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Abstract In 1996, independent publications demonstrated the application of
MALDI-TOF MS for microorganism identification using whole-cell profile mass
spectra. As these were characteristic for distinct bacterial and fungal species, they
could be used as a molecular fingerprint. Subsequently, sample preparation, data
evaluation with bioinformatics and further aspects of the technology were further
improved. Ease-of-use, rapidity and accuracy of this technology finally led to the
implementation of MALDI-TOF MS into routine analytical work, particularly in
clinical microbiology.

Today, microorganism identification by MALDI-TOF MS is performed in many
clinical microbiology laboratories and is increasingly replacing the conventional
methods utilized for decades. In this chapter, the impact of this technology on clini-
cal diagnostics is described. Furthermore, exemplary protocols for microorganism
identification are presented. Specialized protocols even allow identification of more
demanding microorganisms like mycobacteria and filamentous fungi as well as
identification from liquid culture media inoculated with patient specimen. Some
analytical systems allow the extension of reference databases with own entries and
an insight into evaluation algorithms, interpretation of results and creation of own
references is given.

Further, MALDI-TOF MS has proven its utility in identification of food-borne
and veterinary microorganisms. These topics as well as regulatory aspects together
with the necessary steps for qualification and validation are also covered for the
interested reader.
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1 Introduction

Early in the development of mass spectrometry (MS) technologies their applica-
bility to microorganism analysis, in particular the identification of microbes, was
already discussed (Anhalt and Fenselau 1975; Sinha et al. 1985; Heller et al. 1987).
The real breakthrough was achieved with the appearance of matrix-assisted laser
desorption/ionization (MALDI)-time-of-flight (TOF) MS, a technology which
combines soft ionization of large biomolecules with short analysis time. In 1996,
three independent scientific publications showed ground-breaking results in the
application of MALDI-TOF MS for microorganism identification using whole-cell
profile mass spectra (Claydon et al. 1996; Holland et al. 1996; Krishnamurthy and
Ross 1996).

The idea was to use the microbial MALDI-TOF profile mass spectra of whole
cells as a molecular fingerprint, being characteristic for bacteria and fungi.

During the first years, several scientists worked on the improvement of sample
preparation (Welham et al. 1998; Gantt et al. 1999; Smole et al. 2002; Vaidyanathan
et al. 2002), reproducibility (Wang et al. 1998; Demirev et al. 1999; Saenz et al.
1999; Williams et al. 2003), bioinformatic data evaluation (Arnold and Reilly 1998;
Jarman et al. 1999; Jarman et al. 2000; Pineda et al. 2000), and applicability of the
technique to different microbial groups (Haag et al. 1998; Nilsson 1999; Amiri-
Eliasi and Fenselau 2001; Conway et al. 2001; Bernardo et al. 2002; Hettick et al.
2004; Krader and Emerson 2004; Mandrell et al. 2005). Ryzhov and Fenselau
(2001) found that most of the peaks which can be observed in typical bacterial pro-
file spectra are derived from ribosomal and other high-abundant housekeeping pro-
teins, which explains the robustness and reproducibility of approaches analysing
profiles in the mass range of 2-20 kDa.

A first commercial system, launched by the company Micromass (Manchester,
UK), analyzed fingerprints in the lower mass region (approximately up to m/z 4000)
but did not succeed in routine laboratories. Therefore, MALDI-TOF MS profiling
for microorganisms stayed a scientific topic in the area of mass spectrometry for
quite some time but did not enter the area of routine (clinical) microbiology.

This situation started to change in 2007 with the introduction of a new generation
of commercially available systems in clinical microbiology, equipped with easy-to-
use software solutions and broadly applicable reference databases, supported with
standard operating procedures (SOPs) for sample preparation. All these systems
analyzed biomolecules in the mass range of approximately m/z 2000-20,000.
Mellmann and co-workers compared the performance of the MALDI Biotyper
system (Bruker Daltonik GmbH, Bremen, Germany) for the identification of
Gram-negative non-fermenting bacteria with sequence analysis of 16S ribosomal
DNA which is currently the ‘gold standard’ for identification of bacterial species
(Mellmann et al. 2008). They found that for this bacterial group, which is very dif-
ficult to characterize by biochemical tests, 85.9% of strains were correctly identified.
This performance was superior to the established biochemical routine analysis sys-
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tems. Subsequently, the same group performed the first large multi-centre study for
this technology (Mellmann et al. 2009). In this international study, eight laborato-
ries analyzed 60 blind-coded non-fermenting bacteria samples each and achieved an
inter-laboratory reproducibility of 98.75%. Only six of the 480 samples were mis-
identified due to sample interchanges (four samples) or contamination (one sample)
or could not be identified because of insufficient signal intensity (one sample). The
authors concluded that this level of reproducibility is usually only achievable with
DNA sequence-based methods and that MALDI-TOF MS for microorganism iden-
tification is therefore a highly reproducible technology, a prerequisite for any rou-
tine utilization.

2 Applications

2.1 MALDI Biotyping in Medical Microbiology: An Overview

Medical microbiology plays an important role in the diagnosis and treatment of
infectious diseases today. In case of an infection, patient specimens are collected
and examined with laboratory methods to identify the infection-causing microor-
ganisms like bacteria, fungi and viruses.

While viruses are usually identified using molecular methods, bacteria and fungi
are generally identified from cultures grown on solid or in liquid media. Fast grow-
ing microorganisms form small colonies on solid media after 24—48 h. Shape and
color of individual colonies as well as their microscopic features can be used for a
first categorization of the microorganism. Gram staining is generally used for a fur-
ther quick characterization step. Final identification is normally performed using
biochemical reactions and tests that indicate the metabolic characteristics of the spe-
cies of interest during growth for about another 6 h for fast growing bacteria (like
enterobacteria, enterococci or staphylococci) in automated systems and up to 48 h
for slower growing organisms or with fewer characteristic metabolic reactions.

