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We report here the use of novel “sloppy” molecular beacon probes in homogeneous PCR screening assays
in which thermal denaturation of the resulting probe-amplicon hybrids provides a characteristic set of
amplicon melting temperature (Tm) values that identify which species is present in a sample. Sloppy molecular
beacons possess relatively long probe sequences, enabling them to form hybrids with amplicons from many
different species despite the presence of mismatched base pairs. By using four sloppy molecular beacons, each
possessing a different probe sequence and each labeled with a differently colored fluorophore, four different Tm
values can be determined simultaneously. We tested this technique with 27 different species of mycobacteria
and found that each species generates a unique, highly reproducible signature that is unaffected by the initial
bacterial DNA concentration. Utilizing this general paradigm, screening assays can be designed for the
identification of a wide range of species.

A classic approach for determining the identity of a bacterial
species is to employ PCR to exponentially amplify a selected
segment of a 16S rRNA gene (26), utilizing a pair of “universal
primers” that bind to highly conserved sequences at the ends of
the target region, and to then use a sophisticated technique to
identify a species-specific sequence in the middle of the result-
ing amplicons (12). These identification methods include nu-
cleotide sequence analysis (27) and electrophoretic determina-
tion of the sizes of fragments produced by incubation of the
amplicons with selected restriction endonucleases (17). How-
ever, these techniques are time consuming, costly, and labor
intensive.

A more desirable approach is to use a set of fluorescently
labeled, sequence-specific oligonucleotide hybridization probes,
each of which hybridizes to a different species-specific se-
quence under conditions in which only perfectly complemen-
tary probe-target hybrids form.

In a screening assay, only one probe in the set will form a
hybrid, thereby identifying the species that is present. This
method is rapid and can be carried out in sealed reaction tubes,
utilizing probes possessing interacting label moieties, such as
TaqMan probes (10), LightCycler probes (24), or molecular
beacons (19), all of which generate distinctive fluorescence
signals when they hybridize to complementary target ampli-
cons. Multiplex PCR screening assays that contain a number of
different probes can also be prepared, each probe specific for
a different species and each possessing a differently colored
fluorophore (21, 22). However, a comprehensive screening

procedure requires upwards of 100 different species-specific
probes and has to be carried out in many PCR assay tubes.
Although arrays of probes on hybridization chips have been
utilized in screening assays to determine the identity of 16S
rRNA amplicons (5), this approach is nonhomogeneous,
thereby risking the cross contamination of untested samples,
and has not been adopted by clinical laboratories.

A particularly attractive, homogeneous method for distin-
guishing one amplicon from another is to measure amplicon
stability by heating the amplicons to determine the tempera-
ture at which each amplicon falls apart (9, 14, 25). This ap-
proach has been used for distinguishing different bacterial
species (4) and different fungal species (7). However, the am-
plicon melting temperature (Tm) in and of itself does not
provide sufficient resolution to distinguish hundreds of differ-
ent species.

In this report, we introduce a novel screening technique for
the identification of bacterial species that utilizes elements of
these prior approaches. Our strategy requires only a single
gene amplification assay containing a set of four differently
colored molecular beacon probes of a unique design. After the
completion of amplification, the molecular beacons in the re-
action tube are hybridized to the amplicons at a relatively low
temperature. The temperature is then slowly raised to deter-
mine, from the consequent changes in fluorescence intensity of
each molecular beacon in the set, the temperature at which
each of the four probe-target hybrids melts apart (Tm). The
resulting set of four Tm values uniquely identifies the species
present in the sample. These assays, despite utilizing only four
different probes, have the potential to identify hundreds of
different bacterial species.

The molecular beacon probes used in the assays reported
here possess unusually long probe sequences. Unlike se-
quence-specific molecular beacons (18), which possess short
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probe sequences (18 to 26 nucleotides long) that form probe-
target hybrids only with perfectly complementary, or nearly
perfectly complementary, target sequences (23), these “sloppy”
molecular beacon probes are designed to form probe-target
hybrids with the amplicons generated from all of the species
that we wish to identify. In order to enable this unusual per-
missive property, the probe sequences in these molecular bea-
cons are about 40 nucleotides long. Consequently, they form
probe-target hybrids even if the duplexes possess a substantial
number of mismatched base pairs.

The principle underlying the use of sloppy molecular beacon
probes in screening assays is that the Tm value of the probe-
target hybrid reflects the degree to which the probe sequence
is complementary to the target sequence in the amplicon. Al-
though the Tm value of a hybrid formed by a sloppy molecular
beacon probe does not provide sufficient information to iden-
tify the species from which the amplicon was generated, the
simultaneous use of a set of sloppy molecular beacons, each
possessing a different probe sequence and each labeled with a
differently colored fluorophore, provides a set of Tm values
that serves as a unique, species-specific signature.

