small fragment containing the SSR locus. Second, MALDI-TOF MS was performed to identify the mass, and thus repeat
length, of the target. Sufficiently intense, discriminating spectra were obtained to determine repeat lengths up to 15, an improve-
ment over the limit of 11 using traditional sequencing techniques. Comparison to synthetic oligonucleotides and Sanger se-
quencing results confirmed a valid and reproducible assay that increased discrimination of the dominant M. avium subsp. para-
tuberculosis MIRU-VNTR type. Thus, MALDI-TOF MS was a reliable, fast, and automatable technique to accurately resolve M.
avium subsp. paratuberculosis genotypes based on SSRs.

Evaluating genetic diversity of a pathogen is critical in under-
standing its transmission. Historically, this has been challeng-

ing in organisms with limited genetic variation, as many common
molecular techniques are not sufficiently discriminatory to differ-
entiate strains (1). However, a limited number of genomic targets,
typically repeat regions, have been identified and used for strain
discrimination.

Mycobacterium avium subsp. paratuberculosis is the causative
bacterium of Johne’s disease, a severe gastroenteritis in domestic
ruminants (2). Furthermore, there is an unproven association be-
tween Johne’s disease in cattle and Crohn’s disease in humans (3,
4). Although M. avium subsp. paratuberculosis is fastidious and
slow growing and has limited genetic variation, numerous typing
techniques have been developed to differentiate isolates (5–9). All
typing techniques developed thus far, however, fail to provide
sufficient discriminatory power to be used for detailed epidemio-
logical analyses.

Variable-number tandem-repeat (VNTR) analysis has been
moderately successful in differentiation of M. avium subsp. para-
tuberculosis strains. Two dominant VNTR types, however, ac-
count for the vast majority of M. avium subsp. paratuberculosis
isolates characterized. Therefore, a more discriminatory genotyp-
ing method, such as short-sequence-repeat (SSR) typing, is re-
quired to further differentiate M. avium subsp. paratuberculosis
isolates (10).

Compared to other genotyping methods, characterization
of SSRs in the M. avium subsp. paratuberculosis genome is pow-
erful in identifying epidemiologically and geographically distinct
strains (8). Due to their instability, SSRs evolve more rapidly than
single nucleotide polymorphisms (SNPs); therefore, SSR typing is
particularly useful for differentiating monomorphic bacteria (11).
SSRs are repetitive tracts of nucleotides of 1 to 10 bp in which

mutations occur during replication. When DNA polymerase en-
counters long repeats, it can stall, sometimes leading to dissocia-
tion of the nascent DNA strand, which may subsequently realign
out of register (12). This slip-strand mispairing leads to a different
repeat length from the template strand. M. avium subsp. paratu-
berculosis, along with many other mycobacterial species, lacks
mismatch repair proteins, which favors instability of SSRs and
thus variability in these regions (13).

Eleven SSRs in the M. avium subsp. paratuberculosis genome
were previously identified as polymorphic (8). The two most dis-
criminatory loci are mononucleotide repeats, in which accurate
sequence analysis is difficult (10, 14–16). The ambiguous sequenc-
ing chromatograms of long repeats are characterized by stutter
peaks, a critical limitation of this genotyping method, as it relies
entirely on accurate interpretation of repeat length. Mass spec-
trometry (MS) is based on measurement of the mass of a molecule
of interest, inherently minimizing ambiguity and interindividual
interpretation differences. Current MS technologies enable mass
resolution of a single nucleotide (17), creating an ideal platform
for characterization of long mononucleotide repeats that are not
resolved using Sanger sequencing. The objective of this study was
to develop a reliable and reproducible assay based on matrix-as-
sisted laser desorption ionization–time of flight MS (MALDI-
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TOF MS) to characterize the most discriminatory SSR locus in the
M. avium subsp. paratuberculosis genome.

MATERIALS AND METHODS
M. avium subsp. paratuberculosis culture and DNA extraction. Envi-
ronmental fecal samples collected from dairy farms participating in the
Alberta Johne’s Disease Initiative (AJDI; R. Wolf, F. Clement, H. W.
Barkema, and K. Orsel, submitted for publication) were processed as de-
scribed previously (18). Briefly, samples were decontaminated and incu-
bated in the Trek ESP Culture System II (Trek Diagnostic Systems, Cleve-
land, OH, USA) for 8 weeks. A confirmatory IS900 PCR was performed on
all cultures (19). Using a disposable loop, 10 �l of culture broth from
samples positive for IS900 was plated onto Middlebrook 7H11 agar sup-
plemented with mycobactin. Plates were incubated at 37°C until individ-
ual colonies were visible (approximately 4 to 6 weeks). A single colony was
subsequently substreaked to a new 7H11 plate, which was then incubated
at 37°C until enough growth was available for DNA extraction (approxi-
mately 6 to 8 weeks). Extraction of DNA was achieved using a modified
protocol of the Qiagen DNeasy blood and tissue kit (Qiagen, Mississauga,
ON, Canada). The M. avium subsp. paratuberculosis growth was removed
from the agar plate using a disposable loop and added to tubes containing
40 mg of 0.1-mm silica beads and 180 �l ATL lysis buffer. After 2 min of
bead beating, the spin-column protocol was followed according to the
manufacturer’s instructions.

