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The vast majority of microscopic life on earth consists of microbes that do not grow in laboratory culture. To profile the micro-
bial diversity in environmental and clinical samples, we have devised and employed molecular probe technology, which detects
and identifies bacteria that do and do not grow in culture. The only requirement is a short sequence of contiguous bases (cur-
rently 60 bases) unique to the genome of the organism of interest. The procedure is relatively fast, inexpensive, customizable,
robust, and culture independent and uses commercially available reagents and instruments. In this communication, we report
improving the specificity of the molecular probes substantially and increasing the complexity of the molecular probe set by over
an order of magnitude (>1,200 probes) and introduce a new final readout method based upon Illumina sequencing. In addition,
we employed molecular probes to identify the bacteria from vaginal swabs and demonstrate how a deliberate selection of molec-

ular probes can identify less abundant bacteria even in the presence of much more abundant species.

It is now widely appreciated that only a small fraction of the
earth’s bacteria may be grown in laboratory culture (for exam-
ple, see reference 1). That statement is particularly true for the
bacteria found in and on human beings (2). The Human Micro-
biome Project employs a metagenomic approach, principally am-
plifying and sequencing a small portion of the 16S rRNA gene, to
identify bacteria. Like any technology, sequencing rRNA genes has
strengths and weaknesses. Its principal strengths are that it over-
comes the serious limitations of bacterial unculturability and
genomic diversity. Its principal weaknesses are that different bac-
teria have different copy numbers of rRNA genes (3-5), that the
application of rRNA gene “universal” primers has specificity per-
formance limitations for some bacterial species (6-8), that chime-
ras are formed at a relatively high frequency when rRNA genes are
amplified and cloned (for example, see reference 9), and that the
presence of a highly abundant bacterium can mask the detection
of less abundant species. Microarrays containing probes that hy-
bridize to rRNA genes sequences are also effective metagenomic
tools for detecting unculturable bacteria (10), but, as mentioned
above, they can be limited in their ability to discern between some
species.

To overcome these weaknesses, we developed a genome-based
strategy that targets single-copy bacterial genome sequences with
high specificity and sensitivity. Originally referred to as molecular
inversion probes (11), the technology was simplified for high-
throughput analysis, and thus, the name was revised simply to
“molecular probes.” This approach is rapid, scalable, robust, and
culture independent (12, 13). This assay requires only a short
stretch of contiguous DNA sequence unique to the bacterial ge-
nome of interest. That means that probe technology cannot detect
novel microbes, i.e., microbes for which genome sequence infor-
mation is not yet available. In addition, molecular probe technol-
ogy is highly dependent on probe design and hybridization con-
ditions and, in its current form, is challenged by quantitation.
Nevertheless, molecular probes are a powerful technology that can
be used alone or to complement other metagenomic discovery
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approaches, including those based on rRNA gene sequencing or
hybridization.

We have made four important improvements to the molecular
probe designs and assay. (i) To improve the specificity of the mo-
lecular probes, the length of the homology sequence between mo-
lecular probe and target DNA has been increased from 40 to 60
bases. (ii) The complexity of the assay has been increased by over
an order of magnitude to include over 1,200 molecular probes
targeting 61 bacteria. We demonstrate that an effective molecular
probe set can be constructed from individually synthesized oligo-
nucleotides or from a less-expensive array-based synthesis plat-
form. (iii) We have employed Illumina sequencing to quantitate
the oligonucleotide barcodes following the molecular probe reac-
tion. Because of recent, dramatic decreases in DNA sequencing
cost and the ability to sequence multiple samples in a single exper-
iment, there is now a significant cost advantage of sequencing over
array-based barcode quantitation. (iv) Lastly, we demonstrate
how a deliberate selection of molecular probes can identify less
abundant bacteria even in the presence of much more abundant
species.

