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A real-time PCR assay with the ability to rapidly identify all pathogenic bacteria would have widespread
medical utility. Current real-time PCR technologies cannot accomplish this task due to severe limitations in
multiplexing ability. To this end, we developed a new assay system which supports very high degrees of
multiplexing. We developed a new class of mismatch-tolerant “sloppy” molecular beacons, modified them to
provide an extended hybridization range, and developed a multiprobe, multimelting temperature (7,,) signa-
ture approach to bacterial species identification. Sloppy molecular beacons were exceptionally versatile, and
they were able to generate specific 7,, values for DNA sequences that differed by as little as one nucleotide to
as many as 23 polymorphisms. Combining the 7,, values generated by several probe-target hybrids resulted in
T,, signatures that served as highly accurate sequence identifiers. Using this method, PCR assays with as few
as six sloppy molecular beacons targeting bacterial 16S rRNA gene segments could reproducibly classify 119
different sequence types of pathogenic and commensal bacteria, representing 64 genera, into 111 7,, signature
types. Blinded studies using the assay to identify the bacteria present in 270 patient-derived clinical cultures
including 106 patient blood cultures showed a 95 to 97% concordance with conventional methods. Importantly,
no bacteria were misidentified; rather, the few species that could not be identified were classified as “indeter-
minate,” resulting in an assay specificity of 100%. This approach enables highly multiplexed target detection
using a simple PCR format that can transform infectious disease diagnostics and improve patient outcomes.

Human bloodstream infections (BSI) must be treated rap-
idly and effectively in order to avoid significant morbidity and
mortality (17). A rising incidence of drug-resistant infections
has complicated antibiotic selection (33), emphasizing the im-
portance of rapidly determining the identity and drug suscep-
tibility profile of each infecting bacterial species. Unfortu-
nately, conventional microbiological identification and drug
susceptibility determination methods are often too time-con-
suming to allow quick treatment decisions. Many bacterial
species have specific antibiotic indications while most have
local antibiotic resistance patterns that can be predicted by
periodic examination of antibiotic resistance profiles (10, 19).
Consequently, species identification may be used to guide an-
tibiotic therapy pending final antibiotic susceptibility tests. A
rapid bacterial species identification method would dramati-
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cally speed up the diagnosis of serious diseases, enabling rapid
and definitive treatment, and concomitantly decrease the use
of broad-spectrum antibiotics.

Ideally, a rapid assay for BSI should be functionally equiv-
alent to the current diagnostic standard, blood culture (15), in
being able to identify all clinically significant pathogens as well
as commensals. To this end, molecular assays have targeted
bacterial 16S rRNA genes or 16S-23S rRNA gene spacer re-
gions (11, 24, 27, 29). These DNA segments contain hypervari-
able sequences that can be used to identify virtually all known
bacterial species. Hypervariable sequences are flanked by
highly conserved DNA sequences that permit universal ampli-
fication of the diagnostic targets, utilizing a limited primer set.
DNA sequencing methods, including some used in clinical
diagnostics (2, 16), have confirmed the utility of this approach
although the clinical matrix has usually been culture-positive
material rather than uncultured patient blood. The roadblock
to its wider clinical use has been an inability to develop user-
friendly real-time PCR methods that can distinguish among
the same diverse set of sequences as differentiated by DNA
sequencing. DNA probes, such as those used in real-time PCR
assays, are able to bind to only a limited range of DNA se-
quences. Thus, currently available PCR-based detection meth-
ods are usually limited to differentiating among bacterial spe-
cies within a single genus (8, 11, 20, 26). Bacterial species
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FIG. 1. Two paradigms of target identification. (A) Sloppy molecular beacon approach. Three sloppy molecular beacons with different
semispecific probe regions are placed in a PCR with an unknown target. Each probe is distinguished by a unique fluorophore. Asymmetrical PCR
is performed, and the 7,, of each probe target-hybrid is measured. Each probe generates a 7, that is specific for a limited number of targets such
that probe A, probe B, and probe C generate T, values of 55°C, 66°C, and 74°C, respectively, with target A and 7, values of 64°C, 78°C, and 50°C,
respectively, with target B. All three 7, values are combined into a single species-specific signature that identifies the unknown target. Hundreds
of different targets can theoretically be identified and distinguished with the same three probes in this manner. (B) Conventional approach. Two
molecular beacons with probe regions that are specific for a single target sequence are placed in a PCR with an unknown target. Each molecular
beacon is distinguished by a unique fluorophore or reaction well. PCR is performed, and the presence or absence of each molecular beacon signal
is assessed. The unknown target is identified by determining which of the molecular beacons in a reaction produces a positive signal. The number

of different target sequences that can be identified is limited to the number of different molecular beacons that are used in the assay.

identification can be moderately increased by multiplexing sev-
eral probes to perform different species detection assays simul-
taneously (18, 30); however, the fundamental limitation caused
by a narrow probe binding range remains the same. Moreover,
it is difficult to distinguish more than six different fluorophores
in a single real-time PCR assay using current real-time PCR
instruments due to limitations in the discriminatory capacity of
real-time PCR instruments. This places a practical limitation
on the number of real-time PCR probes that can be used in a
bacterial species identification system designed to be carried
out in a single assay well.

