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bstract

The public availability of over 180,000 bacterial 16S ribosomal RNA (rRNA) sequences has facilitated microbial identification and classification
sing nucleic acid hybridization and other molecular approaches. Species-specific PCR, microarrays, and in situ hybridization are based on the
resence of unique subsequences in the target sequence and therefore require prior knowledge of what organisms are likely to be present in a
ample. Mass spectrometry is not limited by a pre-synthesized inventory of probe/primer sequences. It has already been demonstrated that organism
dentification can be recovered from mass spectra using various methods including base-specific cleavage of nucleic acids. The feasibility of broad
acterial identification by comparing such mass spectral patterns to predictive databases derived from virtually all previously sequenced strains
as yet to be demonstrated, however. Herein, we present universal bacterial identification by base-specific cleavage, mass spectrometry, and an
fficient coincidence function for rapid spectral scoring against a large database of predicted “mass catalogs”. Using this approach in conjunction
ith universal PCR of the 16S rDNA gene, four bacterial isolates and an uncultured clone were successfully identified against a database of

redicted cleavage products derived from over 47,000 16S rRNA sequences representing all major bacterial taxa. At present, the conventional DNA
solation and PCR steps require approximately 2 h, while subsequent transcription, enzymatic cleavage, mass spectrometric analysis, and database
omparison require less than 45 min. All steps are amenable to high-throughput implementation.

2006 Elsevier B.V. All rights reserved.
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. Introduction

To this day, determinative bacteriology often relies on
ulture-based methods involving time-consuming isolation, cul-
ivation, and characterization of phenotypic traits. While there
re a few cases in which a rapid identification can be made using
henotypic methods, the taxonomic resolution of such methods

s usually quite low. Characterization of cells based on morphol-
gy, staining, and metabolic traits is often not discriminatory
nd can take days to weeks for unambiguous identification. Per-
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entification

aps most importantly, many pathogens are fastidious or even
ncultivable under laboratory conditions, so that culture-based
ethods are not applicable. Finally, such methods are labor-

ntensive, not amenable to automation, and require extensive
hands-on” time and interpretation by the trained microbiolo-
ist. In the “post-genome” era, molecular methods are rapidly
upplanting phenotypic characterization.

Although a variety of nucleic acid-based approaches are
n use, most current bacterial diagnostic research is focused
n comparative sequencing of PCR-amplified genes, in situ
ybridization with labeled probes or molecular beacons, and
hylogenetic microarrays [1–7]. Methods that rely on hybridiza-

ion effectively leverage genomic information, but they typically
ace the significant drawback of requiring advance synthesis
f one or more probes based on a priori anticipation of the
enus or species that needs to be detected. Complete or partial
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enomic sequencing requires no such preliminary knowledge,
ut even the fastest sequencing separations are time-consuming
ompared to mass spectrometry. Finally, both sequencing and
ybridization probing require a means for radioisotope- or
uorescence-labeling. Although the in vitro transcription and
leavage reactions proposed here are similar in time and effort
o that required by conventional sequencing, mass spectromet-
ic acquisition is on the order of seconds (versus minutes or
ours for conventional sequencing) such that the greatest gains
n overall efficiency are had when processing multiple samples.

Microbial identification based on mass spectrometry of char-
cteristic proteins or peptides has been demonstrated [8,9],
owever these approaches do not take advantage of the well-
stablished phylogenetic relationships determined by 16S rRNA
lignments (and the large number of sequences therefore freely
vailable), nor do they take advantage of the amplification
ptions afforded to nucleic acid-based approaches. Furthermore,
hey typically involve training of expert systems on relatively
mall sets of organisms, making it difficult to predict the gener-
lity of the identified biomarkers [10]. In addition to proteomics,
enomics applications are now also adopting “soft ionization”
ass spectrometric methods such as matrix-assisted laser des-

rption/ionization time-of-flight mass spectrometry (MALDI-
OF) and electrospray ionization (ESI) [11–16]. While MALDI-
OF mass spectrometry has been used for chain-termination
equencing of nucleic acids [17–21], the maximum read length
sing such an approach is ∼60 nucleotides [17]. Very high
esolution measurement of PCR product composition using
SI-Fourier transform ion-cyclotron resonance (ESI-FTICR)
as been demonstrated [22–26]. Unfortunately, the resolution
equired for unambiguous compositional assignment (±1 ppm)
f such large molecules requires instrumentation out of reach
or many laboratories. Thus, it is advantageous to introduce

cleavage step, which reduces the resolution requirements
hile retaining valuable information. Additionally, analysis of

ingle-stranded nucleic acids is generally preferred as the same
nformation content is available at roughly half the mass. Endori-
onucleases can be used to selectively cleave a single-stranded
NA after a particular base (for example, guanosine residues