MATERIALS AND METHODS

DNAs. Bacterial genomic DNAs for the control experiments were pur-
chased from the American Type Culture Collection. Four genomic DNAs
were mixed to produce a simulated clinical sample (SCS), which was
employed in control experiments. SCS2 contains, per pl, 3,510,000 mol-
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FIG 1 Molecular probe design and assays. (A) Design of the molecular probes synthesized at the SGTC. The purple color represents the 60-base sequence
homology domain (the Homer), which is divided into two 30-base segments. Blue represents the 20-base oligonucleotide barcode from the Tag4 array. Green
represents the 36-base domain for the two 20-base PCR primers. The two 20-base primers overlap by 4 bases at their respective 5’ ends. The total is 116 bases. The
5" end is phosphorylated. (B) Assays. (a) The molecular probe mixture is incubated with the denatured target DNA (wiggly lines) under annealing conditions.
(b) Where sufficient sequence similarity exists between the molecular probe and the target single-stranded DNA (in purple), 60 bp of duplex DNA form. The
5'-phosphorylated end of the molecular probe is adjacent to the 3'-hydroxyl end of the probe with no bases missing. (c) Ligation creates a phosphodiester bond
between the 5" and 3" ends. (d) Exonucleases digest the remaining single-stranded linear DNA, leaving only the single-stranded circular DNA. (e) PCR amplifies
the single-stranded circular DNA. The 5’ ends of the PCR primers are biotinylated for the Tag4 readout but not for the Illumina readout. (f) The final readout
is by either fluorescence on the Tag4 array (top) or sequencing by the Illumina MiSeq instrument (bottom).

ecules (36.0%) of Escherichia coli DNA, 570,000 molecules (5.9%) of Lac-  blaster.rb to define additional Homers that identified the species of inter-
tobacillus acidophilus DNA, 2,886,000 molecules (29.6%) of Neisseria gon-  est plus one or more other species within the same genus. There were 108
orrhoeae DNA, and 2,772,000 molecules (28.5%) of Streptococcus  such genus-level molecular probes. Thus, overall, there were 1,204 molec-
agalactiae DNA. Vaginal swab DNAs were published previously (14). All  ular probes.
of these DNAs were sheared to an average double-strand size of ~500 bp Four molecular probes were positive in over half of the samples, in-
by employing a Covaris instrument, as described by the manufacturer.  cluding those where no target DNA was present. Since the same four
Following shearing, the DNAs were concentrated and dialyzed into TE ~ molecular probes were promiscuous in both the Stanford Genome Tech-
buffer (0.01 Tris, 0.001 EDTA [pH 8.0]) by use of Amicon Ultra centrif- nology Center (SGTC) and Agilent Technologies molecular probe sets
ugal filter units (Millipore) and stored at —20°C until use. (see below) and with both detection methods (see below), we assumed
Molecular probe designs. Molecular probes are 5'-phosphorylated,  that the problem was inherent in the probes’ designs. To determine if
long oligonucleotides (12, 13). Our goal was to design and synthesize ~20  secondary structure could account for these probes’ promiscuity, the se-
molecular probes for each genome sequence. We reasoned that some  quence of each oligonucleotide was entered into the m-fold software (17)
would work and some would not work but that, with 20 probes, a suffi-  in the public UNAFold Web Server at the RNA Institute at SUNY Albany
cient number would work to identify bacteria reliably. The molecular  (http://mfold.rit.albany.edu/). There was no significant predicted second-
probes are 116-mers. As diagrammed in Fig. 1A, these oligonucleotides  ary structure for any of the four promiscuous probes. To determine if any
are composed of three domains: a 60-base homology sequence known as ~ promiscuous probe could form a dimer with itself or with another pro-
a “Homer,” identical in sequence to the target bacterial genome and di-  miscuous probe, we entered the sequences into the Integrated DNA Tech-
vided into two 30-base end sections; a common 36-base PCR primer  nologies OligoAnalyzer 3.1 website (http://www.idtdna.com/analyzer
section (15); and a 20-base barcode compatible with the Affymetrix  /applications/oligoanalyzer/). No dimerization of any type could be
GenFlex Tagl6K array (referred to here as the Tag4 array) (16). The Hom-  predicted. The sequences of the four promiscuous probes were searched
ers were derived from the public bacterial genome sequences in GenBank  with BLAST against GenBank. Only the appropriate Homer homologies
by applying our custom script, blaster.rb, which is freely available at http: ~ were detected. While we have no explanation as to why these four probes
//med.stanford.edu/sgtc/research/blaster.html. were promiscuous, data derived from them were removed informatically
At the time of our molecular probe design, there were two Atopobium  from the data sets. Therefore, overall, the molecular probe set was com-
vaginae genome sequences available in GenBank: A. vaginae DSM 15829  posed effectively of 1,200 (i.e., 1,204 — 4) probes.
(35.37X coverage) and A. vaginae PB189-T1-4 (57 X coverage). These two Syntheses of the molecular probe sets. There were two sources of
sequences are somewhat different. Therefore, because the presence or  molecular probes. We synthesized one set of oligonucleotides by employ-
absence of the bacterium A. vaginae is very important to the health of the  ing our 96-well automated multiplex oligonucleotide synthesizer. We re-
human vagina, we designed 20 molecular probes for each genome se-  fer to these oligonucleotides as the SGTC probe set (for details, see below)
quence. Similarly, the genome sequences of Pseudomonas fluorescens in ~ (18). The second set was purchased from Agilent Technologies under a
GenBank have significant variation. Therefore, we chose two different P.  collaborative technology access program. These oligonucleotides were
fluorescens genome sequences and designed 20 molecular probes for each.  provided in a pooled format. Since the two sets yielded comparable data,
For 61 bacterial species, there were a total of 1,096 molecular probes, with  all consideration of the Agilent Technologies probe set can be found in the
an average of 18.6 molecular probes per genome. For 10 species’ genomes,  supplemental material.
blaster.rb could not define 20 unique Homers. In those cases, we allowed SGTC oligonucleotide synthesis (50-nmol scale) was accomplished
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with our custom 96-well plate DNA synthesizer using standard 1,000-A
controlled-pore glass columns (Biosearch Technologies). Cycle condi-
tions were similar to the AB3900 (Applied Biosystems) manufacturer’s
recommended protocol, which included the following reagents: trichlo-
roacetic acid as a 3% solution in dichloromethane (American Interna-
tional Chemicals [AIC]), acetonitrile (AIC), 0.02 M oxidizing solution
(Sigma), cap A/B (Glen Research), 0.1 M solutions of dA, dC, dG, and dT
(Sigma), and 0.25 M 5-benzylthio-1H-tetrazole (AIC). Postsynthesis
steps included strand cleavage from the support followed by base depro-
tection overnight (15 h) at 55°C with ammonium hydroxide (28 to 30% in
water) (J.T. Baker). After lyophilization, oligonucleotides were resus-
pended in 30 pl 0.1 X TE buffer, and the absorbance of each was measured
at 260 nm employing a Spectramax 384 Plus 96-well plate reader (Molec-
ular Devices). All samples were then normalized to 100 uM in 0.1X TE
buffer using a Biomek FX robot and then analyzed for purity using re-
verse-phase high-performance liquid chromatography (Transgenomic
WAVE system). After mixing the individual molecular probes together in
equimolar amounts, the 5" ends were phosphorylated. A deliberately re-
duced molecular probe set was also constructed. All Lactobacillus probes
and the four promiscuous probes were omitted, yielding the Lactobacillus-
negative probe set. After being mixed in equimolar amounts, the molec-
ular probes were 5" phosphorylated.