Our approach for identifying bacterial species utilizes mod-
ified molecular beacon probes termed “sloppy molecular bea-
cons” (SMBs). These probes, by virtue of their greater length
(40 to 60 nucleotides) and the choice of their probe sequence,

are able to form probe-target hybrids with PCR amplicons
generated from a wide range of bacterial species. When the
resulting hybrids are melted apart, the temperature at which
they dissociate (7,,,) is characteristic of the particular bacterial
DNA sequence that is present in the sample. Although a single
T,, value is not sufficiently precise to unambiguously identify
each species that is present, a unique set of these specially
designed probes, each with a unique sequence, provides a set
of T, values (7, signature) that distinctively identifies the
species that is present (Fig. 1A). This approach, which was
initially utilized in the speciation of mycobacteria (9), differs
fundamentally from conventional real-time PCR assays that
use a single DNA probe to detect a single (or closely related)
target (Fig. 1B). Here, we demonstrate how the variable hy-
bridization signals generated by six specially modified SMB
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probes can be combined with a pattern-based analytic ap-
proach to reproducibly identify and distinguish several hun-
dred different sequences, thereby classifying a wide range of
bacteria into clinically relevant genera and species. This novel
approach enabled us to develop a universal bacterial identifi-
cation assay and to validate this assay on cultured clinical
isolates and positive patient blood cultures.

MATERIALS AND METHODS

Bacterial isolates. Initial studies were performed on a reference set of bacte-
rial isolates and a limited number of artificial DNA templates representing 64
genera and 133 species obtained from various sources (see Table S1 in the
supplemental material). The identity of each isolate was confirmed by sequenc-
ing a 700-bp region of the 16S rRNA gene, which included the hypervariable
regions V3 through V6 (3). To perform confirmatory studies, we also created a
test set of clinical isolates by randomly selecting 164 clinical isolates cultured
from 158 patient’s clinical cultures of blood, sputum, and urine from the New
Jersey Medical School University Hospital’s clinical microbiology laboratory. An
additional 81 positive and 25 negative blood cultures, selected at random over an
8-month period, were obtained from the same laboratory. The investigator per-
forming confirmatory studies on test set or blood culture-derived isolates was
blinded to all prior species assignments. All clinical samples were stripped of
personal identifiers prior to study entry, and the use of these samples for the
current study was approved by the New Jersey Medical School Institutional
Review Board. Additional details on clinical specimen and isolate collection and
characterization are provided in Methods in the supplemental material.

DNA isolation. Bacterial DNA was isolated from reference and test set isolates
by boiling a loop of pure bacterial culture in Insta Gene Matrix solution (Bio-
Rad Laboratories, Hercules, CA) for 20 min. DNA used for limit-of-detection
analysis was subjected to RNase digestion followed by phenol-chloroform puri-
fication and ethanol precipitation. DNA was isolated from blood culture bottles
by mixing 1 ml of the blood culture with an equal volume of 8% NaOH and
incubating the samples for 15 min with occasional mixing. The solution was then
transferred to a Cepheid GeneXpert open sample processing cartridge (Cepheid,
Sunnyvale, CA) and then automatically processed for DNA by a GeneXpert DX
system (Cepheid).

Primers and sloppy molecular beacons. We had previously identified the 16S
rRNA gene V3 and V6 hypervariable segments that provided a high degree of
sequence variation as most appropriate for bacterial species identification using
DNA probes (3). We designed universal primer sets to amplify each region from
all clinically relevant bacterial species using linear-after-the-exponential
(LATE)-PCR (23) (detailed in Methods in the supplemental material). SMBs
were designed using the in silico DNA folding program mfold (http://frontend
.bioinfo.rpi.edu/applications/mfold/cgi-bin/dna-form1.cgi), and the probe-target
hybrid folding program DINAMelt (http:/dinamelt.bioinfo.rpi.edu/twostate
.php) was used to predict the possible hybrid structures and 7,,s. Unlike con-
ventional molecular beacons, we designed the SMBs so that their probe lengths
ranged from 40 to 60 nucleotides, and stem lengths varied between 5 and 7
nucleotides. All the probes were purchased from Sigma Genosys (St. Louis,
MO). Two probes, SMB45 and V6P3, were used to test melting temperature
variation as a function of probe-target mismatches. Six probes were designed for
species identification by making them partially complementary to the V3 (two
probes) and V6 (four probes) hypervariable regions of the 16S rRNA gene.
Details of the molecular beacon sequences are listed in Methods in the supple-
mental material.

