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Abstract

Immediately after the first MALDI-TOF instrument became available, microbiologists have
been investigating its potential as a platform for high throughput identification of microorgan-
isms. A remarkable finding very early in these investigations was that despite the dynamic
nature of the bacterial cell, components of the mass spectral profile were sufficiently stable
and remained unchanged in spite of changes in environmental parameters. Further, mass spec-
tral patterns have been found to be taxon specific, consequently, numerous methods were re-
ported that purported to provide an alternative to current identification systems. The
SARAMIS system described herein sequentially extracts core stable mass ions from analyses
of multiple individual strains of a particular species to yield a “‘SuperSpectrum’, a list of bio-
markers that are weighted according to their specificity from family to (sub)species levels.
This approach has been used successfully to identify microorganisms from diverse phyloge-
netic lines of bacteria and fungi with considerable success. The protocol described has
evolved of over years of experimental work to yield a robust system that can be readily ap-

plied for microbiological identification in a clinical diagnostic laboratory.

Identification of Microorganisms in Clinical
Routine

A crucial step in the epidemiology and the suc-
cessful therapy of any infectious disease is the
identification of the causative microbe. For more
than a century, clinical microbiology has relied
on the isolation of the suspected pathogen from
various samples such as stools, throat swabs,
blood, or urine on selective growth media and an
identification procedure that is based on the
metabolic capacities of the isolate. An array of
carbohydrate fermentation and enzymatic reac-
tions are tested that generally involve a colour
change of an indicator when a particular substrate
is catabolised. The profile of positive and nega-
tive reactions is assumed to be characteristic for a
bacterial taxon and is consequently used for iden-
tification. Modern microbial identification sys-
tems are miniaturized, combining some tens of
reactions into a single strip or card to allow for
high throughput analysis. The major shortcom-

ings of these systems are the need to incubate
isolates for several hours to obtain pure cultures,
and a required pre-selection of tests. Although
this is still the most commonly used method in
clinical diagnostic laboratories, microbiologists
have been seeking alternative methods for the
identification of pathogens for decades.

A new era has dawned with the arrival of mo-
lecular methods such as the polymerase chain
reaction (PCR) and nucleotide sequence analysis.
In diagnostic and systematic microbiology today,
analysis of genomic sequences is rapidly displac-
ing biochemical tests for the provision of new
characters for the circumscription of taxa. For
example, a prerequisite for the description of a
new species is the inclusion of the sequence of
the 16S rRNA gene which now plays a pivotal
role in microbial phylogeny. However, despite
the widespread use of PCR and sequencing in all
fields of microbiology, the technology is still
lagging behind in clinical microbiology and is
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largely restricted to research applications. On the
other hand, the high sensitivity and specificity of
molecular methods make them indispensable in
modern microbiological laboratories, as for ex-
ample in the detection of methicillin resistant
Staphylococcus aureus (MRSA) by real-time
PCR assays, or the identification of atypical or
very rare pathogens.

Mass Spectrometry and Microbiology

The application of chemical analyses (referred to
as chemotaxonomy) for the identification and
classification of microorganisms has been ex-
plored extensively prior to molecular analysis.
These were based on the characterisation of polar
(eg. phospholipids) and non polar lipids such as
respiratory quinones (eg. ubiquinones and
menaquinones) and long-chained cellular fatty
acids *. The structure of these lipids were chal-
lenging and ushered in a period of intense mass
spectral analysis to characterise the vast array of
lipids present in the microbial kingdom. While
these methods provided characters at the genus
and species levels, pyrrolysis mass spectrometry
was introduced as a means of typing bacterial
isolates 2. Such approaches were motivated by
the need for a rapid method to identify pathogens
in only a fraction of the time required for bio-
chemical tests. However, because of the limita-
tions of the technology at that time, mass spectral
approaches were confined to the detection of
organic molecules in a mass range up to 1,500 Da
3 Detection of larger molecules was hitherto only
possible with techniques such as plasma desorp-
tion mass spectrometry . But this was about to
change dramatically within a few years with the
invention of Matrix-Assisted Laser Desorp-
tion/lonisation Time-of-Flight Mass Spectrome-
try (MALDI-TOF MS) and its success in many
fields of life sciences has been phenomenal.

The laser desorption and mass spectral analysis
of large biomolecules was developed simultane-
ously by two research groups in Japan and Ger-
many. While the group of Tanaka could success-
fully detect proteins up to m/z 100,000 Da by
direct laser ionization °, Karas and Hillenkamp °
relied on a light absorbing matrix, and achieved
similar results by this method. A matrix effect on
the desorption rate was observed earlier for
smaller molecules * and further studies quickly
directed the search for matrix candidates to a few
small organic molecules that are still the primar-
ily used ones in MALDI-TOF MS applications
today, viz. cinnamic acid derivatives ® and 2,5-
dihydro benzoic acid °. Accuracy and resolution
could be significantly improved by the introduc-

tion of delayed ion extraction *°, which compen-
sates for the variability in initial ion velocity .
The sensitivity of MALDI-TOF MS for the de-
tection of large proteins was rapidly increased to
the femtomolar range ** and further, aided by
sophisticated handling procedures to the zepto-
molar range . Within less then a decade,
MALDI-TOF MS developed into a widely ap-
plied methodology in diverse fields of life sci-
ences **, promoted by a number of major advan-
tages it had compared to other mass spectral
technologies. These included the possibility to
detect unfragmented large molecules, the speed
with which a full scan over a wide mass range
can be achieved, and the simplicity of sample
preparation. For the analysis of whole cells and
crude extracts, an outstanding advantage of
MALDI compared to other ionization techniques
such as electrospray ionization (ESI) or fast atom
bombardment (FAB), is the fact that in MALDI-
TOF MS predominantly singly charged ions are
detected ™ which simplified the interpretation
:1;16nd treatment of mass spectral data considerably

