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DNA microarrays have been successfully used with different microorganisms, including Mycobacterium
tuberculosis, to detect genomic deletions relative to a reference strain. However, the cost and complexity of the
microarray system are obstacles to its widespread use in large-scale studies. In order to evaluate the extent and
role of large sequence polymorphisms (LSPs) or insertion-deletion events in bacterial populations, we devel-
oped a technique, termed deligotyping, which hybridizes multiplex-PCR products to membrane-bound, highly
specific oligonucleotide probes. The approach has the benefits of being low cost and capable of simultaneously
interrogating more than 40 bacterial strains for the presence of 43 genomic regions. The deletions represented
on the membrane were selected from previous comparative genomic studies and ongoing microarray experi-
ments. Highly specific probes for these deletions were designed and attached to a membrane for hybridization
with strain-derived targets. The targets were generated by multiplex PCR, allowing simultaneous amplifica-
tions of 43 different genomic loci in a single reaction. To validate our approach, 100 strains that had been
analyzed with a high-density microarray were analyzed. The membrane accurately detected the deletions
identified by the microarray approach, with a sensitivity of 99.9% and a specificity of 98.0%. The deligotyping
technique allows the rapid and reliable screening of large numbers of M. fuberculosis isolates for LSPs. This
technique can be used to provide insights into the epidemiology, genomic evolution, and population structure

of M. tuberculosis and can be adapted for the study of other organisms.

Bacterial species exist as populations of genotypically similar
but distinct organisms. Measuring the genetic diversity within a
population is of particular importance for bacterial pathogens,
as it can result in differences in virulence, antibiotic suscepti-
bility, and other phenotypes important for the treatment and
control of infectious diseases. Knowledge of the population
structure of a bacterial species can also shed light on the
epidemiology, evolution, and emergence of pathogenic organ-
isms (33).

Although traditional techniques used for studying popula-
tion genetics of bacteria, such as multilocus enzyme electro-
phoresis (30) and multilocus sequence typing (25), are useful
for determining population structures, they target only a few
genomic loci and provide no or limited insight into the func-
tional consequences of genetic diversity. The elucidation of
whole genome sequences and the development of DNA mi-
croarray technology have led to a new approach in which loci
can be analyzed on the whole-genome scale. Genomic DNA
from an isolate of interest can be hybridized to a DNA mi-
croarray constructed from a sequenced strain, revealing the
presence or absence of genomic sequence at every interrogated
locus (19).

Comparative genomic experiments using DNA microarrays
have been carried out on a rapidly increasing number of bac-
teria (19). These studies have shown that gene content can vary
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between members of the same species as well as closely related
species. For example, in species such as Helicobacter pylori (28)
and Staphylococcus aureus (11), over 20% of genes are variably
distributed among clinical isolates, and comparative genomics
of Listeria species also revealed such polymorphism (13). Def-
inition of variability in gene content has been useful in under-
standing short-term in vitro evolution (1), identifying putative
virulence factors (28), reconstructing whole-genome-based
phylogenies (32), identifying epidemic clones (31), and dem-
onstrating the dissemination of antibiotic resistance genes by
horizontal transfer (11).

Although DNA microarrays have been instrumental for the
development of comparative bacterial genomics, they have lim-
itations. High-density microarrays, such as the Affymetrix sys-
tem (8), can represent intergenic sequences as well as coding
sequences (CDS) with multiple oligonucleotides and their cor-
responding control oligonucleotides. This results in a precision
tool for detecting genomic deletions but makes them expensive
and difficult to adapt or customize. Spotted microarrays, which
often represent each gene or CDS with a short PCR product
fixed to a glass slide, are more amenable to adaptation but are
still costly and technically demanding to develop. Macroarrays
target a limited number of loci and are usually constructed by
attaching PCR products to a membrane (12). Although more
flexible than microarrays, they are not optimized for high-
throughput analysis, as each strain normally requires an indi-
vidual membrane and hybridization experiment. A high
throughput capacity is particularly important for population
genetics and for making robust associations between specific
gene content and clinical phenotypes. More flexible and read-
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ily available tools are therefore required to extend the genetic
findings of microarray studies to large population-based or
global collections of bacterial isolates.

