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Mycobacterial identification is based on several methods: conventional biochemical tests that require several
weeks for accurate identification, and molecular tools that are now routinely used. However, these techniques
are expensive and time-consuming. In this study, an alternative method was developed using matrix-assisted
laser desorption ionization—time of flight mass spectrometry (MALDI-TOF MS). This approach allows a
characteristic mass spectral fingerprint to be obtained from whole inactivated mycobacterial cells. We engi-
neered a strategy based on specific profiles in order to identify the most clinically relevant species of myco-
bacteria. To validate the mycobacterial database, a total of 311 strains belonging to 31 distinct species and 4
species complexes grown in Lowenstein-Jensen (LJ) and liquid (mycobacterium growth indicator tube
[MGIT]) media were analyzed. No extraction step was required. Correct identifications were obtained for 97%
of strains from LJ and 77% from MGIT media. No misidentification was noted. Our results, based on a very
simple protocol, suggest that this system may represent a serious alternative for clinical laboratories to identify

mycobacterial species.

The genus Mycobacterium encompasses over 100 species.
The most important mycobacterial diseases are predominantly
caused by the Mycobacterium tuberculosis complex. The inci-
dence of other mycobacterial diseases due to nontuberculous
mycobacteria (NTM) appears to be increasing in recent years
due to the increasing number of immunocompromised individ-
uals (1). Because the treatment of these infections differs de-
pending on the isolated species, the correct and rapid identi-
fication of causative organisms is essential.

Conventional methods for the identification of mycobacteria
were classically based on biochemical tests. They required sev-
eral weeks for adequate growth, and sometimes accurate iden-
tification was not possible. Difficulties, such as the lack of
adequate reproducibility, the variability of phenotypes, and the
fact that phenotype information is limited to common species,
may lead to ambiguous or erroneous results (29). New strate-
gies have been developed in the last decades using molecular
biology tools (6, 10, 16, 24). The techniques based on DNA
hybridization are sensitive, fast, and simple, but the available
commercial assays (AccuProbe; Gen-Probe, San Diego, CA)
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are able to identify only four species and two complexes of
mycobacteria (10). Techniques requiring amplification followed
by a hybridization step on a solid support are more complete than
probes, but commercially available kits are limited to 5 (Geno-
Type MTBC; Hain Lifescience GmbH, Nehren, Germany), 16
(Inno-LiPa Mycobacteria v2; Innogenetics, Gent, Belgium), or
30 (GenoType Mycobacterium; Hain Lifescience GmbH, Ger-
many) species (19, 22, 30). Systems based on sequencing or
enzymatic restriction targeting the sp65, 16S rRNA, sod, and
rpoB genes allow good identification of all mycobacteria at the
species level but remain limited to specialized laboratories (14,
17, 23, 31, 36, 37). In addition, they are expensive and time-
consuming and require qualified operators (20). Recently, al-
ternatives based on the analysis of mycolic acid by high-per-
formance liquid chromatography (HPLC) (2) or electrospray
ionization-tandem mass spectrometry analysis (28) have been
proposed. However, these methods are still labor-intensive.
Matrix-assisted laser desorption ionization-time of flight
mass spectrometry (MALDI-TOF MS) allows rapid identifica-
tion of the most frequently isolated bacteria grown on solid
medium by the identification of species-specific profiles ob-
tained from isolated colonies (3-5). This technique is now
routinely used in a few laboratories (26, 34). Some authors
have used MALDI-TOF MS for rapid identification of Myco-
bacterium species (12, 18, 21). However, the techniques used
require several steps, such as 16S rRNA gene-based techniques

1sanb Aq 2T0Z ‘22 Jequadaq uo /610 wse wal//:dny wody papeojumoq


http://jcm.asm.org/

4482 LOTZ ET AL.

(18), cell extractions (12), or a statistical analysis (12, 21). In
addition, the number of tested strains in these studies is less
than 40, encompassing a maximum of 13 species. It was first
reported by Hettick et al. that the analysis of mycobacterial
whole cells by MALDI-TOF MS could be used for identifica-
tion. However, the limited number of strains prevented the
engineering of a useful database (11).

