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Ongoing Revolution in Bacteriology: Routine
Identification of Bacteria by Matrix-Assisted
Laser Desorption Ionization Time-of-Flight
Mass Spectrometry
Piseth Seng,a Michel Drancourt,a Frédérique Gouriet, Bernard La Scola, Pierre-Edouard Fournier, Jean Marc Rolain,
and Didier Raoult

(See the editorial commentary by Nassif on pages 552–3)

Background. Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry accurately identifies both selected bacteria and bacteria in select clinical situations. It has not been evaluated for
routine use in the clinic.
Methods. We prospectively analyzed routine MALDI-TOF mass spectrometry identification in parallel with
conventional phenotypic identification of bacteria regardless of phylum or source of isolation. Discrepancies were
resolved by 16S ribosomal RNA and rpoB gene sequence–based molecular identification. Colonies (4 spots per
isolate directly deposited on the MALDI-TOF plate) were analyzed using an Autoflex II Bruker Daltonik mass
spectrometer. Peptidic spectra were compared with the Bruker BioTyper database, version 2.0, and the identification
score was noted. Delays and costs of identification were measured.
Results. Of 1660 bacterial isolates analyzed, 95.4% were correctly identified by MALDI-TOF mass spectrometry;
84.1% were identified at the species level, and 11.3% were identified at the genus level. In most cases, absence of
identification (2.8% of isolates) and erroneous identification (1.7% of isolates) were due to improper database
entries. Accurate MALDI-TOF mass spectrometry identification was significantly correlated with having 10 reference
spectra in the database (P p .01). The mean time required for MALDI-TOF mass spectrometry identification of
1 isolate was 6 minutes for an estimated 22%–32% cost of current methods of identification.
Conclusions. MALDI-TOF mass spectrometry is a cost-effective, accurate method for routine identification
of bacterial isolates in !1 h using a database comprising ⭓10 reference spectra per bacterial species and a ⭓1.9
identification score (Brucker system). It may replace Gram staining and biochemical identification in the near
future.
Bacterial identification is routinely based on phenotypic
tests, including Gram staining, culture and growth
characteristics, and biochemical pattern [1]. Although
some of these tests are performed within minutes, com-
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plete identification is routinely achieved within hours
in the best cases or days for fastidious organisms. Such
conventional, time-consuming procedures hamper
proper treatment of patients with respect to antibiotic
and supportive treatments. Rapid and accurate identification of routinely encountered bacterial species is
therefore warranted to improve the care of patients with
infectious diseases.
Bacterial identification based on peptidic spectra obtained by matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF) mass spectrometry was
proposed 130 years ago [2–4]. It has only recently been
used as a rapid, inexpensive, and accurate method for
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identifying isolates that belong to certain bacterial phyla (Figure
1). It has also proved useful for identifying bacteria isolated in
selected clinical situations, such as cystic fibrosis [5]. However,
previous studies did not evaluate the effectiveness of MALDITOF mass spectrometry identification for routine use in the
clinics, because they included bacterial isolates gathered from
past collections and grown in conditions selected for the study
[6] or incorporated isolates subcultured in selected growth conditions prior to MALDI-TOF mass spectrometry analysis [7].
We evaluated the performance and cost-effectiveness of
MALDI-TOF mass spectrometry for the routine identification
of bacteria, regardless of their phylogeny and relation to any
specific clinical situation.
MATERIALS AND METHODS

Figure 1. Increasing number of publications related to matrix-assisted laser desorption ionization time-of-flight mass spectrometry applications in
medical microbiology. Applications include the identification of isolates, the identification of specific antibiotic-resistance profile, and typing of isolates.
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Bacterial isolates. All isolates recovered from blood, cerebrospinal fluid, pus, biopsy, respiratory tract, wound, and stool
specimens were prospectively included over a 16-week period.
The isolates were recovered after aerobic, microaerophilic, and
anaerobic incubation of clinical specimens on 5% sheep-blood,
chocolate, Mueller-Hinton, trypticase soy, and MacConkey agar
media (bioMérieux). After semi-automated Gram staining
(Aerospray Wiescor; Elitech) and determination of catalase and
oxidase activities, isolates were inoculated into the appropriate

Vitek identification strip using the Vitek 2 apparatus (bioMérieux) or API ANA identification strip for anaerobes
(bioMérieux). In parallel, 1 single colony was directly deposited
on a MALDI-TOF MTP 384 target plate (Bruker Daltonik
GmbH), and 4 such deposits were made for each isolate. The
preparation was overlaid with 2 mL of matrix solution (saturated
solution of a-cyano-4-hydroxycinnamic acid in 50% acetonitrile, and 2.5% tri-fluoracetic-acid). A total of 15 isolates
(4 ⫻ 15 spots) were deposited per plate, and the matrix-sample
was crystallized by air-drying at room temperature for 5
minutes.
Mass spectrometry. Measurements were performed with an
Autoflex II mass spectrometer (Bruker Daltonik) equipped with
a 337-nm nitrogen laser. Spectra were recorded in the positive
linear mode (delay, 170 ns; ion source 1 voltage, 20 kV; ion
source 2 voltage, 18.5 kV; lens voltage, 7 kV; mass range, 2–
20 kDa). Each spectrum was obtained after 675 shots in automatic mode at a variable laser power, and the acquisition
time ranged from 30 to 60 s per spot. Data were automatically
acquired using AutoXecute acquisition control software. The 2
first raw spectra obtained for each isolate were imported into
BioTyper software, version 2.0 (Bruker Daltonik GmbH), and
were analyzed by standard pattern matching (with default parameter settings) against the spectra of 2881 species used as