In this study we have developed a rapid membrane-based
technique, deligotyping, for simultaneously interrogating 43
genomic loci in 40 test strains of Mycobacterium tuberculosis in
a single hybridization experiment, taking advantage of a PCR-
based system. Deligotyping provides a new system for probing
an important source of genetic diversity in this pathogen, with
the potential to enhance our understanding of its population
genomics and molecular epidemiology. Furthermore, our ap-
proach could be adapted for detecting sequences in other pro-
karyotes or eukaryotic species.

MATERIALS AND METHODS

Deletion detection. Some specific genomic loci targeted had already been well
characterized during previous comparative genomic studies using a variety of
techniques (1, 4, 15, 21, 24). Others were recently identified by using an Af-
fymetrix-GeneChip (8) system described elsewhere (29). Briefly, it examines the
genome of a test strain by using 236,360 oligonucleotides, designed by using the
M. tuberculosis H37Rv genome (9) and linked to the GeneChip support. These
25-bp oligonucleotides are arranged in near-identical pairs. One corresponds to
the exact H37Rv sequence, and the other contains a single-nucleotide mismatch,
which acts as a control signal during analysis.

The data for successive probe pairs, obtained from hybridization of genomic
DNA to the GeneChip, were analyzed by using Affymetrix software. A second-
step analysis was then performed with a semiautomated computational program
(29) to identify putative genomic deletions. Putative deletions larger than 1,000
bp, which have a high predictive value, were selected for further analysis. The
genomic position of each deletion was confirmed by using PCR and sequencing.

Probe design. The probe selection software was written in Perl and executed
under RedHat Linux 7.0. A FASTA-formatted sequence file is required as input,
and the script uses command-line access to WU-BLAST 2.0 and PRIMERS3. The
algorithm splits each input sequence into all possible oligonucleotides of a
specified range of lengths and selects optimal oligonucleotides based on melting
temperature, uniqueness of the oligonucleotide within the genome sequence
(assessed by BLAST), and self-annealing properties (assessed by PRIMER3).
Details of the algorithm as well as the source code are available at http://falkow
.stanford.edu/whatwedo/supplementarydata/ (probe sequences are available
from the author upon request).

Primer design. Primers were designed by using DNAstar with the following
parameters: primer length between 20 and 24 bp, melting temperature between
68 and 72°C, stability between 57.3 and 30.0 kcal/M, 3’ pentamer stability at 8.5
—kec/M, limitation of 2 bases for dimer and hairpin duplexing, and ignoring
duplexing 8 bp from the 3’ end. (Primer sequences are available from the author
upon request.)

M. tuberculosis strains and DNA extraction. One hundred M. tuberculosis
strains were derived from a collection isolated between 1991 and 1999 in the
bacteriological laboratories of San Francisco, Calif., hospitals. These strains were
collected as part of an ongoing population-based molecular epidemiology project
(18). They had previously been genotyped by IS6110 restriction fragment length
polymorphism analysis (35) and found to have different 1S6710 profiles,
indicating that they were distinct strains. Four reference strains were used:
H37Rv (9), H37Ra (6), CDC1551 (34), and BCG Pasteur. Genomic DNA was
extracted from 10-ml cultures grown in 7H9 medium supplemented with oleic
acid-albumin-dextrose-catalase (Difco) from stocks preserved at —80°C. The
DNA was extracted by using a standard phenol-chloroform extraction procedure
(36).