MALDI biotyping, a modern, fast and accurate method suitable for routine anal-
ysis allows the identification of microorganisms in a few minutes from a colony.
This has led to ‘a fundamental shift in routine practice of clinical microbiology’ as
described by Clark et al. (Clark et al. 2013), while other authors call it an ‘ongoing
revolution’ (Seng et al. 2009). The latter publication and work from Eigner and col-
leagues (Eigner et al. 2009) were the first reports of studies investigating the broad
utilization of MALDI-TOF MS biotyping in a clinical microbiology laboratory.
These studies revealed excellent results for the identification of microorganisms
occurring in clinical routine. Subsequently, a number of studies have proven the
superiority of the technology in comparison to traditional biochemical test systems
(Marklein et al. 2009; Nagy et al. 2009; Bader et al. 2011; Bizzini et al. 2010; van
Veen et al. 2010; Bille et al. 2012; Dhiman et al. 2011).

A particular strength of MALDI-TOF MS (with an appropriate database) is the
potential to identify not only the frequently occurring but also rare and difficult-to-
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identify organisms which normally have to be characterized by DNA sequencing if
identification is at all possible at species level (Bizzini et al. 2011). Thereby, species
name can now be assigned for some bacteria, which were previously classified by
many laboratories only to the genus level or an even more general systematic group,
e.g. ‘Gram-positive, non-sporulating rods’ or ‘Gram-negative non-fermenting rods’.
Thus, MALDI-TOF MS profiling improves the quality of diagnostic microorganism
identification through both greater accuracy and higher taxonomic resolution.

For example, in the group of yeasts, the Candida parapsilosis complex and the
Candida haemulonis complex can now be resolved as distinct species (Quiles-
Melero et al. 2012; Cendejas-Bueno et al. 2012). For bacteria, important examples
are the corynebacteria (Alatoom et al. 2012; Vila et al. 2012) and Haemophilus
influenzae/haemolyticus (Zhu et al. 2013; Bruin et al. 2014). For some groups of
microorganisms, which usually had to be referred to reference laboratories, identi-
fication can now be performed by routine laboratories. This applies in particular to
mycobacteria (Lotz et al. 2010; Saleeb et al. 2011; Balada-Llasat et al. 2013; Buchan
et al. 2014) and filamentous fungi (Cassagne et al. 2011; Iriart et al. 2012; Lau et al.
2013; Schulthess et al. 2014), where MALDI-TOF MS profiling can also be
employed to get a first-line identifier.

2.2 The Impact of MALDI-TOF MS on the Clinical
Microbiology Laboratory

The methods and procedures described in this chapter are suitable for the identifica-
tion of microorganisms in the microbiology laboratory. With the introduction of this
technology, it has also been possible to optimize established routine workflows that
use conventional methods. Formerly, microbial identification and antimicrobial sus-
ceptibility testing (AST) were performed in parallel after an initial ‘triage’ by col-
ony morphology to decide which test panels could be the most appropriate. Today,
in many cases where morphological assessment is difficult, AST can be started
based on the precise identification of the microorganism by MALDI biotyping, and
corresponding AST panels can be applied. Rapid identification also allows earlier
therapy adjustment. This is particularly true for slow growing organisms or when
differentiation by conventional biochemical methods is difficult.

Another important benefit of MALDI-TOF MS biotyping is its precision and
high discriminatory power. Reviews of laboratory statistics of the MVZ (Medical
Center) Dr. Eberhard & Partners (Dortmund, Germany)—one of the major
independent laboratories in Germany—show a significant enhancement in
identification of microorganisms after the introduction of MALDI-TOF MS. Sited
in Dortmund this laboratory is located in the heart of the Ruhr valley which is one
of the largest urban agglomerations in Europe with about five million inhabitants.
The Department of Microbiology of the MVZ Dr. Eberhard & Partners serves as
a diagnostic partner for several hospitals and many doctors in private practices as
well as for other laboratories. In the year 2009, before the introduction of a MALDI-
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TOF system at the Department of Microbiology, a total of 299 different species
from 115 genera were found. By the end of 2009 first tests with a MALDI biotyping
system had started, and the new technology was introduced into routine analysis a
few months later. In 2010, the first year with MALDI-TOF MS as an additional
routine identification method, the reports showed a total of 438 different species
(+46%) from 146 different genera (+27%). Especially in the group of anaerobic
bacteria and non-fermenters, which are usually difficult to identify by conventional
methods, a broad variety of species can now be differentiated. Also, the commonly
consolidated ‘coryneform bacteria’ can now be broken down into distinct species.

Arguably, this new accuracy in identification will also lead to an increase of
knowledge about individual microorganisms and their infection potential. The pos-
sibility of extending the database with your own entries offers the potential for easy
detection of uncommon microorganisms. To date, nucleic acid sequencing is the
‘gold standard’ in microorganism identification and remains the last option in
selected cases where other identification methods are insufficient. With the subse-
quent creation of an own MSP (‘main spectrum’, i.e. reference database entry),
uncommon microbes can easily be re-identified without the need for laborious and
costly biomolecular sequencing. Even for yet unnamed species, recognition of recur-
rence of these microorganisms is now possible. Therefore, in addition to the manu-
facturers’ databases major laboratories often also employ an increasing number of
their own reference spectra for routine diagnostics. As the manufacturers’ reference
databases have grown over the years a broad range of identifications is now possible.
A further extension of these reference libraries can be expected. Statistics from MVZ
Dr. Eberhard & Partners, where the standard reference libraries are extended by
about 200 self-acquired MSPs, show that in the year 2014 more than 700 different
species from 190 genera were recorded. Compared to species identification before
the implementation of MALDI-TOF MS, this is an increase of about 150%. In addi-
tion, MSPs of 21 different yet unnamed bacterial species detected these microorgan-
isms in about 130 cases. This clearly stresses the great potential of MALDI-TOF MS
in routine diagnostics of microbiology laboratories and its future prospect for a bet-
ter knowledge about microorganisms in infections.