Two readouts for the molecular probe assay. A description of the
assay itself has been published previously (12, 13). Briefly, the procedure is
as follows, as outlined in Fig. 1B. (i) The probe set is incubated with the
denatured target DNA under hybridization conditions. (ii) Where suffi-
cient DNA base sequence homology exists between the Homer of the
probe and the target DNA, a 60-bp duplex is formed, with the 5'-phos-
phate of the probe immediately adjacent to the 3'-hydroxyl. (iii) Ligase
creates a 5'-to-3" phosphodiester bond, closing the circle. (iv) Exonu-
clease digests single-stranded DNA, leaving only the circular DNA. (v)
PCR is performed to amplify the circular DNA. (vi) Two barcode detec-
tion methods were employed in our molecular probe assay. The final
readout was either fluorescence on a Tag4 array or (new here) Illumina
sequencing of the barcode plus the homology region (20 bases + 60
bases = 80 bases). Because we have published the Tag4 array readout
previously (12, 13) and since the two methods yielded comparable data, all
further consideration of the Tag4 readout is presented in the supplemen-
tal material.

Illumina sequencing. The PCR fragments generated after amplifica-
tion of the ligated molecular probes were sequenced in an Illumina MiSeq
instrument, as described by the manufacturer. The PCR fragments were
end repaired with a quick blunting kit purchased from New England
BioLabs (NEB, Beverly, MA). Then, the fragments were tailed with dATP
by incubation with 25 U Klenow fragment (NEB), Klenow buffer, and 0.2
mM dATP for 30 min at 37°C. Duplex indexed adapters with a 7-base
unique barcode sequence (19) were ligated onto the PCR products by
using 1 pl of quick DNA ligase (NEB) and ligase buffer with 90 min
incubation at 12°C. The ligated products were pooled and enriched for
180- to 220-bp fragments using a Pippin Prep electrophoresis system
(Sage Sciences, Beverly, MA). The pool of size-selected fragments was
amplified with the Illumina Pair end primers 5'-AATGATACGGCGACC
ACCGAGATCTACACTCTTTCCCTACACGA-3' (forward) and 5'-CA
AGCAGAAGACGGCATACGAGATCGGTCTCGGCATTCCTGCTG
AAC-3' (reverse), and the library was sequenced on an Illumina MiSeq
using a 300-cycle MiSeq reagent V2 kit.