n the case of RNase T1). Despite the information loss associ-
ted with compositional rather than sequential analysis, micro-
ial identification based upon the composition of base-specific
leavage products appears extremely promising [27–30]. von
intzingerode et al. described comparison of base-specific

leavage patterns derived from Bordetella species against the
atterns predicted by virtual cleavage of 50 published 16S rDNA
equences, including 13 sequences which were known to be
losely related [27]. Discriminating masses (non-degenerate
etween the strains under consideration) were compared and
trains were typed by inspection. Lefmann et al. used similar
ethods to rank the identification of mycobacteria [30].
In contrast to previous work, here we describe successful

rganism identification by comparison of observed masses to

hose predicted for all previously sequenced taxa. Experimental
rotocols for reliable generation of cleavage products contain-
ng mass-modified uridine residues from universally amplifiable
acterial sequence regions facilitate the approach, and an auto-
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ated, quantitative method for rapidly scoring entire spectra
f RNA cleavage products (including those masses which are
hared degenerately by more than one organism or strain) against
arge databases of predicted masses results in accurate organ-
sm identification. We have recently shown that a great many
athogens of interest cluster (and important species and strains
re resolvable) based on these observable mass spectral patterns
31].

In order to quantitatively inter-compare mass spectral “finger-
rints” produced by base-specific cleavage, we formulated the
calar- or inner-product defined by Eq. (1). We define a scalar
roduct (often referred to as a ‘dot-product’) of two mass spectra
s

M, M ′〉 = M · M ′ ≡
N1∑
i=1

N2∑
j=1

δ(mi − m′
j) (1)

here mi are the masses of each of the N1 individual cleavage
roducts in the spectrum for species 1 and m′

j are the masses
f each of the N2 cleavage products for species 2, and δ is the
iscrete (Kronecker) delta function defined as

(k) =
{

1, k = 0

0, otherwise
(2a)

It can be easily verified that the following commutative,
istributive, and positive-definiteness conditions for an inner-
roduct are satisfied:

1 · M2 = M2 · M1 (3a)

α1M1 + α2M2) · M3 = α1M1 · M3 + α2M2 · M3 (3b)

1 · M1 > 0 ∀ M1 	= [0] (3c)

Using this inner-product, we then define the following metric
r “coincidence function”:

ij = c(Mi, Mj) = 2 × Mi · Mj

(Mi · Mi) + (Mj · Mj)
(4)

hat is a normalized (i.e., between 0 and 1) representation of the
egree to which two spectra are similar. While other similar-
ty metrics have certainly been investigated [32–34], the various

ethods vary widely in computational intensity. For our feasi-
ility study, our similarity metric was easily implemented, few
omputations per identification are required, and it is compati-
le with using (or not using) relative peak height information.
sing this metric then, a coincidence (or similarity) matrix, C
ith elements cij can be generated to tabulate the degree of sim-

larity between the mass catalogs of every pair of organisms.
ikewise, a matrix of distances, D with elements dij = (1 − cij)
an be created, and used as input to conventional cluster analysis.

Conveniently, Eqs. (3a)–(3c) also can be used for rapid com-
arison of observed spectra to predicted masses. As an example

f the method, we demonstrate the successful (concordant with
equencing) identification of four organisms from pure cultures
nd an uncultured clone by quantitative comparison using Eqs.
3a)–(3c) of acquired spectra to a database of cleavage product
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asses derived from over 47,000 sequences from the publicly
vailable Ribosomal Database Project [2].

. Experimental

.1. Universal PCR, mass-modified transcription,
leavage, and MALDI preparation

Genomic DNA was released by boiling lysis of glycerol cell
tocks of four model organisms archived at −80 ◦C. For each
f the four stocks, 10 �l of glycerol cell stock was lysed in
ml deionized water for 2 min to release genomic DNA. Two
icrolitres (∼25 ng total genomic DNA) of such lysate was used

irectly for subsequent PCR. Using primers (Sigma–Genosys,
he Woodlands, TX) described by Lane as “A”, “B”, and “C”

35,36], we generated PCR products corresponding to two con-
iguous sequence regions of the 16S gene obtainable from

80% of all previously sequenced bacteria [31]. To limit the
omplexity of the ultimate spectra acquired, we used only the
djacent Lane “AB” and “BC” primer pairs for amplification
f ∼400 and ∼500 bp of 16S rDNA from most organisms,
espectively. All forward primers employed also contained a
′-extension for incorporation of a T7 RNA polymerase pro-
oter sequence, and all reverse primers were “5′-tailed” with

he reverse compliment of a sequence used for single point
nternal mass calibration. Twenty-five microlitres PCRs for all
rimer pairs were optimized using a FailSafeTM optimization kit
Epicentre, Madison, WI). Conventional PCR thermal cycling
onditions in a GeneAmp 2400 thermal cycler (Perkin-Elmer)
ere: 5 min denaturation at 95 ◦C, 30 cycles of 95, 55, and 72 ◦C