To illustrate the principles underlying this method and to
explore the conditions under which reliable results can be
obtained, we prepared a model assay that simultaneously uti-
lizes four different sloppy molecular beacon probes to distin-
guish 27 different species of mycobacteria. Unique signatures
were obtained for each species and were not affected by the
initial bacterial DNA concentration. In a blinded test of 55
different mycobacterial DNA samples, the signature from each
sample (except two) matched one of the previously determined
species-specific signatures. The amplicons from the two dis-
crepant samples were sequenced and turned out to be from
new species not in the database.

MATERIALS AND METHODS

Mycobacterial DNAs. Lyophilized cultures of 27 different mycobacterial spe-
cies were obtained from the American Type Culture Collection (ATCC; Man-
assas, VA) or from the collections of the Public Health Research Institute and
the University of Medicine and Dentistry of New Jersey. The 27 species (and
their ATCC numbers) were as follows: Mycobacterium abscessus (35752), Myco-
bacterium aichiense (27280), Mycobacterium asiaticum (25274), Mycobacterium
aurum (23366), Mycobacterium avium (25291), Mycobacterium branderi (517888),
Mycobacterium celatum (clinical isolate), Mycobacterium chubuense (27278), My-
cobacterium diernhoferi (19340), Mycobacterium engbaekii (27354), Mycobacte-
rium fortuitum (35931), Mycobacterium haemophilum (33206), Mycobacterium
intracellulare (23434), Mycobacterium kansasii (12478), Mycobacterium lentifla-
vum (51985), Mycobacterium malmoense (29571), Mycobacterium marinum (927),
Mycobacterium rhodesiae (27024), Mycobacterium senegalense (35796), Mycobac-
terium sherrisii (BAA-832), Mycobacterium shimoidei (27962), Mycobacterium
szulgai (35799), Mycobacterium terrae (15755), Mycobacterium tokaiense (27282),
Mycobacterium triviale (23290), Mycobacterium tuberculosis (25618), and Myco-
bacterium xenopi (19250). Bacterial colonies were grown on Löwenstein-Jensen
slants (Becton Dickinson, Sparks, MD). Colonies were suspended in H2O and
inactivated by incubation for 30 min at 80°C and then lysed by gentle shaking in
1% sodium dodecyl sulfate and 0.8 mg/ml proteinase K (Qiagen, Valencia, CA)
for 60 min at 60°C. Genomic DNA was separated from the other components of
the lysate by being incubated in 700 mM NaCl and 1.2% cetyltrimethylammo-
nium bromide for 15 min at 60°C, followed by vigorous shaking with an equal
volume of chloroform-isoamyl alcohol (24:1) and spinning in an Eppendorf
centrifuge (VWR International, West Chester, PA) for 10 min to separate the
aqueous phase. The DNA was then precipitated by mixing the aqueous phase
with an equal volume of cold isopropanol, chilling the mixture for 30 min at
�20°C, sedimenting the DNA by spinning it in an Eppendorf centrifuge for 10
min, washing the DNA in 80% ethanol, drying the DNA in a SpeedVac, and
dissolving the DNA in 1 mM EDTA, 10 mM Tris-HCl (pH 8.3). All steps were

carried out in a biosafety level 3 containment facility (16). The concentration of
the DNA was then adjusted to approximately 15,000 genomes/�l based on its
absorption (optical density at 260 nm).

Mycobacterial target sequences. The 39-nucleotide-long target sequence that
we used to distinguish 27 different mycobacterial species was located within 16S
rRNA gene hypervariable region V2 (20), which is flanked by conserved se-
quences. The target sequence is different for each of the selected mycobacterial
species (1, 3). Two universal PCR primers for the generation of 214-nucleotide-
long mycobacterial DNA amplicon strands that include the target sequence were
purchased from Integrated DNA Technologies (Coralville, IA). Each PCR
primer was perfectly complementary to a conserved sequence within the 16S
rRNA gene of every one of the 27 different mycobacterial species that we
decided to test. The target primer was designed to be incorporated into the
amplicon strand that serves as the target for the sloppy molecular beacon probes
(the target strand), and the complement primer was designed to be incorporated
into the complementary amplicon strand. The sequence of the target primer was
5�-ACACCCTCTCAGGCCGGCTACCCG-3�, and the sequence of the comple-
ment primer was 5�-CTCGAGTGGCGAACGGGTGAGTAACACG-3�. The
identity of the target sequence in the 16S rRNA gene of each species was
confirmed by nucleotide sequence analysis. For use in preliminary hybridization
experiments, 27 different synthetic oligonucleotides each containing a different
39-nucleotide-long species-specific target sequence were purchased from Inte-
grated DNA Technologies.