Table 1. Concordance between Conventional Routine Identification (Vitek; bioMérieux) and Matrix-Assisted Laser Desorption Ionization Time-of-Flight (MALDI-TOF) Mass Spectrometry Identification (Brucker Mass Spectrometer and Database Complemented with Local Database)
Routine phenotypic identification, no. of isolates
Species
identification

Genus
identification

No
identification

Misidentification

Total

Species identification
Genus identification

1392
185

0
0

4
2

1
2

1397
189

No identification
Misidentification
Total

18
27
1622

0
0
0

26
0
32

2
1
6

46
28
1660

MALDI-TOF identification

the cost of specific consumables, the cost for salary of personals,
and the provisions for 5-year depreciation of the respective
apparatus (Gram staining apparatus, microscope, identification
apparatus, and mass spectrometer) on the basis of 20,000 isolates analyzed per year.
Statistical analyses. For bacterial species under study comprising ⭓5 isolates tested by MALDI-TOF mass spectrometry,
we tested the correlation between the precision of MALDI-TOF
mass spectrometry identification (185% of isolates identified
at the species level—that is, with a MALDI-TOF mass spectrometry identification score ⭓1.9) and the number of reference spectra for that bacterial species in the BioTyper database
using a Mantel-Haenszel test.
RESULTS
Concordant MALDI-TOF mass spectrometry identification.
Of 1660 isolates prospectively analyzed over a 16-week period,
260 isolates (15.7%) did not yield an accurate identification
after reading of 2 spots because 1 or both spots were either
empty or too small to allow any analysis (Table 1). For these
260 isolates, a peptidic profile was then gathered after reading
the 2 further spots. Of 1660 isolates (including 45 genera and
109 species, with 1–347 isolates per species), 1586 (95.5%)
yielded identical identifications by current methods of identification and MALDI-TOF mass spectrometry. Of these isolates,
1397 (84.1%) yielded the same species identification by
MALDI-TOF mass spectrometry and routine tests, and 189
(11.3%) yielded the same genus identification by MALDI-TOF
mass spectrometry and routine tests. Isolates identified at the
genus level comprised 2 (100%) of 2 Actinomyces species, 2
(6.7%) of 30 Bacteroides species, 1 (7.1%) of 14 Citrobacter
species, 7 (46.7%) of 15 Corynebacterium species, 1 (1.4%) of
72 Enterobacter species, 13 (15.5%) of 84 Enterococcus species,
2 (1%) of 206 Escherichia coli, 1 (20%) of 5 Fusobacterium
species, 2 (28.6%) of 7 Haemophilus species, 1 (50%) of 2
Kingella kingae, 2 (1.9%) of 104 Klebsiella species, 1 (50%) of
2 Lactobacillus species, 2 (66.7%) of 3 Micrococcus luteus iso-
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reference database in the BioTyper database (these spectra are
an integrated part of the BioTyper software version, as updated
in June 2008). When both spots yielded score ⭓1.9, the analysis
stopped. When 1 or both spots yielded score !1.9, the MALDITOF mass spectrometry read the 2 other spots. The method
of identification included the m/z from 3 to 15 kDa. For each
spectrum, no more than 100 peaks were taken into account
and compared with peaks in the database. The 15 bacterial
species exhibiting the most similar peptidic pattern with the
isolate were ranked by their identification score.
Criteria for identification of isolates. Accurate identification of isolates using the Vitek system was confirmed when
the index T was ⭓0.25; identification using the API system was
confirmed when the percentage of identification was ⭓90%
and the index T was ⭓0.25. As for MALDI-TOF analysis, we
used modified score values proposed by the manufacturer: (1)
a score ⭓1.9 indicated species identification, (2) a score of 1.7–
1.9 indicated genus identification, and (3) a score !1.7 indicated
no identification. An isolate was considered correctly identified
by MALDI-TOF mass spectrometry if ⭓2 of 4 spectra had a
score ⭓1.9 for species identification or ⭓1.7 for genus identification. For isolates discrepantly identified by routine phenotype analysis and MALDI-TOF mass spectrometry, we performed partial 16S ribosomal RNA (rRNA) or rpoB gene
sequencing, as described elsewhere [8–10]. An isolate was correctly identified when its almost full-length 16S rRNA gene
sequence yielded ⭓98.7% sequence similarity with the closest
bacterial species sequence in GenBank [11]; it was correctly
identified when its partial rpoB gene sequence yielded ⭓97%
sequence similarity with the closest bacterial species sequence
in GenBank or a local database [10, 12].
MALDI-TOF delay and cost analysis. We defined MALDITOF mass spectrometry identification delay as the delay between the deposit of bacteria on the MALDI-TOF plate by the
technician and the end of the informatics interpretation of
spectra (ie, identification ready to be transmitted to the clinician). This delay was randomly measured in 10 nonconsecutive days. Costs of identification were measured by adding

