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SUMMARY

Matrix-assisted laser desorption ionization–time of flight mass
spectrometry (MALDI-TOF MS) has been successfully applied as
an identification procedure in clinical microbiology and has been
widely used in routine laboratory practice because of its econom-
ical and diagnostic benefits. The range of applications of MALDI-
TOF MS has been growing constantly, from rapid species identi-
fication to labor-intensive proteomic studies of bacterial
physiology. The purpose of this review is to summarize the con-
tribution of the studies already performed with MALDI-TOF MS
concerning antibiotic resistance and to analyze future perspectives
in this field. We believe that current research should continue in
four main directions, including the detection of antibiotic modi-
fications by degrading enzymes, the detection of resistance mech-
anism determinants through proteomic studies of multiresistant
bacteria, and the analysis of modifications of target sites, such as
ribosomal methylation. The quantification of antibiotics is sug-
gested as a new approach to study influx and efflux in bacterial
cells. The results of the presented studies demonstrate that
MALDI-TOF MS is a relevant tool for the detection of antibiotic
resistance and opens new avenues for both clinical and experi-
mental microbiology.

INTRODUCTION

Matrix-assisted laser desorption ionization–time of flight
(MALDI-TOF) mass spectrometry (MS) has recently been

introduced into many microbiological laboratories for the routine
identification of bacteria and fungi. Although the initial costs of a

mass spectrometer are relatively high, the cost of identifying one
species remains low compared with the cost of standard biochem-
ical or molecular genetic techniques. This use of MALDI-TOF MS
is making the diagnostic process approximately 24 h shorter (1, 2).

Recently, other applications focusing on the detection of anti-
biotic resistance mechanisms have been described. These method-
ologies may also play an important role in the application of mass
spectrometry in diagnostic microbiological laboratories. The aim
of this review is to summarize information that has already been
published and to analyze future perspectives on MALDI-TOF MS
for the detection of antibiotic resistance mechanisms.

REQUIREMENTS FOR RESISTANCE MECHANISM DETECTION

The resistance of bacteria to antibiotics has increased in recent
years. Resistant bacteria can significantly complicate the treat-
ment of infections in critically ill patients, especially in surgery,
hemato-oncology, and intensive care in general (3, 4). Bacterial
isolates that are resistant to all available antibiotics have also been
described (5, 6).

Bacteria can resist antibiotic actions by the following mecha-
nisms: the production of enzymes that inactivate antibiotic mol-
ecules (e.g., �-lactamases and aminoglycoside-modifying en-
zymes) (7–9), the hyperproduction or production of novel efflux
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pumps and other changes in the cell wall (e.g., porin alterations)
(10), mutations in target genes (e.g., in ribosomal protein genes or
in genes coding for penicillin-binding proteins [PBPs]) (8, 9, 11),
the bypass of a metabolic pathway (e.g., the expression of acquired
PBPs with a low affinity for antibiotic molecules) (11), and the
production of proteins that protect the target site (e.g., quinolone
resistance mediated by Qnr) or of target site-modifying enzymes
(12).

In some cases, the detection of the resistance mechanism is
complementary to standard susceptibility testing procedures,
with an emphasis on the categorization of the isolate as resistant,
intermediate, or susceptible (13). A quick determination of the
resistance mechanism may also play a key role in the initial choice
of antimicrobial therapy (14, 15). The detection of methicillin-
resistant Staphylococcus aureus (MRSA) strains or carbapen-
emase-producing enterobacteria (CPE) is necessary for the effec-
tive prevention of the transmission of these bacteria (16, 17).

Therefore, routine microbiological laboratories need fast and
reliable methods to detect resistance mechanisms in some bacteria
that can provide important information for the choice of proper
initial infection therapy and data for the experts working in infec-
tion control in health care settings.

MALDI-TOF MS analysis can most likely be applied for the
analysis of all possible resistance mechanisms. The approaches
that have already been reported are based on the following: the
analysis of antibiotic molecules and their modified products, the
analysis of bacterial cell components, the analysis of ribosomal
DNA methylation, and the detection of mutations with minise-
quencing.

For some of these applications, MALDI-TOF MS provides re-
sults that can be used for diagnosis, whereas some of the methods
are useful only in reference centers and research laboratories.