Multiplex PCR. Approximately 200 ng of genomic DNA was suspended in a
final volume of 50 wl containing 1.5 mM MgCl,; 0.250 mM (each) dATP, dGTP,
dCTP, and dTTP (Invitrogen); 20 mM Tris-HCI (pH 8.4); 50 mM KCI; 7.5 U of
recombinant Tag DNA polymerase (Invitrogen); and 10 pmol of each individual
primer. For convenience, the primers were maintained as a mixture of the 43
pairs. One primer in each pair was biotinylated at the 5" end (operon product
synthesized by using the 10-1955 BiotinTEG Phosphoramidite from Glen Re-
search). The PCR conditions were 4 min at 95°C, 50 s at 95°C, 50 s at 64°C, and
1 min at 72°C for 35 cycles, followed by one 7-min extension step at 72°C.

Membrane preparation and hybridization. To test which targets (genomic
loci) had been amplified for each strain, the product of the multiplex PCR was
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hybridized simultaneously with the 43 probes covalently bound to a nylon mem-
brane (Biotrans; ICN), in parallel lines (22). Hybridization was performed in a
45-lane blotter (Miniblotter 45; Immunetics, Cambridge, Mass.) by using 20 wl of
the PCR products in 150 pl of 2X SSPE (1X SSPE is 0.18 M NaCl, 10 mM
NaH,PO,, and 1 mM EDTA [pH 7.7]) at 60°C for 1 h. The membrane was
washed twice in 250 ml of 2X SSPE-0.5% sodium dodecyl sulfate for 13 min at
62°C. Bound fragments were revealed by chemiluminescence after incubation
with horseradish peroxidase-labeled streptavidin (Boehringer Mannheim) as for
spoligotyping (14). The membrane was incubated for 2 min in 30 ml of ECL
detection liquid and then exposed to ECL hyperfilm (Amersham).

RESULTS

The aim of this study was to develop a low-cost, widely
applicable technique to screen large numbers of M. tuberculo-
sis isolates for previously identified large sequence polymor-
phisms (LSPs). The deligotyping process is a membrane-based
technique adapted for screening 40 strains simultaneously for
the presence or absence of 43 specific sequences. The probes
are oligonucleotides covalently linked to a membrane and spe-
cific for a sequence located within each LSP. The targets, used
to hybridize with the membrane, are short multiplex-PCR
products, spanning each of the oligonucleotide probes, and are
generated by using DNA from each test strain. A PCR ap-
proach was selected to increase specificity and utility, given the
low growth rate of M. tuberculosis.

Design of probes. The probes were designed to lie within
LSPs. Ten of the probes were designed from LSPs chosen from
previously published studies that used different techniques,
including full-genome-sequence comparisons of M. tuberculosis
isolates (2, 12, 29), microarray (1) or bacterial artificial chro-
mosome array (15) analysis of the M. tuberculosis complex, and
microarray studies of M. tuberculosis clinical isolates (21). The
remaining 29 LSPs were identified in a microarray study of 100
M. tuberculosis clinical isolates from San Francisco, Calif., an-
alyzed by using the Affymetrix-GeneChip system (8, 21, 29).
Four of the 43 probes were designed to monitor loci with
special properties. Two sequences were internal to the two
prophages $RV1 and $RV2 identified in the H37Rv genome
and found to be variable among clinical isolates of M. tuber-
culosis (15). Two other sequences were directed against geno-
mic loci that show homology to regions implicated in horizon-
tal transfer between nonpathogenic mycobacteria (23). The 39
remaining LSPs had a mean length of 3,999 bases (from bp 326
to 12734) and were predicted to delete 110 CDS and disrupt 56
CDS. Two of these LSPs were sequences present in M. tuber-
culosis CDC1551 but not in H37Rv. Eleven LSPs were se-
quences usually absent in Mycobacterium bovis strains (1, 15).
One LSP is the overlapping RD1 deletions of BCG and My-
cobacterium microti (3).

