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The integration of matrix-assisted laser desorption ionization–time of flight mass spectrometry (MALDI-TOF MS) in clinical
microbiology has revolutionized species identification of bacteria, yeasts, and molds. However, beyond straightforward identifi-
cation, the method has also been suggested to have the potential for subspecies-level or even type-level epidemiological analyses.
This minireview explores MALDI-TOF MS-based typing, which has already been performed on many clinically relevant species.
We discuss the limits of the method’s resolution and we suggest interpretative criteria allowing valid comparison of strain-spe-
cific data. We conclude that guidelines for MALDI-TOF MS-based typing can be developed along the same lines as those used for
the interpretation of data from pulsed-field gel electrophoresis (PFGE).

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

tegrated into the routine diagnostic workflow of many industrial,
pharmaceutical, and medical microbiology laboratories. It has al-
ready been thoroughly evaluated for the identification of clinically
relevant bacterial species, including anaerobes, Gram-positive
rods and cocci, Enterobacteriaceae, and miscellaneous Gram-neg-
ative (including nonfermentative) rods, with adequate to excel-
lent results (1, 2).

Species identification, however, is only a first step in the diag-
nostic workflow. The ability to quickly and reliably distinguish or
“type” related bacterial isolates is essential for bacterial transmis-
sion studies and larger-scale epidemiological surveillance proj-
ects. “Conventional” phenotyping methods, such as multiple-sus-
ceptibility testing, phage typing, serotyping, biochemical typing,
and several others, have been important contributors to our un-
derstanding of the epidemiology of community- and health care-
associated infections. However, these methods all have practical
limitations which render them largely unsuitable for comprehen-
sive bacterial population analyses as well as for scientifically less
ambitious but critical infection surveillance. Furthermore, most
phenotypic methods have been developed for individual bacterial
taxa and are not transferable to other taxa without considerable
adaptation.

Hence, over the past 2 decades, phenotyping has been largely
replaced by “molecular” genotyping. Clonal reproduction by bi-
nary fission imprints the evolutionary history of the organism in
genotypic markers amenable to analysis by nucleic acid-mediated
methods. However, in practice, the ease with which recombina-
tion, transfection, and transformation can take place in bacteria
necessitates that data from multiple genetic markers are analyzed
in defining a “precise” genotype and even then there is no guar-
antee that an adequate natural taxonomy will be derived. Polypha-
sic taxonomy currently uses combinations of different phenotypic
and/or genotypic data sets to define genera, species, and entities at
or below the subspecies level. Still, all these approaches remain

time-consuming and relatively costly and are often restricted to
specialized laboratories. Of these, pulsed-field gel electrophoresis
(PFGE) is generally considered to be the “gold standard” for the
epidemiological typing of microorganisms (3) while waiting for
the advent of easy whole-genome sequencing.

In this context, a key issue is whether MALDI-TOF MS could
be employed in the epidemiological typing of clinically relevant
bacterial species. This approach is attractive since whole-cell mass
spectrometry is commonly used for species identification with
potentially exploitable data already available from routine ana-
lyses. Hence, the goal would be that MALDI-TOF MS data used
for isolate identification might be secondarily exploited for epide-
miological typing either directly or in an additional data interpre-
tation step at no added costs. A number of examples of the poten-
tial usefulness of this relatively cheap, easy-to-perform proteomic
technology for epidemiological typing have been published re-
cently for a variety of problem pathogens. However, at this point it
is not clear whether the typing of microorganisms by MALDI-
TOF MS (MALDI typing) will be as successful as MALDI identi-
fication. One reason for a delay in the use of MALDI typing likely
relates to a lack of guidelines for data interpretation. In this review,
possible reasons and putative solutions for this missing link are
discussed.

Current experience with MALDI typing suggests its usefulness
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in identifying strains of clinical significance, which in essence is a
simplified form of typing, and for the detailed epidemiological
typing of a variety of human pathogens, examples of which are
reviewed below.

(i) Streptococcus agalactiae. The use of an Ultraflex III ma-
chine and ClinProTools software 2.0 (Bruker Daltonics, Bremen,
Germany) to analyze 197 sequence-typed (ST) strains from vari-
ous patient samples revealed that ST-17 strains could be identified
by a peak shift from m/z 7,650 to m/z 7,625 (4). This peak shift,
however, is also found in the closely related ST-201, ST-315, and
ST-405 strains, which are single-locus variants of ST-17. Thus, this
rapid method could be of value in evaluating the risk of acquiring
ST-17-mediated neonatal disease. It was also possible to tenta-
tively identify isolates of the emerging ST-1 strain, responsible for
infections in immunocompromised adults and neonates, by a sin-
gle peak shift from m/z 6,888 to m/z 6,250. However, this peak
shift was also found in unrelated STs and no consistent “clonal”
biomarker was identified for other major sequence types (ST-8,
ST-19, and ST-23).