2.3 Regulatory Aspects

While in the beginning only research-use-only (RUO) systems were available for
the identification of microorganisms by MALDI-TOF MS, this has changed in the
following years. The pioneers who have introduced the technology into the diagnos-
tic field validated the instrumentation, software and databases in thorough studies
with reference strains and clinical isolates.

Aspects like the performance for specific microorganism groups as well as the
robustness of the method and repeatability from day to day and user to user have to
be proven and documented. If the system is labeled and distributed as RUO by the
manufacturer and not intended for diagnostic purpose, the user takes full responsi-
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bility for the functionality and results of the system. On the other hand, users have
the flexibility to define and control their own diagnostic device. For the improvement
of results of a self-validated RUO system, several specialists have reported exten-
sions of the manufacturer’s database, modifications of preparation techniques or
adaptations of acceptance criteria (Christensen et al. 2012; Khot et al. 2012; Theel
et al. 2012; Ford and Burnham 2013; McElvania TeKippe et al. 2013; Murugaiyan
et al. 2014).

In 2009, the first IVD-CE labeled system became available in Europe, for diag-
nostic identification of bacteria and yeast in clinical microbiology laboratories, the
IVD MALDI Biotyper (Bruker Daltonik GmbH). Later, with the VITEK® MS IVD
(bioMérieux, Marcy I’Etoile, France) a further system became available. With such
a system, the manufacturer takes over the validation for clinical usage and later
responsibility for the function of the system—provided that the system is utilized in
the area of intended use and according to the instructions of the manufacturer.

In the USA, a clearance of such a device for in vitro diagnostic usage by the US
Food and Drug Administration (FDA) is necessary and was obtained for both the
MALDI Biotyper—Clinical Application (Bruker Daltonics, Billerica, MA, USA)
and the VITEK® MS IVD (bioMérieux) in 2013. In particular, the FDA process
involved detailed and expensive studies including investigations of robustness and
repeatability, media compatibility and influence of all possible environmental con-
ditions to the analyses. Furthermore, several thousands of samples had to be ana-
lyzed in clinical studies, and the results were compared to DNA sequencing as the
current ‘gold standard’. All studies resulted in the proof of excellent performance
for the investigated MALDI-TOF MS systems which may therefore become a new
‘gold standard’ for microbial identification in the near future.

In Germany, laboratories offering diagnostic services to others need an accredita-
tion according to DIN EN ISO 15189. Since 2009 accreditation of new methods
using MALDI-TOF MS for microorganism differentiation has become possible, with
sufficient familiarization as well as specific quality assurance being mandatory.

2.4 MALDI-TOF MS Profiling of Veterinary and Food-Borne
Organisms

In parallel to the field of medical microbiology, MALDI-TOF MS has also con-
quered the field of microbial identification and characterization in veterinary and
food microbiology. The reasons for success are the same as before: speed, accuracy
and cost-effectiveness. As regulatory hurdles are lower in the veterinary field, in
particular for university veterinary institutes, which are used to perform their own
validation of methods, MALDI-TOF MS could even spread faster in veterinary
microbiology, e.g. in the USA.

Besides studies to investigate the broad applicability of MALDI-TOF MS in
these areas (Boehme et al. 2013; Wragg et al. 2014), studies for microorganisms
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from particular diseases and certain microorganisms, which are difficult to identify
by traditional methods, have been performed (Alispahic et al. 2010; Taniguchi et al.
2014; Frey and Kuhnert 2015). It has to be mentioned that less sophisticated bio-
chemical ready-to-use kits are available in veterinary microbiology because of the
smaller commercial interest. Further, as not only pathogens but also hosts are very
variable the diversity of microorganisms is significantly higher than in human
microbiology. Both are very good reasons to use a universal technology like
MALDI-TOF MS profiling.

Barreiro and colleagues found MALDI-TOF MS profiling very suitable for
pathogens isolated from milk of cows with mastitis (Barreiro et al. 2010). Excellent
identification of group D Streptococci could be demonstrated (Werner et al. 2012).
Grosse-Herrenthey and co-workers investigated the performance of MALDI-TOF
MS for the identification and differentiation of clostridia, a group of anaerobic,
Gram-positive sporulating bacteria which comprises a number of pathogens with
veterinary but also medical relevance (Grosse-Herrenthey et al. 2008). They ana-
lyzed a total of 64 clostridial strains of 31 different species and found an excellent
differentiation of these. It was even possible to identify species, which are normally
difficult to differentiate by traditional methods, such as C. chauvoei and C.
septicum.

The group of Campylobacter species and the related genera Helicobacter and
Arcobacter were also found to be well identified and differentiated by MALDI-TOF
MS profiling. Alispahic and colleagues analyzed 144 clinical isolates of these gen-
era using whole spectral profiles (Alispahic et al. 2010). It was found that correct
identification could even be obtained from bacteria stored at room temperature or at
4 °C up to 9 days prior to being tested. Other groups also found MALDI-TOF MS
an excellent tool for the identification of these species, which partially are also
important human pathogens (Bessede et al. 2011; Martiny et al. 2011; Taniguchi
et al. 2014). For Campylobacter jejuni, effective distinction of subgroups has
recently been reported. It was possible to group specific C. jejuni subgroups of phy-
logenetically related isolates in distinct clusters by principle component analysis
(PCA) and hierarchical clustering (Zautner et al. 2013).