Sloppy molecular beacon probes. Four molecular beacon probes were pre-
pared by solid-phase synthesis on an Applied Biosystems 394 DNA synthesizer
(Foster City, CA). During synthesis of the molecular beacons, controlled-pore
glass columns (Biosearch Technologies, Novato, CA) were used to incorporate
dabcyl or Black Hole Quencher 2 (BHQ2) at their 3� ends, and 5�-amino-
modifier C6 phosphoramidites (Glen Research, Sterling, VA) were incorporated
at their 5� ends. After being removed from the column, succinimidyl ester
derivatives of fluorescein, Alexa Fluor 546, Alexa Fluor 594 (all from Invitrogen,
Carlsbad, CA) or Cy5 (GE Life Sciences, Piscataway, NJ) were coupled to the
5�-amino groups. The molecular beacons were then purified by high-pressure
liquid chromatography on a Beckman Coulter System Gold chromatograph
(Fullerton, CA) through a C18 reverse-phase column (Waters Corporation, Mil-
ford, MA). A detailed protocol for molecular beacon probe synthesis can be
found at the Molecular Beacons website (http://www.molecular-beacons.org).

The sequences of the sloppy molecular beacons were as follows: probe A
(5�-fluorescein-CCGGCCGGATAGGACCACAGGATGCATGTCGTGTGGTG
GAAAGCGCCGG-dabcyl-3�), probe B (5�-Alexa 546-CCGGGCGGATAGGAC
CACGGGATGCATGTGTTGTGGTGGAAAGCCCCGG-dabcyl-3�), probe C
(5�-Alexa 594-CCGGGGGATAGGACCTCTAGGCGCATGCCTTTTGGTGGA
AAGCCCCGG-BHQ2-3�), and probe D (5�-Cy5-CCGGCCGAATAGGACCAC
GCGCTTCATGGTGTGTGGTGGAAAGCGCCGG-BHQ2-3�), where underlin-
ing identifies the complementary arm sequences in each molecular beacon.

Thermal denaturation of hybrids formed with synthetic oligonucleotides.
Twenty-seven hybridization reaction mixtures, each containing 1,500 nM of a
different species-specific oligonucleotide and a control reaction mixture contain-
ing no target oligonucleotides, were prepared in triplicate. Each 50-�l reaction
mixture contained 35 nM probe A, 12 nM probe B, 25 nM probe C, 30 nM probe
D, 50 mM KCl, 4 mM MgCl2, and 10 mM Tris-HCl (pH 8.3). The solutions were
incubated for 20 min at 25°C to form hybrids. The stability of each of the four
different types of hybrids formed in each reaction was determined automatically
by a Bio-Rad iQ5 spectrofluorometric thermal cycler (Hercules, CA) which
increased the temperature from 25°C to 95°C in 1°C steps, holding each tem-
perature for 5 min. This multichannel fluorescence detection instrument re-
corded the fluorescence intensity from each probe at every temperature and
from these data automatically calculated the Tm of each hybrid.

Thermal denaturation of hybrids formed with amplicons. Twenty-seven PCR
assays, each initiated with approximately 50,000 copies of genomic DNA from a
different mycobacterial species and a control reaction mixture containing no
bacterial DNA, were prepared in triplicate. Prior to setting up the individual
reaction mixtures, a master mix was prepared of such a nature that when the
components of the master mix were added to the reaction mixtures, the final
concentration of the components provided by the master mix was 50 U/ml
AmpliTaq Gold DNA polymerase (Applied Biosystems), 100 U/ml restriction
endonuclease AluI (Invitrogen, Carlsbad, CA), 1,000 nM target primer, 35 nM
complementary primer, 35 nM probe A, 12 nM probe B, 25 nM probe C, 30 nM
probe D, 250 �M dATP, 250 �M dCTP, 250 �M dGTP, 250 �M dTTP, 50 mM
KCl, 4 mM MgCl2, and 10 mM Tris-HCl (pH 8.3). The master mix was incubated
for 90 min at 37°C to enable the restriction endonuclease to digest small traces
of Escherichia coli DNA that contaminate the DNA polymerase (2), followed by
incubation for 20 min at 65°C to inactivate the endonuclease. Individual reaction
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mixtures were then prepared by mixing 3 �l of genomic DNA with 47 �l of the
AluI-digested master mix. The reaction mixtures were then sealed and incubated
in the Bio-Rad iQ5 spectrofluorometric thermal cycler for 10 min at 95°C to
activate the DNA polymerase, followed by 55 cycles of 20 s at 95°C, 30 s at 63°C,
and 30 s at 72°C. The reaction mixtures were then incubated for 20 min at 25°C
to form hybrids, and the stability of each of the four different types of hybrids
formed in each reaction was determined, using the same procedure described
above for the hybrids formed with target oligonucleotides.