Table 2. Discrepancies and Errors in Routine Phenotypic Tests and Matrix-Assisted Laser Desorption Ionization Time-of-Flight (MALDI-TOF) Mass Spectrometry Identification
No. of isolates
MALDI-TOF identification
Final identification

Current methods of identification

No identification

Misidentification

No identification

Misidentification

Actinomyces naeslundii (n p 1)

0

0

0

1

Anaerococcus vaginalis (n p 3)

3

0

3

0

Anaerotruncus colihominis (n p 1)

1

0

1

0

Atopobium rimae (n p 2)

2

0

2

0

Bacteroides fragilis (n p 10)

0

0

1

0

Bacteroides ureolyticus (n p 1)

1

0

1

0

Bilophila wadsworthia (n p 2)

2

0

2

0

Clostridium hatherium (n p 1)

1

0

1

0

Clostridium perfringens (n p 4)

0

0

1

0

Clostridium symbosium (n p 1)

1

0

0

0

Corynebacterium pseudodiphtheriticum (n p 2)

0

0

1

0

Eggerthella lenta (n p 1)

1

0

0

0

Enterobacter aerogenes (n p 23)

0

1

0

0

b

Enterobacter cloacae (n p 39)

0

1

0

0

Escherichia coli (n p 206)

0

0

0

0

Finegoldia magna (n p 5)

5

0

0

0

Fusobacterium nucleatum (n p 4)

3

0

0

0

Lactobacillus zeae (n p 1)

0

0

0

1

Parabacteroides distasonis (n p 1)

1

0

1

0

Peptoniphilus harei (n p 1)

1

0

1

0

Peptoniphilus lacrimalis (n p 1)

1

0

1

0

Peptostreptococcus anaerobius (n p 1)

0

0

1

0

d

Peptostreptococcus micros (n p 5)

5

0

5

0

Peptostreptococcus vaginalis (n p 1)

1

0

1

0

Porphyromonas asacharolytica (n p 1)

1

0

1

0

Prevotella bivia (n p 2)

0

0

1

0

Prevotella buccae (n p 2)

0

0

2

0

Prevotella denticola (n p 1)

1

0

1

0

Prevotella intermedia (n p 3)

3

0

2

0

Prevotella loescheii (n p 1)

1

0

1

0

Propionibacterium acnes (n p 58)

8

0

0

0

Shigella sonnei (n p 5)

0

5

0

0

Staphylococcus epidermidis (n p 272)

1

0

0

2

Staphylococcus saccharolyticus (n p 1)

1

0

Stenotrophomonas maltophilia (n p 10)

0

7

Streptococcus infantis (n p 1)

0

1

Streptococcus sanguinis (n p 4)
Total (n p 678)

e

f

0

0

g

0

0

h

0

1

i
j

0

0

0

1

45

15

32

6

a

Streptococcus mitis.
Citrobacter freundii.
Klebsiella oxytoca.
d
Group G Corynobacterium species.
e
Escherichia coli.
f
Propionibacterium species for one and Staphylococcus lugdunensis for the other.
g
Pseudomonas hibiscicola.
h
Streptococcus parasanguinis.
i
Aerococcus viridans.
j
Gemella morbilorum.
b
c

lates, 27 (45%) of 60 Propionibacterium species, 2 (2.4%) of 82
Pseudomonas aeruginosa isolates, 23 (6.6%) of 347 Staphylococcus aureus isolates, 86 (22.3%) of 385 coagulase-negative
Staphylococcus species, and 14 (17.3%) of 81 Streptococcus
species.
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Lack of identification and erroneous MALDI-TOF mass
spectrometry identification. Forty-six isolates (2.8%) were
not identified by MALDI-TOF mass spectrometry (Table 2).
These isolates included 8 (13.8%) of 58 Propionibacterium acnes
isolates, 5 (100%) of 5 Peptostreptococcus micros isolates, 5