Isolate selection. One isolate per farm (n � 53) was characterized by
mycobacterial interspersed repetitive-unit (MIRU)–VNTR typing using
eight targets, as described previously (9). Isolates belonging to the most
common genotype (INMV2) were chosen for further analysis.

PCR. The whole-genome sequence of M. avium subsp. paratuberculo-
sis strain K10 (20) was used to design primers in Geneious version 6.1.5
(Biomatters, Auckland, New Zealand) to amplify the most discriminating
mononucleotide locus (locus 1) (8). A FokI restriction enzyme recogni-
tion site was incorporated into the primer sequences (forward, AAAAAA
GGATGCGGCCCTGGTGGTCGACGAC; reverse, AAAAAAGGATGTC
ACCACCCAGTGCACGTACGG). This type IIS restriction enzyme
cleaves 9 bp downstream and 13 bp upstream of the recognition site on the
forward and reverse strand, respectively. A poly(A) sequence (n � 6) was
added to the ends of the primers to ensure binding of the enzyme, and
biotin was attached to the 5= end of the forward primer. The SSR locus 1
was amplified in a PCR mixture containing 2.5 units of Herculase en-
hanced DNA polymerase, 200 �M (each) deoxynucleoside triphosphate
(dNTP), 1.5 pmol forward primer, 3.0 pmol reverse primer, 5 �l 10�
buffer, and 2 �l template DNA (20 to 40 ng) in a total volume of 50 �l.
This DNA polymerase produces blunt-ended PCR amplicons and has
proofreading capabilities with lower error rates (21, 22). The forward
primer concentration was limited in order to minimize the binding of
nonextended biotinylated primers to the streptavidin-coated beads in the
subsequent step. The thermocycling conditions were as follows: an initial
step of 98°C for 3 min, followed by a touchdown PCR of 98°C for 40 s,
71°C for 30 s (�0.5°C/cycle), and 72°C for 1 min, for 20 cycles, and 98°C
for 40 s, 61°C for 30 s, and 72°C for 1 min, for 20 cycles, followed by a final
elongation step at 72°C for 10 min.

Restriction enzyme digestion. An aliquot (40 �l) of the final PCR
product was mixed with an equal volume of washed streptavidin Dyna-
beads and rotated at room temperature for 15 min. The beads were im-
mobilized with a magnet and washed according to the manufacturer’s

instructions. After washing, beads were resuspended in 7 �l NEB4 buffer
containing 1 unit each of FokI and BsaHI. Samples were incubated at 37°C
for 2 h, followed by 65°C for 20 min for enzyme inactivation. Then, 3 �l
Clean Resin (Sequenom, USA) was added to each tube to remove salts and
each tube was rotated at room temperature for 5 to 10 min. Tubes were
centrifuged for 10 s, and the supernatant was saved for further analysis.

MALDI-TOF. An aliquot (0.5 �l) of supernatant was mixed in equal
volumes with a 3-hydroxypicolinic acid (HPA) matrix. This sample-ma-
trix mixture was spotted on the MALDI plate and allowed to dry before
being introduced into the instrument. Mass spectrometry was performed
on a MALDI TOF/TOF 5800 spectrometer (AB Sciex, Framingham, MA,
USA) operating in linear, positive-ion mode. An oligonucleotide mass
standard of 6,352 Da was used for calibration.

Validation and reproducibility. Oligonucleotides representing frag-
ments of various alleles (7 through 15) of the G1 locus obtained after PCR
and digestion were synthesized (Core DNA Services, University of Cal-
gary). The expected masses of the digested DNA fragments were calcu-
lated using the Mongo Oligo Mass Calculator (v2.06; The RNA Institute,
University at Albany, Albany, NY, USA). The oligonucleotides were re-
constituted in high-pressure liquid-chromatography (HPLC)-grade wa-
ter (concentration, 20 pmol) and analyzed using MALDI-TOF MS.