Sequence analysis. After demultiplexing and sample index removal,
sequence reads were aligned to 80-bp amplicon sequences using the
Burrows-Wheeler Aligner (BWA) and allowing a maximum of a 2-base
difference (20). There are two domains within our alignment targets. The
first domain is a 20-base barcode compatible with the Tag4 array (16, 21).
The second domain is a 60-base Homer unique to the microbial genome
of interest. Since the 60-base sequence is formed by a ligation of the two
30-base ends of the molecular probe (Fig. 1), the requirement of a proper
alignment to the 80-base (i.e., 20 + 60 bases) amplicon indicates that a
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successful ligation has taken place and generates high-confidence map-
ping by enforcing both the sequence homology and the uniqueness of the
barcode.

Statistical analysis. For Illumina sequence data, the P values for pres-
ence were computed using a negative binomial model (22). Each probe
was assigned a P value for presence, measuring whether the number of
observed reads was significantly larger than random assignment of reads
to all probes in the probe library. The P value was computed as

k+r—1
I M BV
r=0to n—k r

where p is the probability that a random probe receives a sequencing read
(1/1,200), k is the number of reads observed, # is the total number of reads
mapped, and ris an iterator from 0 to n — k. A probe with a P value of less
than 0.05 was considered positive. Further, a microorganism was desig-
nated “present” if at least three molecular probes directed against that
organism were positive, since the P value of such an event is less than 0.05
even after the Bonferroni multiple test correction (see Fig. S2 in the sup-
plemental material) (23). All statistical analysis was carried outin R 2.15.2.
The heat maps showing the presence of the microorganisms were gener-
ated using the ggplot2 packages (24).

RESULTS

Figure 1A is a diagram of the molecular probes. There are three
domains: the 60-base Homer, divided into two 30-base segments
at the 5" and 3’ ends of the probe; the 36-base region homologous
to the PCR primers; and the 20-base barcode compatible with the
Tag4 array. Thus, the molecular probes are 116 bases and are 5’
phosphorylated. Figure 1B presents a diagram of the procedure
(see Materials and Methods), starting with the molecular probe set
and its single-stranded target DNA and ending with the two alter-
nate readouts, Tag4 array and Illumina MiSeq.

As a test case, we constructed a simulated clinical sample (SCS)
by mixing known amounts of four bacterial DNAs, from E. coli, L.
acidophilus, N. gonorrhoeae, and S. agalactiae DNAs. To determine
the optimum molecular probe concentration to employ in the
molecular probe reaction, we first titrated the SGTC molecular
probe set against the SCS (see Materials and Methods). The goal
was to achieve optimum bacterial detection, that is, to define the
probe concentration that minimized the number of false positives
while also minimizing the number of false negatives. That molec-
ular probe concentration was determined to be 100 zeptomoles
(zmol)/ul (6 X 10* molecules/pl) of each probe.

As an additional control, we titrated the SGTC molecular
probe set against 10-fold dilutions of the SCS. Three 10-fold dilu-
tions of the SCS were interrogated with our 1,200 molecular
probes, and the barcodes of probes that successfully hybridized to
their target were subsequently quantitated by Illumina sequenc-
ing. The resulting sequence reads were mapped to amplicon se-
quences corresponding to the molecular probes, and positive
probes were determined as described in Materials and Methods.
Figure 2 presents the data for each of the 80 individual probes
targeting the four bacterial genomic DNAs (20 probes per bacte-
rium) present in the sample. (The numerical results are found in
Table S1 in the supplemental material.)

Each bacterial DNA was detected by multiple probes. How-
ever, there were many falsely negative molecular probes (defined
as negative by the analysis described in Materials and Methods).
For example, only five of the molecular probes directed against E.
coli DNA were positive, thus illustrating the importance of em-
ploying a multiple-probe strategy for each bacterial DNA to en-
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FIG 2 Titration of SCS with the SGTC molecular probe set. SCS2 was sequen-
tially diluted 10-fold to produce SCS3 and SCS4. Each was reacted separately
with the SGTC probe set. The final readout was by Illumina MiSeq sequencing
of the barcodes plus the Homer (20 + 60 bases = 80 bases). The vertical axis
lists the 20 individual probes for each of the four bacteria. Blue signifies that
that individual probe was detected. The absence of color signifies that that
individual probe was not detected.
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sure reliable detection of the microbe. In general, the probes ob-
served to be falsely negative were found to be falsely negative
regardless of their source (see Fig. S1 in the supplemental mate-
rial). This observation suggests that the probe designs, rather than
the syntheses, were at fault.