Data processing. The Tm values listed in the tables and used for data shown in
one figure (see Tables 1 and 2 and Fig. 3) were obtained directly from the output
of the computer program controlling the spectrofluorometric thermal cycler.
However, in order to prepare figures that compare the denaturation profiles of
different hybrids, we utilized the fluorescence intensity data obtained by the
spectrofluorometric thermal cycler for each hybrid and corrected these data for
the effect of temperature on the intrinsic fluorescence of the particular fluoro-
phore used to label the probe. In addition, the fluorescence intensity value at
every temperature was smoothed (to reduce the effects of random fluctuations)
by taking a rolling average of every three consecutive readings. Finally, to correct
for small differences in volume and for intrinsic differences in each of the 96 wells
of the spectrofluorometric thermal cycler reaction plates, the data for probe A
(see Fig. 2 and 4) were normalized to a common value at 80°C (where it is
assumed that all probes have dissociated from their targets and exist in a ran-
dom-coil configuration).

In order to visually compare the Tm values of different hybrids (and to obtain
an easily discernible representation of the multiprobe fluorescence signature
generated by each mycobacterial species), the data showing the derivative of
fluorescence intensity with respect to temperature (see Fig. 2C, 5, and 6B) were
normalized so that the derivatives within approximately 2°C of each peak were
plotted at values between 0 and 1.

Blinded mycobacterial DNA samples. Isolates of mycobacterial species ob-
tained from patient samples during a 2-year period at the Memorial Sloan-
Kettering Cancer Center were grown in culture medium, identified by stan-
dard biochemical tests (11) and by isotopically labeled DNA probes designed
to selectively hybridize to the rRNA of particular mycobacterial species
(Gen-Probe AccuProbes, San Diego, CA), and stored on Löwenstein-Jensen
slants. For this study, a single colony from each isolate was streaked onto a
7H11 Middlebrook agar plate (Becton Dickinson) to ensure the viability and
purity of the culture. Cells from three or four of the resulting colonies were
lysed by being boiled in 1 ml H2O for 20 min to release their DNA (6) and
then spun in an Eppendorf centrifuge for 5 min at 14,000 � g to remove cell
debris. Three-microliter aliquots of each lysate (the identity of which was
unknown to the group at the New Jersey Medical School) were used to
initiate each 50-�l PCR assay.

RESULTS

Sloppy molecular beacon probes. We designed and synthe-
sized four different sloppy molecular beacons, each possessing
a different probe sequence and each labeled with a differently
colored fluorophore (Fig. 1). The four fluorophores (fluores-
cein on probe A, Alexa Fluor 546 on probe B, Alexa Fluor 594
on probe C, and Cy5 on probe D) were chosen because their
fluorescence signals are readily distinguishable by the spec-
trofluorometric thermal cycler in which the PCR assays were
carried out. Although each of the four probes was designed to
hybridize to the target sequences in the amplicons of all of the
27 mycobacterial species, none of the four probes was perfectly
complementary to any of the target sequences. Instead, the
probe sequence in each of the four molecular beacons was
selected so that its complementarity with the 27 different target
sequences varied from species to species.

Ideally, the probe sequence of each sloppy molecular beacon
should be chosen so that its degree of complementarity with
the target sequence from each species is different. However,
the number of mismatched base pairs should not be so great
that the hybrid cannot form. For the experiments reported
here, we selected the sequences of probes A and B to be
similar to each other, differing by only three nucleotides and
forming hybrids that contained between 1 and 11 mismatched
base pairs depending on which mycobacterial target sequence
was present in the amplicon. On the other hand, we selected
the sequences of probes C and D to differ from each other by
11 nucleotides and form hybrids that contained between 1 and
15 mismatched base pairs. The positions of the nucleotides at
which the sequences of the four probes differed from one
another were chosen to correspond to the nucleotides in the
set of 27 target sequences that showed the most variation in the
hope that each probe would respond differently to each target.

Preliminary hybridization experiments. We prepared 27 hy-
bridization reaction mixtures, each containing an excess of 1 of

FIG. 1. Schematic representation of the four sloppy molecular beacon probes. Each probe possessed a different sequence and a differently
colored fluorophore, enabling the four probes to be used simultaneously in the same reaction mixture and to be distinguished from each other by
the spectrofluorometric thermal cycler used to perform the assays. Probe A was labeled with fluorescein (red) and dabcyl (gray), probe B was
labeled with Alexa Fluor 546 (blue) and dabcyl, probe C was labeled with Alexa Fluor 594 (orange) and BHQ2 (black), and probe D was labeled
with Cy5 (green) and BHQ2.
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the 27 different target oligonucleotides; we also prepared a
control reaction mixture that contained no targets. Each reac-
tion mixture also contained the four differently colored molec-
ular beacons, the concentration of each being chosen so that
they would all produce fluorescence signals of approximately
the same intensity. Hybrids were formed by being incubated at
25°C in the same buffer that we use for PCR assays. The Tm

values of the four different hybrids formed in each reaction
were determined automatically by a Bio-Rad iQ5 spectroflu-
orometric thermal cycler, which slowly increased the temper-
ature from 25°C to 95°C in 1°C steps.