Downloaded from http://cid.oxfordjournals.org/ by guest on May 7, 2012

c

a

spectrometry identification (15 isolates; 4 spots per isolate) was
90 minutes, including 25 minutes for plate preparation, 15
minutes for plate loading, and 50 minutes for plate reading
and spectra interpretation, for a mean delay of 6 minutes per
isolate (Figure 2). Furthermore, use of only 2 spots per isolate
resulted in a delay of identification of 55 minutes for 15 colonies
and a mean delay of 3.5 minutes per isolate. Because our protocol includes a 5-minute matrix drying step regardless of the
number of isolates, the minimum delay for MALDI-TOF mass
spectrometry identification of 1 isolate would be 8.5 minutes,
including 7 minutes for colony and matrix deposition and drying, a 0.5-minute spectra acquisition, and 1 minute for informatics interpretation and identification of spectra. The cost for
1 MALDI-TOF mass spectrometry identification as tabulated
in this laboratory is presented in Table 3.
DISCUSSION
We tested a large collection of bacteria by mass spectrometry
for the first time in a routine laboratory. The proof-of-concept
that mass spectrometry could identify crude bacteria was established 130 years ago [2], but the pioneering works were
published in nonmedical, specialized mass spectrometry journals [2, 4, 5]. Such studies dealt with anaerobic bacteria from
the oral flora [13]; clostridia [8]; Enterobacteriaceae [14], including E. coli [15, 16], Yersinia enterocolitica [16], and Erwinia
species [17]; nonfermenting bacteria [18], such as Burkholderia
cepacia complex [19]; Haemophilus species [20]; various grampositive cocci [21], including Staphylococcus species [7], viridans Streptococcus species [22], Listeria species [23], and Vagococcus fluvialis [24]; and Mycobacterium species [25–27].
MALDI-TOF mass spectrometry was also used to discriminate
antibiotic resistance within minutes (Table 2); for example,
methicillin-resistant S. aureus was identified [28–33] because
the spectra of methicillin-resistant and methicillin-susceptible
S. aureus organisms differed in the mass range of m/z 500–
3500 Da [29, 30], and spectral profiles were accurately clustered
into 2 separate groups (ie, methicillin-resistant and methicillinsusceptible S. aureus) [30]. Camara et al [34] demonstrated the
usefulness of MALDI-TOF mass spectrometry for rapid discrimination of ampicillin-resistant E. coli organisms displaying
an m/z 29,000 peak that has been confirmed to be a b-lactamase. Antibiotic resistance–associated specific peak detection
depended on the type of culture medium, instruments, and
experimental protocols [32, 33], suggesting that local databases
should be built for accurate detection of resistance profiles.
MALDI-TOF mass spectrometry further discriminated bacteria
at the subspecies level (Francisella tularensis [35] and Bartonella
subspecies; P. E. Fournier, unpublished data), at the serotype
level (Salmonella species), and at the strain level (Helicobacter
pylori [36, 37], Haemophilus influenzae [38] and Bartonella henselae; P. E. Fournier, unpublished data). Also, MALDI-TOF
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Downloaded from http://cid.oxfordjournals.org/ by guest on May 7, 2012

(100%) of 5 Finegoldia maga isolates, 3 (75%) of 4 Fusobacterium nucleatum isolates, 3 (100%) of 3 Anaerococcus vaginalis
isolates, 3 (100%) of 3 Prevotella intermedia isolates, 2 (100%)
of 2 Atopobium rimae isolates, 2 (100%) of 2 Bilophila wadsworthia isolates, and 1 isolate for each of 15 additional species
(Table 2). An additional 28 isolates (1.7%) were erroneously
identified by MALDI-TOF mass spectrometry even though they
had scores ⭓1.9. These isolates included 11 (45.8%) of 24
Streptococcus pneumoniae isolates (identified as Streptococcus
parasanguinis), 7 (70%) of 10 Stenotrophomonas maltophilia
isolates (identified as Pseudomonas hibiscicola), 5 (100%) of 5
Shigella sonnei isolates (identified as E. coli), 1 (4.3%) of 23
Enterobacter aerogenes isolates (identified as Citrobacter freundii), 1 (2.6%) of 39 Enterobacter cloacae isolates (identified as
Klebsiella oxytoca), 1 (1.1%) of 90 Klebsiella pneumoniae isolates
(identified as E. coli), 1 Lactobacillus casei isolate (identified as
Lactobacillus rhamnosus), and 1 Streptococcus infantis isolate
(identified as S. parasanguinis) (Table 2). When the spectra of
the aforementioned isolates were added to the Bruker database,
further identification was accurate.
Phenotype erroneous identifications. The current methods
of identification failed for 32 isolates (1.9%), which were all
anaerobes (Table 2). Phenotypic identification was erroneous
for 28 isolates (1.7%). One isolate phenotypically identified as
Streptococcus mitis was identified as Actinomyces species by
MALDI-TOF mass spectrometry and was confirmed to be Actinomyces naeslundii by 16S rRNA gene sequencing. One isolate
phenotypically identified as Aerococcus viridans was identified
as S. parasanguinis by MALDI-TOF mass spectrometry and as
S. infantis by partial rpoB gene sequencing. One isolate phenotypically identified as Gemella morbilorum was identified as
Streptococcus species by MALDI-TOF mass spectrometry and
was confirmed to be Streptococcus sanguinis by partial rpoB gene
sequencing. One Corynebacterium group G isolate was identified as Lactobacillus species by MALDI-TOF mass spectrometry and was confirmed to be Lactobacillus zeae by 16S rRNA
gene sequencing. One isolate phenotypically identified as Staphylococcus epidermidis was identified as Propionibacterium species
by MALDI-TOF mass spectrometry and as S. epidermidis by
rpoB sequencing.
MALDI-TOF mass spectrometry identification performances.
For bacterial species comprising ⭓5 isolates under study, the
fact that ⭓85% of isolates were identified to the species level
by MALDI-TOF mass spectrometry analysis was borderline correlated with the fact that the reference database for that species
comprised 15 reference spectra (P p .45). Accurate MALDITOF mass spectrometry identification was significantly correlated with the fact that the reference database for those species
included ⭓10 reference spectra (P p .01).
Comparative delay and cost of MALDI-TOF mass spectrometry identification. The delay for MALDI-TOF mass