As the target DNA concentration was diluted, some molecular
probes did not detect their cognate DNAs. As examples, S. agalac-
tiae probes CP0970 and CP0971 were positive only at the highest
DNA concentration, and N. gonorrhoeae probes CP0790 and
CP0791 were positive only at the two highest DNA concentra-
tions. The most sensitive molecular probes detected their cognate
DNAs at the lowest concentration tested: e.g., L. acidophilus
probes CP0531 and CP0540 each detected 5,700 molecules of L.
acidophilus DNA. Since the target DNAs were not tested at even
lower concentrations, the minimum detection limits of CP0531
and CP0540 have not been determined. In general, the minimum
detection limit for each molecular probe is a function of the com-
plexity of the sample and the total number of Illumina sequence
reads achieved and thus should not be generalized.

While the qualitative results for SCS were excellent (Fig. 2), the
quantitative results were not. The number of Illumina sequence
reads per bacterium did not follow the known relative amounts of
the four bacterial DNAs in the sample (see Table S1 in the supple-
mental material). In an attempt at “normalization” of the data to
take into account the different numbers of positive probes per
bacterium, we calculated the average number of reads per positive
probe per bacterium. This process did not improve the quantita-
tion. This problem with quantitation has been reported previously
for targeted RNA sequencing (25). Presumably, biases were intro-
duced by unequal hybridization and amplification efficiencies
across different molecular probes. Potentially, quantitation could
be achieved by the addition of molecular indexing (25).

Since we knew which four bacterial DNAs comprised the SCS,
we examined molecular probe specificity in terms of each probe’s
ability to discriminate between species belonging to the same ge-
nus. There were 200 Lactobacillus probes in our probe set. Only the
nine probes for L. acidophilus were positive in SCS2. There were 20
molecular probes for Neisseria meningitidis in our probe set. All
were negative in SCS2; i.e., none of the 20 N. meningitidis probes
reacted with N. gonorrhoeae DNA. Despite the presence of S. aga-
lactiae DNA in SCS2, none of the 20 S. mutans probes, none of the
20 S. pneumoniae probes, and none of the 20 S. pyogenes probes
were positive.

To determine how many positive molecular probes, on aver-
age, are needed to confidently identify any given bacterium, we
evaluated the specificity of the SCS titration series. First, we ob-
served an empirical false-positive rate of 0.004 for those 1,120 (i.e.,
1,200 — 80) probes that have no target DNA in these samples.
Second, we computed the probability that a bacterium was ob-
served by random chance by summing the binomial probability of
having equal or more positive probes than observed. Third, the
Bonferroni method was applied to correct the P values for multi-
ple testing (23). As shown in Fig. S2 in the supplemental material,
requiring multiple positive probes improved the significance of
detection of a bacterium. If three molecular probes are required to
be positive, the probability of its being a false positive is less than
0.05. Accordingly, in the experiments described below, we re-
quired three probes to be positive to designate a bacterium as
being present. Analogously, utilizing 20 probes per target reduces
the potential for false negatives. For the 80 probes that had target
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FIG 3 For 24 vaginal swabs, a comparison of the bacteria detected by Sanger sequencing rRNA genes (16S/Sanger) and the SGTC molecular probe set with the
Illumina readout was made. The 16S/Sanger data have been published previously (14). The ordinate lists only those bacteria found by either assay. The abscissa
lists the 24 individual vaginal swabs. Yellow signifies a bacterium detected only by 16S/Sanger. Blue signifies a bacterium detected only by the molecular probes.
Green signifies a bacterium detected by both assays. The absence of color signifies that that bacterium was not detected by either assay.

DNA in the three SCS of the titration series, we observed that on
average, 67% of them appeared to be negative according to our
criteria (Fig. 2). However, when the data for presence or absence
were aggregated across 20 probes, the chance of a bacterium’s
being called negative when it was actually present fell below 0.05;
i.e., the sum of binomial probabilities of having 0, 1, or 2 positive
probes was less than 0.05. Therefore, we estimate the probability
of false negatives to be <0.05 for other bacterial targets present at
concentrations similar to those in the SCS titration series.