PCR conditions and post-PCR T, analysis. PCR assays of the reference and
clinical isolates used 2 to 10 ng of DNA or 10® to 10° copies of synthetic template,
except where noted, for limit-of-detection analyses. Individual SMBs were tested
in individual PCR wells. The finalized assay was performed in six wells. For the
assay, all six wells contained DNA from a given sample and a PCR master mix.
One of the six sloppy molecular beacons used in the assay was then added to each
well. Each PCR contained 1X PCR buffer, a 200 mM concentration of each
deoxyribonucleoside triphosphate, 2.5 mM (for V3) or 4 mM (for V6) MgCl,, 0.5
pM excess primer (V3R or V6F), 0.0167 pM limiting primer (V3F or V6R,
respectively), 0.06 U/ul of Taq Polymerase Stoffel fragment (Applied Biosystems,
Foster City, CA), 1 ng/ul of any one of the six probes, and bacterial DNA or
synthetic target in a final volume of 20 pl in each well of a 384-well plate. PCR
was performed using an ABI Prism 7900HT Sequence Detection System (Ap-
plied Biosystems) with the following cycling parameters: 94°C for 2 min followed
by 45 cycles of 94°C for 15 s, 55°C for 30 s, and 72°C for 15 s. A post-PCR T,
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analysis was then performed by heating the resulting amplicons to 94°C for 5 min,
followed by gradual cooling to 35°C. After a 10-min hold at 35°C, the tempera-
ture was gradually raised by increments of 1° to 90°C, and the reaction mixture
was held at each temperature for 1 min, with fluorescence monitored at each
temperature for the last 30 s. The 7,,, data were plotted as the first derivative of
fluorescence versus temperature after first smoothing the data by calculating a
four-temperature-point rolling average and normalizing each curve to the fluo-
rescence at 85°C. T,,, values were identified by selecting the peak of each curve,
and a six-point 7, signature was generated for each DNA sample.

T,, signature matching. Bacterial species in the test set of clinical isolates or
in the blood culture study were identified by finding the closest matches between
the T, signature of each unknown bacteria to the T,,, signatures of the known
bacterial species in a reference set look-up table. A program was created to
express each signature as a single point in six-dimensional space (where each axis
is used to plot one of the six 7,,, values). The distance between that point and the
point determined for each of the known species was then calculated to produce
a series of distance indexes, or D values. The known species that was at the
closest distance to the unknown species (i.e., which had the smallest D value) was
then identified as a correct match. The calculated distance was usually in the
range of 0 to 3 for matching species. An unknown species generating a D value
of =5 was considered “indeterminate.” The program used to calculate D values
from experimentally derived T,,s is available in Excel format (see Data in the
supplemental material).

RESULTS

Sloppy molecular beacons hybridize differentially to a wide
range of DNA sequences. We explored modifications in con-
ventional molecular beacon design to enable them to hybridize
to a wide range of sequences and generate sequence-specific
T,, values. We were able to design probes with stable stem-
and-loop conformations, avoiding aberrant secondary struc-
tures by introducing a small number of nucleotide substitutions
into the probe sequence. The substitutions were chosen to
correspond to one or more of the bacterial sequences in our
reference set so that at the same time they also increased the
range of species to which the probe would hybridize.

We created two sloppy molecular beacons, a 45-nucleotide-
long SMB45 with a 5-bp stem and a 60-nucleotide-long V6P3
with a 6-bp stem (see Methods in the supplemental material)
which were highly complementary to a segment within the V6
hypervariable region of the bacterial 16S rRNA gene. We then
examined their hybridization characteristics utilizing sets of
artificial PCR amplicons. The amplicons either had core se-
quences that were fully complementary to the probes or con-
tained from 1 to 17 nucleotide mismatches. Mismatches were
introduced to span the entire target at roughly regular inter-
vals. In addition, to explore the effect of the position of the
mismatch within the target sequence, mismatches were omit-
ted from one end, creating an “anchor” sequence over which
the SMB probe and targets were perfectly complementary (see
Tables S2, S3, and S4 in the supplemental material).

Each sloppy molecular beacon hybridized and generated
distinguishable 7, values in the presence of targets that dif-
fered by as many as 8 nucleotides for SMB45 with a 45-nucle-
otide probe (Fig. 2A) and 14 nucleotides for V6P3 with a
60-nucleotide probe region (Fig. 2B); the increased probe
lengths of the molecular beacons resulted in a larger number of
mismatches being tolerated and still resulted in measurable
probe-target hybrid 7, values. T,,, values for each probe-target
hybrid decreased in a regular fashion with an increasing num-
ber of mismatches between the probe and the target, thereby
generating distinct 7, values for different probe-target hybrids
with various numbers of mismatches for each probe (Fig. 2A
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FIG. 2. Effect of probe-target mismatches on sloppy molecular beacon hybridization. The first derivatives of normalized melting plots are shown
for two different sloppy molecular beacons in the presence of different oligonucleotide targets. The 7, value for each hybridization is indicated
by the peak of each curve. (A) SMB45 in the presence of targets that do not contain an anchor sequence. (B) V6P3 in the presence of targets that
do not contain an anchor sequence. (C) SMB45 in the presence of targets that contain a 15-nucleotide-long anchor sequence at their 3’ ends.

Numbers indicate mismatches between the target and probe sequences.

and B). We also observed that the presence of a 15-nucleotide-
long anchor sequence stabilized the binding of the probe to its
targets, increasing 7, values for each mismatch by 1 to 5°C,
which increased the number of detectable mismatches by
SMB45 to nine (Fig. 2C). Experiments with different anchor
lengths and mismatches incorporated into the anchors them-
selves enabled us to determine that 15- to 18-nucleotide-long
anchors were optimal for a balance between the versatility of
probe binding and discrimination of the different mismatched
targets by the SMBs (data not shown). These results indicate
that both sloppy molecular beacon probes with semiconserved
anchor sequences and relatively large nonanchored probes
generate a wide range of 7, values in the presence of divergent
target sequences.