or 30, 30, and 45 s, respectively, followed by a 7 min extension
t 72 ◦C totaling approximately 105 min. Following PCR, reac-
ion mixtures were treated directly with 1 �l (20 units) of DNA
xonuclease I (Epicentre) at 37 ◦C for 5 min to digest any unin-
orporated single-stranded primers. (Without this step, we have
ccasionally observed low yields of RNA transcript, presum-
bly due to interaction of the RNA polymerase with primers
r primer-dimers instead of the double-stranded PCR product.)
xonuclease I was then deactivated at 80 ◦C for 5 min. Approx-

mately 2 �l (typically ∼1 �g DNA) of the resulting mixture
as then used directly without purification as template for in

itro transcription for 30 min using a T7-flashTM kit (Epicen-
re) containing the manufacturer’s suggested T7 RNA poly-

erase and nucleotide concentrations, except that amino-allyl
TP (Fermentas, Hanover, MD) was used as a 100% substitute

or the natural UTP substrate, thereby improving the cleav-
ge product mass resolution of the experiment (see Section 3).
ollowing transcription, 1 �l of ribonuclease T1 (1000 units)
as added to each 20 �l reaction, and transcripts were cleaved

after G residues) for 5 min at 37 ◦C. Finally, RNA cleavage
roduct mixtures were desalted by reverse phase purification
sing ZipTipsTM (Millipore, Billerica, MA) per manufacturer’s
nstructions for nucleic acid treatment [37]. In the final step,

NA cleavage products were eluted from the ZipTip columns
ith 2 �l MALDI matrix. The MALDI matrix comprised an 8:1
ixture of 3-hydroxypicolinic acid (3-HPA) and diammonium

itrate (DAC). 3-HPA was prepared as a saturated solution in

(
t
s
e
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0:50 water:acetonitrile, and DAC as a 50 mg/ml solution in
Nase-free water. Samples were spotted on the MALDI plate in
uplicate samples of 1 �l.

Sequencing of PCR amplicons was performed by Lone Star
aboratories (Houston, TX) on an ABI Model 3130 sequencer
sing Big Dye terminator chemistry v. 3.1 (Applied Biosystems,
oster City, CA) per manufacturer’s instructions.

To demonstrate flexibility of the method, an uncultured
lone, identified as Stenotrophomonas maltophilia by sequenc-
ng, was also successfully identified using identical methods as
bove following plasmid isolation using a standard alkaline lysis
iniprep. A number of such clones have been graciously pro-

ided by Drs. Kasthuri Venkateswaran and David Newcombe of
ASA’s Jet Propulsion Laboratory, Pasadena, CA.

.2. MALDI-TOF acquisition and spectral processing

All spectra were acquired using a Voyager DE-STR MALDI
pectrometer (Applied Biosystems) in linear, negative ion mode.
ypically, four 50-shot acquisitions were summed (200 shots

otal) for each 1 �l MALDI spot corresponding to the digests
f either the “AB” or “BC” sequence regions from each organ-
sm. All mass-modified 6-mers are at least 1900 Da, and the
ast majority of the other expected masses will be 5000 Da or
ess. The range of acquisition was therefore 1900–5000 Da. A
00 ns delayed extraction was also employed. All spectra were
rocessed in an identical fashion using the Data ExplorerTM

oftware packaged with the instrument. These steps, in order,
ere: baseline correction (optional, never more than once),
oise-filtering, mass calibration, centroiding, and thresholding
he peak detection at the 7% of the maximum level. For mass
alibration, an internal product mass common to all reactions is
enerated from the reverse compliment of the antisense primer.
This mass also serves as a confirmation that the RNA transcrip-
ion was full-length.) The centroiding operation reduces spectra
o a relatively short list of peaks with zero-width, and the result-
ng spectrum is then sent in text format as a list of masses for
omparison to a database currently containing over 1,300,000
asses.

.3. Comparison of acquired spectra to predictive database
f masses

The creation of our large databases of masses correspond-
ng to base-specific cleavage products from various sequence
egions of 47,257 16S rRNAs has been previously described
n detail [31]. Briefly, the databases are implemented in Linux
ersion 2.2.13 and maintained as a large number of multiline

ext files of cataloged lists of isotope-average masses corre-
ponding to a particular organism and inter-primer region (in
his case a subregion of 16S rDNA). Using either a shell or
GI web-interface, the list of observed masses is entered along
ith the corresponding primer pair, ribonuclease enzyme used
i.e., RNase T1, A, etc.), nucleotide mass-spreading substitu-
ions (e.g., aaU), and target database (i.e., “Lane-AB” or “BC”
equence region). The list of coincidence scores between the
ntered spectrum and predicted spectra for all organisms in the
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pecified database is generated and sorted in ca. 90 s. When two
pectra are available for a single sample (for example, Lane
AB” and “BC” regions), the pair-wise scores are multiplied to
btain a single overall score for each organism. In order to facil-
tate comparison of “real” spectra, a selectable mass-accuracy
olerance parameter (tol) (typically 1.0 Da, see Section 3) was
dded to the inner product by redefining Eq. (2a) so that