mass spectrometry analyses proved to be effective for the identification of bacterial isolates generated from specimens collected in selected clinical situations (eg, respiratory tract specimens obtained from patients with cystic fibrosis) [6]. Bacterial
isolates (E. coli) tested using the same reagents in different
laboratories with different mass spectrometers have also yielded
reproducible, identifying spectra [39].
We observed that 95.4% of isolates were identified by
MALDI-TOF mass spectrometry at the species and genus levels.
With the exception of F. nucleatum, the lack of MALDI-TOF
mass spectrometry identification was observed almost only for
non-Clostridium anaerobes, which had no reference in the Bruker database. In fact, when based on accurate databases,
MALDI-TOF mass spectrometry will be of particular interest
for the identification of anaerobes. As illustrated in this report,
these fastidious organisms are poorly identified by current phenotypic methods, which lack specificity and result in ambiguous
or even erroneous identification. The availability of easy and
rapid MALDI-TOF mass spectrometry identification of anaerobes may encourage microbiologists to further isolate and culture this group of pathogens, the presence of which is often
underestimated in situations such as orthopedic prosthesis in-
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fections [40] or brain abscess [41]. Likewise, the misidentification of all S. sonnei organisms as E. coli was due to an absence
in the database. This was also the case for almost one-half of
S. pneumoniae isolates that were misidentified as S. parasanguinis (a closely related species within the mitis group of Streptococcus species [42]), because the database included only 3 S.
pneumoniae and 2 S. parasanguinis reference spectra. The incorporation of additional S. pneumoniae spectra solved this
problem. Likewise, 7 S. maltophilia isolates were misidentified
as P. hibiscicola by MALDI-TOF mass spectrometry. We hypothesized that this discordance resulted from a trivial mislabeling of bacterial species in the Bruker database. Indeed, P.
hibiscicola is an invalid name for a nonfermenting gram-negative rod that was demonstrated to be S. maltophilia [43–45].
Addition of correct spectra in the database solved these problems. Approximately 16% of isolates were identified only at the
genus level by MALDI-TOF mass spectrometry analysis; an
example of this identification was provided by P. acnes, for
which only 1 spectrum (DSM 1897 strain) was included in the
Bruker database. We hypothesized that this unique spectrum
may not be representative of the true diversity of P. acnes profiles, and the inclusion of additional P. acnes spectra in the
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Figure 2. Work flow and delay for matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry identification of bacteria
in this study.

Table 3. Delays, Costs, and Level of Training for Isolate Identification Methods
Method

Delay, minutes

Manual
Gram staining

6

API system identification (bioMérieux)
Antibiotic susceptibility test
Phoenix system identification and susceptibility test (BD Diagnostics)
Vitek system (bioMérieux)
Identification
Identification and susceptibility test

1080–2880
1080–2880
300–1200
300–480
300–480

MALDI-TOF

6–8.5

Cost, a

a

0.6

Level of training
Medium to high

4.6–6.0
6.6–7.4
12.65

Medium
Medium
Medium

5.9–8.23
10.38–12.71

Medium

1.43

Low to medium

NOTE.MALDI-TOF, matrix-assisted laser desorption ionization time-of-flight.
a

Costs have been tabulated based on December 2008 price list of the providers in France

ordering of additional tests, and the prevention of nosocomial
infections, are made before 1 pm. We calculated that MALDITOF mass spectrometry identification costs 22%–32% of the
cost of conventional phenotypic identification. We did not observe any discrepancies between MALDI-TOF mass spectrometry and Gram staining, suggesting that MALDI-TOF mass
spectrometry could be used as a first-line technique without
prior Gram staining. We propose that Gram staining could be
used only for isolates exhibiting a MALDI-TOF mass spectrometry score ⭐1.9 and for both unusual isolates and isolates
obtained from unusual clinical sites.
The data prospectively gathered in the present study demonstrated that MALDI-TOF mass spectrometry identification
is an efficient, cost-effective method for the rapid and routine
identification of bacterial isolates in the clinical microbiology
laboratory. It can be used as the first-line method of identification, before Gram staining and any biochemical profiling,
when using a database that includes ⭓10 reference spectra per
bacterial species and an identification score ⭐1.9. The cost of
analysis will decrease as bench-top instruments are used more
often. The potential for a identification at the serotype or strain
level, and antibiotic resistance profiling within minutes make
MALDI-TOF mass spectrometry an on-going revolution in the
clinical microbiology laboratory. It will significantly change
business models as the diagnostic industry may develop new
models to sell, and the cost of reagents will be very low.
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Potential conflicts of interest. All authors: no conflicts.