Another study demonstrated that MALDI-TOF MS profiling represents a fast
and reliable method for the identification and differentiation of Gallibacterium
species, with applications in clinical diagnostics (Alispahic et al. 2011). Even the
very difficult-to-identify pathogenic algae from the genus Prototheca, occurring in
mastitis and sometimes infecting milkers, could be reliably identified (von Bergen
et al. 2009; Murugaiyan et al. 2012). This is one of the examples where MALDI-
TOF MS profiling can be of particular diagnostic power as the algae might initially
be misidentified as yeast which could lead to an ineffective treatment with antimy-
cotic drugs.

Another case for the importance of accurate technology can be made in the field
of food-borne pathogens. The power of identifying accurately Campylobacter spe-
cies has already been described. However, the most well-known bacteria causing
food-borne diseases are Salmonella species. Reliable identification of the genus
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Salmonella has been described by several researchers (Dieckmann et al. 2008; He
et al. 2010) but a serovar differentiation which would be highly desirable for
Salmonella species is currently questionable. There have been reports that the
highly pathogenic serovar Salmonella typhi might be differentiated from the other
residual members of the genus (Kuhns et al. 2012; Martiny et al. 2012; Schaumann
et al. 2013), but this still has to be validated. A method described for the rapid detec-
tion of Salmonella species in stool samples of diseased people, which comprises the
enrichment of the bacteria in a liquid selective broth (Sparbier et al. 2012), may also
be adapted to food products but will need further development and validation work.

Identification of further food-borne pathogens as described for Listeria species
(Barbuddhe et al. 2008; Hsueh et al. 2014), Bacillus species (Farfour et al. 2012)
and Yersinia species (Ayyadurai et al. 2010; He et al. 2010; Lasch et al. 2010;
Stephan et al. 2011) may be mainly applied for confirmation of clinical diagnostics
and/or further developed towards fast detection tests as shown in a study with spiked
samples for Listeria (Jadhav et al. 2014).

2.5 Instrument Qualification and Method Validation (for
the Interested Reader: Can Be Skipped by the MALDI
Novice)

2.5.1 Qualification as an Analytical Instrument: DQ-1Q-OQ-PQ

Instrument qualification of automated, computerized systems is a critical step and
has to follow accepted official ‘good manufacturing practices’ (GMP) guidelines.
All initial activities are usually summarized as design qualification (DQ) steps. This
includes system documentation of hardware and software, intended use consider-
ations/statements, user and/or functional requirement declarations and vendor
assessments in coordination with a dedicated risk management defined by GMP
guidelines for analytical procedures (e.g. USP, EP, ICH, PDA Tech Report33; cf.
http://www.gmp-navigator.com/nav_guidelines.html;  http://www.ich.org/home.
html; http://www.usp.org/; http://www.pda.org/).

Next, installation qualification (IQ) documents as well as operational qualifica-
tion (OQ) procedures are fully documented references to ensure that the system is
installed and operational according to dedicated specifications to guarantee the
intended use. It typically includes a system suitability test in a final performance
qualification step (PQ) with several different freshly grown microorganisms.

In addition, a set of operational and administrative SOPs, preventive mainte-
nance plans/activities and complete method validation scenarios are a crucial part of
initial considerations. Once these steps are initiated any changes or amendments to
software, hardware, methods, SOPs, etc. are not allowed or have to follow a strin-
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gent risk management-based approach usually handled by change control under
well-defined, mandatory quality management (QM) rules and followed by a final
approval through the responsible qualified person (QP). These QM rules are based
on the aforementioned established GMP guidelines and conventions and are meant
to show (objectively) whether any change in the complete process will influence the
outcome/intended use of the system negatively. A small change in the process may
require a complete new validation procedure.

2.5.2 Validation

The in-house validation part requires a setup of independent experiments generally
starting with an equivalence study showing the sensitivity and specificity of the
new method compared to an established standard method. Discrepancies between
both methods have to be resolved by utilizing established DNA sequencing tech-
niques (the current ‘gold standard’) or additional methods if required. Several
strains of each relevant group (e.g. Gram-positive and Gram-negative bacteria,
spore-formers and non-spore-formers, fungal species if relevant and additional rel-
evant groups if existing) have to be freshly prepared and identified. Further, a
system performance check or system suitability check needs to be run before every
experiment to document correct system operation and demonstrate a fit-for-pur-
pose state.

A system suitability test shall include at least one well characterized and offi-
cially certified strain. In addition, a negative test with a strain delivering a true
detectable MALDI-TOF MS profile but resulting in ‘no identification’ after data
processing (because it is not contained in the respective database) has to be success-
fully employed throughout all experiments.

To show method robustness, small but deliberate changes during the analytical
process have to be demonstrated. These can be shown by experiments at different
temperatures and humidity, using different pipettes if exact volumes are required,
different time frames between sample handling and processing steps and/or utiliz-
ing different lots of matrix and solvents.

For the precision of the method, the degree of agreement of multiple runs of the
same sample or different suspensions of the same bacterial material (usually in the
same lab within a short time) will be recorded. If different people on different days
(ideally in different labs) using different preparations of the same bacterial sample
are included, the intra- and inter-assay repeatability (intermediate precision) can be
shown and documented.
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3 Materials and Protocols

The protocols usually applied for routine microbial identification by MALDI-TOF
MS profiling are quite similar among the different commercially available systems.
In the following, protocols are described for the MALDI Biotyper (Bruker
Daltonics), one of the leading systems with about 1500 installed instruments at the
end of 2014. Generally, these protocols can also be applied or transferred to other
MALDI-TOF mass spectrometers.