DETECTION OF ENZYMATIC ACTIVITY BY MALDI-TOF MS

Direct Detection of �-Lactamase Activity

The most common mechanism of resistance to �-lactams is the
hydrolysis of the amide bond of the �-lactam ring (Fig. 1). The
hydrolysis degradation product shows a different molecular mass
from that of a native molecule. Some �-lactams are decarboxy-
lated after hydrolysis, resulting in another change in molecular
weight. According to the active-site structure, �-lactamases are
divided to two groups: serine enzymes (molecular classes A, C,
and D) and metalloenzymes (class B) (7, 18, 19). For a long time,
class A �-lactamases were the most important group (e.g., TEM,
SHV, and CTX-M). Recently, class B �-lactamases (metallo-�-
lactamases) have become important due to their ability to hydro-
lyze carbapenems. The genes encoding metallo-�-lactamases were
first spread among Pseudomonas spp., but recently, they have
spread among members of the Enterobacteriaceae throughout the
world. This spread was followed by Enterobacteriaceae producing
class A carbapenemases (e.g., KPC and GES) in the present time
(20).

The rapid detection of clinically important �-lactamases (e.g.,
extended-spectrum �-lactamases and carbapenemases) in routine
diagnostic laboratories may be crucial for initial antibiotic therapy
for specific patients as well as for the prevention of the spread of
�-lactamase-producing bacteria in health care settings (21). Three
main approaches have been introduced into routine laboratories.
The most common techniques are based on the ability of some

�-lactamases to be inhibited by specific inhibitors (e.g., clavulanic
acid for extended-spectrum �-lactamases, amino-phenylboronic
acid for KPC-type carbapenemases, and ethylendiamine tetra-
acetic acid for metallo-�-lactamases). The inhibition of �-lacta-
mases can be observed synergistically by using the disk diffusion
method, the broth dilution method, or a special Etest containing
the antibiotic to be tested in combination with an inhibitor (6).
Molecular genetics techniques (e.g., PCR and microarrays) are
common for the fast detection of some �-lactamases and can de-
tect �-lactamase genes directly from a clinical sample. At this time,
many different �-lactamases have been described. Therefore, it is
very difficult to propose universal primers for the detection of at
least one �-lactamase group. Additionally, a negative result
should not be interpreted as the absence of �-lactamase. The di-
rect method used in reference laboratories is based on the spec-
trophotometric detection of �-lactam hydrolysis using cell ex-
tracts containing �-lactamases. This method is labor-intensive
and cannot be used routinely in most diagnostic laboratories (22,
23). Another method for the direct detection of carbapenemases
in particular is a Hodge test, which can be used routinely. Its
interpretation, sensitivity, and specificity, however, may be diffi-
cult (24).

In September 2011, the first two studies on direct carbapen-
emase detection by MALDI-TOF MS were reported (25, 26).

An analysis of antibiotics and their degradation products that
are smaller than 1,000 Da by MALDI-TOF MS is possible using a
specific sample preparation (27). Because the matrix is also visible
in mass spectra, the detected molecule should be of a significantly
different mass. For example, the peak representing an intact
meropenem molecule can be observed at mass-to-charge ratio

FIG 1 Meropenem and its degradation by �-lactamases.
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(m/z) of 384.5. The dimer of �-cyano-4-hydroxycinnamic acid
(CHCA), a common matrix used for bacterial and fungal identi-
fication, is observed at m/z 380. The peak of the matrix is usually of
a higher intensity than that of meropenem, and thus, the peaks of
meropenem and the sodium salt of the meropenem decarboxy-
lated degradation product are not clearly visible in a spectrum.
Therefore, another matrix must be chosen.

The detection of �-lactamase activity is performed by using
almost the same methodology in all published works. A fresh bac-
terial culture, usually grown overnight, is suspended in a buffer
and centrifuged. The pellet is then resuspended in a reaction buf-
fer containing the �-lactam molecule. After incubation at 35°C for
1 to 3 h, the reaction mixture is centrifuged, and the supernatant is
mixed with a proper matrix measured by MALDI-TOF MS (Fig.
2). The spectra containing peaks representing the �-lactam mol-
ecule, its salts (usually sodium salts), and/or its degradation prod-
ucts are then analyzed.