Most of the probes were directed against coding sequences
and against genes with known or probable functions. Sequenc-
ing of the junction sequences for each deletion revealed that
the ends of some LSPs were overlapping. In these cases the
probes were preferentially designed against the nonoverlap-
ping portions of each LSP in order to maintain specificity.

The GC-rich M. tuberculosis genome and the existence of
large gene families with repetitive motifs (9) made manual
selection of high-specificity probes very difficult. We therefore
developed a script which analyzes every possible oligonucleo-
tide of a given sequence for specificity (by using calls to
BLAST) and optimal physical characteristics (by using calls to
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PRIMERS3). In addition to being specific for the genomic re-
gions they represent, the probes were designed to have physical
characteristics similar to one another to allow simultaneous
hybridization.

For the oligonucleotide size, an optimum of 28 bp was cho-
sen to avoid poor hybridization signals due to nucleotide poly-
morphisms. Probes containing different combinations of mis-
matches and/or nucleotide deletions were constructed and
tested for hybridization to two target sequences. The results
indicated that with a 28-mer oligonucleotide, single-nucleotide
polymorphism insertions or deletions would not give a null
hybridization signal suggestive of a deletion (data not shown).
To facilitate our choice of possible probes, we allowed flexi-
bility in oligonucleotide size (=2 nucleotides) in order to pro-
vide sufficient leeway for primers of the required specificity to
be selected with a GC base content close to the overall 65.6%
genomic content estimated for M. tuberculosis (9). Therefore,
the smallest probe is 26 bases long and the largest one 30 bases,
with a mean length of 29 bases and a mean GC content of 60%.

All of the probe oligonucleotides have a 5 amine group to
facilitate covalent linkage to a nylon membrane. We antici-
pated that the covalent attachment would allow membranes to
be used repeatedly, and we confirmed that they could be used
for at least five hybridizations (data not shown).

Multiplex-PCR design. In order to maximize the speed and
convenience of the technique, the hybridization targets were
generated by using multiplex PCR. More than 50 unique am-
plifications for different targets were successfully performed
simultaneously (data not shown), although the technique de-
scribed here utilizes 43 simultaneous PCRs. To facilitate the
design of the PCR primers, some constraints were needed to
allow this simultaneous complex reaction (detailed in Materi-
als and Methods). The sizes of the products of each reaction
were restricted as much as possible and produced a final set of
targets that ranged from 113 to 282 bp, with a mean size of 156
bp. In general, the PCR primers were designed to be within a
single CDS or intergenic region located within the selected
LSP, although in two cases one primer was located outside the
LSP boundary.

To minimize cross-hybridization to other regions of the ge-
nome, a BLAST search of each primer was conducted against
the appropriate complete genome sequence. One primer of
each pair is biotinylated to allow the detection of the hybrid-
ization with a streptavidin peroxidase reagent. The mean size
of the primers is 24 bp, and their GC content is 65%. Because
the 43 different PCRs did not always result in similar yields, the
quantity of probe attached to the membrane needed to be
adjusted in some cases. Altering the concentration of the prim-
ers in the PCR mix did not improve homogeneity.

Deligotyping process. Because one of the potential applica-
tions of deligotyping is as a new genotyping technique for
molecular epidemiologic studies, we adapted our protocol to
be compatible with spoligotyping (10, 14, 37), a technique that
is already in common use and that takes advantage of a single
locus with variable sequences between conserved direct repeat
sequences (16), so that the two techniques could be performed
simultaneously with the same reverse line blotting technique,
apparatus, buffer, and protocol. The only change to the spoli-
gotyping protocol was to increase the washing temperature by
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2°C to enhance the specificity. An example of a hybridized
membrane is shown in Fig. 1A.