3.1 Chemicals for Microorganism Identification
by MALDI-TOF MS Biotyping

e HPLC water, ethanol, acetonitrile (ACN), trifluoroacetic acid and formic acid

* Matrix: a-Cyano-4-hydroxycinnamic acid (CHCA)

* Standard solvent composition: ACN:water:trifluoroacetic acid (50%:47.5%:2.5%
(viviv))

All chemicals used should be of highest purity (intended for use in mass spec-
trometry or HPLC).

The matrix solution is typically prepared by adding 250 pL of the standard sol-
vent to 2.5 mg of CHCA and vortexing the mixture until all matrix crystals are
completely dissolved. The manufacturers usually offer small tubes with pre-
portioned amounts of matrix to which just the adequate volume of solvent has to be
added. The standard solvent is also available as a ready-to-use solution (cat. no.
19182; Sigma-Aldrich).

The matrix solution can be stored in the dark at room temperature for up to 2
weeks. As the organic solvents are volatile and ACN is strongly hygroscopic, it is
recommended to review storage conditions. Storing small volumes in big tubes or
containers as well as working for long time with opened containers for reagents can
result in a shift in concentrations that render MALDI-TOF MS profiling measure-
ments impossible.

3.2 Spectrum Acquisition

The MALDI-TOF mass spectrometer is typically operated in linear mode. The
spectrum is acquired in an m/z range of 2000-20,000 targeting ribosomal proteins,
which are highly conserved and in general independent on culture conditions. It is
recommended to perform regular calibrations with a standard, covering the m/z
range of interest. A total of up to 240 laser shots from different positions of the
sample is sufficient to obtain a representative spectrum with many characteristic
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peaks. Latest software versions allow an early termination of the spectral acquisi-
tion as soon as enough peaks with a satisfactory resolution or amplitude have been
acquired. Statistics from routine diagnostics in medical microbiology show that
about 25% of the measurements are finished after 40—120 shots, while 50% of the
measurements need less than 200 shots (Data source: MVZ Dr. Eberhard &
Partners). This saves time and extends the laser life time as well as intervals between
servicing for source cleaning.

3.3 Direct Transfer (DT) Procedure

Besides the speed of identification, the ease-of-use in daily routine analysis has
been one of the main reasons for the success of MALDI-TOF MS in medical
microbiology. This is especially true for the direct transfer (DT) procedure, which
can be applied to most cases of routine analysis in medical microbiology. From the
colony to be identified some biological material is directly transferred to the steel
target and smeared as a very thin film on the sample spot area. Best results can be
obtained from cultures that are still growing. So in case of fast growing bacteria,
fresh overnight cultures are suitable and identifications from slow growing organ-
isms can be performed from cultures over several days. As proteins can quickly
degrade from organisms stored in a refrigerator where they enter the lag phase,
spectrum quality for such organisms can also quickly degrade. However, measure-
ments from colonies stored at room temperature and kept in a metabolic active
state show acceptable spectra even after days. For smearing the colony material
onto the steel target, inoculation loops, pipette tips or wooden toothpicks are used
in most laboratories. Sometimes, it needs some training to establish the right tech-
nique and amount of biological material that has to be applied to the sample spot.
Usually, very thin films that can sometimes hardly be seen by the naked eye pro-
vide better results. Some users also prefer to employ ground steel targets instead of
polished steel targets.! The sample spot is then directly overlaid with 1 pL of matrix
solution, which is prepared according to the description in Sect. 3.1. After drying
at room temperature, spectral acquisition (see Sect. 3.2) can be started. Figure 1
shows the steps of the DT method for a freshly grown colony picked from a blood
agar plate.’

'The slightly rougher structure of ground steel targets can facilitate the smearing to the right
thickness.

2Most culture media are blood-based. The haemoglobin in these media can produce artificial peaks
disturbing the spectral acquisition or deteriorating the identification result. Thus, accidental trans-
fers of parts of the culture media to the target should be avoided.
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b

Fig. 1 Direct transfer (DT) procedure for microorganism identification by MALDI-TOF MS bio-
typing: (a) pick small amount of biomass from a bacterial colony of a freshly (overnight) grown
culture, (b) transfer the biomass onto a sample spot area on a steel MALDI target plate and smear
it out, producing a very thin film, (¢) overlay with matrix, and (d) dry at room temperature before
MALDI-TOF MS measurement

3.4 Extended Direct Transfer (EDT) Procedure

The DT procedure provides good-quality spectra for the majority of microorgan-
isms in routine work. For some analytes like yeasts that have a more rigid cell wall,
the extended direct transfer (EDT) procedure might be more advantageous. After
smearing the colony material onto the MALDI target, the thin analyte film is over-
laid with 1 pL of 70% formic acid. Then, after drying, 1 pL of the matrix solution is
added and dried at room temperature. The formic acid can help to penetrate the cell
walls and liberate the proteins of interest. Before applying the EDT method, it is
advisable to check whether optimization of the standard DT procedure (cf. Sect.
3.3) could also improve results. In many cases, the amount of microorganism bio-
mass transferred to the MALDI target is the more critical parameter.
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3.5 Ethanol/Formic Acid Extraction (EFEx)

The best spectrum quality can be expected with the ethanol/formic acid extraction
(EFEx) method. Compared to the DT and EDT procedure, it is more laborious and
can be performed when the simpler methods give no satisfactory spectra. This elab-
orate extraction method is also appropriate for applications like strain sub-typing
and the acquisition of reference spectra for extending the database when maximum
spectrum quality is critical.

