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Matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF-MS) of
intact bacteria yields a reproducible spectrum depending upon growth conditions, strain, or species. Using
whole viable bacteria we describe here the application of MALDI-TOF-MS to the identification of coag-
ulase-negative staphylococci (CoNS). Our aim was, once a bacterium has been recognized as Micrococ-
caceae, to identify peaks in the spectrum that can be used to identify the species or subspecies. MALDI-
TOF-MS was performed using bacteria obtained from one isolated colony. One reference strain for each
of the 23 clinically relevant species or subspecies of Micrococcaceae was selected. For each reference strain,
the MALDI-TOF-MS profile of 10 colonies obtained from 10 different passages was analyzed. For each
strain, only peaks that were conserved in the spectra of all 10 isolated colonies and with a relative intensity
above 0.1 were retained, thus leading to a set of 3 to 14 selected peaks per strain. The MALDI-TOF-MS
profile of 196 tested strains was then compared with that of the set of selected peaks of each of the 23
reference strains. In all cases the best hit was with the set of peaks of the reference strain belonging to the
same species as that of the tested strain, thus demonstrating that the 23 sets of selected peaks can be used
as a database for the rapid species identification of CoNS. Similar results were obtained using four
different growth conditions. Extending this strategy to other groups of relevant pathogenic bacteria will

allow rapid bacterial identification.

Matrix-assisted laser desorption ionization-time of flight
mass spectrometry (MALDI-TOF-MS) can examine the pro-
file of proteins detected directly from the intact bacterial cell
surface (4, 8, 13, 17). This technique, based on relative molec-
ular masses, is a soft-ionization method, allowing desorption of
peptides and proteins from whole different cultured microor-
ganisms (24). Ions are separated and detected according to
their molecular masses and charges. Bacteria are identified by
their mass/charge ratio (/m/z). This approach yields a reproduc-
ible spectrum within minutes (4, 13), consisting of a series of
peaks from m/z 500 to 11,000. Each peak corresponds to a
molecular fragment released from the cell surface during laser
desorption.

MALDI-TOF-MS has already been used to characterize
bacteria (15, 16, 18, 26, 27). Among the various components
identified in a spectra, only a few are specific for a given
species; others are either strain specific or vary upon growth
conditions (media, incubation time, etc.) and cannot be used
to identify a bacterial species. Several reports have ad-
dressed this issue of bacterial identification using mass spec-
trometry. Jarman et al. have developed a statistically based

* Corresponding author. Mailing address: Laboratoire de Microbi-
ologie, Hopital Necker-Enfants Malades, 149 rue de Seévres, 75015
Paris, France. Phone: 33 1 44 49 49 62. Fax: 33 1 44 49 49 60. E-mail:
nassif@necker.fr.

+ Supplemental material for this article may be found at http://jcm
.asm.org/.

Y Published ahead of print on 16 May 2007.

2156

algorithm for bacterial identification with MALDI-TOF-MS
of five reference strains cultivated in liquid media, with the
aim of differentiating bacteria within a mixture of germs.
These authors could obtain the correct identification with a
rate of 75% to 95% (15). Keys et al. have developed a
technique for rapid characterization of pathogenic bacteria
from colonies isolated on solid plates. They tested 293 un-
known clinical strains to assess the potential of their data-
base. The percentage of correct identity varied between 33
and 100%, depending upon the number of representative
strains per species in the database. These authors pointed
out that species- or subspecies-specific markers in the spec-
tra are difficult to identify, as overlapping signal ions in-
crease along with the number of strains registered in the
database (16). These drawbacks have hampered the use of
MALDI-TOF-MS in clinical microbiology laboratories.
Bacterial identification following isolation is an important
step in the management of infectious diseases. For example,
identification of coagulase-negative staphylococci (CoNS), fre-
quently isolated in routine clinical microbiology laboratories, is
important to establish the role of these bacteria as an infec-
tious agent. Indeed, the repeated isolation of the same micro-
organism in several samples indicates the clinical significance
of CoNS isolates (3). This points out that a rapid identification
at the species level of a clinical isolate is therefore required.
Routine identification of CoNS appears to be unsatisfactory,
unreliable, and irreproducible (3, 12). Commercial identifica-
tion kits and automated systems are indeed unable to differ-
entiate between the different species of CoNS (2, 9, 23), and
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TABLE 1. Selected strains used to establish the
MALDI-TOF-MS databases