Recently, we engineered a strategy to identify bacteria using
MALDI-TOF MS, based on the choice of a limited number of
species-specific profiles (3, 5). The aim of the present work is
to extend this strategy to the identification of mycobacterial
strains without cell extraction. This method will allow us to
have a rapid, accurate, and inexpensive identification tool in
routine laboratories. The first step was to build a complete
database for mycobacterial species isolated in human pathol-
ogy. This database was then validated by using clinical strains
cultivated in solid and liquid media.

MATERIALS AND METHODS

Bacterial strains. Fifty-three different species of mycobacteria identified by
molecular techniques were used to generate the database. Thirty-eight are ref-
erence strains, and 15 are isolates from different clinical microbiology depart-
ments (Table 1). Three hundred eleven other clinical and reference strains
identified by molecular techniques were used to validate the database (Table 2).
Three molecular techniques were used by the different laboratories: Asp65 gene
sequencing (all mycobacteria except M. tuberculosis), rpob or sod gene sequenc-
ing (M. abscessus complex), and the exact tandem repeat D (ETR-D) for the
species of the M. tuberculosis complex (7, 14, 23, 37).

Growth conditions. The strains used to engineer and validate the database
were grown on Lowenstein-Jensen (LJ) medium (Bio-Rad, Hercules, CA).
Among the clinical strains used to validate the database, 82 were also cultivated
in a mycobacterium growth indicator tube (MGIT) (Becton-Dickinson Microbi-
ology Systems, Cockeysville, MD) with enrichment supplement (oleic acid-albu-
min-dextrose-citric acid [OADC]) and antimicrobial supplement (polymyxin B,
nalidixic acid, trimethoprim, and azlocillin [PANTA]). The LJ media were incu-
bated at 37°C, except for M. marinum, M. brumae, M. septicum, M. alvei, M.
goodii, and M. ulcerans (30°C), and the MGIT tubes were incubated at 37°C. To
work with viable mycobacteria, biosafety level 3 containment is required. How-
ever, the spectrometer used for identification of routine bacteria is located
outside this safety room. Therefore, we first developed a method to kill the
mycobacteria before placing them on the target plate, allowing us to work with
the inactivated mycobacteria outside the level 3 room. Several colonies grown on
solid medium were harvested in 40 wl of 70% ethanol in order to obtain a rich
suspension. When an MGIT tube was detected as positive, the mycobacteria
were pelleted (4,500 X g; 10 min), the supernatant was discarded, and the pellet
was resuspended in 30 ul of 70% ethanol. To check the efficiency of the inacti-
vation, we used different strains of M. tuberculosis, which were suspended in
either ethanol or sterile water. These suspensions were stored at room temper-
ature for 10 min. The ethanol was then discarded after a centrifugation step, and
the pellet was inoculated on LY medium and incubated at 37°C for 4 months. The
cultures were positive in 3 weeks for all tubes inoculated with water suspensions,
whereas they were negative after 4 months of incubation for all the tubes
inoculated with ethanol suspensions.

Instrumentation and data analysis. For each tested strain, the 70% ethanol
suspension was deposited in five replicates on a target plate (Bruker Daltonics,
Bremen, Germany) and allowed to dry at room temperature. On each well, 1 pl
of matrix solution SA (sinapinic acid, 20 mg/ml; acetonitrile, 30%; trifluoroacetic
acid, 10%) was added and allowed to crystallize with the sample at room tem-
perature. One microliter of 10 mM ammonium phosphate was then added to
each well. Samples were processed in the MALDI-TOF MS spectrometer
(Microflex; Bruker Daltonics, Bremen, Germany) with the flex control software
(Bruker Daltonics). Positive ions were extruded at an accelerating voltage of 20
kV in linear mode. Each spectrum was the sum of the shots performed in 6
different regions of the same well. The spectra were analyzed in an m/z range of
3,640 to 19,055. The analysis was performed with the flex analysis software and
calibrated with protein calibration standard I (Bruker Daltonics). Numerical
data obtained from the spectrometer (the peak value and relative intensity for
each peak) were analyzed using the Andromas software and compared with the
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TABLE 1. Strains used to establish the MALDI-TOF MS
mycobacterial database

Species (n = 53) Complex Source®
Mycobacterium abscessus M. abscessus complex ATCC 19977
Mycobacterium alvei CIP 103464

S

Mycobacterium africanum tuberculosis complex NEM Hospital
Mycobacterium arupense NRC