(k) =
{

1, |k| ≤ tol

0, otherwise
(2b)

ecause shorter nucleotides are highly degenerate, only 6-mers
nd above are used for coincidence analysis. Comparison of both
n “AB” and “BC” amplicon to a database of 47,257 organisms
urrently takes less than 3.5 min on a moderately powered PC.
urther increases in speed should be easily realizable because

he coincidence analysis is trivially parallelizable.

. Results and discussion

Determination of RNA cleavage product compositions is
hallenging because of the small mass difference between U
nd C. (The repeating G, A, U, and C monomer masses for RNA

re, respectively, 345.2, 329.2, 306.2, and 305.2 Da with pair-
ise differences ca. 16, 39, 40, 23, 24, and 1 Da.) A number of
ethods have been described for generating RNA transcripts
hich are mass-modified and certain 2′ modifications allow

l
a
r
p

ig. 1. (A and B) Comparison of typical spectra of base-specific cleavage patterns a
erformed on the raw spectra presented. The masses 2377 and 2385 Da correspondin
espectively, are illustrative of nearest mass-neighbors under conditions of 100% ami
ass Spectrometry 261 (2007) 218–226 221

NA to be cleaved mono-specifically after bases other than G
13,15,29,38,39]. Here, we have incorporated amino-allyl uri-
ine (aaU) residues as a 100% substitute for natural U in RNA
ranscripts, increasing the 1 Da difference between U and C to
5 Da and thereby increasing the resolving power of the exper-
ment. Because aaU incorporation is widely used for labeling
f nucleic acids, that is readily accessible to most laboratories
ithout the need for mutant enzymes or more expensive modi-
ed nucleotides.

Fig. 1 shows comparison of spectra acquired from digests
f aaU-modified RNA from the “AB” sequence regions (those
ying between positions ∼520–925 defined by the Lane A and
ane B primers [35]) of two different organisms, Pseudomonas
eruginosa and Vibrio proteolyticus. The spectra are shown as
aw data with only the single point mass calibration performed
in each case producing calibration offsets of ∼3 Da). The reso-
ution at full-width half-maximum (FWHM) of the major peaks
anged from 450 to 800 (typical for operation in linear mode).
t this resolution, without amino-allyl U modification, many
roducts having only a U/C difference in composition would be
uperimposed. Instead, U/C “compomers” differ by ∼55 Da due
o the amino-allyl group located on the 5-position of the uridine
ase. Table 1 shows expected masses and measured masses fol-

owing noise filtering, single point calibration, centroiding, and
7% of maximum intensity threshold applied to the calibrated

aw spectrum from P. aeruginosa in Fig. 1, Panel A. Cleavage
roducts having the closest masses under 100% amino-allyl U

cquired from two different organisms. Only single point calibration has been
g to the mass-modified RNA oligonucleotides, UAAUACG and AUCCUUG,

no-allyl U substitution.
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Table 1
Predicted masses for cleavage products length 6 and longer vs. all peaks observed
for a typical digest of the “Lane AB” interprimer region in P. aeruginosa

Oligonucleotide sequence Expected
mass (Da)

Measured
mass (Da)

Diff. (Da)

UCCACG 1968.23 1968.60 −0.36
ACACUG 1992.26 1992.75 −0.49
CUAACG 1992.26 1992.75 −0.49
UAAACG 2016.28 2016.71 −0.43

– 2041.10 –
AUACUG 2048.32 2048.63 −0.31
AUAUAG 2072.35 2072.66 −0.32

– 2091.01 –
CAAACAG 2289.43 2289.70 −0.28

– 2345.69 –
UAAUACGa 2377.53 2377.53 0.01
AUCCUUGa,b 2385.55 2385.55 0.00
UUAAUCG 2409.57 2409.74 −0.16
AUCUUAG 2409.57 2409.74 −0.16

– 2428.65 –
– 2483.91 –

AACACCAGa 2594.61 2594.63 −0.01
ACCACCUGa 2602.63 2601.82 0.81
AUACCCUG 2658.69 2658.73 −0.03
AAUUACUG 2738.78 2738.91 −0.12
AAAUCCCCG 2931.84 2931.76 0.08
CUCAACCUG 2963.88 2963.74 0.14
AAUUUCCUG 3076.01 3075.81 0.20