Evaluation of deligotyping. Various approaches were used
to evaluate deligotyping. Two strains of M. tuberculosis, H37Rv
and the clinical isolate CDCI1551, have been completely se-
quenced and compared (2, 12). Two sequences present in
CDCI1551 but absent in H37RV are represented on the deli-
gotyping membrane. In lanes 1 and 3 of Fig. 1B are H37Rv and
CDC1551, respectively, with rows 3 and 4 corresponding to
these deletions. Four other LSPs were present in H37Rv but
absent in CDC1551, corresponding to rows 24, 29, 34, and 36,
and the hybridization signals were also appropriate for these
probes. Thirteen other probe targets were evaluated with M.
bovis, M. microti and BCG (Fig. 1B, lanes 4, 5, and 6). The lack
of hybridization for these 13 probes is also in agreement with
the sequence data.

Many of the probes on the membrane are targeted at LSPs
detected by an Affymetrix-GeneChip-based analysis of 100
strains of M. tuberculosis. An opportunity therefore existed to
evaluate the sensitivity and specificity of deligotyping by using
the Affymetrix microarray-based data as the “gold standard.”
Genomic DNAs from these 100 isolates were subjected to
deligotyping in a blinded fashion. The results in Table 1 show
a high degree of reproducibility between the relatively labor-
intensive and expensive technique used to discover the LSPs
and the macroarray presented here. In total, 201 LSPs were
absent in the 100 test isolates represented by 35 probes on the
membrane. Deligotyping identified 197 of these deletions ac-
curately. Conversely, of the 3,771 regions that were present in
the test isolates, deligotyping gave a false-negative result in
only 2 instances. The few discrepancies are rare enough to
conclude that this technique is suitable as an efficient screening
tool for polymorphisms identified by a microarray-based ap-
proach.

DISCUSSION

Bacterial genetics has traditionally concentrated on single-
nucleotide polymorphisms as the basis for calibrating and
understanding bacterial evolution. However, comparative
bacterial genomics following the advent of whole-genome se-
quencing has suggested that alterations in genome content are
also an important source of genetic diversity in some species of
bacteria. Previous comparative genomic studies using microar-
rays and other techniques have identified a group of LSPs in
clinical isolates of M. tuberculosis (15, 21) as well as among the
subspecies of the M. tuberculosis complex (1). These polymor-
phisms can lead to the loss or disruption of multiple CDS and
therefore may have functional consequences for the organism.
Competing mechanisms of gene acquisition, by horizontal
transfer or gene duplication, and gene loss following genomic
deletions result in differences in genome content, and these
differences may have important phenotypic consequences,
such as resistance to antibiotics (27) and enhancement or loss
of virulence (17, 26). Understanding more fully how the ge-
nome content varies within populations is an important goal of
bacterial genetics. In addition, LSPs are thought to occur as a
result of a genomic deletion event rather than an insertion of
DNA following horizontal transfer (7). These deletions are
irreversible and often unique events, and they therefore rep-
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FIG. 1. Example of a hybridized membrane and results for specific strains. (A) A representative hybridized membrane. (B) Hybridization
pattern obtained with the three reference strains H37Rv (lane 1), H37Ra (lane 2), and CDC1551 (lane 3); a BCG strain (lane 4); an M. bovis strain
(lane 5); and an M. microti strain (lane 6). The lanes represent different strains; the rows represent different deletions. Black spots indicate that

the DNA is present.

resent attractive polymorphisms for molecular typing as well as
for constructing robust phylogenies.

We present here a technique, deligotyping, to examine rap-
idly the genome content at 43 genomic loci of interest in
M. tuberculosis. Most of these loci are LSPs that are present in
some strains but absent from others, and the majority of these
LSPs were discovered by using microarrays. The microarray-
based approach is unparalleled in detecting a priori whether
any of a very large number of loci are missing from an isolate.
However, once polymorphic loci are identified, it is a funda-
mentally different task to determine whether a specific region
is missing from a very large number of isolates. We therefore
designed deligotyping to be a high-throughput, high-resolu-
tion, and simple technique that could be used in laboratories
without microarray equipment. Although we developed deli-
gotyping for M. tuberculosis, it could readily be adapted for the
study of any prokaryotic or eukaryotic species for which LSP
information is available.