In a study by our group (26), we used the meropenem molecule
as an indicator and demonstrated that MALDI-TOF MS is able to
detect meropenem and the two types of meropenem sodium salts
as well as the relevant degradation products (Fig. 3). The assay was
validated using 124 strains, including 30 carbapenemase-produc-
ing bacteria representing IMP-7- and VIM-2-producing Pseu-
domonas aeruginosa strains and VIM-1-, KPC-2-, and NDM-1-
producing enterobacteria. The sensitivity and specificity of the
assay were both higher than 95%. The specificity of this assay was
improved later by a modification of the reaction buffer supple-
mented with 0.01% sodium dodecyl sulfate. This change allows
the concentration of bacteria used to be decreased (28). Com-
paring these results with those from a previously reported assay
(26), the degradation products of meropenem (decarboxylated
product at m/z 358.5 and its sodium salt at m/z 380.5) can be
observed. For validation, 110 carbapenemase-producing iso-
lates, including NDM-1-, KPC-2-, KPC-3-, VIM-1-, OXA-48-,
and OXA-162-producing enterobacteria (e.g., Escherichia coli,
Klebsiella pneumoniae, Enterobacter cloacae, and Serratia marc-
escens) and 35 carbapenemase-nonproducing isolates were
used. This method was able to detect NDM-1 carbapenemase in
Acinetobacter baumannii isolates as well (28). In our experi-
ence, OXA-type carbapenemases can also be easily detected in
this species (J. Hrabák, unpublished data), similar to findings
described by Kempf et al. (29) (see below).

Burckhardt and Zimmermann (25) validated a similar method
with KPC-2-, NDM-1-, IMP-, and VIM-producing enterobacte-
ria using ertapenem. That group observed the ertapenem mole-
cule (476 Da), its two sodium salt variants (498 and 521 Da), and
the decarboxylated degradation product without sodium (450
Da). They also found excellent sensitivity and specificity for the
assay.

A study of the detection of different �-lactam molecules was
reported by Sparbier et al. (30). That group developed a method
for the detection of ampicillin, piperacillin, cefotaxime, ceftazi-
dime, ertapenem, imipenem, and meropenem and analyzed the
different degradation products and sodium and/or potassium salt
variants. No degradation products of imipenem and meropenem
were observed. Some of the molecules (e.g., ampicillin and pip-
eracillin) degraded spontaneously during the incubation time. For
the identification of the �-lactamase type, clavulanic acid, tazo-
bactam, and aminophenylboronic acid were introduced as inhib-
itors in the reaction. This study seems to be of the highest impor-
tance for the detection of different �-lactams by MALDI-TOF MS.

Recently, two other studies that validated MALDI-TOF MS for
the detection of carbapenemases were reported (29, 31). Kempf et
al. (29) used imipenem as an indicator. They tested 3 carbapen-
emase-producing Klebsiella pneumoniae isolates (KPC and NDM-
1), 4 Pseudomonas aeruginosa isolates (VIM and IMP), and 63
OXA-23- and/or OXA-24-producing Acinetobacter baumannii
isolates. Imipenem (m/z 300) and its degradation product (m/z
254) were detected by using a CHCA matrix and an AnchorChip
target (Bruker Daltonik GmbH, Bremen, Germany). After 2 h of
incubation, 67 of 70 carbapenemase-producing isolates were cor-
rectly detected, and no false-positive results were found. An ex-
tension of the incubation time to 4 h allowed the correct identifi-
cation of all the carbapenemase producers. The work of that group
is of great interest because OXA-type carbapenemases in Acineto-
bacter baumannii cannot be easily detected by spectrophotometric
assays (32).

Another sample preparation for the detection of �-lactamase
activity was reported by Hooff et al. (31). That group used a cell-
free lysate and a MALDI-TOF and MALDI-triple quadrupole
(QqQ) instrument. The data presented in that report clearly dem-
onstrated the ability of the method to detect different �-lactam
molecules (penicillin G, ampicillin, cefoxitin, and imipenem) and

FIG 2 Hydrolysis assay for detection of carbapenemases. The assay is based on a method reported by Hrabák et al. (28). DHB, dihydroxybenzoic acid.
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possible inhibition by clavulanic acid in addition to the reproduc-
ibility of the assay.

All of the reported studies describing the direct detection of
�-lactamase activity independently presented similar results and
allow us to conclude that this methodological approach has great
potential to become a routine method for the detection of these
enzymes which is comparable to the reference spectrophotomet-
ric assay (26). Manual measurements and analysis of raw spectra,
however, can be difficult for microbiologists who are not experi-
enced in mass spectrometry. Therefore, special software for the
automatic acquisition and interpretation of results should be
available to diagnostic laboratories. Another disadvantage of the
method is the need for a fresh culture that is used for the analysis.
The detection of carbapenemase activity directly from clinical
samples without enrichment in specific cultivation media may be
difficult and perhaps impossible.