In examining the target sequences in the V6 hypervariable
regions of the 133 species included in the test set of our study,
we noticed that the high degree of sequence diversity present
in this region would require that we use hybridization probes
that were able to stably bind to very divergent sequences.
Based on our above observations with artificial amplicons, we
reasoned that both probes with very long sequences and probes
with partial sequence extensions to the relatively conserved
regions of the target sequence (i.e., anchored probes) are nec-
essary to generate measurable 7, values from a reasonable
number of target sequences. In addition to the long nonan-
chored V6P3 SMB, which virtually encompassed the entire V6
hypervariable region, we designed the relatively short V6P1
SMB including a 40-nucleotide-long probe with partially con-
served sequences that served as a 15-nucleotide anchor. Each
of these SMBs produced measurable 7, values in the presence
of 57% and 95%, respectively, of the reference set bacteria
(see Table S5 in the supplemental material). Both V6P1 and
V6P3 tolerated up to 23 mismatches, producing 7, values of
44°C (Burkholderia mallei) and 46°C (Providencia alcalifaciens),
respectively, which is attributable to their anchor sequence and
long probe length, respectively. In spite of the longer probe
lengths, each probe also retained the ability to distinguish
between targets that differed by a small number of nucleotides.
As expected from our studies with artificial amplicons, there
was generally an inverse relationship between the number of
probe-target mismatches and 7,, value. However, the posi-
tional dependence of the mismatches, involvement of the

probe stem in forming the probe-target hybrids, and formation
of G-T pairings in the bacterial DNA samples introduced an
additional level of T,, variability. Thus, in some cases, two
targets with identical numbers of mismatches produced differ-
ent T,, values, and several targets with large number of mis-
matches produced higher 7,, values than targets with compar-
atively lower numbers of mismatches (as shown in Table 1 for
V6P3). This enhanced variability improved the ability of each
SMB probe to differentiate among bacterial targets.

T,, signature, DNA sequence types, and bacterial classifica-
tion. Concatenating and aligning the target regions of the V3
and V6 hypervariable stretches probed in our assay revealed
that the 133 reference set bacteria were represented by 119
distinguishable V3-plus-V6 sequence types. We hypothesized
that a small set of SMB probes could be selected so that each

TABLE 1. Illustrative probe target hybrid 7, values and number of
mismatches of probe V6P3 with selected bacterial sequences

No. of No. of stem

mismatches nucleotides

Bacteria (Zg) to the pg;glg binding to

(;;robe) target

oop sequence
Providencia alcalifaciens 46 23 None 3
Yersinia pestis 47 21 None 3
Shigella flexneri 47 22 None 3
Pseudomonas aeruginosa 48 22 2 6
Acinetobacter calcoaceticus 49 23 1 6
Citrobacter freundii 50 22 1 3
Serratia marcescens 51 21 2 3
Haemophilus influenzae 52 20 None 3
Proteus vulgaris 54 20 2 3
Pasteurella multocida 55 16 4 3
Listeria grayi 55 14 4 2
Staphylococcus warneri 55 13 4 2
Staphylococcus hominis 56 13 4 2
Staphylococcus lugdunensis 58 12 4 2
Streptococcus pneumoniae 60 12 4 2
Streptococcus agalactiae 61 12 1 2
Staphylococcus haemolyticus 62 10 3 2
Aerococcus viridans 63 11 2 2
Bacillus subtilis 67 8 3 2
Bacillus cereus 71 6 2 2
Bacillus anthracis 72 5 2 2
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target sequence type would generate a unique 7, signature
when the 7,,s produced by each individual SMB were com-
bined. We designed a set of six different SMB probes seeking
the maximum amount of 7,, information from these 119 se-
quence types. Thus, in addition to V6P1 and V6P3, we de-
signed four probes, V3P1 and V3P2, targeting the V3 region of
16S rRNA gene, and V6P2 and V6P4, targeting the V6 region
of 16S rRNA gene. Each SMB probe, except V6P3, contained
an anchor sequence within the probe, and each probe, except
V6P1 (which was perfectly complementary to its target in
Staphylococcus aureus), contained deliberately introduced mu-
tations so that the probes were not perfectly complementary to
specific bacterial sequences.

We tested the six-probe assay against DNA (or, in a few
cases, artificial PCR target amplicons) from each of the 133
bacterial species in the reference set. This procedure was re-
peated six different times with different master mixes over a
period of 3 months in order to introduce as much experimental
variability as possible. The results were used to create a 7,
signature look-up table, which listed the mean 7, value that
each SMB generated in the presence of each target (see Table
S5 in the supplemental material). The assay was then repeated
blindly using coded DNA aliquots, and the identity of the
samples was determined by calculating the distance index (D)
between each unknown 7,, signature with signatures in the
look-up table. The reference species with the smallest D value
identified the blinded sample (Table 2). The assay reproduc-
ibly generated 111 7,, signatures out of the 119 distinct se-
quence types (Fig. 3). A total of 104 of the T,, signatures
corresponded to unique sequence types while 7 T, signatures
could not completely resolve DNA sequences but instead spe-
cifically identified six groups of two sequence types each and
one group of three sequences types. With two exceptions, each
group contained bacterial species from the same genera. The
exceptions were the species pairs (i) Bartonella henselae and
Campylobacter jejuni and (ii) Enterobacter cloacae and Kleb-
siella oxytoca, which produced indistinguishable T, signatures
even though their target sequences differed marginally. Thus,
the assay was highly successful in detecting DNA sequence
differences within the region probed by the SMBs. As a con-
sequence, virtually all of the bacterial species within the refer-
ence set were either individually identified or else categorized
into clinically useful groups of related species (Table 2). Sig-
nificantly, the 7,, values generated by each SMB probe hybrid-
izing to DNA from the same bacterial species was highly re-
producible, usually varying less than =0.5°C (Fig. 3). The
species-specific signatures were stable regardless of the quan-
tity of DNA added to the PCR, to a lower limit of detection of
~500 genome equivalents for different bacteria spiked into
blood, or if large amounts (up to 50 mg) of interfering human
DNA was present (data not shown).