Mycobacterium bovis
Mycobacterium bovis bacillus
Calmette-Guérin (BCG)

tuberculosis complex NRC
NEM Hospital

Mycobacterium asiaticum ATCC 25276
Mycobacterium aurum ATCC 25793
Mycobacterium avium M. avium complex (MAC) CIP 109829
Mycobacterium bohemicum CIP 105811
Mycobacterium bolletii M. abscessus complex CIP 108541
M.
M.

tuberculosis complex

Mycobacterium brumae CIP 103465
Mycobacterium celatum CIP 106109
Mycobacterium chelonae NEM Hospital
Mycobacterium chitae ATCC 25805
Mycobacterium confluentis CIP 105510
Mycobacterium diernhoferi ATCC 19344
Mycobacterium flavescens ATCC 14474
Mycobacterium fortuitum M. fortuitum complex NEM Hospital
Mycobacterium gastri NEM Hospital
Mycobacterium genavense AP Hospital
Mycobacterium goodii CIP 106349
Mycobacterium gordonae NEM Hospital
Mycobacterium hassiacum CIP 105218
Mycobacterium immunogenum M. abscessus complex CIP 106684
Mycobacterium intermedium CIP 104542
Mycobacterium intracellulare M. avium complex (MAC)  CIP 104243
Mycobacterium kansasii ATCC 25053
Mycobacterium lentiflavum CIP 105465
Mycobacterium mageritense CIP 104973
Mycobacterium marinum CIP 104528
Mycobacterium massiliense M. abscessus complex CIP 108297
Mycobacterium microti M. tuberculosis complex NRC
Mycobacterium mucogenicum NEM Hospital
Mycobacterium neoaurum ATCC 25795
Mycobacterium palustre CIP 107748
Mycobacterium parafortuitum ATCC 19686
Mycobacterium peregrinum M. fortuitum complex NEM Hospital
Mycobacterium phlei CIP 105389
Mycobacterium porcinum CIP 105392
Mycobacterium rhodesiae CIP 106806
Mycobacterium scrofulaceum CIP 105416
Mycobacterium septicum CIP 106642
Mycobacterium simiae ATCC 25273
Mycobacterium smegmatis MC2 155
Mycobacterium szulgai CIP 104532
Mycobacterium terrae CIP 104321
Mycobacterium thermoresistibile ATCC 19529
Mycobacterium triplex CIP 106108

Mycobacterium tuberculosis M. tuberculosis complex NEM Hospital
Mycobacterium ulcerans GEIHP
Mycobacterium vaccae ATCC 23014
Mycobacterium xenopi NEM Hospital

“ AP, Microbiology Department of Ambroise Paré Hospital, Boulogne-Billan-
court, France; ATCC, American Type Culture Collection (Manassas, VA); CIP,
Collection Institut Pasteur (Paris, France); GEIHP, Groupe d’Etude des Inter-
actions Hote-Pathogene, Angers University, Angers, France; NRC, National
Reference Center for Surveillance of Mycobacterial Diseases and Drug Resis-
tance, Pitié-Salpétriere Hospital, Paris, France; NEM, Microbiology Department
of Necker-Enfants Malades Hospital, Paris, France.

Andromas database, which was engineered using a previously described strategy
(3, 5). Briefly, for each species used to engineer the database (Table 1), five
isolates of each of the selected strains listed in Table 1 grown on Lowenstein-
Jensen medium were analyzed by MALDI-TOF MS. We retained the peaks with
a relative intensity above 0.07, which were present in all the replicates.

In order to validate this database, MALDI-TOF MS was performed using
bacteria grown on Lowenstein-Jensen medium (Table 3) at different growth
steps. Fast-growing bacteria were analyzed every day between 1 and 14 days after
the positivity of the culture. Slow growers were analyzed the first day and 2
months after the positivity of the culture. For mycobacteria grown in MGIT,
MALDI-TOF MS was performed after the positive detection. The profiles of the
tested isolates were compared with those of species included in the database by
using the Andromas software, taking into account a possible error of 10 m/z
units. For all tested strains, we determined the percentage of common peaks
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TABLE 2. Identification of mycobacteria grown on solid medium
by MALDI-TOF MS