EFEXx is performed in an Eppendorf® or similar tube with a volume of 1.5 mL by
pipetting 300 pL of water into the tube and suspending a small amount of biological
material (e.g. one single colony from a freshly grown culture of up to 5-10 mg) into
it. Repeated pipetting (dispensing/aspirating) and/or vortexing facilitates the mixing
process. Then, 900 pL of ethanol (absolute) are added and the solution is thoroughly
mixed. The tube is then centrifuged at maximum speed for 2 min. The supernatant
can be decanted and after another centrifugation step the remaining ethanol should
be carefully removed without touching the pellet. Subsequently, the pellet is dried
for some minutes at room temperature, followed by the addition of 1-80 pL of 70%
formic acid. The exact amount depends on the amount of biological material entered
into the extraction process: About 1-5 pL are sufficient for a small colony, while for
bigger colonies 5—15 pL should be used. If a full 1-pL inoculation loop with colony
material is used 10—40 pL are appropriate and for a 10-pL loop about 30-80 pL of
70% formic acid should be used and mixed well by pipetting (dispensing/aspirat-
ing) and/or vortexing. Then, pure ACN is added in the same amount as the formic
acid and mixed. After centrifugation for 2 min, one should obtain a small pellet with
the residual material and a supernatant with the extracted proteins. Then, 1 pL of the
supernatant can be pipetted onto one sample spot of the steel target. After drying at
room temperature, 1 pL of the matrix solution can be added and again dried at room
temperature. To prevent chemical reactions like oxidation and methylation of the
samples that lead to peak shifts in the spectrum, the supernatant with the extracted
proteins should be used immediately and overlaid with the matrix solution as soon
as possible (in general within 10 min).

Typical MALDI MS profile spectra using the EFEx procedure for the preparation
of a variety of microorganisms from different phylogenetic branches are depicted in
Fig. 2.

3.6 Extraction from Blood Cultures
3.6.1 Sepsityper Protocol
Blood cultures play an important role in medical microbiology. They allow the

detection of pathogens in blood stream infections. Although these infections are
severe and can lead to serious complications, there is usually only a small number
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Fig. 2 MALDI-TOF MS profiles acquired using the ethanol/formic acid extraction (EFEx)
method for four microorganisms belonging to different phylogenetic branches: the mold Aspergillus
fumigatus, the Gram-positive bacterium Bacillus subtilis, the yeast Candida albicans, and the
Gram-negative bacterium Escherichia coli

of 1-10 microorganisms per millilitre that can be detected. Therefore, liquid media
in bottles are used as enrichment culture. A volume of 10-15 mL of blood is col-
lected from the patient, inoculated into a bottle and incubated in an automated sys-
tem that regularly checks for growth. As soon as the system detects growth (usually
after several hours to days depending on the microorganism concentration and
speed of growth), the liquid medium with the enriched microorganisms can be used
for inoculation of usual solid media for further culture for at least another 2448 h
and subsequent identification and susceptibility testing. As blood stream infections
can show a quite severe clinical picture an early initiation of antimicrobial therapy
is essential. This is the reason why for an initial analysis direct microscopy with
Gram staining is performed as soon as the blood culture has turned positive in order
to estimate the group of organisms and a potentially effective therapy. MALDI-TOF
MS now allows the identification directly from a positive blood culture bottle with-
out subculture and identification results can be available about 12-24 h earlier.
There are several protocols published for the extraction of proteins for microor-
ganism identification directly from positive blood cultures (La Scola and Raoult
2009; Christner et al. 2010; Moussaoui et al. 2010; Stevenson et al. 2010; Ferreira
et al. 2011; Schubert et al. 2011). The main objective of all procedures is to enrich
the cultured microorganisms and to separate them from blood cells and other blood
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components. Especially, the haemoglobin of the erythrocytes can perturb the
MALDI-TOF measurement and need to be excluded.

For the MALDI Biotyper system, the manufacturer offers a ready-to-use kit
(MBT Sepsityper IVD Kit) which has been investigated in more than 20 published
studies (see e.g. Kok et al. 2011; Schubert et al. 2011; Yan et al. 2011; Buchan et al.
2012; Juiz et al. 2012; Klein et al. 2012; Loonen et al. 2012; Schieffer et al. 2014)
and is currently the only IVD-CE kit for this purpose. The kit comprises a lysis buf-
fer, a washing buffer and 1.5-mL plastic reaction/microcentrifugation tubes. As the
procedure is based on the EFEx method, the same reagents as for EFEx should also
be used.

The extraction is started by transferring about 1 mL of the blood culture fluid to
the 1.5-mL plastic reaction tube. In the next step, 200 pL of the lysis buffer are
added and mixed by vortexing for about 10 s.* The tube is then centrifugated at
13,000 rpm for about 2 min and the supernatant is removed. The remaining pellet is
suspended in 1 mL of the washing buffer and mixed by pipetting several times up
and down (i.e. dispensing/aspirating). After another centrifugation step for 1 min at
13,000 rpm, the supernatant is again removed. The EFEx procedure can now be
performed using the resulting pellet by suspending it in 300 pL of HPLC-grade
water, adding 900 pL of ethanol and mixing the solution. After finishing these
extraction steps, 1 pL of the extract can be transferred to a spot on the target, dried
and then overlaid with 1 pL of matrix solution (cf. Sect. 3.5). The MALDI-TOF MS
profiling measurement can then be performed with standard methods.*

As haemoglobin will produce large artificial peaks in MALDI-TOF MS mea-
surements, which render the MS spectra useless, several additional washing steps
after lysis with the supplied washing buffer can help reducing such problems.