Blinded studies on clinical samples. We performed a
blinded evaluation of 164 clinical isolates from 158 patients in
the course of their clinical diagnostic evaluations. Subsequent
decoding showed that these samples represented 19 genera
and 41 species, which included virtually all of the bacterial
species commonly isolated in clinical laboratories (12, 13) (Fig.
4). Six separate PCR assays, each containing a different SMB
probe, were performed with the DNA from each isolate. The
resulting 7,,, signatures were used to generate D values for
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each isolate. In the relatively rare cases where the T,, signa-
tures were identical in more than one species, D values were
used to assign each unknown to a species “group.” To account
for the clinical isolates that were not present in our species
reference set, we added an indeterminate category to this
study, defined as samples generating D values of >5.0. We
were able to make correct assignments for 159 out of 164
isolates (a concordance of 97%j; 95% confidence interval [CI],
94.3% to 99.6%). The five isolates that could not be correctly
identified were assigned to the indeterminate group due to
high D values; and no isolate was wrongly identified (specific-
ity, 100%). Examining the five indeterminate samples showed
that four consisted of species (two Pseudomonas aeruginosa
and one each of E. cloacae and Neisseria gonorrhoeae) that
should have been identified. In each case, miss-assignment to
the indeterminate category was due to a manual error in de-
ciphering the low 7, values by the blinded data interpreter,
causing one or more 7,, values to be erroneously entered as
zero. DNA sequence analysis of the fifth isolate revealed it to
be Streptococcus pseudoporcinus, which was absent from our
reference set and, thus, not expected to be detected by our
assay. When this one isolate was excluded from our study, the
corrected assay concordance was 97.5% (95% CI, 95.2% to
99.9%).

As this assay will be particularly useful for rapidly identifying
a bacterial species present in a blood culture sample, we per-
formed a blinded assay on 81 positive and 25 negative clinical
blood cultures. We expected to find occasional blood cultures
that were positive for more than one bacterial species. There-
fore, we added a “mixed” category for this study, defined as
samples generating more than one 7,, peak in any of the six
SMB probes. All suspected mixed cultures with double T,,
profiles for any probe were visually deconvolved to generate
the species-specific signatures of the individual bacterial spe-
cies present; otherwise, automated species assignments were
made using the D value threshold. For deconvolution of the
double T,, profiles, all the possible T, signature patterns re-
sulting from the presence of the double 7,,, peaks were checked
for their D values against the reference set of 7, signatures.
The two T, signature patterns generating the smallest D values
identified the bacteria in the mixture. Overall, we were able to
correctly identify 76/86 (concordance of 88.4%; 95% CI, 81.6%
to 95.1%) of the bacterial species present in the 81 positive
cultures (Fig. 5). The assay made the correct species assign-
ment for 67/76 (88%) of the blood cultures which contained a
single bacterial species and for 9/10 (90%) of the bacterial
species present in the five mixed blood cultures. Of the 10
indeterminate instances, four bacterial species (two P. aerugi-
nosa and one each for Proteus mirabilis and group G Strepto-
coccus) were called indeterminate when they should have been
identified by the assay. An additional bacterial isolate (Staph-
ylococcus hominis) was called negative. This single false-nega-
tive result occurred in a mixed culture which also contained a
Streptococcus dysgalactiae species that was correctly identified.
Finally, six isolates, five Pseudomonas putida and one Bacillus
megaterium, were called indeterminate. However, we noted
that these two species were absent from our reference and,
thus, were not expected to be detected. Excluding these last six
isolates from our study, the corrected assay concordance was
95.0% (95% CI, 90.2% to 99.8%). Importantly, the specificity
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TABLE 2. Bacterial species identification using 7, signature D values

Blinded test species Match (D value)

Blinded test species Match (D value)

Acinetobacter baumanii A. baumanii (0.65)
Acinetobacter calcoaceticus A. calcoaceticus (0.67)
Acinetobacter woffii A. Iwoffii (0.60)
Actinimyces meyeri A. meyeri (0.47)
Aerococcus viridans A. viridans (0.60)
Aeromonas hydrophila A. hydrophila (0.60)
Arcanobacterium pyogenes A. pyogenes (0.47)
Bacillus anthracis B. anthracis (0.43)
Bacillus cereus B. cereus (0.74)
Bacillus subtilis B. subtilis (0.18)
Bartonella henselae/Campylobacter jejuni...................... B. henselae/C. jejuni (0.37)
Bartonella quintana B. quintana (0.47)
Bifidobacterium breve B. breve (0.33)
Bordetella holmesii/Bordetella pertussis/