Figure 2A shows the probe-target hybrid denaturation pro-
files that were obtained for the hybrids formed by probe A with
oligonucleotide target sequences from seven different myco-
bacteria. At low temperatures, a strong fluorescence signal was
produced in each tube, indicating that the molecular beacon
probe was hybridized to all seven species-specific targets. How-
ever, as the temperature was slowly increased, the intensity of
the fluorescence signal produced by each species eventually
dropped, indicating that the molecular beacon probe had dis-
sociated from its target and formed a nonfluorescent confor-
mation. The key observation here is that the temperature at
which each species-specific probe-target hybrid dissociates is
different, depending on the number of mismatched base pairs
and on the location of those mismatched base pairs in the
hybrid.

It is common to think of fluorescent hybridization probes as
tools to determine whether a particular target sequence is
present or absent in a sample by observing whether a fluores-
cence signal occurs or does not occur after incubation of the
sample with the probe. However, these results demonstrate
that sloppy molecular beacon probes form a fluorescent hybrid
with many different target sequences even though they are not
perfectly complementary to the targets.

The beauty of sloppy molecular beacons is that the stability
of the probe-target hybrids that they form provides a charac-
teristic Tm value that depends on the identity of the target.

Utilizing the data shown in Fig. 2A, the derivative of fluo-
rescence intensity with respect to temperature was plotted as a
function of temperature, with negative values plotted above

the x axis (Fig. 2B). In this plot, the decrease in fluorescence
intensity that occurs when a hybrid dissociates is seen as a peak
that rises and then falls, with the highest rate of dissociation
(the top of the peak) occurring at the hybrid’s Tm. In order to
easily compare the results obtained with different hybrids, the
data that occur within approximately 2°C of each peak in Fig.
2B were normalized so that the values of the derivatives were
plotted between 0 and 1, as shown in Fig. 2C.

The results of these preliminary hybridization experiments
are graphically summarized in the four panels of Fig. 3. For
each sloppy molecular beacon probe, the stability (Tm) of the
hybrid that it forms with each of the 27 species-specific oligo-
nucleotides is plotted as a function of the number of mis-
matched base pairs that occur in that hybrid. The results high-
light the dependence of Tm on the relatedness of the
nucleotide sequence of the probe to the nucleotide sequence
of the target. In general, the more mismatched base pairs that
occur in a hybrid, the lower its Tm value. These results dem-
onstrate that the Tm obtained from the hybrid formed by any
one of the probes provides information that helps to identify
the target species to which the probe is hybridized but that Tm,
in and of itself, is not sufficient to uniquely identify the target.
However, the combination of the four Tm values obtained for
the same target with four different probes provides much more
information about the identity of the target (see, for example,
the species-specific results highlighted by the colored dots in
Fig. 3). These preliminary results illustrate the underlying prin-
ciple of obtaining a species-specific signature through the use
of a series of independent measurements. For example, if each
of the sloppy molecular beacon probes was capable of provid-
ing only 10 distinguishable Tm values, then the results from
four different probes, taken together, would provide 10,000
different species-specific signatures (10 � 10 � 10 � 10).

Use of LATE-PCR. The simultaneous use of sloppy molec-
ular beacon probes in PCR assays generates hybrids that are
sometimes relatively weak because they possess many mis-
matched base pairs. This raises a number of concerns for the
selection of an effective design for the PCR assays, all of which
could cause a decrease in the intensity of the fluorescence from
weaker hybrids, including the following: (i) competition be-

FIG. 2. Determination of the stability of probe-target hybrids formed between sloppy molecular beacon probe A and seven different myco-
bacterial target oligonucleotides. (A) The fluorescence intensity of the molecular beacon in each hybrid was measured as a function of temperature.
A drop in fluorescence intensity occurs at those temperatures where each hybrid dissociates. The increase in fluorescence intensity observed at
higher temperatures with each species, and with the no-target control (black line), is due to the melting apart of the probe’s hairpin stem. Each
of the seven target oligonucleotides formed hybrids of differing stability (from weakest to strongest: M. aichiense, M. diernhoferi, M. abscessus, M.
lentiflavum, M. senegalense, M. terrae, and M. asiaticum). (B) Utilizing the data from the left-hand panel, the derivative of fluorescence intensity
with respect to temperature (dI/dT) is plotted as a function of temperature. (C) The data within approximately 2°C of each peak in the middle
panel were normalized to the same height.
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tween probes that form strong hybrids and probes that form
weak hybrids might diminish the number of weaker hybrids
that form; (ii) competition between the probes and the com-
plementary amplicon strands for binding to the target strands
might diminish the number of weaker hybrids that form; and
(iii) secondary and tertiary structures that are present in the
target strands might diminish the formation of weaker hybrids.
We therefore decided to utilize linear-after-the-exponential
(LATE)-PCR, which is an efficient asymmetric PCR format
(13, 15), in which so many target strands are synthesized that
their number exceeds the number of sloppy molecular beacon
probes present in the assay and in which many more target
strands are synthesized than complementary strands. By elim-
inating sources of competition for the binding of probes to
target strands, weaker hybrids are more abundant, and their
fluorescence is therefore more likely to be sufficiently intense
for their Tm to be measured.