– 3094.49 –
UUAAAACUCAAAUG 4722.06 n.o. –
CAUCCAAAACUACUG 4947.16 n.o. –

Peaks are those detected above a threshold of 7%. U’s are italicized to emphasize
the amino-allyl U modification; n.o., expected but not observed.
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Has a nearest isotopic-average neighboring mass 8 Da away as predicted
nder amino-allyl U substitution (see text).
b Internal calibration standard mass (see text).

aaU) modification are separated by ∼8 Da. This 8 Da difference
s not attributable to a single monomer difference in composition
ut rather when a product of otherwise equivalent composition
as one C and one aaU residue versus two A monomers.
or instance cleavage product 1, AAUUCG = 2048.4 Da,
hile product 2, CUUUCG = 2056.4 Da, where the difference
etween the products is underlined and the U’s are italicized
o emphasize the amino-allyl modification. Two such situa-
ions are highlighted in Table 1 with the footnote ‘a’. Most
mportantly, this minimum 8 Da difference for any two nearest
-specific cleavage products allows the experiment to be
erformed at this modest resolution and to set a reasonable
olerance (see Section 2) on the coincidence function without
oncern that organism identification will be hampered by U/C
mbiguity. For organism identification, spectra are processed
eyond the raw data depicted in Fig. 1. Note that in all cases,
ass accuracy of the peaks picked by centroiding is within
0.5 Da of the expected values. In the example of Table 1,

our unexpected masses remain after spectral processing. Such
ass signals are not merely noise and could be attributed to

number of phenomena including incomplete digestion by

Nase T1, products having a 2′–3′ cyclic monophosphate (a
nown intermediate product of endoribonucleases), cleavage
roducts with remaining cation adducts, fragmentation during

A
A

a

ass Spectrometry 261 (2007) 218–226

he MALDI process itself (i.e., gas-phase dissociation), or
roducts from incomplete transcriptions or infidelity of T7 RNA
olymerase. Additionally, in contrast to most other prokaryotic
enes, many bacteria have multiple copies of the ribosomal
NA operon that exhibit microheterogeneity in their sequence.
any of the ribosomal RNA sequences found in the RDP

re therefore actually “composite” sequences [40]. Toward
eveloping a rapid, universal assay for identifying bacteria,
nd based on our promising predictive results, the concern
as not to determine the cause of each and every unexpected
ass, but rather to determine if their occasional occurrence
ight prevent a correct identification. We therefore took the

wo relatively short lists of masses (similar to the list shown in
able 1) for each organism corresponding to digestion of the
ane “AB” and “BC” sequence regions of 16S and scored them
gainst a database of mass catalogs corresponding to digestion
f over 47,000 sequences. A final score for observed spectra
as obtained by multiplying the “AB” and “BC” coincidence

cores. For example, a database organism which exhibited a
0% coincidence score for both the “AB” and “BC” spectra
rom a given sample would receive an overall score of 0.49.

e chose a ±1.0 Da tolerance (Eq. (2b)) on the coincidence
unction based on typical results for mass accuracy as shown in
able 1.

Table 2 gives the resulting organism identifications com-
ared to those obtained by BLAST (against the entire NCBI
ucleotide-nucleotide database) of sequences determined by
onventional capillary electrophoresis sequencing of the same
mplicons. All BLAST scores (bits) were taken as reported by
he website without further modification. For all BLAST “hits”
he expected value, E was zero indicating significant sequence

atches. (A more detailed discussion of BLAST scoring
an be found at http://www.ncbi.nlm.nih.gov/BLAST/tutorial/
ltschul-1.html and elsewhere [41,42]. As can be seen, mass

pectrometry was quite successful in identifying these bacteria
hen compared to full sequence analysis. For brevity, only the

op eight scores for each method are included, however, many
f the ambiguities resulting from “tie” scores were the same for
oth the mass- and sequence-based method. Furthermore, we
hould stress that only a single cleavage reaction and only the
ense-strand of each “AB” or “BC” amplicon was used to obtain
his result. In the case of Escherichia coli, correct identification
o the strain-level was achieved (we knew a priori to be using a
-12 strain).
For both sequencing/BLAST and mass spectrometry, as yet

ncultured Acinetobacter accessions received top scores. While
ur Acinetobacter strain, ATCC 33604 has no record in the
DP and is therefore not found in our database of masses,
TCC reports this organism as “Acinetobacter sp.; deposited
s Acinetobacter anitratus”. Table 2 shows that the organism
ith the second highest score for this strain by mass spectrome-

ry is Acinetobacter calcoaceticus subspecies anitratus. The top
coring organism by mass spectrometry, “uncultured bacterium

Y700608”, is however classified in the RDP under the genus
cinetobacter.