Detection of rRNA Methyltransferase Activity

The methylation of rRNA confers resistance to protein synthesis
inhibitors such as aminoglycosides, chloramphenicol, and clinda-

mycin (9). Kirpekar et al. (33) developed a method for the detec-
tion of modifications to rRNA by MALDI-TOF MS. This method
was later used to analyze the methylation of 23S rRNA by the
product of the cfr gene, which is responsible for resistance to
chloramphenicol, florfenicol, and clindamycin (34). The detec-
tion of methyltransferase activity responsible for resistance to
aminoglycosides caused by the methylation of 16S rRNA was de-
scribed in 2009 by Savic et al. (35). In that analysis, however, it was
necessary to use purified ribosomes and purified enzymes. After
the reaction in a special buffer, the rRNA was digested with a
specific RNase to yield smaller products that were subsequently
analyzed by MALDI-TOF MS to detect the methylation of the
molecule (which increases the mass by 14 Da). This method is
useful for the analysis of methyltransferases, but it should be sim-
plified for use as a routine diagnostic technique or in reference
centers.

DIRECT MALDI-TOF MS ANALYSIS OF BACTERIAL EXTRACTS

For the fast detection of resistance determinants, it would be use-
ful to find a procedure that would be comparable to the identifi-

FIG 3 MALDI-TOF MS spectra of meropenem and its sodium salt variants and degradation products. The reaction was performed according to methods reported
previously by Hrabák et al. (28). (A) Spectrum of the meropenem solution; (B) spectrum of the negative control (non-carbapenemase-producing isolate of Klebsiella
pneumoniae; (C) spectrum of an NDM-1-producing Acinetobacter baumannii isolate; (D) spectrum of a KPC-2-producing Klebsiella pneumoniae isolate.
[Meropenemdecarbox�H]�, decarboxylated degradation product of meropenem after carbapenemase hydrolysis (m/z 358.5); [Meropenemdecarbox�Na]�, decarboxy-
lated sodium salt of the degradation product of meropenem after carbapenemase hydrolysis (m/z 380.5); [Meropenem�H]�, meropenem molecule (m/z 384.5);
[Meropenem�Na]�, meropenem sodium salt (m/z 406.5); [Meropenemhydr�Na]�, sodium salt of the meropenem degradation product (m/z 424.5); [Meropenem �
2Na]�, meropenem disodium salt (m/z 428.5); [Meropenemhydr�2Na]�, disodium of the meropenem degradation product (m/z 446.5); [Meropenemhydr�3Na]�,
trisodium of the meropenem degradation product (m/z 468.5); a.u., arbitrary units.
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cation of microbes by MALDI-TOF MS. Until now, however, only
a few articles focusing on the development of such techniques
have been published. Some researchers used a sample preparation
similar to that used for bacterial identification, but most were not
successful. We believe that specific sample preparations or mea-
surement conditions must be used (e.g., selective protein extrac-
tion) for the detection of resistance markers. In the following
sections, previously reported data on methicillin-resistant Staph-
ylococcus aureus (MRSA), �-lactamases, and vancomycin-resis-
tant enterococci are reviewed.

MRSA Detection

The first study on the discrimination between methicillin-suscep-
tible S. aureus (MSSA) and MRSA strains was reported by Ed-
wards-Jones et al. in 2000 (36). The strains were analyzed by
MALDI-TOF MS using intact bacterial cells and 5-chloro-2-mer-
capto-benzothiazole as the matrix. Those authors were able to
detect a total of 14 MRSA-specific peaks (e.g., m/z 511, 563, 640,
1,165, 1,229, and 2,127) and 2 MSSA-specific peaks (m/z 2,548
and 2,647) in the m/z ranges of 511 to 2,127 and 2,548 to 2,647,
respectively. Seven other S. aureus-specific peaks (e.g., m/z 525,
617, 798, and 826) were also detected. Similar results were re-
ported by Du et al., who were also able to successfully discriminate
between MRSA and MSSA (37). In 2002, Bernardo et al. (38) did
not find any correlation between MRSA and MSSA profiles, but
they demonstrated the reproducibility of the obtained spectra,
which allowed this method to be used for the tracking of nosoco-
mial outbreaks. Unlike Edwards-Jones et al. (36), Bernardo et al.
(38) used bacterial lysates for analysis.

The selective binding of a protein to a target in MALDI-TOF
MS using the ProteinChip array is referred to as surface-enhanced
laser desorption ionization–time of flight (SELDI-TOF) MS (39,
40). Shah et al. (40) used this method for the detection of MRSA
and successfully identified seven ions that allowed discrimination
between MRSA (n � 49) and MSSA (n � 50) strains. The bacteria
were diluted in a specific lysis solution, mechanically disrupted,
and then frozen and thawed. The supernatant after centrifugation
was used for SELDI-TOF detection. Peaks at 3,081, 5,893, and
9,580 Da were detected in MSSA strains, and peaks at 5,709, 7,694,
15,308, and 18,896 Da were detected in MRSA strains. Almost all
strains (97 of 99 strains) were correctly assigned as MRSA or
MSSA. For routine practice, the preparation of the samples in such
a specific way seems to be difficult. However, if we compare this
technique with standard PCR detection, the labor intensities are
similar.