3.6.2 Alternative Protocols

There have been other methods published for the extraction of proteins from blood
culture. For instance, saponin (Ferroni et al. 2010) or ammonium chloride (Prod’hom
et al. 2010) can be used for lysis, while the separation of microorganisms from
blood cells can be performed with differential centrifugation and gel separator tubes
(Stevenson et al. 2010; Moussaoui et al. 2010) or just with simple sedimentation (La
Scola and Raoult 2009; Christner et al. 2010; Ferreira et al. 2011).

*For blood culture bottles that contain charcoal for adsorbing antimicrobial substances, filtering
the blood culture/lysis buffer mixture in the first steps with a spin column like SigmaPrep (cat. no.
SC1000-1KT, Sigma-Aldrich; centrifugation for 2 min at 2000 rpm) can remove the distracting
particles. For blood cultures with resin particles this procedure is not needed.

*Sometimes it is advisable to accept slightly lower score values. In the rare cases when more than
one pathogenic microorganism is suspected in the blood culture or when Gram staining already
shows multiple morphologies in microscopy, mixture algorithms can be applied for identification.
However, in general, blood cultures only contain one microorganism.
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3.7 Limitations of Standard Extraction Methods

The described procedures for microorganism profiling, especially the effortless DT
method (cf. Sect. 3.3), have disburdened the routine microorganism identification
process in medical microbiology. Furthermore, new workflows have been made
possible as subsequent steps can now be based on precise identification results.
Nevertheless, there are microorganisms that are resistant to standard extraction pro-
cedures and give low-quality spectra with no or only a low number of peaks.

As some of these pathogen groups can play an important role in infectious dis-
eases adapted protocols have been developed or are still under review.

3.7.1 Filamentous Fungi

One of the above mentioned groups of microorganisms are the filamentous fungi.
Usually, culture on solid media is performed with subsequent microscopy of the
grown fungi. Identification is then based on the micromorphological structures
observed in the different growth states of the fungus. Since these different growth
states and also the sporulation of the fungi provide problems for MS spectrum
acquisition, special culture conditions and extraction procedures can produce ana-
lytically more valuable spectra.

Different protocols have been published with several starting from mycel grown
on solid media (Cassagne et al. 2011; Iriart et al. 2012; Lau et al. 2013; Ranque
et al. 2014), one using a short incubation of mycel in liquid medium to unify the
fungal material before extraction (Schulthess et al. 2014).

Figure 3 shows the identification of a fungus by conventional microscopy (a) and
mass spectral analysis (b).

3.7.2 Mycobacteria

For mycobacteria, special extraction methods are currently under review. These
bacteria have only a low number of ribosomes, and standard extraction methods
cannot usually overcome their rigid cell walls. Generally, the currently adapted
methods apply silica or zirkonia microbeads to disrupt cell aggregates and make the
cell surface more accessible to the extraction solution (Lotz et al. 2010; Saleeb et al.
2011; El Khéchine et al. 2011; Balada-Llasat et al. 2013; Buchan et al. 2014).
Reported identification rates are in the range of 80—-90% of strains occurring in
clinical routine work. The results show some limitations in distinguishing very
closely related species, similar to the limitations of 16S rDNA sequencing but in
some cases somewhat superior. As an example, the Mycobacterium tuberculosis
complex members cannot be differentiated from each other but there are reports that
Mycobacterium abscessus and Mycobacterium massiliense, both sometimes
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Fig. 3 Identification of the filamentous fungus Aspergillus terreus: (top) by microscopy using the
characteristic size and shape of cells and micromorphological structures (e.g. from conidia
(spores), which are formed on long cells sitting on round vesicles); (bottom) by MALDI-TOF MS
profile analysis, allowing identification 2 days before characteristic morphological structures are
observed by microscopy
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Fig. 4 Profile mass spectrum of the mycobacterium Mycobacterium fortuitum after bead-
supported extraction of proteins. The microorganism was cultivated on solid Lowenstein—Jensen
medium

regarded as subspecies M. abscessus, can be differentiated (Tseng et al. 2013;
Fangous et al. 2014).

A further field of improvement is the identification of mycobacteria directly from
liquid media which have been directly inoculated with patient sample material (gen-
erally sputum or aspirates from the patient’s respiratory tracts). This might be the
most significant contribution of MALDI-TOF MS towards mycobacteria identifica-
tion as it will further accelerate microbiological routine analysis. However, prob-
lems with low cell count in the samples and interference from the patient’s sample
matrix may have to be overcome to achieve this.

A MALDI mass spectrum collected based on the microbead preparation method
published by Buchan and co-workers (Buchan et al. 2014) is shown in Fig. 4.

3.8 Interpretation of Identification Results

Identification through the dedicated software of the different manufacturers is often
based on proprietary algorithms. These algorithms differ significantly from each
other. The calculation and interpretation of values for identification purposes is
defined by the corresponding manufacturer.

With the MALDI Biotyper system a log(score) value is calculated to indicate
reliability of the identification result. For the match of a spectrum with each
database reference entry (MSP), a score is initially calculated by multiplication of
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three independent values. These values are (a) the proportion of peaks from the
newly acquired spectrum, which match with peaks from the reference peak lists of
the database entries (MSPs), (b) the proportion of the MSP peaks, which match with
peaks from the unknown spectrum, and (c) the overall correlation of peak height of
both the unknown spectrum and the MSPs. The result is a list of scores between 0
and 1000. The most similar MSP has the highest score value. By taking the loga-
rithm the respective log(scores) are calculated and then ranked by value. The high-
est log(score) value (maximum of 3) is used for identification, while the following
matches can be used for a reliability/quality check.