Sanger sequencing was used to characterize the set of INMV2 isolates.
The SSR locus 1 was amplified in a PCR mixture containing 1� SsoFast
EvaGreen Supermix, 1 �l dimethyl sulfoxide (DMSO), 2 pmol forward
primer, 2 pmol reverse primer, and 2 �l genomic DNA. Thermocycling
conditions were an initial denaturation step of 95°C for 3 min, followed by
35 cycles of 95°C for 10 s and annealing/elongation at 55°C for 10 s. Then,
20 �l of PCR product was purified using a PCR purification kit (Qiagen
Inc., Venlo, The Netherlands) and submitted to the sequencing center at
the University of Calgary. Reproducibility of the MALDI-TOF assay was
assessed by performing the procedure beginning at PCR amplification on
3 isolates of each genotype (when available) 3 times.

RESULTS

The amplified region of the G1 locus, restriction enzyme cut sites,
and the corresponding expected mass of each fragment are shown
in Fig. 1. The mass of fragments C to G remained constant,
whereas expected masses of both A and B fragments of various
repeat lengths (7 to 15) were variable (Table 1). Analysis of syn-
thetic oligonucleotides representing A and B in the range of pre-
viously observed alleles is shown in Fig. 2. Two distinct peaks were
generated which correspond to the expected masses within 10 Da,
demonstrating that a single nucleotide difference was clearly re-
solved.

M. avium subsp. paratuberculosis isolates. Of the 53 isolates,
37 isolates belonged to the MIRU-VNTR type INMV2 and the
remaining isolates belonged to 6 other types. The MALDI-TOF
MS analysis of M. avium subsp. paratuberculosis DNA yielded con-
sistent peaks for conserved fragments (C through G), although
observed masses were consistently higher (approximately 90 Da)
than the predicted mass for both the conserved and polymorphic
fragments (A and B). Small peaks, which could be attributed to
PCR-induced slip-strand mispairing, were sometimes visible in
the mass spectra. Since these peaks have a lower intensity, they

FIG 1 Diagram representing PCR-amplified DNA containing the mononucleotide SSR locus 1 (underlined). Restriction enzyme cut sites are presented as boxed
arrowheads along with the corresponding masses of each fragment.
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were disregarded based on operator discretion and did not inter-
fere with the assignment of repeat length. Polymorphic fragments
under 9,800 Da were discernible; however, increasing mass of the
fragments led to decreasing intensity, resolution, and stability of
the peak. Therefore, fragments over 9,700 Da were designated �15
repeat units. A summary of the genotypes observed and examples
of spectra for each repeat length are shown in Table 2 and Fig. 3,
respectively. Overall, there were 9 SSR types identified in the 37
Alberta M. avium subsp. paratuberculosis isolates tested.

Validation. To test the reproducibility of this assay, 3 isolates
per genotype (when available) were tested 3 times, yielding 17
isolates in which masses were recorded and assigned a corre-
sponding allele. All 17 isolates were assigned the same allele each
time. Additionally, all isolates included in this study were se-
quenced using Sanger techniques. As expected, alleles with repeats
greater than 11 bp were not resolved. Regardless, alleles 7 through

11 matched our previous designation as determined by MALDI-
TOF MS.

DISCUSSION

Typing of repetitive DNA markers, such as SSRs, is invaluable in
genotyping organisms with limited genetic diversity (1, 23). How-
ever, inherent problems in sequencing mononucleotide repeats
limit its application, as Sanger sequencing often fails to resolve
poly(G) repeats exceeding 11 bp (10, 15). In the present study,
using MALDI-TOF MS, we increased the discriminatory power of
SSR typing in M. avium subsp. paratuberculosis isolates by resolv-
ing mononucleotide repeats up to 15 bp.

Purified biotinylated PCR amplicons were used, followed by
restriction endonuclease digestion to obtain a short fragment con-
taining the mononucleotide repeat suitable for MALDI-TOF MS
analysis. Resulting spectra revealed stable peaks formed by non-
polymorphic fragments suitable for calibration purposes, whereas
the mass of the polymorphic repeat fragments changed according
to the expected masses. As previously observed, Sanger sequenc-
ing chromatograms of repeats greater than 11 were characterized
by stutter peaks and were not resolved.

In previous studies, SSRs were used to discriminate bacterial
isolates of the same VNTR type (10, 24). Furthermore, mononu-
cleotide SSRs in the highest-resolution analysis of Bacillus anthra-
cis strains were used to further differentiate isolates with identical
SNP and VNTR profiles (25). Similarly, MIRU-VNTR analysis
was useful as a first step in discriminating M. avium subsp. para-
tuberculosis isolates. The dominant MIRU-VNTR type in Alberta
was further differentiated into at least 9 genotypes by MALDI-
TOF MS analysis of SSR locus 1.

Compared to shorter repeats, long mononucleotide SSRs have
been linked to higher diversity, as they are more likely to undergo
slip-strand mispairing and thus greater variability in repeat length
(24). Therefore, the ability to discriminate long mononucleotide
repeats is particularly advantageous to characterize genetic diver-
sity. Sanger sequencing is a critical limitation in identification of
these highly discriminatory loci exceeding 11 bp.