Majcherczyk et al. (41) described the differentiation between
isogenic teicoplanin-susceptible and teicoplanin-resistant strains
of methicillin-resistant S. aureus. MALDI-TOF MS was found to
have a superior discrimination potential compared to that of
pulsed-field gel electrophoresis (PFGE) or peptidoglycan muro-
peptide digest patterns.

For application in routine diagnosis, the above-mentioned tests
need to be further validated.

�-Lactamase Detection

SELDI-TOF MS was also used to discriminate between Escherichia
coli strains that harbored different resistance genes (e.g., blaCTX-M-1,
blaCTX-M-15, blaSHV-12, blaTEM, cat, strA, sul1, sul2, tetB, dhfr1, and
aadA1) (42). With this method, the authors of that study were able to
discriminate between bacterial species, but no specific peaks or pro-

files that allowed the detection of some resistance markers were pre-
sented in that article.

Camara and Hays (43) reported a study that focused on the
detection of a specific �-lactamase peak for ampicillin-resistant
Escherichia coli strains. After the cultivation of resistant strains in
Luria-Bertani broth supplemented with ampicillin, proteins were
extracted by using a formic acid-isopropyl alcohol-water solution
and spotted onto a MALDI-TOF MS target by a sandwich method
using sinapinic acid as a matrix. A peak of approximately 29 kDa
that represented �-lactamase was successfully detected in the
spectra. Those authors noted that this peak was not detectable
using whole cells for bacterial identification or using the other
matrices (2,5-dihydroxyacetophenone ferulic acid and 2,5-dihy-
droxybenzoic acid). The 29-kDa protein was then identified by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and liquid chromatography-MS peptide mass fingerprint-
ing as a �-lactamase. To our knowledge, this is the first and last
report that has shown the direct detection of �-lactamases in mass
spectra of bacterial lysates.

Recently, Schaumann et al. (44) tried to differentiate between
�-lactamase-producing and -nonproducing Enterobacteriaceae
and Pseudomonas aeruginosa isolates. The samples were prepared
by extraction using trifluoroacetic acid and acetonitrile. Although
those researchers obtained clean and reproducible spectra, they
were not able to find any difference between �-lactamase produc-
ers and nonproducers. No �-lactamase-specific peak was de-
tected. The measurement, however, ranged from m/z 2,000 to
12,000, which seems to be smaller than the expected molecular
mass of common �-lactamases (�27 kDa).

Detection of Vancomycin-Resistant Enterococcus spp.

A recently reported study conducted by Griffin and colleagues
(45) demonstrated the ability of MALDI-TOF MS to distinguish
between vanB-positive Enterococcus faecium and isolates that do
not possess this resistance gene, which is responsible for resistance
to glycopeptides. In this well-designed study, 67 vanB-positive
Enterococcus faecium isolates were used. The sensitivity and spec-
ificity of the assay were 96.7% and 98.1%, respectively. It was also
shown that this methodology is likely to indicate the relatedness of
Enterococcus faecium strains to a degree that is similar to that of the
existing gold standard for the analysis of relatedness, PFGE (45). It
should be noted that a standard formic acid extraction method
was used for MALDI-TOF MS measurements in this application.
The authors of that study mentioned that the direct application of
some Gram-positive bacteria (including enterococci) to the target
without an extraction procedure cannot provide proper results
due to the thickness of the peptidoglycan in the cell wall, which
does not permit the proper acquisition of the spectra.

PROTEOMIC APPROACHES

Research on antibiotic resistance is focused mainly on the detec-
tion of specific genes and comparison of isolates with molecular
genetics techniques. Proteomic studies, however, provide data
concerning gene expression and do not focus on only a single
gene. As defined in 1995, the proteome is “the entire PROTEin
complement expressed by a genOME, or by a cell or tissue type”
(46). Proteomics uses primarily electrophoretic techniques for the
detection of proteins. The cell extracts obtained by selective lysis
are usually separated by two-dimensional (2D) electrophoresis. In
the first step, the extract is separated according to the isoelectric
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point by using isoelectric focusing, and the proteins are then sep-
arated by SDS-PAGE (46). An example of the 2D electrophoretic
separation of periplasmic and cytoplasmic proteins of Klebsiella
pneumoniae is shown in Fig. 4. The protein map is then compared
with a database by using specific software. The proteins of interest
can be identified by peptide mass fingerprinting and/or amino
acid sequencing (39, 46). The identification of the proteins is com-
monly performed by MALDI-TOF MS or MALDI-tandem TOF
(MALDI-TOF/TOF) MS (39). The disadvantages of these tech-
niques are their labor-intensiveness and the fact that the expres-
sion of the proteins may depend on the culture conditions (47).