Initially, the manufacturer defined thresholds for identifications at the genus
(=1.7) and species (>2.0) level. These were also the acceptance criteria applied in
the respective IVD-CE study by the manufacturer in 2008/2009. Subsequent studies
of users have shown that the thresholds might be too stringent and sensitivity (pro-
portion of identifications) of the system can be increased without significantly los-
ing specificity, i.e. inducing a higher rate of misidentifications (Theel et al. 2011;
Alatoom et al. 2012; Fedorko et al. 2012). Szabados and co-workers even proposed
the utilization of species-specific thresholds (Szabados et al. 2012). As the database
has evolved and expanded over the years, the manufacturer removed the genus-
specific limit and redefined the log(score) values of 1.7 and 2.0 as thresholds for
low-confidence and high-confidence identification at the species level, respectively.
Similarly, the threshold for identification of microorganisms directly isolated from
positive blood cultures was adjusted.

In diagnostics, it is sometimes advisable to know which score level can be
reached for different species under routine conditions. This can help with the inter-
pretation of the results. For example, enterobacteria usually yield high log(score)
levels up to 2.3 or more. In cases where identifications show lower log(score) levels
than usual the identification result should be reviewed as the lower score can be a
sign of impure or mixed cultures or other problems in spectra acquisition that can
lead to a lower discriminatory power. Statistics of scores from prior identifications
for particular species can be utilized to find additional species-specific criteria for
acceptance of the identification results.

3.9 Databases

Acquired spectra are typically compared to a database of reference spectra (cf. Sect.
3.8). Current database versions have grown over time to several thousand references
and are suitable for routine use in medical microbiology.

Nevertheless, due to the broad range of microorganisms that can occur in routine
clinical microbiology analysis there are cases when good-quality spectra show no
matches against the database. The software then shows implausible results with
scores indicating low reliability of identification. Contrary to conventional bio-
chemical identification systems, the software of MALDI-TOF MS-based systems in
principle allows the extension of the database. As the databases of different manu-
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facturers are generated differently, based on different mathematical algorithms and
identification principles, there are also differences between the systems regarding
their possibility to extend the database with own reference spectra.

The Vitek MS system (bioMérieux) is a pure IVD system, which allows no
expansion of the database by the user. This is not only due to the restrictions imposed
by the principles of an in vitro diagnostic system but also to a limitation of the algo-
rithm used for the generation of the database. In short, the advanced spectra classi-
fier algorithm uses a network of biomarkers to characterize a reference spectrum of
a given species. For this, a spectrum is divided into thousands of bins. For each bin,
the value for identification of the species as well as its value for identification of all
other species in the database is calculated. The result is not a database of reference
spectra but a kind of a ‘biomarker network’. This network has to be calculated anew
for each database extension which is only done by the manufacturer for database
updates.

However, the VITEK MS plus system has a second, RUO, database which is
based on SARAMIS (Spectral ARchive And Microbial Identification System) for-
merly developed by the company ANAGNOSTEC in Germany. SARAMIS stores
raw peak lists from measured strains as well as the so-called ‘Super Spectra’ in its
database. ‘Super Spectra’ are the main tool for identification. They consist of
curated peak lists from multiple measurements with a manually introduced weight-
ing of characteristic peaks for genus and species. The user can also introduce own
‘Super Spectra’ to extend the database. This is performed based on own measure-
ments and a manual weighting process of the characteristic peaks.

The MALDI Biotyper database is available in two IVD versions, which do not
support any extensions by the user. The one called MBT-CA (MALDI Biotyper—
Clinical Application) is dedicated to the US diagnostic market, which is regulated
by the FDA (US Food and Drug Administration). The other system is the IVD-CE
MALDI Biotyper, which is intended for the European market and other countries
where European certifications are applied. In addition, a research-use-only system
(MALDI Biotyper RUO) is available. It uses the same algorithms as both diagnostic
systems and contains the same general database as the IVD-CE MALDI Biotyper.
The MALDI Biotyper RUO database can be extended by the user with own refer-
ence spectra (MSP).

3.9.1 Database Extension and Creation of Own MSPs for the MALDI
Biotyper System

The creation of own MSPs in the MALDI Biotyper software is quite simple and
compatible with the usual workflow in microorganism identification. For this, a
spectrum with the best possible quality should be acquired. Thus, the optimum pro-
tein extraction method should be applied for the given microorganism. In general,
the EFEx method is used for bacteria. For compensation of a potentially high mea-
surement variance, the spectrum is acquired multiple times. Therefore, the extract is
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transferred to eight sample spots on the target. These eight spots are measured at
least three times resulting in 24 spectra of the pure microorganism. An accurate cali-
bration of the MALDI-TOF MS instrument before measurement is mandatory.

After alignment of the 24 microorganism spectra in the flexAnalysis spectra
evaluation software (Bruker Daltonik GmbH), they can be reviewed visually and
selected in a manual process. Spectra that show conspicuous deviations from the
other spectra can then be excluded. In general, it is advisable to use about 20 spectra
for the calculation and creation of the MSP in the MALDI Biotyper software for
best database entry creation. This ensures an adequate weighting of frequent and
less stable peaks. The resulting MSP should be checked by running an identification
of itself against the existing database entries. If there are no implausible results and
the new strain can be clearly differentiated from other MSPs, it can be used in rou-
tine identification. In case of database updates by the manufacturer, own database
entries should be reviewed and checked for conflicts with new entries.
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