(ii) Streptococcus pyogenes. A study using an AB 4700 Pro-
teomics Analyzer (Applied Biosystems, Foster City, USA) com-
bined with the Tag-ident proteomics tool and the ExPASy se-
quence retrieval system (http://us.expasy.org) has shown that S.
pyogenes isolates from necrotizing fasciitis clustered together and
could be separated from noninvasive isolates, despite being the
same emm types (5). However, the number of strains in the study
was small (n � 9) and, even using a larger collection, different
emm types were not all separated by MS. The potentially improved
discrimination of MS compared to emm typing is not unexpected
since the former provides a more global proteomic analysis. Nev-
ertheless, further studies comparing MALDI typing with emm and
other typing methods using better-documented isolate collections
are necessary.

(iii) Streptococcus pneumoniae. The study of 25 S. pneu-
moniae strains on an AB 4700 Proteomics Analyzer showed that
MALDI-TOF MS can differentiate conjunctival S. pneumoniae
(cPnc) from nonconjunctival controls (6). Eleven signals with
high intensity were observed in the spectra of all S. pneumoniae
isolates, while a peak at m/z 2,944 was common and uniquely
recorded among all cPnc isolates. The cPnc proteomic signatures
could ultimately be important in the diagnosis of this infection.

(iv) Staphylococcus aureus. A first study performed on a Mi-
croflex LT benchtop (Bruker Daltonics) and involving 60 spa-
typed methicillin-resistant S. aureus (MRSA) isolates suggested
that discrimination of strains belonging to the five major multilo-
cus sequence typing (MLST) clonal complexes (CC5, CC8, CC22,
CC30, and CC45) was possible based on 13 distinctive peaks
whose presence or absence differed for individual CCs. The dis-
criminatory indices of MALDI typing and spa typing were found
to be comparable (7). However, the set of strains was limited and
missing important clonal complexes.

These findings were extended by a later study using a Biflex III
Biotyper (Bruker Daltonics) and more than 400 MRSA strains,
significantly increasing CC coverage (8). The sets of discriminat-
ing peaks identified in the two studies overlapped by eight CC-
specific peaks. This result suggests that the MALDI typing data for
S. aureus are equivalent and transferable from equipment of dif-
ferent brands, which is an important requirement for the broad
applicability of a novel typing method.

Another promising study using an UltraFlex III machine pro-

posed three protein peaks as specific for 197 of 224 (88%) USA300
isolates (9). However, a previous study (7) identified one of the
peaks, m/z 6,423, as species specific, while a second peak, m/z
6,592, was more generally associated with CC8, to which USA300
belongs. The study suggested that the markers and the mathemat-
ical model for spectra analysis were suitable for rapid identifica-
tion of USA300. But this finding requires confirmation since the
analyzed strains were all derived from a single hospital, potentially
implying clonal bias, and two of the three MS peaks are potentially
nonspecific for USA300. The need for further clarification and
optimization of MALDI typing for S. aureus is also evidenced in
these and other studies by the inability to differentiate methicillin-
susceptible from methicillin-resistant isolates (i.e., similar to
MLST). For example, a recent study demonstrated no differences
of mass spectra for a pair of isogenic MRSA and methicillin-sus-
ceptible S. aureus (MSSA) strains (10).

(v) Escherichia coli. E. coli is one of the most frequently iso-
lated clinically relevant species. Thus, the rapid recognition of
pathogenic or potentially pathogenic types is of interest. In a study
by Clark et al., 136 unrelated strains of E. coli, encompassing six
pathotypes, could be grouped by MALDI-TOF MS using an
Autoflex III machine (11). One interesting result was the associa-
tion of E. coli O157:H7 with two specific MS peaks (12).

The differentiation of E. coli and Shigella species was targeted
by Khot et al. using a set of strains originating from a wide geo-
graphical region (13). The spectral data acquired on a Microflex
instrument were analyzed with ClinProTools to establish group-
identifying models using fully automated or manual methods or a
hybrid approach. The proposed models were challenged with in-
dependent strains and resulted in correct identification for 90% of
Shigella and E. coli isolates.