P. aeruginosa was correctly identified to the species level with
relative separation of (0.471 − 0.455)/0.471 = 3.4% in “signal”

http://www.ncbi.nlm.nih.gov/BLAST/tutorial/Altschul-1.html
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Table 2
Comparison of bacterial identification by conventional sequencing vs. base-specific mass spectrometric coincidence analysis

Sequencing/BLAST Score, “bits” (rank) Mass spectrometric coincidence analysis Combined AB/BC
score (rank)

Sample: Escherichia coli (K-12, MG1655)
E. coli K-12 MG1655 930 (1) E. coli; K-12; M87049 0.476 (1)
E. coli strain RW-29 16S. . . 930 (1) E. coli; K-12; U18997 0.476 (1)
E. coli O157:H7 EDL933 930 (1) E. coli; O157:H7; BA000007 0.476 (1)
E. coli 16S rRNA gene 930 (1) E. coli; AU1713; AY043392 0.476 (1)
E. coli C2 16S rRNA 930 (1) E. coli; L10328 0.476 (1)
E. coli 16S rRNA gene 930 (1) E. coli; CCCO4; AF511430 0.476 (1)
Escherichia albertii strain 10457. . . 930 (1) Shigella flexneri 2a str. 301; AE005674 0.476 (1)
E. albertii strain 12502. . . 930 (1) S. flexneri 2a str. 2457T; AE016989 0.476 (1)

Sample: Acinetobacter sp. (ATCC 33604)
Uncultured Acinetobacter sp. 16S rRNA 759 (1) Uncultured bacterium; AY700608 (genus Acinetobacter) 0.303 (1)
Acinetobacter sp. H1 16S rRNA 759 (1) Acinetobacter calcoaceticus subsp. anitratus 0.298 (2)
Acinetobacter sp. phenon 10 759 (1) Acinetobacter sp. ATCC 31012; AF542963 0.288 (3)
Uncultured clone ELB19-080 16S rRNA 759 (1) Acinetobacter grimontii (T); AF509828 0.283 (4)
Acinetobacter junii 16S rRNA 759 (1) Acinetobacter johnsonii; 5B02; AF509831 0.267 (5)
Acinetobacter sp. PAMU-1.11 759 (1) Acinetobacter sp. PAMU-1.11; AB118222 0.254 (6)
Acinetobacter sp. phenon 3 759 (1) Acinetobacter sp. ADP1; CR543861 0.248 (7)
Acinetobacter junii 16S rRNA 759 (1) Acinetobacter sp. ADP1; 93A2; AJ812656 0.248 (7)

Sample: Pseudomonas aeruginosa (ATCC 25102)
P. aeruginosa gene for 16S rRNA 946 (1) P. aeruginosa; AT10; AJ549293 0.471 (1)
Pseudomonas sp. pDL01 16S rRNA 938 (2) Pseudomonas alcaligenes (T); LMG 1224T 0.455 (2)
Pseudomonas sp. Bxl-1 938 (2) P. alcaligenes; M4-7; AY835998 0.446 (3)
P. aeruginosa ATCC BAA-1006 938 (2) P. aeruginosa; ATCC BAA-1006; 0.439 (4)
Pseudomonas sp. BWDY-42 16S rRNA 938 (2) P. aeruginosa; PAO1; AE004949 0.439 (4)
P. aeruginosa partial 16S rRNA 938 (2) P. aeruginosa; ATCC 27853; 0.439 (4)
Pseudomonas sp. HY-7 16S rRNA 938 (2) P. aeruginosa; SCD-13; 0.439 (4)
Pseudomonas sp. LQG-3 16S 938 (2) Pseudomonas sp. pDL01; AF125317 0.439 (4)

Sample (clone): Stenotrophomonas maltophilia
S. maltophilia AY748889.1 811 (1) S. maltophilia; ATCC 19861T 0.251 (1)
S. maltophilia AY748888.1 811 (1) Uncultured beta proteobacterium; AF529323 0.246 (2)
S. maltophilia strain TKW2 811 (1) P. aeruginosa; SCD-1; AF448038 0.245 (3)
S. maltophilia strain B25R 811 (1) P. aeruginosa; AF225956 0.245 (3)
S. maltophilia strain B8R 811 (1) Pseudomonas geniculata (T); ATCC 19374T 0.245 (3)
S. maltophilia DQ141193.1 811 (1) MTBE-degrading bacterium PM1; AF176594 0.244 (6)
S. maltophilia AY360340.1 811 (1) Uncultured beta proteobacterium; AJ422152 0.244 (6)
Uncultured bacterium clone PDB-OTU11 811 (1) Uncultured bacterium; W33; AY770973 0.243 (8)