Species or subspecies Strain
CIP 7625
CIP 103664
S. CIP 103585
S. epidermidis ..CIP 103563
S. warneri ..CIP 103960
S. xylosus ... ..CIP 8166
S. intermedius CIP 8177
S. haemolyticus CIP 81.56
S. saprophyticus subsp. saprophyticus ..CIP 104064
S. saprophyticus subsp. bovis .......... ..CIP 105260"
S. lugdunensis ...................... ..CIP 103642
S. hominis subsp. hominis CIP 102642
S. hominis subsp. novobiosepticus CIP 105721
S. capitis subsp. capitis ..CIP 8153"
S. capitis subsp. urealyticus CIP 104191
S. caprae ... CIP 104519
S. pasteuri .. ..CIP 103831
S. cohnii subsp. cohnii.. ..CIP 8154"
S. cohnii subsp. urealyticus ..CIP 104023
S. schleiferi subsp. schleiferi CIP 103643"
S. schleiferi subsp. coagulans .... CIP 104370
S. sciuri subsp. sciuri .......... ..CIP 103824
S SIMUIANS ... CIP 8164"

molecular methods remain time-consuming and often expen-
sive.

In this work, we engineered a strategy that identifies
peaks within the spectrum obtained by MALDI-TOF-MS
from intact bacteria that can be used for the identification of
bacterial species or subspecies belonging to Micrococcaceae.
Extending this strategy to other major groups of pathogenic
bacteria will open the path to rapid and inexpensive means
of bacterial identification in routine clinical microbiology
laboratories.

MATERIALS AND METHODS

Bacterial strains. Strains used in this study are listed Tables 1 and 2. These
strains were obtained from two different origins. Fifty-one characterized strains
belonging to various species and subspecies of Micrococcaceae (Tables 1 and 2)
were purchased from the collection of the Institut Pasteur (Paris, France). One
hundred clinical CoNS isolates were also studied (Table 2): 64 strains isolated
from blood cultures, 24 strains isolated from cases of child mediastinitis (skin,
mediastinal liquid, electrodes), and 12 strains isolated from bone infections
(Hopital Necker-Enfants Malades, Paris, France; Hopital Raymond Poincaré,
Garches, France). In addition, 68 clinical strains of Staphylococcus aureus iso-
lated from miscellaneous infections were analyzed. The clinical strains of CONS
were differentiated from S. aureus strains by conventional phenotypic tests in-
cluding the Slidex latex agglutination test (bioMérieux, Marcy I’Etoile, France)
and DNase test. Tube coagulase tests were performed in case of discordance
between the previous two techniques. The identification of the CoNS at the
species level was obtained by sequencing an internal fragment of the sodA4 gene
as previously described (22). Briefly, extraction of genomic DNA from pure
cultures of CoNS was performed with a QIAGEN (Courtaboeuf, France) kit.
The partial sod4 gene was amplified and the PCR product sequenced using
an ABI Big Dye Terminator v1.1 cycle sequencing ready reaction kit (Applied
Biosystems, Foster City, CA). The nucleotide sequences were sent to the
GenBank database. This strategy was used to identify the 100 clinical CoNS
isolates (Table 2).

MALDI-TOF-MS. The strains were grown on Mueller-Hinton agar or Co-
lumbia agar supplemented with 5% horse blood (bioMérieux) and incubated
24 or 48 h at 37°C. An isolated colony was harvested in 100 pl of sterile water;
1 ul of this mixture was deposited on a target plate (Bruker Daltonics,
Bremen, Germany) in three replicates and allowed to dry at room tempera-
ture. One microliter of absolute ethanol was then added in each well. After
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TABLE 2. Strains belonging to the family Micrococcaceae

Species or subspecies Strain(s) and/or no. of CI*

S. aureus ..

CIP 106511, CIP 8165, 6 CI
.CIP 103720, CIP 104065
S. .CIP 81.60

S. .CIP 104114, 13 CI

S. saprophyticus subsp. saprophyticus ........ CIP 76.125", CIP 103545
S. saprophyticus subsp. bovis...................... CIP 105262, CIP 105261
S. lugdunensis....................... .CIP 103584

S. hominis subsp. hominis .. .CIP 81.57, CIP 104689
S.

S.

S.

S.

S.