Applications of Proteomic Analysis

A proteomic characterization of vancomycin-resistant Enterococ-
cus sp. isolates recovered from seagulls was reported by Radhouani
et al. (47). That group separated protein extracts obtained by the
sonication of bacteria by SDS-PAGE as well as 2D electrophoresis
with spot identification followed by MALDI-TOF MS identifica-
tion of the proteins. Those researchers identified nine proteins
associated with tetracycline resistance and a protein associated
with the ability of the bacterium to form a biofilm. The vancomy-
cin-teicoplanin A-type resistance protein vanA was also detected
in Enterococcus durans.

A study focused on a proteome analysis of ampicillin-resistant
Fusobacterium nucleatum was reported by Al-Haroni and col-
leagues (48). The bacteria were resuspended in lysis buffer and
mechanically disrupted. This crude extract was used for 2D elec-
trophoretic separation followed by the identification of spots of
interest. In resistant isolates, a class D �-lactamase of 29 kDa, a
37-kDa ATP-binding cassette (ABC), a transporter ATP-binding
protein, and a 46-kDa enolase were identified.

Three other studies (49–51) used MALDI-TOF MS after SDS-

PAGE analysis for protein identification in resistant E. coli, Salmo-
nella enterica, and Mycobacterium tuberculosis strains. All of those
groups identified differences in protein expression levels among
susceptible and resistant isolates.

A proteomic approach for the analysis of fluconazole-resistant
Candida glabrata strains was described by Rogers and colleagues
(52). They mechanically disrupted the cells and separated the pro-
teins by 2D electrophoresis. Membrane proteins prepared by a
selective procedure were separated by SDS-PAGE only. That
group identified several proteins and the differences in their ex-
pression levels that may contribute to azole resistance. Further
analysis should be performed to demonstrate the real activity of
these proteins.

Conclusion

Proteomic analysis is a powerful tool that is used to analyze met-
abolic pathways in prokaryotic and eukaryotic cells. This process
provides more complex data than studies of the expression of
single gene or of a cluster of genes. Previous reports demonstrated
the usefulness of this technique for determining resistance mech-
anisms. For new proteins that are identified as potential contrib-
utors to antibiotic resistance, their function should be demon-
strated genetically (e.g., by gene deletion or cloning).

We do not believe that this technique can be used for the detec-
tion of antibiotic resistance mechanisms in routine diagnostic lab-
oratories but can complement molecular genetic techniques in
research laboratories until the time when whole-genome sequenc-
ing and its interpretation become widely available and fast.

ANALYSIS OF CELL WALL COMPONENTS

The importance of the cell wall in antibiotic resistance is high-
lighted by the fact that more than half of the targets of current
antimicrobials are localized in the cell envelope. Other antibiotics
have to overcome the cell wall barrier to reach their targets in the
cytosol (10, 53, 54). Proteomic and genomic studies of the outer
membrane of Gram-negative bacteria indicated that a complex
system of cell components (porins, efflux pumps, and lipopoly-
saccharides, etc.) is responsible for antibiotic resistance via the
regulation of the influx and efflux of different antibiotics (53).
MALDI-TOF MS fingerprinting following SDS-PAGE or 2D elec-
trophoresis, as described above, has been used for the identifica-
tion of outer membrane and periplasmic proteins for which the
expression levels differed in resistant isolates relative to the levels
in the corresponding sensitive isolates (55–58). Such labor-inten-
sive proteomic studies are useful for building a comprehensive
database of bacterial protein fingerprints for comparative studies
that provide insight into the roles of various cell components in
antibiotic resistance (MASCOT; Matrix Science).