(vi) Salmonella spp. A BioTyper 3.0 system (Bruker Daltonics)
was used to successfully differentiate Salmonella enterica serovar
Typhi and non-S. Typhi isolates on the basis of the presence or
absence of six peaks (14). The strains originated from sub-Saharan
Africa and represented 12 serovars, of which S. Typhi, S. Enterit-
idis, and S. Typhimurium were the predominant strains. A similar
study was performed on 913 strains of 89 non-Typhi Salmonella
serovars originating from different regions and outbreaks in Ger-
many (15). MS spectra allowed for decision tree classification for
non-Typhi Salmonella serovars, although the study was limited by
a lack of some clinically relevant serovars.

(vii) Clostridium difficile. MALDI typing successfully identi-
fied ribotypes 001, 027, and 078/126 despite the fact that some MS
peaks were shared between these ribotypes (16). All ribotype 001
isolates were recognized by the presence of 9 to 18 masses, while
for ribotype 027 isolates, only three specific masses were found.
Ribotype 126 and hypervirulent ribotype 078 could not be dis-
criminated by MALDI typing and presented as a separate group
(16). For other ribotypes, the number of strains was considered
too small to establish specific profiles. Toxin detection and iden-
tification were not assessed since these proteins are far beyond the
mass range usually used for identification and typing, although
MALDI-TOF MS technically allows the detection of such large
molecules.

(viii) Acinetobacter baumannii. A study performed using a
Vitek MS RUO system showed that MS was able to separate out-
break-associated A. baumannii isolates (n � 14) from control iso-
lates (n � 10) and non-outbreak-associated isolates (n � 4) (17).
These results were in general agreement with MLST, but more
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work is needed to better define interstrain relationships. These
results were confirmed on a Microflex system analyzing 35 multi-
drug-resistant strains isolated from colonized or infected patients.
The nosocomial strains could be segregated into three clusters,
showing a good correlation with repetitive-PCR technology (rep-
PCR) results (18).

(ix) Legionella pneumophila. A study of 23 L. pneumophila
reference and environmental strains performed using an Autoflex
II machine (Bruker Daltonics) showed the potential for rapid ep-
idemiological typing of L. pneumophila (19). Analyses using full-
mass fingerprints showed resolving power and clustering similar
to those of PFGE. In the study, serotyping was not considered and
13 of the strains originated from two locations in Japan possibly
representing single clones.

TYPING BY MALDI-TOF MS: WHAT CAN WE LEARN FROM
PFGE?

Current literature shows positive results for microbial whole-cell
MALDI-TOF MS typing for a number of species, although a num-
ber of studies have described a failure to achieve satisfying resolu-
tion. For example, Lasch et al. (2014) reported insufficient
discriminatory power for typing of Enterococcus faecium and
Staphylococcus aureus isolates (20) and Schirmeister et al. (2013)
reported the same for Vibrio cholerae isolates (21) and such studies
may represent the tip of the difficult-to-publish iceberg. After ex-
amination of successful reports on MALDI-TOF MS typing, it
becomes evident that for some bacterial taxa, the available data are
not consistent. Discrepancies between individual studies and fail-
ure to perform may be partly explained by the following consid-
erations related to the methodology.

(i) Technological and biological MS issues. MALDI-TOF MS
fingerprints are clearly different from genomic data. While the
latter have an essentially digital nature, MS peaks are waveform
data that are more analog in nature. Presence versus absence, m/z,
and (relative) intensity levels are subject to analytical error, bio-
logical and technical variation (including complex, sometimes
low-level protein expression and posttranslational modification
and its regulation), and analyte incorporation in matrix crystals.
Thus, some typing schemes, such as the one proposed by Clark et
al. (11), are largely based on absence of peaks and may thus be
more sensitive to technical issues, such as noise in spectra, com-
pared to approaches based on presence of more stable and specific
biomarkers.

(ii) Clonality versus correlation. MALDI-TOF MS typing is a
tool for phylotyping and records all intracellular and cell-wall-
bound proteins. However, acquisition of virulence or resistance
factors which are not directly detectable because of their high mo-
lecular mass (m/z of ��20 kDa) may not be reflected by changes in
whole-cell mass spectra. Hence, apparent correlations of mass fin-
gerprints to virulence and resistance need to be thoroughly eval-
uated, taking into account possible effects of clonality, as some
previous erroneous results have already been published (22).

(iii) Sensitivity, specificity, and strain sets. Any MALDI typ-
ing scheme is a priori only valid for the set of strains tested (this
applies, in principle, also to MALDI identification, although in
this case the size and quality of the underlying database often allow
broader application). When strains from a small number of clonal
complexes, sequence types, or serotypes can be distinguished, this
cannot always be extrapolated to a larger number of phylotypes.
The same applies to strains from geographically close entities.