S. xylosus ...
. intermedius
. haemolyticus

. hominis subsp. novobiosepticus .. .CIP 105719"

. capitis SUDSP. CAPILIS.........ccuvevevevuvueenne. CIP 103688

CIP 1041927

.CIP 104000", CIP 104520

CIP 105540", CIP 103830,
CIP 103832

S. cohnii subsp. urealyticus ....................... CIP 104024™, CIP 104025

S. schleiferi subsp. coagulans. .CIP 104366

S. SCIUFT SUDSP. SCIUTT ....oveenecriecicriecnnee CIP 81627, CIP 103583,

CIP 103825

. capitis subsp. urealyticus....

@ CI, clinical isolates.

the mixture dried, 1 pl of matrix solution DHB (2,5-dihydroxybenzoic acid, 50
mg/ml, 30% acetonitrile, 0.1% trifluoroacetic acid) was added. Samples were
then processed in the MALDI-TOF-MS spectrometer (Autoflex; Bruker Dal-
tonics) with flex control software (Bruker Daltonics). Positive ions were
extracted with an accelerating voltage of 20 Hz in linear mode. Each spectrum
was the sum of the ions obtained from 200 laser shots performed in five
different regions of the same well. The spectra have been analyzed in an m/z
range of 1,000 to 11,000. The analysis was performed with the flex analysis
software and calibrated with protein calibration standard T (Protein I; Bruker
Daltonics). The data obtained with the three replicates were added to min-
imize random effect. The presence and absence of peaks were considered as
fingerprints for a particular isolate. The profiles were analyzed and compared
using the software BGP database available on the website http://sourceforge
.net/projects/bgp.

RESULTS

Micrococcaceae are defined as catalase-positive, gram-
positive cocci which grow aerobically. Strains listed Table 1
are those selected as being representative of each species or
subspecies routinely isolated in clinical microbiology labo-
ratories. Our aim was, once a bacterium has been recog-
nized as being a member of the Micrococcaceae, to identify
peaks obtained by MALDI-TOF-MS that are specific for
each species or subspecies listed Table 1. Subsequent peaks
could then be used for bacterial identification. Ten isolates
of each of these selected strains listed Table 1 were analyzed
by MALDI-TOF-MS as described in Materials and Meth-
ods. For each spectrum, a value corresponding to the inten-
sity was given to each peak. The peak with the highest
intensity was arbitrarily set to 1; all the other peaks had a
value corresponding to the relative intensity of this highest
peak (Fig. 1). It should be pointed out that minor peaks
(relative intensity below 0.1) were inconstantly present. We
reasoned that peaks that are species specific are likely to
correspond to bacterial components produced in high quan-
tity and that such components would therefore generate
conserved peaks of high relative intensity. We subsequently
concentrated on peaks with a relative intensity above 0.1. As
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FIG. 1. MALDI-TOF-MS profiles of 10 isolates of the same strain of S. hominis subsp. hominis CIP 102642. *, peaks constantly obtained.

some of these major peaks were missing when various col-
onies of the same strain were studied (Fig. 1), we retained
only those peaks with an intensity above 0.1 that were
present in all 10 sets of data obtained for a given strain.
In order to determine the impact of growth conditions on
bacterial identification, the above-described procedure was
performed with all strains listed in Table 1 and grown on
Mueller-Hinton agar for 24 or 48 h or Columbia agar sup-
plemented with 5% horse blood for 24 or 48 h. These four
growth conditions were the basis for four databases, desig-
nated 1 through 4. For a given strain, the standard deviation
of the m/z value (normalized data) for each of the conserved
peaks was never above 7. For the m/z values of the peaks
that had a relative intensity above 0.1 and that were present
in all 10 sets of data for each growth condition, see Fig. S1
in the supplementary material. Table 3 shows for each se-
lected strain and each database the number of peaks that
have been retained. Some peaks were present in all data-
bases, and others varied with the growth conditions. As

shown Fig. 2, for a given database, the set of peaks was
specific of each selected strain shown on Table 1.