In a previous study (14), we identified the bacteria in vaginal
swabs by amplifying and Sanger sequencing (nearly) the entire
rRNA genes. For samples where we had sufficient vaginal swab
DNA remaining, we employed our current molecular probe sets
to identify the bacterial DNAs and then compared these data to
our previous results. The comparative data from Sanger sequenc-
ing the amplified rRNA genes (16S/Sanger) and the molecular
probe technology with the SGTC probe set with the [llumina read-
out (MP/Illumina) are presented in Fig. 3. (Results of the equiva-
lent experiment employing the SGTC probe set with the Tag4
method are shown in Fig. S3 in the supplemental material. The
number of supporting Illumina sequence reads is shown in Table
S2 in the supplemental material.) The microbiomes of 13 of 24
vaginal swabs were dominated by Lactobacillus species, as deter-
mined by both assays. As one example, swab 038-2 was dominated
by Lactobacillus helveticus, an unusual Lactobacillus species to be
found in the vagina: 98% of the sequence reads in the 16S/Sanger
assay and 91% of the reads in the MP/Illumina assay supported the
presence of L. helveticus. However, the two technologies did not
always detect the same Lactobacillus species. For example, for sam-
ple 049-1, the 16S/Sanger assay detected only L. acidophilus,
whereas the MP/Illumina assay detected L. acidophilus and Lacto-
bacillus crispatus. The additional detection of L. crispatus may be
explained by the vast difference in sequencing depth (369 total
reads versus 237,276 total reads). Both technologies also detected
Enterococcus faecalis in sample 049-1.

All but two of the remaining swabs contained Atopobium
and/or Gardnerella vaginalis. Atopobium was found in a total of 10
vaginal swabs. Both assays detected Atopobium in five swabs. The
16S/Sanger assay alone detected Atopobium in one additional
swab (091-2). The molecular probes with the MP/Illumina read-
out alone detected Afopobium in four additional swabs (044-3,
051-1, 053-1, and 073-1). As discussed in Materials and Methods,
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we suspect that there is a large amount of sequence variation
within Atopobium genomes. That suspicion will be confirmed or
negated as more Afopobium genome sequences become available.

The situation is particularly interesting for Gardnerella vagina-
lis, a bacterium that is very important to the health (or lack
thereof) of the human vagina. The 16S/Sanger assay did not find
G. vaginalis in any of these vaginal swabs. The molecular probes
with the MP/Illumina readout found G. vaginalis in six vaginal
swabs (Fig. 3). We return to these important data in the Discus-
sion.

The 16S/Sanger assay detected Prevotella in three swabs,
whereas the molecular probes did not detect Prevotella in any
swab. It is possible that the Prevotella genome sequence that was
used to define the Homers had insufficient base sequence homol-
ogy to the particular Prevotella species in the swabs. That situation
can be corrected easily as more Prevotella genome sequences be-
come available. Conversely, the probes with the MP/Illumina
readout detected Bifidobacterium longum as supported by the sub-
stantial majority of the Illumina sequence reads for sample 049-1,
whereas the 16S/Sanger assay just barely detected B. longum. An
analogous explanation may apply.

We also interrogated these clinical samples with the probe set
derived from array-based synthesis (see Fig. S4 and S5 in the sup-
plemental material). The declining costs of array-based DNA syn-
thesis make it an attractive tool for a variety of biological applica-
tions, particularly those where the resulting oligonucleotides are
to be used as a pool. The results produced by the SGTC probe set
and the Agilent Technologies probe set were in very good agree-
ment (see Fig. S6 in the supplemental material). These results
underscore the utility of array-based synthesis of molecular
probes for future metagenomic applications.

One of the unique advantages of the molecular probe technol-
ogy is that molecular probe sets may be customized. For the vag-
inal swabs, we wanted to identify as many bacteria as possible,
including those at low concentrations whose presence may be
masked by the abundant Lactobacillus species. To that end, we
constructed a deliberately reduced molecular probe set which
lacked probes directed at Lactobacillus, i.e., the Lactobacillus-neg-
ative molecular probe set. This reduced probe set was reacted with
eight vaginal-swab DNAs (those for which we had sufficient sam-
ple DNA remaining), and the results were compared to those ob-
tained by employing the complete probe set. These comparisons
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FIG 4 Comparison of the bacteria detected by the full SGTC molecular probe
set with the bacteria detected by the Lactobacillus-negative probe set. The Lac-
tobacillus-negative probe set contained none of the Lactobacillus probes. The
ordinate lists only those bacteria found by either probe set. We had sufficient
remaining DNA for eight comparisons. The abscissa lists the eight individual
vaginal swabs. The final readout was by the Illumina MiSeq. Yellow signifies a
bacterium detected only by the full probe set. Blue signifies a bacterium de-
tected only by the Lactobacillus-negative probe set. Green signifies a bacterium
detected by both probe sets. The absence of color signifies that that bacterium
was not detected by either assay.