The use of MALDI-TOF MS is not limited to proteomics of the
cell wall. Another example of its possible application is the detec-
tion of structural changes in lipopolysaccharides. The loss of the
negative charge of lipid A due to postsynthetic modifications is
especially associated with resistance to cationic antimicrobial pep-
tides such as polymyxins (e.g., colistin) (59). For MALDI-TOF MS
analysis, lipopolysaccharide can be extracted from the cell wall by
a specific procedure, such as the hot-phenol method (60). In this
method, lipopolysaccharide is solubilized by a water-saturated
phenol and then precipitated. The samples are then applied with a
proper matrix onto an MS target and analyzed. The modification
of the structure of lipopolysaccharide (e.g., the loss of the fatty acid

FIG 4 Example of two-dimensional electrophoretic separation of Klebsiella
pneumoniae extracts. (A) Proteins extracted from the periplasmic space by the
sucrose method; (B) proteins recovered from the cytoplasm by sonication.
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chain bound to the nonreducing sugar) causes the molecular
weight changes detectable by MALDI-TOF MS. In previously re-
ported works, samples were usually measured in a negative mode.
This condition, however, is not usually available in the instru-
ments used in diagnostic laboratories. The changes in lipid A that
are caused by 4=-phosphatase in colistin-resistant Porphyromonas
gingivalis were observed by Coats et al. (61) as a change of the
molecular weight, and a phosphoethanolamide modification of
lipid A associated with colistin resistance in Acinetobacter bau-
mannii was reported by Beceiro et al. (62). In both studies, the
modified lipid A was identified by MALDI-TOF MS.

Recently, Cai et al. (63) developed a method for the detection
of the OmpK36 porin in Klebsiella pneumoniae, which is respon-
sible for the penetration of carbapenems into the periplasm. Those
authors used a standard procedure for the isolation of porins by
specific extraction with sodium N-lauroyl sarcosinate. The sam-
ples were then detected by using MALDI-TOF MS based on a
simple determination of the molecular weight. Those authors
were able to detect the loss of the main OmpK36 porin, which
contributed to resistance to carbapenems. This method appears to
make porin detection faster than detection by SDS-PAGE. How-
ever, porins are detected according to molecular weight only. A
method based on a better MALDI-TOF MS identification of the
detected porins (e.g., protein fingerprinting) should be developed.
This technique will most likely be used only in research laborato-
ries.

MINISEQUENCING

DNA analysis by MALDI-TOF MS can also be used to detect re-
sistance mechanisms. The principles of MALDI-TOF MS-based
sequencing methods were described by Pusch et al. (64). After
DNA amplification, the amplicons are purified, and an allele-spe-
cific reaction is used to obtain DNA molecules that are measure-
able by MALDI-TOF MS. For an allele-specific reaction, the most
common technique used in microbiological applications was a
primer extension assay. In this technique, specific oligonucleo-
tides are used, and the product is extended for only a few bases
(Fig. 5). Based on the molecular mass of the product, changes in
the DNA structure can be expected. For example, an A3C muta-
tion decreases molecular mass by 24 Da, while A3G mutation
increases molecular mass by 16 Da (64). Due to the interactions of
DNA with sodium and potassium, which result in salt formation,
MALDI-TOF MS is limited to the analysis of molecules smaller
than approximately 40 bp; therefore, the direct measurement of
PCR products is difficult (64).

This technique was used for the detection of single-nucleotide
polymorphisms (SNPs) to identify SHV-type (65) and TEM-type
(66) extended-spectrum �-lactamases. Resistance to rifampin and
isoniazid in M. tuberculosis (67, 68) was also analyzed by MALDI-
TOF MS sequencing.

Mutations in the penA and ponA genes were detected in order
to analyze �-lactam resistance in Neisseria gonorrhoeae (69), and
subsequent works described the detection of resistance to fluoro-
quinolones, spectinomycin, and tetracycline (70, 71). That same
group reported MALDI-TOF MS minisequencing for the detec-
tion of resistance in Streptococcus pneumoniae (72, 73). This ap-
proach has also been used to determine point mutations in PBPs
in Helicobacter pylori strains resistant to amoxicillin (74).

Despite the number of publications on MALDI-TOF MS-
based sequencing for the detection of antibiotic resistance, this

approach appears to be labor-intensive and limited by the small
size of the DNA fragments that can be sequenced, without any
advantage over standard sequencing procedures. Other methods
(e.g., PCR-based SNP detection and DNA sequencing) are avail-
able and are used by many routine clinical laboratories.