We next aimed at determining whether the above databases
could be used for bacterial identification, thus demonstrating
that the set of peaks of each selected strain is, at least partially,
conserved among strains belonging to the same species or
subspecies. To address this point, MALDI-TOF-MS was
performed using bacteria grown on Mueller-Hinton agar
for 24 h at 37°C. The strains used are isolates listed Table 2.
For each of these tested strains, the peaks with a value above
0.1 were retained. We next compared the profile obtained for
each of these isolates with that of those of database 1. To
perform this task, a software (BGP-database, available on http:
/[sourceforge.net/projects/bgp) was developed, allowing the
rapid identification of the set of values in the database closest
to that for the tested strain. This software chooses the best
match between the tested strain and the reference strains of
the database, taking into account a possible error of the m/z
value. This value was set to 7. All the 196 tested strains listed
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TABLE 3. Number of peaks used to differentiate the Micrococcaceae

No. of peaks for database“:

Species or subspecies

1 2 3 4

S. aureus 11 11(8) 7(2) 8 (4)
S. capitis subsp. capitis 8 14(7) 44 6(4)
S. capitis subsp. urealyticus 5 91 6(3) 4(4)
S. caprae 5 12(5) 6(2) 6(2)
S. cohnii subsp. cohnii 6 94 102 11(5
S. cohnii subsp. urealyticus 6 12(6) 7(4) 8(5)
S. epidermidis 4 11(4) 4(2) 6(2)
S. haemolyticus 5 10(5) 44 8(4)
S. hominis subsp. hominis 8§ 914 4(4) 503)
S. hominis subsp. novobiosepticus 6 12(6) 8(2) 8(3)
S. intermedius 10 12(9) 7 (6) 6(5)
S. lugdunensis 9 12(5) 503) 9(4)
S. pasteuri 11 12(11) 10(10) 12(9)
S. saprophyticus subsp. bovis 9 12(8) 7(2) 50)
S. saprophyticus subsp. saprophyticus 8 10 (6) 7(4) 11(4)
S. schleiferi subsp. coagulans 7  8(6) 44) 10(5
S. schleiferi subsp. schleiferi 9 10(9) 50) 9(5)
S. sciuri subsp. sciuri 8§ 11(8) 3(1) 4(3)
S. simulans 8§ 8(7) 4(5) 10(7)
S. warneri 9 13(6) 10(7) 14(6)
S. xylosus 5 914 8 (4) 9(4)
M. luteus 6 13(4) 104) 13(6)
S. lentus® 3 703

“The databases are obtained using bacterial cultures grown on Mueller-
Hinton agar for 24 h (database 1), Mueller-Hinton agar for 48 h (database 2),
Columbia horse blood medium for 24 h (database 3), or Columbia horse blood
medium for 48 h (database 4). Numbers in parentheses are the numbers of peaks
for genospecies in common with those of database 1.

b S. lentus did not grow on horse blood medium.

Table 2 had always the best match with the strain belonging to
the same species or subspecies of the database (see Fig. S2 in
the supplemental material). Taken together, these data dem-
onstrate that database 1 is suitable for species or subspecies
identification of Micrococcaceae grown on Mueller-Hinton
agar for 24 h.

We next tested the same set of data, obtained with strains
grown on Mueller-Hinton agar for 24 h, using databases 2, 3,
and 4, which were obtained using growth conditions different
from those used to grow the 196 tested strains. Table 4 shows
for each species or subspecies the minimal and maximal num-
bers of peaks that were conserved between the tested strains
and each of the four databases. Even though in average these
numbers were lower than those obtained with database 1,
which was engineered using the same growth conditions as
those used to grow the tested strains, identification at the
species level remained possible in all cases. The only difference
observed is that identification at the subspecies level was not
always possible for S. hominis and S. saprophyticus, unlike
results obtained with database 1.

Altogether, our data demonstrate that, by selecting an ap-
propriate set of strains and retaining only the conserved peaks
with a m/z above 0.1, a database can be engineered and used
for species or subspecies identification of Micrococcaceae. Fur-
thermore the specificity of these peaks is such that species
identification remained possible even if the strains to be iden-
tified were grown using culture conditions different from those
used to build the database.
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DISCUSSION

Bacterial identification is routinely achieved using phenotyp-
ically based techniques. However, those techniques remain
time-consuming and sometimes of limited value, as for exam-
ple for CoNS, where commercial identification kits identified
only 37% of 177 CoNS isolates with the API 20 Staph system
(3). Ribotyping and PCR amplicon sequencing-based methods
for identification of CoNS have been described (1, 3, 5, 6, 10,
14, 20, 22, 25). The methods targeting the sodA or the fuf gene
are currently preferred for diagnostic purposes (20, 22, 25).
However, they remain time-consuming, expensive, and techni-
cally demanding. In addition, differentiation at the subspecies
level is not always possible using the sodA4 sequence.