are presented in Fig. 4. (The numbers of Illumina reads are pre-
sented in Table S3 in the supplemental material.) As expected, the
Lactobacillus-negative probe set did not identify any of the Lacto-
bacillus species that were detected by the complete probe set (Fig.
3 and 4). This observation further underscores the specificity of
the molecular probe assay. For three swabs (030-3, 049-1, and
073-1), no additional bacteria were detected, although, of course,
the relative numbers of sequence reads supporting each bacterium
were different. As an example, for 030-3, E. coli went from 3.2% of
the sequence reads (full probe set) to 100% of the sequence reads
(Lactobacillus-negative probe set) (Fig. 4; also, see Table S3 in the
supplemental material). For the other five vaginal swabs (049-2,
053-1, 079-3, 091-2, and 097-2), the Lactobacillus-negative probe
set detected bacteria not found with the full probe set. As one
example, for swab 049-2, B. longum and G. vaginalis were not
detected by the full molecular probe set but were supported by
95.5% and 4.5% of the sequence reads, respectively, by the Lacto-
bacillus-negative probe set (Fig. 4; also, see Table S3 in the supple-
mental material). As a second example, for swab 091-2, Atopo-
bium was found by the Lactobacillus-negative molecular probe set
(15.4% of the sequence reads) but not by the full probe set (Fig. 4;
also, see Table S3 in the supplemental material). These examples
emphasize the ability and usefulness of the molecular probe tech-
nology to target subsets of bacteria.

DISCUSSION

The nature of the molecular probe assay is to use probes directed
against many microbial genomes, of which only a fraction are
expected to be present (and thus detected) in a typical sample.
Even though the Tag4 array-based readout has proven robust (12,
13), only a small percentage of the array features are positive in a
typical sample. Thus, the molecular probe assay does not make
efficient use of the array. In contrast, [llumina sequencing reads
reflect only the bacteria present in the sample. This fact, coupled
with the ability to multiplex many samples in one sequencing run,
makes next-generation sequencing an extremely cost-effective
readout method for the molecular probe assay.

In the current study, we interrogated the 24 clinical samples in
Fig. 3 in a single MiSeq experiment. To determine the feasibility of
additional multiplexing, we combined the data for all of the clin-
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ical samples as a test set and repeated the determination of bacte-
rial presence or absence as a function of the depth of sequencing,
from 100% down to 0.01% of the original. As presented in Fig. 5,
increasing the level of multiplexing 100-fold caused only an
~15% drop in the number of times bacteria were detected. This
observation translates into detecting the most abundant bacteria
in a multiplex of 2,400 samples in one MiSeq experiment. In prac-
tical terms, a 3-fold multiplex increases the total number of sam-
ples to 72, while sacrificing the detection of only one bacterium
(Fig. 5, inset). Of course, the number of samples that can be mul-
tiplexed depends strongly on the composition of each sample to be
included and thus should be considered carefully when an exper-
iment is being designed.

The presence or absence of G. vaginalis is an important deter-
minant of the state of health of the human vagina. Thus, it is
necessary that the method selected to identify the bacteria of the
vaginal microbiome be able to detect G. vaginalis. Unfortunately,
the “universal” amplification primers commonly employed to
carry out PCR on the entire 16S rRNA gene have mismatches to G.
vaginalis TRNA genes (6, 7, 26). Since amplification primers work
in pairs, we employed the NCBI Primer-BLAST software to query
the nonredundant GenBank database (which includes rRNA gene
sequences). The software did not identify G. vaginalis sequences.
We also did a BLAST search for each primer against three com-
plete G. vaginalis genome sequences in GenBank (GI:311113888,
GI1:283782520, and GI:385800986). While the two reverse primers
(conventionally called 1492R) had a perfect match, the two for-
ward primers (conventionally called 8F) had no perfect match to
any of the three G. vaginalis genome sequences. Ahmed et al. (27)
compared the genome sequences of 17 G. vaginalis clinical iso-
lates, most of which they sequenced themselves. They found that
there were four nonrecombining groups of G. vaginalis genomes
and proposed that it “may be appropriate to treat these four
groups as separate species.” Ahmed et al. (27) determined that
there are 746 genes in the core G. vaginalis genome and that these
core genes make up only ~52% of the genome sequences, on
average. Therefore, going forward, we would derive Homers for
each of the four groups separately based upon sequence differ-
ences. In addition, since we do not include rRNA gene sequences
in our Homer search, we could easily distinguish N. meningitidis
from N. gonorrhoeae even when the N. meningitidis isolate ex-
pressed N. gonorrhoeae rRNA genes (28).