Determination of species-specific signatures. We carried out
27 LATE-PCR assays, each containing the four sloppy molec-
ular beacon probes and genomic DNA from 1 of the 27 dif-
ferent mycobacterial species, and we carried out control assays
that did not contain any mycobacterial DNA. After the com-
pletion of amplification, the Tm values of the hybrids formed by
the four differently colored sloppy molecular beacon probes
with each species-specific target amplicon were determined

automatically by the Bio-Rad iQ5 spectrofluorometric thermal
cycler.

To illustrate the nature of the results that were obtained, the
denaturation profiles of the hybrids formed by probe A with
seven different mycobacterial target amplicons are shown in
Fig. 4. As can be seen, the lower the stability of the hybrid (as
evidenced by locations where a drop in intensity occurred), the
weaker the overall intensity of the fluorescence signal. The
lower fluorescence intensity of the less-stable hybrids was not
due to competition among the four probes, since the same
results were obtained in preliminary experiments in which only
probe A was present. Moreover, the reduction in fluorescence
intensity seen in weaker hybrids formed from amplicon strands
was not seen in corresponding hybrids formed from oligonu-
cleotides, implying that the lower fluorescence of the less-
stable probe-amplicon hybrids is due to the presence of sec-
ondary and tertiary structures in the amplicon strands that
restrict the access of the probes to the target sequence. Despite
the lowering of the fluorescence intensity from the less-stable
hybrids, the results demonstrate that the fluorescence signal
from all seven hybrids was sufficiently intense to enable each
hybrid’s characteristic Tm value to be determined.

See Tables SA, SB, SC, and SD in the supplemental material
for a comprehensive listing of the results that were obtained
with amplicons. In the supplemental material, there is a dif-
ferent table for each of the four sloppy molecular beacon
probes, and each table shows the nucleotide sequence of each
species-specific target and highlights in black letters those nu-
cleotides that are not complementary to the corresponding
nucleotide in the probe sequence. The Tm value obtained for
each of the hybrids is listed in the right-hand column, and the
results are shown in the order of hybrid stability, with the most
stable hybrids listed at the top of each table. These results show

FIG. 4. Determination of the stability of hybrids formed by sloppy
molecular beacon probe A with seven different mycobacterial target
amplicons. The fluorescence intensity of the molecular beacon in each
hybrid is plotted as a function of temperature. A drop in fluorescence
intensity is observed at those temperatures where each hybrid disso-
ciates. The black line shows the fluorescence intensity of probe A in
the no-target control reaction mixture. The hybrids formed from these
seven mycobacterial amplicons gave the following Tm values: M.
aichiense, 48°C; M. rhodesiae, 54°C; M. abscessus, 57°C; M. lentiflavum,
60°C; M. szulgai, 62°C; M. avium, 65°C; and M. terrae, 67°C.

FIG. 3. Dependence of hybrid stability on the relatedness of the
probe sequence to the target sequence. The Tm of the hybrids formed
by each of the four sloppy molecular beacon probes with 27 different
species-specific oligonucleotide targets is plotted as a function of the
number of mismatched base pairs in the hybrid. In general, the more
mismatches present, the lower the Tm. Since each of the four molecular
beacons possessed a different probe sequence, the set of four Tm values
obtained for a particular species-specific target serves as a unique
signature that identifies the species that is present. Results for M.
chubuense (red), M. malmoense (blue), and M. triviale (orange) provide
examples of unique species-specific signatures.
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that, in addition to there being a roughly inverse correlation
between the number of mismatched base pairs in a hybrid and
its stability, Tm values are affected by the identity of the mis-
matches, the identity of neighboring base pairs, the location of
the mismatches within the probe-target hybrid, and whether or
not the mismatches occur in a run of adjacent mismatches. The
results also show that the fluorescence intensity of probe-target
hybrids that possess more than 10 mismatched base pairs was
too low to obtain useful Tm values. Despite this observation,
the set of three or four Tm values that was obtained for each
species is sufficiently unique to constitute a species-specific
signature that identifies the species that was present in each
sample. Table 1 summarizes the results obtained for each of
the 27 mycobacterial species that were tested.