With MALDI-TOF-MS technique, sample preparation and
analysis are simple and can be performed within minutes. No
special lysis step is necessary beyond the exposure to the matrix
solution, and the instrument does not require a specialist op-
erator. Only a loopful of cells is needed for MALDI-TOF-MS
analysis, and the profile is generated with minimal consum-
ables and cost. For one sample, MALDI-TOF-MS analysis is
obtained in a few minutes (versus 1 day for API 20 Staph and
at least several hours for the molecular biology techniques).
Numerous samples can be processed per day, and furthermore
the cost of the analysis is inexpensive compared to other tech-
niques (in the range of a few cents).

Surface biomarkers, which are excluded in the description of
species, can be used as useful criteria for describing species
where there is a paucity of reliable differential characters. The
approach establishes a unique system for bacterial identifica-
tion, as no other phenotypic analysis system currently utilizes
surface components for identification. Few studies described
this technique in a medical application of species identifica-
tion. Haag et al. have reported the rapid characterization of
pathogenic Haemophilus strains (11). The same authors could
determine strain differences from the same species of Hae-
mophilus influenzae in several patients in the same hospital, to
establish if their infections were nosocomial. Other authors
have detected strain-specific biomarkers based on analysis of
six different strains of Helicobacter pylori (21). Lundquist et al.
showed that this technique permits the differentiation of the
four subspecies of Francisella tularensis, indistinguishable by
serological methods (19). In addition, this method may allow
the differentiation of methicillin-resistant and -sensitive strains
of S. aureus (7).

In this work, we demonstrate that MALDI-TOF-MS is a
powerful tool for the identification of clinically relevant species
of CoNS. The strategy reported in this paper is currently being
extended to other major groups of bacteria isolated in clinical
microbiology laboratories, thus allowing for the proposal of a
strategy forbacterial identification in clinical laboratories rely-
ing on a two-step process. The first one is a rapid classification
of the isolated bacteria to be identified based on routine phe-
notypic analysis such as growth conditions, Gram staining, and
morphology, thus allowing classification of the pathogen within
a group of bacteria usually isolated in clinical microbiology
laboratories, e.g., Streptococacceae, aerobic gram-negative bac-
teria, aerobic gram-positive bacilli, anaerobic bacteria, etc. The
second step relies on a MALDI-TOF-MS analysis, allowing the
rapid identification of the species. We believe that such a
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TABLE 4. Numbers of common peaks (m/z > 0.1) between the
tested strains grown on Mueller-Hinton agar for 24 h and
the four databases

No. or range of common peaks/total no.

Species or subspecies i\tlfa;igz of peaks of database:
1 2 3 4
S. aureus 68 7-1111  7-11/11  3-6/7  4-7/8
S. capitis subsp. capitis 1 8/8 13/14 4/4 5/6
S. capitis subsp. 1 5/5 7/9 6/6 4/4
urealyticus
S. caprae 2 55 9-11/12 6/6  4-6/6
S. cohnii subsp. 2 6/6  9-11/12 6-7/7  4-8/8
urealyticus
S. epidermidis 81 2-4/4 3-8/11  2-3/4  2-5/6
S. haemolyticus 14 3-5/5 4-7/10  2-4/4  4-7/8
S. hominis subsp. 2 8/8 5-8/9 4/4 4/5
hominis
S. hominis subsp. 1 6/6 8/12 5/8 4/8
novobiosepticus
S. intermedius 1 10/10 11/12 /7 6/6
S. lugdunensis 1 7/7 9/12 5/5 7/9
S. saprophyticus subsp. 2 9/9 10-11/12 4/7 4/5
bovis
S. saprophyticus subsp. 2 8/8 10/10  6-7/7  8-9/11
saprophyticus
S. schleiferi subsp. 1 717 7/8 4/4 8/10
coagulans
S. pasteuri 3 11/11 11-12/12 10/10  10/12
S. sciuri subsp. sciuri 3 777 9-11/11 2/3  3-4/4
S. xylosus 2 5/5 9/9  5-7/8  6-7/9
S. warneri 8 5-9/9  6-12/13 5-10/10 5-10/14
M. luteus 1 777 9/12 5/10 11/11

strategy may allow the replacement in the near future of the
traditional methods of identification, which are time-consum-
ing and sometimes not reliable.
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