FUTURE PERSPECTIVES

MALDI-TOF MS can be used to detect molecules with a broad
range of molecular masses. Antibiotics are usually small molecules
(�1,000 Da), which complicates their analysis because of interac-
tions with the matrix and interference with a high level of back-
ground (75). Such molecules can be detected by using different
matrices and modified approaches for sample preparation (75,
76). Lin et al. (77) reported an interesting methodology based on
nanoparticles that were functionalized with a probe protein with
an affinity for the detected molecule and coupled to a matrix. They
successfully analyzed 6 different drugs: salicylamide, mefenamic
acid, ketoprofen, flufenamic acid, sulindac, and prednisolone.
This procedure also allows the purification and concentration of
the tested molecule from the sample. According to their results, we
hypothesize that this method can be used for (i) the detection of
resistance mechanism determinants (e.g., modified penicillin-
binding proteins and Qnr) and (ii) the direct analysis of antibiotic
molecules and their purification from the sample/reaction solu-
tion.

This method can most likely be applied not only to the detec-
tion of resistance determinants but also to the detection of micro-
bial toxins and drugs in blood samples.

As demonstrated above, MALDI-TOF MS has great potential
to become a powerful technique for microbiological detection.
Some reported methods need further validation or simplification.
We believe that future research on the applications of MALDI-
TOF MS for identifying antibiotic resistance mechanisms should
focus on four primary topics.

FIG 5 SNP detection by MALDI-TOF MS (according to data reported in
reference 64).
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1. The detection of enzymes that degrade antibiotic molecules
through the direct detection of antibiotic modifications.
These methods should be validated for routine diagnosis
using a simple preparation of the bacterial culture or bacte-
rial extracts. The detection of �-lactamases, especially car-
bapenemases, has already been validated and is used by
some routine as well as reference laboratories. The methods
should be developed for the detection of other enzymes
(e.g., aminoglycoside-modifying enzymes) applicable in
routine and research laboratories. To our knowledge, no
such assay has yet been validated.

2. The detection of resistance mechanism determinants (e.g.,
Qnr proteins and modified PBPs and �-lactamases) and
proteomic studies on multiresistant bacteria that allow the
construction of a complete database of protein fingerprints
of resistant isolates for the detection of the main proteins
responsible for resistance. Recently, a method for the detec-
tion of vancomycin-resistant Enterococcus spp. was vali-
dated. This method seems to be useful in diagnostic labora-
tories for the rapid detection of vanB-positive Enterococcus
faecium strains. Direct discrimination between MRSA and
MSSA strains is a great challenge for MALDI-TOF MS ap-
plications in diagnostic laboratories. Despite the reports on
this topic, especially work reported recently by Shah et al.
(40), these procedures must be further optimized and vali-
dated. To the best of our knowledge, no successful method
based on the detection of specific peaks in the bacterial ly-
sate has been reported for analyses of other resistant deter-
minants, such as �-lactamases.

3. The analysis of modification of target sites (e.g., ribosomal
methylation). The detection of the methyltransferase activ-
ity responsible for resistance to aminoglycosides, chloram-
phenicol, and clindamycin caused by the methylation of 16S
rRNA is still far from application for routine diagnosis. The
procedure should be simplified by the use a crude bacterial
extract.

4. The quantification of antibiotics. The development of a
method to determine antibiotic concentrations could aid in
the analysis of the influx and efflux of an antibiotic.

CONCLUSION

The introduction of MALDI-TOF MS as a routine diagnostic tool
could represent a revolution in clinical microbiology. Microbiol-
ogists have received a powerful tool with many applications at the
molecular level. However, this technique should also be applied
with caution. Some microbes cannot be properly identified by
MALDI-TOF MS using currently available procedures (78). The
advantages and disadvantages of this technique compared with
standard microbiological procedures are mentioned in Table 1.

Proteomic approaches in studies of resistant strains can com-
plement molecular genetics techniques. Proteome-level studies
allow the detection of the behavior of the tested strains, the expres-
sion of proteins of interest, and posttranslational modifications.
With the exception of whole-genome sequencing, which is not yet
available for routine use, all molecular genetics techniques have
been restricted to the detection of known resistance determinants.
Proteomic analysis may be labor-intensive in routine laboratories,
but it should be available in reference centers.

As demonstrated by many studies, MALDI-TOF MS can detect
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the biological activity of enzymes responsible for the modification
of antibiotic molecules, which is not possible with genetic tech-
niques. The results of the studies presented here show that
MALDI-TOF MS is a relevant tool for the detection of antibiotic
resistance and opens new avenues for both clinical and experi-
mental microbiology.

We do not believe, however, that the application of this tech-
nique to the determination of resistance mechanisms can replace
standard susceptibility testing, because resistance to antibiotics is
a complex process. Therefore, the detection of a limited number of
specific determinants cannot provide a complete picture of anti-
biotic resistance.
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