IDENTIFICATION OF MYCOBACTERIA BY MALDI-TOF MS 4483

TABLE 3. Identification of mycobacteria grown on liquid medium
by MALDI-TOF MS

No. of correct
MALDI-TOF MS

No. of correct
MALDI-TOF MS

Species No. of strains identifications Absence of Species No. of strains identifications Absence of

pecies tested Identifications identification® pecies tested identifications identification®
Species  Complex Species  Complex

M. tuberculosis 18° 17 1 M. tuberculosis 7 7

M. bovis BCG 142 14 M. bovis BCG 2 2

M. africanum 30 3 M. africanum 1 1

M. avium 25b¢ 24 1 M. avium 5 4 1

M. intracellulare 1940 17 2 M. intracellulare 7 2 5

M. xenopi 260 26 M. xenopi 5 2 3

M. kansasii 14¢ 14 M. kansasii 7 3 4

M. abscessus gbed 46 1 M. abscessus 6 5 1

M. massiliense 674 6 M. massiliense 2 2

M. bolletii 34 3 M. bolletii 1 1

M. chelonae 26¢ 25 1 M. chelonae 8 6 2

M. fortuitum 2640 25 1 M. fortuitum 8 6 2

M. peregrinum 1640 13 2 1 M. mucogenicum 8 8

M. mucogenicum 200 19 1 M. peregrinum 7 6 1

M. gordonae 27b«< 26 1 M. gordonae 8 8

M. diernhoferi 1° 1 » - - —— -

M. gastri 2b. 2 No. of strains for which no identification was obtained.

M. thermoresistibile 14 1

M. confluentis 14 1

]thl/[ n;z_)aurum }; } could affect the spectral profile, MALDI-TOF MS was per-

M ;nlgema s " 1 formed with cultures of different ages. Figure 1 represents the

M. vaceae 1 1 spectra of 4 different species: 2 fast growers (M. abscessus and

M. aurum iy 1 M. fortuitum) at 1 and 14 days after the positivity of the culture

M. porcinum 1';_ 1 and 2 slow growers (M. tuberculosis and M. avium) at 1 day and

%‘ Zcr; %ﬁ;lgceum }'a } 2 months after the positivity of the culture. Despite the fact

M septicum 14 1 that the age of the culture influences the MALDI-TOF MS

M. marinum of 2 spectra, this delay did not affect the species-specific profiles.

M. parafortuitum i 1 Validation of the mycobacterial database. (i) Number of

M. ulcerans 48 4

“ Microbiology Department of Ambroise Paré Hospital, Boulogne-Billan-
court, France.

> Microbiology Department of Necker-Enfants Malades Hospital, Paris,
France.

¢ National Reference Center for Surveillance of Mycobacterial Diseases and
Drug Resistance, Pitié-Salpétriere Hospital, Paris, France.

4 Microbiology department of Raymond Poincaré Hospital, Garches, France.

¢ No. of strains for which no spectra, and thus no identification, were obtained.

/Reference strains.

& Groupe d’Etude des Interactions Hote-Pathogene, Angers University, An-
gers, France.

obtained with each of the reference strains. The identification of the tested strain
corresponded to the species of the reference strain with the best match in the
database. The first best match had to be =60% in order to be retained. We
considered a difference of =10% between the first and second match the mini-
mum required to give a correct identification.

RESULTS

Engineering of the mycobacterial database. The 53 selected
strains grown on Léwenstein-Jensen medium were analyzed by
MALDI-TOF MS as described in Materials and Methods. The
standard deviation for each conserved peak did not exceed 10
m/z units. For each selected strain, we found a species-specific
spectral profile, allowing identification at the species level for
44 species and at the mycobacterial clade level for the 9 strains
belonging to the M. abscessus complex and the M. tuberculosis
complex.

In order to assess whether the length of the growth period

replicates. The number of replicates of a given strain necessary
to obtain good spectral acquisition and thus correct identi-
fication was determined. The probability of obtaining cor-
rect acquisition increases with the number of replicates of
the same suspension. The results are shown in Table 4. Five
replicates allowed correct identification in 99% and 79% of
the strains tested for fast- and slow-growing mycobacteria,
respectively.