Advancement of new technologies, such as next-generation se-
quencing, has enabled the identification of SSRs across the ge-
nomes of plants, animals (26), and microorganisms. This has fa-
cilitated the use of SSR variability in several applications,
including epidemiological typing (27, 28), phylogenetic analysis
(29), and use as molecular markers in population genetic studies

TABLE 1 Expected mass of each repeat length of polymorphic
fragments A and B

Repeat
length

Expected mass (Da)

A B

7 6,794 7,341
8 7,123 7,629
9 7,453 7,919
10 7,782 8,208
11 8,111 8,498
12 8,440 8,787
13 8,770 9,076
14 9,099 9,365
15 9,428 9,654
�15 �9,700 �9,700

m/z6000 10500

Intensity
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FIG 2 Mass spectra of synthetic oligonucleotides representing fragments A
and B of different repeat lengths (7 to 15).

TABLE 2 SSR (G1) genotypes of INMV2 M. avium subsp.
paratuberculosis isolates analyzed in this study

Repeat

No. of M. avium subsp.
paratuberculosis
isolates (n � 37)

7 13
8 1
9 3
10 1
11 0
12 1
13 1
14 1
15 3
�15 13

Ahlstrom et al.

536 aem.asm.org Applied and Environmental Microbiology

http://aem.asm.org


(30, 31) and human forensics (32). In addition, SSR length may be
associated with increased virulence or immune escape, as it has a
biological role in pathogen adaptation and modulation of gene
expression (33–35). Regardless, all of these applications rely on

accurate and discriminatory analysis of repeat length. Pyrose-
quencing is increasingly used in SNP screening assays and in iden-
tifying short indels (36); however, it produces errors in sequences
with long homopolymer tracts (37). The use of MALDI-TOF MS
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FIG 3 (A) Examples of spectra of each repeat length with observed masses. Polymorphic peaks are illustrated with inverted triangles (A, solid; B, shaded). (B)
Enlarged image of the polymorphic peaks.
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to identify mononucleotide SSR length overcomes previous limi-
tations, allowing researchers to explore these applications with
increased confidence and precision.

Sanger sequencing was less successful than MALDI-TOF MS
for differentiating mononucleotide repeat locus 1. The current
method of clustering isolates into a �11 category using sequenc-
ing, when in fact they are different, may be misleading. Therefore,
care should be taken when interpreting the �15 isolates in this
study as well. The MALDI-TOF MS assay may require more
hands-on time than sequencing techniques; however, the entire
process from PCR to spectrum interpretation can be completed
for at least 37 isolates in a single workday. Dominant SSR types
based on locus 1 also exist within the dominant MIRU-VNTR
type. In that regard, repeat lengths of 7 and �15 bp each represent
35% of isolates in this study. Additional typing of different SSR
loci, such as 2 and 8, would likely further differentiate these dom-
inant types.

Slip-strand mispairing is the mechanism believed to induce
variability in SSR length in vivo; the same mechanism occurred
during PCR (21). Although a proofreading polymerase was used
to minimize amplification errors in the present study, small peaks
outside the expected mass were visible. Repeated analysis of dif-
ferent alleles consistently resulted in the same designation, which
highlights the reproducibility of this technique.

This technique can be applied to other organisms and should
be particularly useful for determining the number of long mono-
nucleotide repeat units. The procedure described could be fully
automated (using a robot), including spotting onto the MALDI
plate. Additional SSR loci could be included to multiplex this as-
say, increasing the discriminatory power while concurrently de-
creasing time and costs. In addition, MALDI-TOF MS may be
used to identify mixed infections of different M. avium subsp.
paratuberculosis genotypes, as multiple peaks can be observed in a
single spectrum and could be further expanded to investigate evo-
lution or strain competition in vitro and in vivo. SSRs in M. avium
subsp. paratuberculosis and other organisms are unstable, with
some loci more likely to undergo mutation than others. This was
recently demonstrated at mononucleotide locus 2 when M. avium
subsp. paratuberculosis was passaged through a goat, apparently
changing the SSR from a repeat of 9 to a repeat of 10 in two
separate isolates (15). This instability must be taken into consid-
eration when applying this genotyping technique in the absence of
other genomic targets and/or on closely related isolates.

In conclusion, improved characterization of mononucleotide
SSRs in the M. avium subsp. paratuberculosis genome enhanced
differentiation of isolates, essential for accurate identification of
epidemiologically relevant strains. When combined with other
typing techniques, mononucleotide SSRs are powerful in further
differentiating seemingly identical isolates. Purification of a PCR-
amplified mononucleotide SSR followed by restriction digestion
prior to MALDI-TOF MS analysis overcame limitations posed by
Sanger sequencing, resulting in an improved and reproducible
genotyping assay for use in molecular epidemiological studies.
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