Sample: Vibrio proteolyticus (ATCC 15338T)
V. proteolyticus (ATCC 15338T) 944 (1) Vibrio sp.; VI1067/44; X97989 0.493 (1)
Uncultured bacterium clone PDC-OTU7 918 (2) Uncultured bacterium; PDC-OTU7 0.489 (2)
Vibrio alginolyticus 16S rRNA 918 (2) V. proteolyticus (T); ATCC 15338T 0.481 (3)
Vibrio alginolyticus 16S rRNA 918 (2) Vibrio alginolyticus; LA6; AF513447 0.481 (3)
Vibrio parahaemolyticus RIMD 2210633 918 (2) Vibrio parahaemolyticus RIMD 2210633; O3:K6 0.481 (3)
Vibrio parahaemolyticus 16S rRNA 918 (2) Vibrio parahaemolyticus; ATCC 17802 0.481 (3)

ibrio
ibrio

T sampl
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m

3
f

Vibrio sp. NLEP97-1598 16S 918 (2) V
Vibrio sp. AB 16S rRNA gene 918 (2) V

he top eight scores for each method are presented. Species-level “hits” of the

ver the next ranked organism. The 16S sequence of our partic-
lar Pseudomonas strain, ATCC 25102 is also not found in the
DP (nor is it available in GenBank), however, our sequencing

esults indicate only 11 nt differences over the combined 918 nt
Lane AB+BC” sequence region between ATCC 25102 and the
op strain identified by mass spectrometry (GenBank accession
J549293).

As mentioned previously, a sequence cloned into E. coli from

n uncultured organism was also identified by our methods. For
his sample, the plasmid containing the cloned sequence was iso-
ated prior to PCR using the Lane “AB” and “BC” primer pairs.

u
o
i

sp. NLEP97-1598; AF410778 0.481 (3)
sp. NAP-4; AF064637 0.481 (3)

e organism for each method are shown in bold, regardless of rank.

oth conventional sequencing/BLAST and mass spectrometry
eturned the identification of the cloned bacterial sequence as S.
altophilia.

.1. Effect of duplicate expected compositions and current
orm of the coincidence function
For the results presented in Table 2, duplicate cleavage prod-
ct masses were maintained in the predictive catalogs for every
rganism. For example, referring to Table 1, if an organism
n the database is expected to have both the oligonucleotides,
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Table 3
Identification ranking of V. proteolyticus following removal of duplicate masses from database

Mass spectral
coincidence

ID rank Bacteria name Notes

0.6417 1 V. proteolyticus (T); ATCC 15338T; X7472
0.6417 1 V. proteolyticus; PH8; AF513463
0.6417 1 Vibrio parahaemolyticus; MP-2; AY911391
0.6417 1 Vibrio natriegens; 01/097; AJ874352
...

...
... 39 other Vibrio species tied for 1st

0.6417 1 Uncultured bacterium; PDC-OTU1; AY700616 Was ranked 2nd with duplicate masses included in database (Table 2)
0.6412 45 Vibrio alginolyticus; AY373027 Was ranked 2nd with duplicate masses included in database (Table 2)
0.6050 107 Vibrio sp.; VI1067/44; X97989 Was ranked 1st with duplicate masses included in database (Table 2)
0.5862 126 Listonella anguillarum serovar O2a; AY069971 1st out-of-genus species, (in family Vibrionaceae)
0.5556 201 Pseudoalteromonas sp. RE1-12a; AF539781 1st out-of-family species
0.5498 252 Vibrio cholerae; CECT 514 T; X76337 1st V. cholerae, an important Vibrio pathogen
0.0170 18,062 uncultured bacterium; oc30; AY491573 lowest non-zero score
0
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.0000 18,063 Bordetella pertussis (T); ATCC 9797

. proteolyticus was also ranked 1st by conventional sequencing/BLAST (see T

CACUG and CUAACG (1992.26 Da each), then two entries
or that mass were maintained. Unfortunately, for observed
pectra, it is difficult to quantitatively correlate relative MALDI
eak height with the observance of such situations with any con-
dence (especially if the organism is unknown). We therefore
ount each observed mass only once regardless of peak height.
nder our current formulation of the coincidence function,
rganisms with the largest number of predicted cleavage prod-
cts are therefore penalized. This is precisely the situation for
. proteolyticus ATCC 15338T when compared to the two other
ibrio species ranked higher by our methods. That is, although

he same masses are expected and measured for all three organ-
sms, several duplicate masses are expected for V. proteolyticus
the actual organism) resulting in its lower ranking. Table 3
hows a re-ranking of organisms when duplicate expected com-
ositions are ignored in the coincidence calculation. Not surpris-
ngly less specificity results (44 organisms receive the top score),
owever the strain ranked first by sequencing, V. proteolyticus
TCC 15338T is among them. Such situations argue for separate
leavage of the antisense strand which is easily accomplished
y choice of a different promoter on the reverse PCR primer. For
xample, the duplicate sense-strand RNase T1 compositions 5′-
CACUG-3′ and 5′-CUAACG-3′ become 5′-. . .CAG/UG/U. . .-
′ and 5′-. . .CG/UUAG/. . .-3′, respectively, under RNase T1
leavage of the antisense strand. We are currently generating
he necessary databases derived from the antisense sequences to
ake advantage of this complimentary information, and we fully
xpect that increased specificity will result. Due to the rapidity
f mass spectral acquisition, very little time penalty would be
ssociated with obtaining this complimentary information.