(ii) Identification of tested strains. Among the 311 tested
strains grown on solid medium, MALDI-TOF MS allowed
97% good identifications. In 3% of the tested strains, no iden-
tification could be obtained due to the poor quality of the
spectra. No misidentification was noted. Some species are only
distinguishable at the complex level because of high similarities
between their spectra. For example, M. abscessus, M. massil-
iense, and M. bolletii have a high degree of genetic similarity
that results in a unique mass spectral profile for the three
subspecies. The same observation has been established for M.
tuberculosis, M. bovis, M. bovis BCG, M. microti, and M. afri-
canum. QOverall, correct identifications were obtained for 210
strains at the species level and 93 strains at the complex level
(Table 2). When bacteria were grown on liquid media, good
identifications were observed for 63/82 strains (77%), whereas
19/82 strains could not be identified (Table 3).

DISCUSSION

MALDI-TOF MS has been shown to greatly improve rou-
tine bacterial identification (3, 5, 8). In the present work, we
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FIG. 1. Spectra obtained for different mycobacterial species according to the incubation time after the positivity of the culture.

demonstrated that our previously described strategy for bacte-
rial identification by MALDI-TOF MS can be extended to
mycobacterial species. Our strategy based on using intact cells
avoids time-consuming extraction steps. Correct identifications
were obtained for 97% (solid media) and 77% (liquid media)
of all tested strains. For 3% of mycobacteria tested in Lowen-

TABLE 4. Probabilities of obtaining good acquisition depending on
the number of replicates

Probability (%) of obtaining
good acquisition with:

Type (no.) of species

2 3 4 5
replicates  replicates  replicates  replicates
All species tested (337) 67 74 80 87
Fast-growing 79 86 92 99
mycobacteria (159)
Slow-growing 57 65 72 79

mycobacteria (178)

stein-Jensen medium, no identification was obtained due to
poor spectral acquisition, probably because of insufficient cul-
ture material and/or the frequency of the mucoid character of
the strains to be identified. The results in liquid medium are
not as good as those obtained in solid medium. This is mostly
due to spectral acquisition failures, due either to the low num-
ber of bacteria or to potential interference of the supplements
included in this complex medium (PANTA and OADC). It
should be pointed out that only the MGIT medium was tested
in this study. It would be interesting to test the performance of
this method on other commercially available liquid media. An
extended incubation in the MGIT medium after a first negative
assay may increase the sensitivity of this technique, as is the
case for AccuProbe and an immunochromatographic kit, which
can give positive results after prolonged incubation (13).

It should be pointed out that none of the strains were misi-
dentified in this study, regardless of the medium used, contrary
to the results obtained using rapid identification techniques,
such as hybridization or DNA strips (33).
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We have also shown that a high number of replicates in-
creases the probability of good identification, especially for
slow-growing mycobacteria: in some cases, five replicates were
required to obtain one good spectral acquisition. This is a
striking difference from the identification of routinely isolated
bacteria by MALDI-TOF MS, which usually requires only one
replicate (3, 5).

The identification of the M. tuberculosis complex strains re-
lies mainly on the use of DNA hybridization (AccuProbe).
Recently, an immunochromatographic test has been intro-
duced (11). Both of these techniques are efficient, with excel-
lent sensibility and specificity (13, 16). DNA strip technologies,
such as Inno-LiPa Mycobacteria or GenoType Mycobacterium,
are also available. These techniques do not allow identification to
the species level among this complex. MALDI-TOF MS technol-
ogy can also identify the strains belonging to the M. tuberculosis
complex, but not to the species level. The identification of the
bacterial species belonging to this complex can be made using
a specific DNA strip kit (GenoType MTBC) (22).

Among the slow-growing mycobacteria, M. avium complex
(MACQ), M. xenopi, and M. kansasii are frequently implicated in
clinical pathology and then need to be correctly identified. The
precise identification of the M. avium complex is difficult.
Among the three probes used in the AccuProbe technique
(MAC, M. avium, and M. intracellulare), a lack of specificity of
the MAC and M. intracellulare probes has been reported. In
addition, misidentifications and no identification have been
reported with the DNA strip technologies (9, 19, 25, 33). The
MALDI-TOF MS strategy can differentiate between the two
species of the MAC in one step, unlike the AccuProbe
technique, which needs two probes to precisely identify
these bacterial species. The identification of M. xenopi from
solid medium gave 100% good results with MALDI-TOF
MS, equivalent to those obtained using DNA strip technolo-
gies. M. kansasii is classically identified by hybridization meth-
ods (33). M. kansasii grown on LJ medium is reliably identified
using MALDI-TOF MS. On the other hand, using DNA strips,
misidentifications have been reported with M. gastri (19, 33).