Bordetella parapertussis B. holmesii/B. pertussis/B.

parapertussis (0.71)
Borrelia burgdorferi B. burgdorferi (0.17)
Brucella abortus B. abortus (0.47)
Brucella canis/Brucella melitensis/suis ................c.......... B. canis/B. melitensis/suis
(0.97)
B. cepacia (0.58)
B. mallei (0.62)

Burkholderia cepacia
Burkholderia mallei

Chlamydia psittaci C. psittaci (2.04)
Chlamydia trachomatis C. trachomatis (0.37)
Citrobacter freundii C. freundii (0.62)

Clostridium botulinum
Clostridium acetobutylicum
Clostridium difficile

C. botulinum (0.76)
C. acetobutylicum (0.17)
C. difficile (0.74)

Lactobacillus fermentans L. fermentans (0.88)

Legionella pneumophilla L. pneumophilla (0.75)

Leptospira interrogans/Leptospira kirschneri.................. L. interrogans/L.

kirschneri (0.6)

Leptospira biflexa L. biflexa (0.33)

Leuconostoc mesenteroides. L. mesenteroides (1.53)

Listeria grayi/Listeria MOROCYtOZENes......................c....... L. grayi/L. monocytogenes
(1.49)

M. catarrhalis (1.67)

M. morganii (0.52)

Moraxella catarrhalis

Morganella morganii

Mycoplasma pneumoniae M. pneumoniae (0.50)

Neisseria gonorrhoeae N. gonorrhoeae (0.41)

Neisseria meningitidis/Neisseria lactamica ..................... N. meningitidis/N.
lactamica (1.00)

N. mucosa (0.82)

Neisseria mucosa
Nocardia brasiliensis/Nocardia farcinica/
Nocardia pseudobrasiliensis

N. brasiliensis/N. Farcinica/
N. pseudobrasiliensis

(1.00)
Oligella urethralis O. urethralis (2.03)
Porphyromonas gingivalis P. gingivalis (0.00)
Prevotella melaninogenica P. melaninogenica (1.20)

Propionibacterium acnes
Proteus mirabilis
Proteus vulgaris

acnes (0.85)
mirabilis (0.80)
vulgaris (0.97)

Providencia alcalifaciens

alcalifaciens (0.67)

Providencia rettgeri

rettgeri (0.50)

Pseudomonas aeruginosa

aeruginosa (0.99)

Clostridium perfringens
Clostridium septicum

Clostridium tetani

Corynebacterium amycolatum ...............ccueevneneenencns

Corynebacterium diptheriae

Corynebacterium jeikeium

Corynebacterium pseudodiptheriticum

Corynebacterium xerosis

Coxiella burnetti

Dermabacter hominis

C. perfringens (0.37)

C. septicum (0.50)

C. tetani (0.47)

C. amycolatum (1.53)

C. diptheriae (0.78)

C. jeikeium (0.78)

C. pseudodiptheriticum
(0.82)

C. xerosis (0.90)

C. burnetti (1.12)

Ehrlichia chaffeensis

D. hominis (0.90)
E. chaffeensis (0.83)

Eikenella corrodens

Enterobacter aerogenes

E. corrodens (0.91)
E. aerogenes (1.07)

Psychrobacter faecalis
Rhodococcus equi
Rickettsia prowazekii/Rickettsia rickettsii........................

faecalis (1.37)

equi (0.82)
prowazekii/R. rickettsii
(0.85)

Salmonella arizonae S. arizonae (1.19)
Salmonella enteritidis S. enteritidis (1.48)
Salmonella paratyphi S. paratyphi (0.96)
S.
S.
S.

Pl=~RacBacBacha-Racia e

Salmonella typhi typhi (1.20)
Serratia marcescens marcescens (1.14)
Staphylococcus aureus aureus (0.97)

Enterobacter cloacae/Klebsiella oxytoca ........................ E. cloacae/K. oxytoca
(0.87)

Enterococcus spp. (0.24)

E. coli/Shigella sp. (1.11)

E. coli/Shigella sp. (1.00)

E. coli/Shigella sp. (1.03)

E. coli/Shigella sp. (0.98)

Exiguobacterium sp.
(0.68)

Franciscella tularensis F. tularensis (0.00)

Fusobacterium necrophorum F. necrophorum (0.67)

Haemophilus aegyptius/Pasteurella multocida ............... H. aegyptius/P. multocida
(1.00

H. aphrophilus (0.59)

H. ducreyi (1.82)

H. influenzae (0.89)

H. parahemolyticus (0.37)

H. parainfluenzae (0.97)

H. paraprophilus (0.83)

H. alvei (0.60)

H. pylori (0.50)

K. kingae (0.85)

K. pneumoniae (1.73)

Enterococcus spp.”
Escherichia coli/Shigella sp.
E. coli/Shigella sp.
E. coli/Shigella sp.
E. coli/Shigella sp.
Exiguobacterium sp.