References
1. Carroll KC, Weinstein MP. Manual and automated systems for detection and identification of microorganisms. In: Murray PR, Baron EJ,
Jorgensen JH, Landry ML, Pfaller MA, eds. Manual of clinical micro-

MALDI-TOF Identification of Bacteria • CID 2009:49 (15 August) • 549

Downloaded from http://cid.oxfordjournals.org/ by guest on May 7, 2012

database resulted in a 100% correct identification (data not
shown). The same remark held true for Bacillus cereus, for
which the Bruker database also included only 1 reference spectrum. We further observed that the statistical significance of
the correlation between precision in MALDI-TOF mass spectrometry identification and the number of reference spectra
increased from ⭓5 reference spectra to ⭓10 reference spectra
in the database, further indicating that a complete and representative database is, unsurprisingly, a critical requirement for
the accurate identification of isolates by MALDI-TOF mass
spectrometry [46].
This large, prospective study included 11600 isolates, representative of 1100 bacterial species, which were analyzed regardless of the source of isolation and bacterial phylum. We
used a very simple experimental protocol that involved directly
depositing bacterial colonies onto the MALDI-TOF mass spectrometry plate, regardless of the agar-based medium, without
any subculture or colony preparation. The direct protocol used
in this study mostly suppressed manipulations of organisms
and enabled their identification with little delay. The very basic
procedure that we used contrasts with some studies in which
identification has been performed after subculture onto selective medium [27] or extensive manipulation of colonies [13,
27, 45] after inactivation of the organisms [8, 18]. Studies that
also used direct analysis of bacterial colonies found a delay for
identification of less than 10 minutes due to the !1-minute
delay for spectrum acquisition [4, 45]. Use of such a simple
protocol helped to train technicians in ⭐1 hour. In our laboratory, bacteria are typically deposited onto MALDI-TOF mass
spectrometry plates at 7:00–7:30 am, and all identifications are
available for the clinician at 9:30 am. Moreover, on-going improvement in the quality of spotting allowed decreasing the
number of spot from 4 to 2 per isolate without alteration of
the performances. In our institution, this timing greatly contributes to the clinical management of patients, because most
medical decisions, including adaptation of antibiotic regimens,

2.
3.

4.

5.

6.

7.

8.

10.

11.
12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

550 • CID 2009:49 (15 August) • Seng et al

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Gram-positive bacteria for identification by matrix assisted laser desorption/ionization time-of-flight. J Microbiol Methods 2002; 48:
107–15.
Friedrichs C, Rodloff AC, Chhatwal GS, Schellenberger W, Eschrich
K. Rapid identification of viridans streptococci by mass spectrometric
discrimination. J Clin Microbiol 2007; 45:2392–7.
Barbuddhe SB, Maier T, Schwarz G, et al. Rapid identification and
typing of listeria species by matrix-assisted laser desorption ionizationtime of flight mass spectrometry. Appl Environ Microbiol 2008; 74:
5402–7.
Al-Ahmad A, Pelz K, Schirrmeister JF, Hellwig E, Pukall R. Characterization of the first oral vagococcus isolate from a root-filled tooth
with periradicular lesions. Curr Microbiol 2008; 57:235–8.
Hettick JM, Kashon ML, Simpson JP, Siegel PD, Mazurek GH, Weissman DN. Proteomic profiling of intact mycobacteria by matrix-assisted
laser desorption /ionization time-of-flight mass spectrometry. Anal
Chem 2004; 76:5769–76.
Pignone M, Greth KM, Cooper J, Emerson D, Tang J. Identification
of mycobacteria by matrix-assisted laser desorption ionization-timeof-flight mass spectrometry. J Clin Microbiol 2006; 44:1963–70.
Hettick JM, Kashon ML, Slaven JE, et al. Discrimination of intact
mycobacteria at the strain level: a combined MALDI-TOF MS and
biostatistical analysis. Proteomics 2006; 6:6416–25.
Edwards-Jones V, Claydon MA, Evason DJ, Walker J, Fox AJ, Gordon
DB. Rapid discrimination between methicillin-sensitive and methicillin-resistant Staphylococcus aureus by intact cell mass spectrometry. J
Med Microbiol 2000; 49:295–300.
Majcherczyk PA, McKenna T, Moreillon P, Vaudaux P. The discriminatory power of MALDI-TOF mass spectrometry to differentiate between isogenic teicoplanin-susceptible and teicoplanin-resistant strains
of methicillin-resistant Staphylococcus aureus. FEMS Microbiol Lett
2006; 255:233–9.
Du Z, Yang R, Guo Z, Song Y, Wang J. Identification of Staphylococcus
aureus and determination of its methicillin resistance by matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry. Anal
Chem 2002; 74:5487–91.
Bernardo K, Pakulat N, Macht M, et al. Identification and discrimination of Staphylococcus aureus strains using matrix-assisted laser desorption/ionization-time of flight mass spectrometry. Proteomics
2002; 2:747–53.
Walker J, Fox AJ, Edwards-Jones V, Gordon DB. Intact cell mass spectrometry (ICMS) used to type methicillin-resistant Staphylococcus aureus: media effects and inter-laboratory reproducibility. J Microbiol
Methods 2002; 48:117–26.
Jackson KA, Edwards-Jones V, Sutton CW, Fox AJ. Optimisation of
intact cell MALDI method for fingerprinting of methicillin-resistant
Staphylococcus aureus. J Microbiol Methods 2005; 62:273–84.
Camara JE, Hays FA. Discrimination between wild-type and ampicillinresistant Escherichia coli by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry. Anal Bioanal Chem 2007; 389:
1633–8.
Lundquist M, Caspersen MB, Wikstrom P, Forsman M. Discrimination
of Francisella tularensis subspecies using surface enhanced laser desorption ionization mass spectrometry and multivariate data analysis.
FEMS Microbiol Lett 2005; 243:303–10.
Nilsson CL. Fingerprinting of Helicobacter pylori strains by matrix assisted laser desorption/ionization mass spectrometric analysis. Rapid
Commun Mass Spectrom 1999; 13:1067–71.
Park JW, Song JY, Lee SG, et al. Quantitative analysis of representative
proteome components and clustering of Helicobacter pylori clinical
strains. Helicobacter 2006; 11:533–43.
Haag A, Taylor SM, Johnston KH, Cole RB. Rapid identification and
speciation of Haemophilus bacteria by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry. J Mass Spectrom 1998;
33:750–6.
Wunschel SC, Jarman KH, Petersen CE, et al. Bacterial analysis by