Figure 5 shows, for each of the 27 mycobacterial species, the
normalized derivatives obtained by melting the hybrids formed
by the PCR amplicons with each of the differently colored
sloppy molecular beacon probes. An examination of these re-
sults shows that the genomic DNA from each species produces
a combination of Tm values that distinguishes that species from
all of the other species tested. Even mycobacterial species
whose 39-nucleotide-long target sequences are extraordinarily
similar produce reproducibly distinguishable species-specific
signatures.

For example, the target sequences from M. asiaticum and M.
tuberculosis differ from each other only by the substitution of a
single adenosine for a guanosine, yet the Tm values for the
hybrids formed by M. tuberculosis amplicons with probes B and
C are consistently 1°C higher than the Tm values for the cor-

responding hybrids formed by M. asiaticum, and the Tm values
for the hybrids formed by M. tuberculosis amplicons with
probes A and D are consistently 2°C higher than the Tm values
for the corresponding hybrids formed by M. asiaticum. In order
to illustrate the precision of the Tm measurements, every PCR
assay was repeated three times, and all three multiprobe flu-
orescence signatures obtained for each mycobacterial species
were virtually superimposable.

Effect of initial mycobacterial DNA concentration on the
species-specific signature. A particularly attractive aspect of
exponential gene amplification techniques, such as PCR, is that
over a wide range of amounts of template DNA initially
present, the final amounts of amplified DNA do not vary very
much. This is a very useful attribute when the amplicons are
used to form probe-target hybrids for the measurement of
hybrid stability, since the Tm of the hybrid is affected by target
concentration. To illustrate this desirable feature, we carried
out five different LATE-PCR assays, each initiated with a dif-
ferent number of M. chubuense genomic DNA molecules. The
reactions were initiated with as little as 100 molecules of
genomic DNA and as many as 1,000,000 molecules of genomic
DNA. After amplification, the denaturation profiles of the four
differently colored probe-target hybrids that were present in
each reaction mixture were determined.

The results (Fig. 6A) demonstrate that the number of ther-
mal cycles required to complete the symmetric phase of each
LATE-PCR was, as expected, an inverse linear function of the
logarithm of the number of molecules of genomic DNA ini-
tially present. Significantly, the normalized derivatives ob-
tained from the five PCRs were virtually superimposable, de-
spite the wide range of initial DNA concentrations tested (Fig.
6B), confirming that the Tm values of the hybrids formed by
sloppy molecular beacon probes with the amplified DNA of a
bacterial species yield a characteristic species-specific signature
irrespective of the initial DNA concentration.

Test of blinded mycobacterial DNA samples. To see whether
species-specific signatures can be used to reliably identify my-
cobacterial species, we utilized the four sloppy molecular bea-
con probes in LATE-PCR assays to test 55 blinded DNA
samples that were prepared from mycobacteria isolated from
patients over a 2-year period at the Memorial Sloan-Kettering
Cancer Center. The set of Tm values obtained from each of the
55 samples was compared to the 27 previously determined
species-specific signatures listed in Table 1. The signatures
obtained from 53 of the 55 samples correctly matched the
signature of 1 of the 27 species already in our database. How-
ever, the signatures obtained from two of the samples did not
match any of the 27 previously determined signatures. Se-
quence analysis of the amplicons present in these two discrep-
ant samples indicated that one sample (probe A Tm, 65°C;
probe B Tm, 58°C; and probe D Tm, 55°C) was Mycobacterium
gordonae, which was not in our database, and the other sample
(probe A Tm, 61°C; probe B Tm, 59°C; probe C Tm, 54°C; and
probe D Tm, 54°C) was a variant of M. xenopi that possessed a
single-nucleotide substitution in its target sequence, also not in
our database. The two new species-specific signatures can now
be added to our database, illustrating how the scope of these
assays can be enhanced as additional species are tested. These
results are summarized in Table 2.

TABLE 1. Stability of hybrids formed by the binding of sloppy
molecular beacon probes to mycobacterial 16S rRNA

gene amplicons

Species
Tm (°C)

Probe A Probe B Probe C Probe D

M. abscessus 57 55 64
M. aichiense 48 55 60
M. asiaticum 71 76 52 56
M. aurum 64 62 63
M. avium 65 61 64
M. branderi 70 67 51 66
M. celatum 70 74 53 51
M. chubuense 68 73 53 61
M. diernhoferi 52 54 66
M. engbaekii 61 63 73
M. fortuitum 58 60 75
M. haemophilum 64 60 71 51
M. intracellulare 62 58 64
M. kansasii 67 65 66 56
M. lentiflavum 60 57 71
M. malmoense 58 57 62 50
M. marinum 69 73 59
M. rhodesiae 54 59 56
M. senegalense 64 66 77
M. sherrisii 65 63 63
M. shimoidei 68 66 55 64
M. szulgai 62 60 65
M. terrae 67 72 48 52
M. tokaiense 61 73 66
M. triviale 63 63 51 66
M. tuberculosis 73 77 53 58
M. xenopi 57 58 52 49
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DISCUSSION

The methods presented here are an extension of the pio-
neering work carried out by Carl Wittwer and his colleagues on
the information that can be obtained from the melting of
amplicons (9, 14, 25). What distinguishes our own work is the
realization that the simultaneous use of a set of differently
colored sloppy molecular beacon probes in a homogeneous
nucleic acid amplification assay, in combination with an anal-
ysis of the melting curves obtained from the resulting probe-
target hybrids, provides a unique set of Tm values that serves as
a species-specific signature that identifies the species present in
a sample.