A key feature of any successful simultaneous hybridization
technique is specificity, particularly when the targeted se-
quences include repetitive sequence or members of homolo-
gous gene families. In addition it was important to ensure that
none of the targets gave ambiguous “grey” signals that would
prevent or hinder an easy (and ultimately automated) reading
of the membranes. We therefore focused on the specificity of

the membrane-bound probes, and our software allowed us to
predict in silico which sequences would perform well as probes.
Our evaluation of deligotyping showed that it performed at a
level comparable to that of the Affymetrix-PCR sequencing

TABLE 1. Comparison of results obtained by deligoyping and
Affymetrix-GeneChip analysis for 100 isolates”

Locus detected as No. (%) of loci detected as

follows by Affymetrix- follows by deligotyping: Total
GeneChip Present Absent
Present 3,769 (94.9) 2(0.1) 3,771
Absent 4(0.1) 197 (5.0) 201
Total 3,773 199 3,972

¢ All strain and locus information from the Affymetrix-GeneChip analysis is
included here. Using the GeneChip results as the standard, the deligotyping
specificity is 0.980, the sensitivity is 0.999, the positive predictive value is 0.999,
and the negative predictive value is 0.990. The sensitivity is calculated by dividing
the number of LSPs detected as present by both deligotyping and microarray by
the number of LSPs detected as present by microarrray, the specificity is calcu-
lated by dividing the number of LSPs detected as absent by both deligotyping and
microarray by the number of LSPs detected as absent by microarrray, the positive
predictive value is calculated by dividing the number of LSPs detected as present
by both deligotyping and microarray by the number of LSPs detected as present
by deligotyping, and the negative predictive value is calculated by dividing the
number of LSPs detected as absent by both deligotyping and microarray by the
number of LSPs detected as absent by deligotyping.
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strategy; the results demonstrate 99.8% agreement between
the two techniques (Table 1). We are uncertain as to why we
did not observe 100% agreement, but the rare discrepancies
could be due to a difference in sensitivity to divergence in
sequence identity or differences in the probe characteristics
between the microarray-based and deligotyping approaches.
Nevertheless, the agreement between the approaches in con-
junction with analysis of the sequenced Mycobacterium strains
confirms that deligotyping can detect LSPs with high specific-
ity.

Specificity in deligotyping is also enhanced by using a PCR
product as a target, effectively enriching the DNA composition
for those sequences of interest. We found that a multiplex
PCR involving as many as 50 individual reactions was feasible,
and our observations suggest that the number of probes and
targets can be further increased.

The majority of the sequences targeted on the deligotyping
membrane were within LSPs. Although LSPs could represent
the horizontal transfer of DNA from one strain to another,
they are thought to be the result of genomic deletions, as their
boundaries usually disrupt CDS and their GC content is con-
served (5, 9). Since a deletion event is irreversible, it represents
a fixed mutation ideal for molecular phylogeny and epidemi-
ology. We therefore ensured that the experimental conditions
and apparatus for deligotyping were compatible with spoligo-
typing, which is widely used for the molecular epidemiology of
tuberculosis (20, 37), allowing the two procedures to be carried
out in parallel. Spoligotyping targets a single genomic locus
that is characterized by short repeats separated by unique
sequences (16). Although this polymorphic region is useful for
distinguishing strains, its evolutionary history is complex, blur-
ring its phylogenetic signal (38). In contrast, LSPs in M. tuber-
culosis represent irreversible and usually unique events and are
therefore attractive mutations for phylogenetics. In summary,
deligotyping represents a highly reproducible technique for
detecting LSPs among populations of bacterial strains. Genetic
data derived from deligotyping studies will be useful for un-
derstanding the functional consequences of gene deletion and
may provide insights into evolution, phylogenetics, and molec-
ular epidemiology.
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