Downloaded from http://cid.oxfordjournals.org/ by guest on May 7, 2012

9.

biology. 9th ed. Washington, DC American Society for Microbiology,
2007:192–217.
Anhalt JP, Fenselau C. Identification of bacteria using mass spectrometry. Anal Chem 1975; 47:219–25.
Claydon MA, Davey SN, Edwards-Jones V, Gordon DB. The rapid
identification of intact microorganisms using mass spectrometry. Nat
Biotechnol 1996; 14:1584–6.
Krishnamurthy T, Ross PL. Rapid identification of bacteria by direct
matrix-assisted laser desorption/ionization mass spectrometric analysis
of whole cells. Rapid Commun Mass Spectrom 1996; 10:1992–6.
Jarman KH, Cebula ST, Saenz AJ, et al. An algorithm for automated
bacterial identification using matrix-assisted laser desorption/ionization mass spectrometry. Anal Chem 2000; 72:1217–23.
Degand N, Carbonnelle E, Dauphin B, et al. Matrix-assisted laser desorption ionization-time of flight mass spectrometry for identification
of nonfermenting gram-negative bacilli isolated from cystic fibrosis
patients. J Clin Microbiol 2008; 46:3361–7.
Carbonnelle E, Beretti JL, Cottyn S, et al. Rapid identification of staphylococci isolated in clinical microbiology laboratories by matrix-assisted
laser desorption ionization-time of flight mass spectrometry. J Clin
Microbiol 2007; 45:2156–61.
Grosse-Herrenthey A, Maier T, Gessler F, et al. Challenging the problem
of clostridial identification with matrix-assisted laser desorption and
ionization-time-of-flight mass spectrometry (MALDI-TOF MS). Anaerobe 2008; 14:242–9.
Drancourt M, Berger P, Raoult D. Systematic 16S rRNA gene sequencing of atypical clinical isolates identified 27 new bacterial species associated with humans. J Clin Microbiol 2004; 42:2197–202.
Khamis A, Raoult D, La Scola B. Comparison between rpoB and 16S
rRNA gene sequencing for molecular identification of 168 clinical isolates of Corynebacterium. J Clin Microbiol 2005; 43:1934–6.
Adekambi T, Drancourt M, Raoult D. rpoB gene as a tool for clinical
microbiologist. Trends Microbiol 2009; 17:37–45.
Stackebrandt E, Ebers J. Taxonomic parameters revisited: tarnished gold
standards. Microbiology Today 2006; 33:152–5.
Stı̂ngu CS, Rodloff AC, Jentsch H, Schaumann R, Eschrich K. Rapid
identification of oral anaerobic bacteria cultivated from subgingival
biofilm by MALDI-TOF-MS. Oral Microbiol Immunol 2008; 23:372–6.
Lynn EC, Chung MC, Tsai WC, Han CC. Identification of Enterobacteriaceae bacteria by direct matrix-assisted laser desorption/ionization mass spectrometric analysis of whole cells. Rapid Commun Mass
Spectrom 1999; 13:2022–7.
Conway GC, Smole SC, Sarracino DA, Arbeit RD, Leopold PE. Phyloproteomics: species identification of Enterobacteriaceae using matrixassisted laser desorption/ionization time-of-flight mass spectrometry.
J Mol Microbiol Biotechnol 2001; 3:103–12.
Parisi D, Magliulo M, Nanni P, Casale M, Forina M, Roda A. Analysis
and classification of bacteria by matrix-assisted laser desorption/ionization time-of-flight mass spectrometry and a chemometric approach.
Anal Bioanal Chem 2008; 391:2127–34.
Sauer S, Freiwald A, Maier T, et al. Classification and identification of
bacteria by mass spectrometry and computational analysis. PLoS ONE
2008; 3:e2843.
Mellmann A, Cloud J, Maier T, et al. Evaluation of matrix-assisted
laser desorption ionization-time-of-flight mass spectrometry in comparison to 16S rRNA gene sequencing for species identification of
nonfermenting bacteria. J Clin Microbiol 2008; 46:1946–54.
Vanlaere E, Sergeant K, Dawyndt P, et al. Matrix-assisted laser desorption ionisation-time-of of-flight mass spectrometry of intact cells
allows rapid identification of Burkholderia cepacia complex. J Microbiol
Methods 2008; 75:279–86.
Haag A, Taylor MSN, Johnston KH, Cole RB. Rapid identification and
speciation of Haemophilus bacteria by matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry. J Mass Spectrom 1998;
33:750–6.
Smole SC, King LA, Leopold PE, Arbeit RD. Sample preparation of