Underlying this approach is the recognition that reliable Tm

values can be obtained despite the presence of factors that
lower the magnitude of the fluorescence signal generated by
the probe-target hybrids. These factors include the effect of
competition between the probes and the complementary am-
plicon strands, the effect of competition among the probes for
binding to the available target strands, and the effect of sec-
ondary and tertiary structures in the target strands that par-
tially restrict access of the probes to the amplicon. Although all
of these factors alter the abundance of the hybrids, they do not
significantly alter the stability of the hybrids, and that is the
property that is measured.

FIG. 5. Species-specific signatures for 27 different mycobacteria. Each PCR assay was initiated with genomic DNA from a different mycobac-
terial species. The normalized derivatives of the fluorescence intensity of the hybrids formed by the binding of the resulting amplicons to the
differently colored sloppy molecular beacon probes present in each reaction mixture (dI/dT) are plotted as a function of temperature. The set of
three or four Tm values determined in each reaction by melting apart these hybrids serves as a unique signature that identifies the mycobacterial
species whose genomic DNA was used to initiate amplification.
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In general, it is desirable to utilize smaller amplicons, if
possible, as this is likely to limit the formation of secondary and
tertiary structures in the target strand that restrict the access of
the probes. It may also be worthwhile to explore the use of
sloppy molecular beacon probes in assay formats that generate
single-stranded RNA amplicons (8) rather than DNA ampli-
cons, such as assays that employ transcription-mediated am-
plification or nucleic acid sequence-based amplification. These
target amplification techniques do not generate cRNA strands.
Moreover, they might be more sensitive because they can di-
rectly amplify a segment of the abundant 16S rRNA rather
than a segment of the 16S rRNA gene, which is present only in
one or two copies per cell.

The results of the experiments reported here provide guid-
ance as to how sloppy molecular beacon probes should best be
designed. In order to ensure that the magnitude of the fluo-
rescence signal generated by the probe-target hybrids is suffi-
ciently intense to enable their Tm values to be determined, the
probe sequence of each molecular beacon should be selected
in such a manner that all of the species-specific hybrids will
contain less than 10 mismatched base pairs (and have Tm

values above 45°C), assuming that the target sequence is about
40 nucleotides in length. In addition, in order to ensure a
diverse set of species-specific signatures, the sequence of each
of the probes should differ from the sequence of each of the
other probes by at least four nucleotide substitutions. It would
be helpful to have a computer program for the selection of an
optimal set of probe sequences. However, the selection of a
useful set of probe sequences is not a difficult task, since we
obtained good results by simply examining the set of target
sequences and designing probes that varied from one another
in those regions of the target sequences that contained the
most sequence variations.

Although these screening assays are designed to detect the
presence of a single species in a sample, the melting curves that
are obtained will often enable the identification of two differ-
ent species when they are both present. In these situations,
there will usually be two separate drops in fluorescence inten-
sity in the melting curve for each of the sloppy molecular
beacon probes, with each drop occurring at a Tm value char-
acteristic of one of the two species.

Real-world screening assays can be designed to identify spe-
cies that occur in different genera and to differentiate species
under conditions where the identification of the species that is
present in a sample has clinical significance. In this regard, we
have been developing an assay that utilizes sloppy molecular
beacon probes to identify sepsis-causing bacteria of differing
genera in normally sterile human blood samples (S. Chakra-
vorty et al., unpublished data).

It seems entirely feasible to design assays that distinguish
any related set of species, irrespective of whether they are, for
example, fungi, protozoa, nematodes, or fish. The key to de-
veloping single-tube assays that are able to distinguish a long
list of species is the selection of a target sequence region that
is shared by all of the species of interest, that can be amplified
by a pair of universal primers, and that possesses just the right
degree of sequence variability so that the presence of each
species results in the generation of a unique species-specific
signature. Since all living organisms are related to each other,
sharing a common genetic code and sharing highly conserved,
multielement genetic instruction sets for the control and
achievement of gene replication, gene expression, and protein
synthesis, there are many common genetic sites to choose
from, and algorithms can be developed to select an optimal
target site when provided with a set of relevant sequences for
all the species that need to be distinguished.
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