Currently, identification of the fast-growing mycobacteria is
performed using DNA strip techniques or amplification, fol-
lowed by sequencing. Among the fast-growing mycobacteria, it
is important to rapidly distinguish between M. abscessus, M.
chelonae, M. fortuitum, and the frequent contaminant M. gor-
donae. The Inno-LiPa Mycobacteria v2 kit is not able to dif-
ferentiate M. chelonae from M. abscessus (33), and GenoType
Mycobacterium CM is not able to differentiate M. chelonae
from M. immunogenum and M. abscessus from M. immunoge-
num (22). However, based on MALDI-TOF MS spectral pro-
files and according to cultural characteristics, M. abscessus, M.
immunogenum, and M. chelonae can be distinguished. M. ab-
scessus can grow in 5% NaCl medium, unlike M. immunoge-
num and M. chelonae (15). MALDI-TOF MS can differentiate
M. immogenum and M. chelonae. However, M. abscessus is not
distinguished from M. bolletii or M. massiliense. M. abscessus,
M. massiliense, and M. bolletii present identical spectra, which
is consistent with results recently reported by Leao et al. (15).
These authors proposed a revision of the taxonomic status of
the M. abscessus complex, i.e., that M. abscessus, M. massil-
iense, and M. bolletii should belong to a single species (M.
abscessus).

IDENTIFICATION OF MYCOBACTERIA BY MALDI-TOF MS 4485

M. fortuitum can be falsely identified with DNA strips, lead-
ing to many erroneous identifications (24, 32, 33). On the other
hand, MALDI-TOF MS correctly identifies the species M.
fortuitum, and only 2/16 strains of M. peregrinum were identi-
fied only to the M. fortuitum complex level. M. gordonae can be
perfectly identified by AccuProbe (16). With the DNA strip
test Inno-LiPa Mycobacteria v2, there was some misidentifica-
tion (33) or no identification (23). With MALDI-TOF MS,
34/35 good identifications were obtained regardless of the me-
dia used.

Bacteria that are rarely isolated in clinical laboratories can
also be identified by our database: as soon as mycobacterial
strains are not recognized because their spectra do not match
with any reference strain present in the database, their iden-
tification is performed by a molecular biology approach. These
new spectra are then easily added to our database.

Under some circumstances, fast-growing mycobacteria grow
on the usual media (e.g., blood agar). In these cases, MALDI-
TOF MS can be performed immediately after acid-fast staining
with the same equipment used for routine bacteria or fungi,
thus avoiding misidentifications (27, 35).

Other studies have demonstrated the potential of MALDI-
TOF MS for mycobacterial identification (12, 18, 21). These
works highlighted the reproducibility and specificity of these
methods. Pignone et al. described a strategy based on root
mean square (RMS) values in order to compare different pro-
files (21). Hettick et al. developed a biostatistical analysis in
order to identify mycobacterial species. This strategy was un-
able to distinguish closely related species as belonging to the
MAC (12). Lefmann et al. used MALDI-TOF MS as a method
for 16S rRNA gene-based mycobacterial identification, which
first requires PCR and transcription-RNase cleavage steps
(18). This method is still time-consuming.

In this study, we did not work on spectral differences at the
strain level. Subsequent studies on the spectral profiles are
required in order to determine specific markers that allow us to
distinguish drug-sensitive and -resistant mycobacteria. Cur-
rently, some strains belonging to the same species complex are
not distinguishable by MALDI-TOF MS.

The strategy described in this work using whole bacterial
cells is simple and rapid. It can easily be implemented in
routine clinical laboratories. The technique can be performed
within a few minutes by any operator, whereas sequencing
requires an average of 3 days and qualified technicians, and 6 h
are necessary for DNA strip technology assays. The cost saving
of MALDI-TOF MS is considerable (1 euro/sample) com-
pared to other molecular methods (40 times more expensive).
Finally, it should be pointed out that systems based on
MALDI-TOF MS generate less waste than methods based on
molecular biology that use many disposable materials.
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