40.

41.

42.

43.

44.

45.

46. Vanlaere E, Sergeant K, Dawyndt P, et al. Matrix-assisted laser desorption ionisation-time-of of-flight mass spectrometry of intact cells
allows rapid identification of Burkholderia cepacia complex. J Microbiol
Methods 2008; 75:279–86.
47. Hsieh SY, Tseng CL, Lee YS, et al. Highly efficient classification and
identification of human pathogenic bacteria by MALDI-TOF MS. Mol
Cell Proteomics 2008; 7:448–56.
48. Birmingham J, Demirev P, Ho YP, Thomas J, Bryden W, Fenselau C.
Corona plasma discharge for rapid analysis of microorganisms by mass
spectrometry. Rapid Commun Mass Spectrom 1999; 13:604–6.
49. Demirev PA, Ho YP, Ryzhov V, Fenselau C. Microorganism identification by mass spectrometry and protein database searches. Anal Chem
1999; 71:2732–8.
50. Hathout Y, Demirev PA, Ho YP, et al. Identification of Bacillus spores
by matrix-assisted laser desorption ionization-mass spectrometry. Appl
Environ Microbiol 1999; 65:4313–9.
51. Ryzhov V, Hathout Y, Fenselau C. Rapid characterization of spores of
Bacillus cereus group bacteria by matrix-assisted laser desorption-ionization time-of-flight ass spectrometry. Appl Environ Microbiol
2000; 66:3828–34.
52. Rupf S, Breitung K, Schellenberger W, Merte K, Kneist S, Eschrich K.
Differentiation of mutans streptococci by intact cell matrixassisted laser
desorption /ionization time-of-flight mass spectrometry. Oral Microbiol Immunol 2005; 20:267–73.

MALDI-TOF Identification of Bacteria • CID 2009:49 (15 August) • 551

Downloaded from http://cid.oxfordjournals.org/ by guest on May 7, 2012

MALDI-TOF mass spectrometry: an inter-laboratory comparison. J Am
Soc Mass Spectrom 2005; 16:456–62.
Fenollar F, Roux V, Stein A, Drancourt M, Raoult D. Analysis of 525
samples to determine the usefulness of PCR amplification and sequencing of the 16S rRNA gene for diagnosis of bone and joint infections. J Clin Microbiol 2006; 44:1018–28.
Al Masalma M, Armougom F, Scheld M, Dufour H, Roche PH, Drancourt M, Raoult D. The expansion of the microbiological spectrum of
brain abscess using multiple 16S rDNA sequencing. Clin Infect Dis (in
press).
Kawamura Y, Hou XG, Sultana F, Miura H, Ezaki T. Determination
of 16s rRNA sequences of Streptococcus mitis and Streptococcus gordonii
and phylogenetic relationships among members of the genus Streptococcus. Int J Syst Bacteriol 1995; 45:406–8.
Van den Mooter M, Swings J. Numerical analysis of 295 phenotypic
features of 266 Xanthomonas strain and related strains and an improved
taxonomy of the genus. Int J Syst Bacteriol 1990; 40:348–69.
Keys CJ, Dare DJ, Sutton H, et al. Compilation of a MALDI-TOF mass
spectral database for the rapid screening and characterization of bacteria implicated in human infectious diseases. Infect Genet Evol 2004;4:
221–42.
Anzai Y, Kim H, Park JY, Wakabayashi H, Oyaizu H. Phylogenetic
affiliation of the pseudomonads based on 16S rRNA sequence. Int J
Syst Evol Microbiol 2000; 50:1563–89.