Our molecular probe technology may be compared to other
contemporary or proposed methods for identifying bacteria. Im-
portantly, probe technology does not require growth of the bac-
teria. Therefore, probe technology can detect and identify bacteria
that do not grow in culture. However useful, phenotypic growth
methods of bacterial identification, such as the Verigene Gram-
positive blood culture assay (for example, see references 29 and
30), are not comparable because they require growth in culture, as
does the ingenious intrinsic fluorescence method (31).

A nonexhaustive comparison to methods that may not require
growth in culture follows. (i) Matrix-assisted laser desorption ion-
ization mass spectrometry (MALDI MS) and matrix-assisted laser
desorption ionization-time of flight mass spectrometry (MALDI-
TOF MS) could, in principle, be employed to identify bacteria (for
example, see reference 32). To identify the bacterium, the mass-
to-charge pattern achieved with either instrument requires com-
parison to the pattern of known bacteria, for which an extensive
database is currently nonexistent. In addition, it is unclear how
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many different bacteria in a sample at how many different con-
centrations MALDI MS or MALDI-TOF MS could detect (for
example, see reference 33). Further evaluation must await a more
complete database. (ii) A quaternized magnetic nanoparticle-flu-
orescent polymer system has been proposed for identification of
bacteria (34). At present, it is also unclear how many different
bacteria in a sample at how many different concentrations this
method can detect. As with MALDI-TOF MS, further evaluation
must await a more complete database. (iii) The rapid drop in cost
is making the whole-genome shotgun sequencing approach more
and more feasible for metagenomic analyses. Nevertheless, it still
costs much more than a targeted approach for microbial profiling.
Furthermore, the usefulness of this method depends, in large part,
upon the public availability of new, more robust bioinformatic
tools to sort genome sequences when many similar bacteria are
present and at very different concentrations (for example, see ref-
erence 35). (iv) In theory, real-time PCR (RT-PCR) is promising
as a fast and inexpensive technology to diagnose infectious agents.
However, successful applications of RT-PCR have concentrated
on only three bacteria (36), five bacteria (37), or six pathogens
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(38) and, recently, a 10-species biofilm model (39). It seems un-
likely that fluorescence resonance energy transfer coupled with
the melting temperatures of the amplicons will succeed in highly
multiplexed identification and detection assays. (v) Another tech-
nology to identify bacteria is the PhyloChip (for example, see ref-
erences 10, 40, 41, and 42). The PhyloChip is a microarray upon
which there are oligonucleotides whose sequences are from the
sequences of rRNA genes. However useful, the PhyloChip suffers
from two serious problems. The first problem is that bacterial
rRNA genes have very little sequence diversity. In some cases, the
PhyloChip cannot distinguish genera, let alone species. The sec-
ond problem is that multiple primer pairs need to be employed.
That introduces the issue of differing PCR efficiencies.

Our goal has been to devise a technology that detects and iden-
tifies bacteria that do and do not grow in culture and where many
different bacteria may be present at very different concentrations.
Molecular probe technology meets that goal. In addition, the mo-
lecular probes need not target only bacterial DNAs. Presumably,
probes could be designed to detect any given genome or even
individual genes, such as toxin genes. The molecular probe tech-
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nology has several advantages over rRNA gene sequencing, such as
detection of organisms with poor homology to the “universal”
sequencing primers, better discrimination between species, and
the ability to omit from the analysis highly abundant organisms
that may mask signal. Indeed, the dominance of certain DNAs
greatly complicates rRNA gene-based characterization of micro-
bial diversity in soil (43). Dramatic increases in publically avail-
able genome sequences, coupled with dramatic decreases in the
costs of oligonucleotide synthesis and DNA sequencing, now
make molecular probe technology an attractive option for metag-
enomic analyses of complex samples.
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