FIG 1 (A) MALDI-TOF MS spectra obtained for a single strain of E. coli grown
on different media. The top spectrum shows results obtained after culture on
Columbia–5% sheep blood agar, whereas the data shown below were from
cells grown on Drigalski agar. (B) Theoretical representation of a PFGE gel
after staining. Restriction fragments are visible, and differences between the
individual lanes can be explained on the basis of presumed genetic events
which are indicated on the right. Based on theoretical exercises such as the one
presented, adapted from Tenover et al. (3), rules suggesting that up to three
fragment differences can be ignored in order to still define clear epidemiolog-
ical relatedness weredeveloped.(C)TheMALDI-TOFMSanalogsforthePFGEdata
displayed in panel B. Fragments have been translated into peaks, and the events poten-
tially leadingtochanges fromthereferencespectruminrowAareproposed(left).This
relates to the emergence and disappearance of protein peaks and distinct shifts in pro-
tein peaks for various (epi)genetic reasons.
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(iv) Definition and limitation of specific peaks. Peaks that are
considered type-specific biomarkers should be recorded consis-
tently with reasonable signal intensities to avoid false interpreta-
tion based on analytical variability. Further, proteins correspond-
ing to biomarker peaks may not be expressed under different
cultivation conditions (see Fig. 1A). Thus, some potentially spe-
cific peaks only expressed in a specific medium cannot be used for
the purpose of typing. Consequently, typing schemes should be
standardized as much as possible or the robustness needs to be
tested prior to a transfer to other systems. This includes analyzing
a sufficient number of isolates (e.g., 50) to ensure the validity of
specific biomarker-strain associations (23).

The recording of a peak in a mass spectrum cannot be taken as
representing unambiguous detection of a particular protein with-
out further analysis. The apparent m/z value is only one (simple)
characteristic of an individual protein and could be considered the
“shadow” of a protein. As described before, a large number of
proteins with entirely different functions and sequences can pro-
duce peaks with similar m/z values (24). In addition, the m/z value
for a given protein can change depending on, for instance, the
degree of posttranslational modification or complexing of cofac-
tors. This induces peak position variability (Fig. 1C, row F) that
should be taken into account. However, it is possible that such
unstable peaks may serve as stable epidemiological markers.

(v) Statistical analysis. Statistical analysis of peak patterns is a
crucial step in the discovery and evaluation of type-specific bio-
markers and peak patterns, respectively. The selection of the algo-
rithms, models, etc., should be guided by biomathematical rea-
soning combined with microbiological expertise. Despite the
apparent persuasiveness of complex statistical procedures, punc-
tual visual inspection of original spectra and consideration of the
biology of microorganisms are good control measures to avoid
overinterpretation of mass spectral data.

(vi) Primary MALDI-TOF identification limitations. Some
specific groups of organisms such as E. coli and Shigella sp. or S.
pneumoniae have proven to be potentially difficult to identify in
the past. These difficulties have probably slowed their potential
evaluation by MALDI typing. However, primary identification of
S. pneumoniae using specific instruments (25) and recent success
with clone-specific MALDI typing (6, 12) have demonstrated the
potential of MALDI typing for species that may be difficult to
identify with this technology.

As noted earlier, PFGE has a long history as the gold standard
of epidemiological strain typing, due in large part to the guidelines
available to assist in data interpretation (3). However, based on
the points presented above, a consideration of guidelines for the
interpretation of MALDI typing data must note that PFGE typing
and MALDI typing measure completely different cellular proper-

TABLE 1 Comparison of the average number of peaks in MALDI-TOF MS spectra to the average number of restriction fragments observed upon
PFGEa