Haemophilus aphrophilus
Haemophilus ducreyi
Haemophilus influenzae
Haemophilus parahemolyticus
Haemophilus parainfluenzae
Haemophilus paraprophilus
Hafnia alvei
Helicobacter pylori
Kingella kingae
Klebsiella pneumoniae

Staphylococcus capitis/S. epidermidis ....................cc..... S. capitis/S. epidermidis
(1.08)
Staphylococcus cohnii/S. haemolyticus........................... S. haemolyticus/S. cohnii
(0.83)
Staphylococcus hominis S. hominis (0.82)
Staphylococcus lugdunensis S. lugdunensis (0.83)
Staphylococcus sciuri S. sciuri (0.97)
Staphylococcus simulans S. simulans (1.34)
Staphylococcus warneri S. warneri (1.34)
Stenotrophomonas maltophilia S. maltophilia (1.34)
Streptobacillus moniliformis S. moniliformis (1.42)
Streptococcus agalactiae S. agalactiae (1.02)
Streptococcus constellatus S. constellatus (0.76)
Streptococcus equi/mutans S. equi/S. mutans (0.41)
Streptococcus dysgalactiae S. dysgalactiae (0.69)
Streptococcus mitis/S. pneumoniae.....................cceueee. S. mitis/S. pneumoniae

(1.00)
Streptococcus pyogenes/S. uberis ..................ucvivunnnins S. pyogenes/S. uberis

Treponema denticola T. denticola (0.60)

Treponema palidum T. palidum (0.47)

Ureaplasma urealyticum U. urealyticum (1.03)

Vibrio alginolyticus/Vibrio campbellii.............................. V. alginolyticus/V.
campbellii (1.03)

V. cholerae (0.71)

Y. enterocolitica (0.46)

Y. pestis (1.51)

Vibrio cholerae
Yersinia enterocolitica
Yersinia pestis

¢ Enterococcus spp. represents E. avium, E. faecium, E. faecalis, and E. gallinarum.

of the assay was also high as none of the 25 negative blood
cultures resulted in a bacterial species assignment, and there
were no misidentifications.

DISCUSSION

This study presents a paradigm shift in PCR-based molecu-
lar diagnostics. Our approach uses a combination of probes
and T, signature to identify target sequences. Compared to

assays which use individual real-time PCR probes to identify
individual DNA targets, this approach makes it possible to
identify a very large number of different target sequences with
a very small number of probes. Our novel probe design strat-
egies which included the use of anchor sequences or very long
probe sequences (up to 60 nucleotides in length) were critical
to its success. These modifications expanded the range of se-
quences to which the sloppy probes could hybridize while pro-
viding sufficient probe-target stability to generate reproducible
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m

Species identified

byTm code

Species identified by
microbiology laboratory

E. cloacae / K. oxytoca

H. influenzae
S. mitis / S. pneumoniae

E. coli / Shigella sp.
Enterococcus sp.

E. aerogenes

P. mirabilisH. vulgaris
P. aeruginosa

P. rettgeri

S. aureus

S. pyogenes / S. uberis
Indeterminate

Dermabacter hominis
CONS"

Bacillus cereus
Corynebacterium sp.
H. parainfluenzae
K. pneumoniae

L. mesenteroides
M. morganii

N. meningitidis
N. gnorrhoeae

S. marcescens

S. agalactiae

S. constellatus

S. dysgalactiae

A. lwoffii

o | A. baumanii

Acinetobacter baumanii
A. \woffii 4
Bacillus species 1
Corynebacterium species 6
Dermabacter hominis 1
Escherichia coli 17
Enterococcus species 10

Enterobacter aerogenes 3
E. cloacae 3 1
Klebsiella oxytoca 2
Haemophilus influenzae 6
H. parainfluenzae 2
K. pneumoniae 17
Leuconostoc mesenteroides 2
Morganella morganii 1
Nei ia meningitidis 2
N. gonorrhoeae 4 1
Proteus mirabilis 2
Pseudomonas aeruginosa 6 2
Providencia rettgeri 2
Staphylococcus aureus 12
cons # 23
Serratia marcescens 6
Streptococcus agalactiae 12
S. cor llatus 3
S. dysgalactiae 3
S. pyogenes 1
S. pneumoniae 2
S. pseudoporcinus 1
Shigella species 1

%) Confirmed by sequencing,#) Coagulase negative Staphylococcus species

FIG. 4. Assay performance on cultured clinical isolates. The results of the sloppy molecular beacon assay are compared to a gold standard of
microbiology species identification confirmed by 16S rRNA sequencing. Due to space limitations Corynebacterium species represent C. jeikeium,
C. diphtheriae, C. xerosis, and C. amycolatum, which were all identified to the species level by our assay; Enterococcus species represent E. faecalis,
E. faecium, E. gallinarum, and E. avium; the coagulase-negative staphylococcal species represent S. epidermidis, S. haemolyticus, S. lugdunensis, S.
capitis, S. hominis, S. sciuri, and S. cohnii. Two Shigella isolates were not identifiable to the species level and are listed as Shigella species.