These brief examples may be indicative of the limits
f organism-resolution of the method; while 16S sequence
and more recently, compositional) analysis is the prevailing

olecular standard for determining phylogenetic relatedness, it
ay not be sufficient in all cases for strain-level identification

43], nor will it predict the presence of organisms expressing
irulence factors. On the other hand, the methods described

f
r
s
m

Zero mass spectral coincidence (3809 other strains also had zero)

).

ere, as well our coincidence function are certainly compatible
ith rapid analysis of other conserved genomic regions and

hould be extendable to both eukaryotes and viruses [44–47].
inally, 16S rRNA sequences remain the largest dataset of
ene-specific sequences, and, thus far, have proven as good as
r better than other conserved genomic regions in determining
elatedness [48].

The methods presented here are suitable for high-throughput
dentification of any organism-pure source, i.e., cloned
equences, single colonies, cell stocks, or materials enriched for
single dominant organism such as a weaponized biomaterial.
or the organisms under consideration, the patterns represented
y Fig. 1 and Table 1 were information-rich enough to correctly
dentify organisms by quantitative comparison to a large
atabase of masses, even with small numbers of unexpected
asses included in the spectral scoring routine. Currently, we

re working to further improve the fidelity of the spectra by
epeated acquisition from model organisms, and we are assess-
ng in greater detail the effects of observing spurious masses
rising from minority chemical events, spectral processing
especially threshold levels in peak detection), and automated
lgorithms for “desalting” spectra. Most importantly, we have
hown that there is no fundamental limitation of the database
earching technique or misidentification due to cleavage product
ass degeneracies, even when very large databases of masses

re used. Furthermore, due to the rapidity of mass spectrometric
cquisition and the ever-increasing amount of publicly available
enomic information, other conserved sequence regions could
e analyzed with little time penalty, thereby resolving any ambi-
uities among a particular group of organisms. We are currently
nvestigating performance of the method on organism mixtures
uch that environmental and clinical samples can be fully
haracterized without cloning (currently the preferred method

or “molecular sorting”). Simple binary mixtures of varying
elative content should demonstrate the dynamic range of mass
pectrometry in identifying a minority population amongst a
ajority, and previously described analytical and experimental
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echniques [8,25,26,49–51] should facilitate extensive, rapid
olecular characterization of microbial communities. While

oth preparative and data processing techniques will certainly
id the analysis of complex mixtures, we currently feel that the
ass basis space and typical microbial community are likely

oo complex to be addressed only by computational methods
such as principal components analysis, etc.).

In general, these results indicate that complete cleavage after
ust one base should provide at least genus-level resolution of

ost bacteria, and that species- or strain-level identification
ay be achieved for some organisms using only the presented

equence regions of 16S rRNA. This can be improved by tran-
cription and cleavage of the antisense strand, and/or cleavage
fter an alternative or additional base. For the purposes of devel-
ping a broad-based “sentinel” bacterial assay, this level of res-
lution may be acceptable. In situations, for example, in which
n enriched unknown substance is presented, whether the rapid
nalysis indicates Bacillus anthracis, Bacillus cereus, or several
ther near phylogenetic neighbors may be irrelevant to the near-
erm prophylactic steps to be taken if an assay is sufficiently
apid. In the case of clinical diagnostics and response, many
ntibiotics have broad organism activity, so a rapid, genus-level
iagnostic may be of higher resolution than the drugs actually
vailable for certain infections.

. Conclusions

We were able to generate highly characteristic mass spectra
f base-specific cleavage products from bacterial 16S rRNA sub-
equences. While this has been demonstrated previously using
arious experimental methods, exhaustive scoring of such spec-
ra against large predicted databases of masses has not. Using our
oincidence analysis resulted in organism identification in ∼3 h
ith all methods amenable to high-throughput implementation,

nd requiring no pre-synthesis of probes or primers for organ-
sms predicted to become of interest. While we have recently
eported on the feasibility of organism identification by observ-
ng small signatures of just one, two, or three unique masses
erived from a large sequence dataset [52], here we have taken
ntire patterns of RNA oligoribonucleotides length 6 and longer
nder consideration.

Segmentation of the analysis of the 16S gene into univer-
ally amplifiable subregions ultimately yields spectra of man-
geable complexity for accurate identification. With U and C
esidues better differentiated by 100% amino-allyl U substitu-
ion, acquired mass spectra can be “centroided” with increased
onfidence that strain-distinguishing masses differing by only a

or C residue are not convolved. The resulting spectra approx-
mate a high resolution “bacterial barcode” of minimal data and

aximum information content.
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