Species

No. of MS
database
strains

Avg no. of
peaks per
spectrum

No. of variable peaks
Avg no. of
PFGE RF

Ratio of
variable peak
no./PFGE RF80% 70%

Acinetobacter baumannii 440 66 50 33 30 2.2
Acinetobacter calcoaceticus 4 66 44 20 23 2.9
Bacteroides fragilis 17 103 69 27 9 11.4
Bordetella pertussis 4 84 40 19 25 3.4
Burkholderia cepacia 6 102 83 47 23 4.5
Campylobacter fetus subsp. fetus 8 110 39 17 13 8.8
Campylobacter jejuni 14 77 46 30 9 8.6
Clostridium difficile 253 69 42 21 13 5.5
Clostridium perfringens 6 90 41 8 11 8.2
Enterobacter cloacae 14 84 70 44 20 4.2
Enterococcus faecalis 97 65 45 32 18 3.7
Escherichia coli 121 98 57 24 16 6.1
Haemophilus influenzae 60 87 66 46 11 7.9
Klebsiella pneumoniae 168 70 48 26 20 3.5
Legionella pneumophila 22 148 62 25 10 14.8
Mycobacterium tuberculosis 11 95 13 0 16 5.9
Neisseria gonorrhoeae 7 102 53 26 15 7.0
Neisseria meningitidis 10 111 60 27 25 4.4
Proteus mirabilis 166 80 49 24 8 10.0
Pseudomonas aeruginosa 149 88 72 48 35 2.5
Salmonella serovar Typhi 6 118 63 27 45 2.6
Shigella dysenteriae 5 108 67 24 19 5.7
Staphylococcus aureus 171 67 48 27 15 4.5
Staphylococcus epidermidis 204 56 44 31 18 3.2
Stenotrophomonas maltophilia 83 97 77 40 15 6.5
Streptococcus mitis 19 84 62 36 18 4.8
Streptococcus pneumoniae 201 87 64 34 15 6.0
Vibrio cholerae 9 113 59 37 25 4.5
Yersinia pestis 2 111 42 10 20 5.5
a Adapted from Tenover et al. (22). As shown in columns 4 and 5, a peak was considered constant when found in either 80% or 70% of every spectrum for the same species. RF,
restriction fragments.
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ties. Thus, it would be simplistic to attempt to superimpose PFGE
interpretative guidelines on data generated by whole-cell MS.
Nevertheless, from a purely numerical standpoint, PFGE and MS
data sets are quite similar, although, on average, the number of
peaks in a MS spectrum outnumbers the sum of restriction frag-
ments visible on a PFGE gel (Table 1). Where changes in PFGE
patterns can be explained on the basis of insertions, deletions,
inversions, and nucleotide mutations, there may be additional,
more complicated reasons for differences in mass spectra. Obvi-
ously, the same set of genetic events relevant for PFGE will give rise
to changes in the mobility of proteins during MS: additions, mass
shifts, and lack of protein are direct consequences of the genomic
changes and protein expression regulation (Fig. 1B and C).

Up to three band differences for 20 to 30 DNA fragments are
tolerated in PFGE in order to still define an epidemiological link
between two strains (3). As an average of 100 peaks (three to five
times more than PFGE) is usually seen in a microbial mass spec-
trum, we similarly propose that an average difference of 15 peaks
could be tolerated (i.e., could define related types) in MALDI-
TOF MS typing. However, it is evident from the published data
that the discriminatory potential for MALDI typing (i.e., corre-
sponding to what constitutes a “significant” difference) is likely
not the same for all bacterial species since some show a substan-
tially lesser share of variable peaks than others. For example,
strongly clonal species such as Mycobacterium tuberculosis for
which the number of variable peaks is limited demonstrated only
13 variable peaks among 95 average peaks when a peak was con-
sidered constant if present in 80% of every spectra for the same
species (Table 1). However, the number of peaks and their vari-
ability necessary for robust typing could potentially be calibrated
for individual species using data as shown in Table 1. To help build
these specific guidelines, ratios of the number of variable peaks to
the number of PFGE restriction fragments are shown in Table 1
for a number of species. For instance, Burkholderia cepacia has a
variable-peak number/PFGE restriction fragment number ratio of
4.5; for this species, then, a three-band PFGE difference would
equate to 14 MALDI peak differences and could be tolerated
within an average peak number of 102 to define related types (Ta-
ble 1).

In conclusion, MALDI-TOF MS appears to hold promise as a
strain identification/epidemiological typing tool, especially since
the data are available in most cases at no additional cost: the typing
information, or at least part of it, is contained within the primary
spectra that are used for species identification. Even in cases in
which a second spectrum acquisition may be necessary, for exam-
ple, after a more elaborate extraction procedure, application of
another matrix, or a change of the covered mass range, MALDI-
TOF MS remains a rapid and relatively inexpensive tool for po-
tential identification of health care-associated outbreaks caused
by various surveillance organisms. Given the rapidity of the
method, MALDI typing could for the first time allow broad and
prospective typing of a majority of all clinical isolates detected in
clinical settings without too much of an add-on with regard to
costs and the requirement for specific laboratory expertise. In ad-
dition, interpretation of the data is supposedly simple, as shown
by the overlap in methodology and guidelines as developed for the
current gold standard method, PFGE. However, the reproducibil-
ity of the technology, portability of results, effects of storage and
culture conditions of the strains, careful comparison with widely
accepted typing technologies, and many more features remain to

be carefully assessed, preferably by multicenter validation studies
on MALDI typing.
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