T,, values and permit single nucleotide sequence discrimi- used in identifying the bacterial species. Thus, each sequence
nation. The variable length of the anchor sequences in the was identified by a distinct and unique combination of six
different probes and presence of mismatches in the anchor different T, values. In blinded assays, any deviant or missing

sequences themselves added to the differential sequence T,, values in the 7, signature for any sequence always resulted
discrimination and hybridization versatility of the probes. The in unusual D values, which easily enabled us to identify the
“sloppiness” of the probe hybridizations did not affect the assay as indeterminate and prevented false positive misinter-
overall assay precision, which resulted in a high level of sensi- pretations.

tivity and specificity in our validation studies on clinical isolates Our assay also identified most instances where two different
and blood cultures, with not a single bacterial isolate being bacterial species were present in the same blood culture by
misidentified. This is attributable to the novel T,, signature deconvolving double peaks into 7, values that were charac-
principle combined with the distance index paradigm that we teristic for two different bacterial species. This is because

FIG. 3. Distribution of 7,,, signatures among 111 7, signature types. Each line represents one of 111 7, signature types. The colored dots along
each line correspond to the mean 7, values (from six independent measurements) generated by each of the six sloppy molecular beacon probes
in the presence of that sequence type. Error bars show *1 standard deviation from the mean values. The absence of a dot indicates that the
corresponding probe did not generate a 7, value for that particular bacterial DNA. The numbers indicate the 7,, profile of the species (species

groups) as outlined in Table S6 in the supplemental material.
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Species identified

by Tm code

Species identified by
microbiology laboratory’

S. pyogenes / S. uberis

S. dysgalactiae
E. coli / Shigella

C. xerosis

Enterococcus sp.

K. pneumoniae

L. mesenteroides

P. aeruginosa

P. mirabilis P. vulgaris
P. retgerit

S. aureus

S. epidermidis / S. capitis
S. hemolyticus

S. hominis

S. marcescens

S. mitis / S. pneumoniae
S. constelatus
Indeterminate

Negative

N (A, Iwoffi

Acinetobacter Iwoffi

Bacillus megaterium

-

(-]

Beta A streptococcus

Beta G streptococcus 1

Corynebacterium xerosis 1

Escherichia coli 9

Enterococcus avium

E. faecium

E. faecalis

Klebsiella pneumoniae

Leuconostoc mesenteroides

Pseudomonas aeruginosa

Proteus mirabilis

Providencia rettgeri

Pseudomonas fluorescence / putidal

Staphylococcus aureus

10

S. epidermidis

12

S. haemolyticus

S. hominis

Serratia marcescens

S. mitis

S. constellatus

Negative

25

%) Confirmed by sequencing

FIG. 5. Assay performance in tests of clinical blood cultures. The results of the sloppy molecular beacon assay are compared to a gold standard
of microbiology species identification confirmed by 16S rRNA sequencing.

judicious designing of probes caused most bacteria to generate
distinctly different 7,,, values for the same probe, generating
discrete double peaks in the case of mixed DNA samples.
Mixed blood cultures are uncommon, and when they occur,
mixtures are often due to the presence of a contaminating
commensal skin organism plus the true pathogen (18). We
have confirmed in DNA spiking studies that we can identify the
presence of common commensals when they are mixed with
any of the bacterial species frequently seen in blood cultures
(data not shown). It is interesting that the only bacterial species
that we could not detect in a blood culture mixture was also the
commensal S. hominis, which we suspect to be a contaminant
present at a very low level in the clinical blood culture.
Sloppy molecular beacons represent one of several new ap-
proaches that have been proposed for rapid pathogen detec-
tion and speciation. A number of commercial and in-house
molecular diagnostic PCR, ligase chain reaction, nucleic acid
sequence-based amplification (22, 32), and pyrosequencing
assays (4) for bloodstream infections have recently been
described. These approaches work well in research settings
or in clinical laboratories with substantial technical capacity;

however, none of these methods combine the range of bac-
terial species identification, robustness, and the ease of use
that is possible using our approach. Newer technologies
including matrix-assisted laser desorption ionization—time
of flight (MALDI-TOF) mass spectroscopy, DNA microar-
rays, deep sequencing, and technologies like PCR coupled with
electrospray ionization mass spectrometry may provide addi-
tional diagnostic modalities (1, 6, 7, 21, 31). However, these
technologies are currently too costly, complex, and/or time-
consuming for clinical use; and it is not yet clear whether they
will ever offer a substantial advantage over our diagnostic
method that requires little more than a real-time PCR.

Our current assay has some limitations. Several pairs of
bacterial species could not be distinguished. These few pairs of
organisms were identified as small groups rather than as indi-
vidual species. A seventh sloppy molecular beacon designed to
probe an additional target or sequence-specific modification of
the existing probe sequences would be expected to resolve
these remaining groups into individual species. The assay is
clearly not able to identify a bacterial species which is not
present in the reference set, which as a matter of fact increases
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its specificity. This would recur rarely once large collections of
clinical isolates are tested and new species-specific signatures
are added to the reference set. The assay was also not able to
identify a few clinical isolates that were present in our refer-
ence set. This was attributable to manual errors in 7,,, deter-
mination, usually in the few 7,, values that were below 45°C.
Improved instrumentation and automated 7,, identification
would resolve this only true source of error. The assay has a
sensitivity and specificity that rival conventional species iden-
tification performed in clinical laboratories (5, 14, 25, 28) even
with the current limitations. However, the assay is far more
rapid and has the capability of being far more sensitive than
conventional assays, suggesting that our universal bacterial
identification system can provide a significant advance to in-
fectious disease diagnostics.
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