Mass Spectral ‘Fingerprints’ of Whole Cells
The possibility of introducing whole cells into a
mass spectrometer and detecting biomolecules in
a mass range extending to several kilodaltons was
immediately recognised by microbiologists.
Shortly after the first MALDI-TOF MS was
commercially available (by Vestec and Kratos)
the first reports on intact cell mass spectrometry
of bacteria were published, some of which high-
lighted its potential for microbial diagnostics "%,
Essentially these studies showed that mass spec-
tra of whole cells of bacterial strains revealed
patterns of mass signals that were reproducible
and specific for strains or species. Because cells
could be analysed after minimal processing and
preparation, required only minute biomass, either
as a cell suspension or cells placed directly on a
target plate, the implications for diagnostic mi-
crobiology were immediately evident and numer-
ous studies ensued.
The mass ranges that were selected in early stud-
ies varied from m/z 500-2200 *® to m/z 2000-
20000 %. In the lower mass range, constituents of
the cell wall are detected, and also, but to a lesser
degree protein components . The lower mass
range was also used for the typing of potentially
toxic cyanobacteria * and proved to be suitable
for the metabolic typing of sub-specific taxo-
nomic units in natural populations .

The possibility that mass fingerprints
could be used to classify and eventually identify
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unknown microbial isolates was pursued in the
following years by a number of groups. Most
studies focused on the detection of proteins in
mass ranges spanning from above m/z 2000 to
below m/z 25,000. The identity of proteins de-
tected at this time was not very clear because
only a few genomic sequences of microorgan-
isms were available. It was generally assumed
that the proteins desorbed from whole cells, that
were not subjected to typical mechanical or
chemical lysis, were attached to the cell surface
2 However, studies on membrane-associated
proteins of E. coli K12, revealed that the molecu-
lar mass of most of these proteins exceeded 20
kDa % and were likely to be intracellular pro-
teins.

Comparative MALDI-TOF mass spectral
studies of isolated ribosomal subunits with those
of whole cell mass spectra of E. coli K12 re-
vealed that they shared a large number of mass
signals that are commensurate with ribosomal
proteins %’ (Figure 1). This large number of ion-
ised ribosomal proteins is in accord with the high
level of these proteins (ca. 30% of total proteins)
of a cell in its exponential growth phase. Fur-
thermore, studies on isolated ribosomes also re-
vealed that many proteins were modified post-
translationally, and that the observed mass sig-
nals were in agreement with the general rules for
methionine cleavage %. Such studies emphasised
that direct ‘translation’ of genomic data in mass
patterns is not straightforward.

Further microbial taxa have been studied
in detail to reveal the identity of proteins detected
by whole cell mass spectrometry. A high level of
observed peaks in mass spectra could be assigned
to ribosomal proteins in Helicobacter pylori *°,
Saccharomyces cerevisiae (together with mito-
chondrion related proteins) ¥, Campylobacter
jejuni *', Lactobacillus plantarum *, and Pseu-
domonas putida *. With the growing number of
completed genomes in databases, the assignment
of mass signals to proteins will be extended to
further species. In Figure 2, a mass spectrum of a
clinical isolate of Streptococcus pneumoniae is
shown with the mass signals matching to theo-
retical masses of ribosomal proteins obtained
from the SwissProt database. Other proteins iden-
tified in whole cell mass spectra include for ex-
ample, DNA-binding proteins * and a protein in
E. coli that correlates with the possession of an F-
plasmid (m/z 9743) *. The latter example also
underlines the limits of in silico studies, since no
candidate among some thirty proteins encoded on
the F-plasmid had a sequence matching the ob-
served mass signal when considering only modi-

fications such as methionine cleavage or methy-
lation. The in vivo protein could be further modi-
fied for example by cyclisation or formation of
di-sulfide bridges, or cleaved from a larger pre-
mature protein.

The detection of ribosomal and other
small structural proteins (i.e., proteins without a
direct metabolic function) in whole cell MALDI-
TOF mass spectra of various microbial taxa is
very promising for the development of identifica-
tion systems for clinical applications. To this end,
two major objectives need to be addressed.
Firstly, the reproducibility of mass fingerprints
acquired under various culture conditions, on
different instruments, or from multiple strains of
a single species and, secondly, the discriminating
power of mass fingerprints among recognized
species.

Reproducibility of Mass Spectral Fingerprints
A principle problem for the development of a
standard protocol using mass spectrometry is the
fact that even replicate analyses of a single clone
do not result in identical mass fingerprints. This
applies to the individual peak’s height as well as
to the presence and absence of peaks, primarily
of those with low intensities. The reproducibility
of mass spectral fingerprints therefore has been
the subject of a number of studies assessing bio-
logical, physical, and chemical effects on whole
cell mass spectra. Wang et al. * demonstrated
that variations in the sample preparation proce-
dures and in the experimental conditions resulted
in a significant change in the observed spectra,
especially in relative peak intensities. Thus, a
number of peaks were observed in the spectra
from the same bacterial sample obtained under
different conditions, especially when acidic ex-
traction was employed. Similar observations
were made by Williams et al. *® who also re-
ported that acidification of the matrix solution
with 1-2.5 % TFA vyielded the best results in
terms of peak number and reproducibility with
different matrices. The shape of recorded peaks is
itself dependent on a number of factors such as
sample concentration and laser intensity, and
consequently these factors need to be optimised
for a given instrument '

Since peak recognition partly depends on
the software settings rather than on the hardware
components, a sample preparation procedure that
yields reproducible results on one MS s likely to
be suitable for others. This was assessed in an
inter-laboratory study where a single sample was
analyzed in three laboratories on different mass
spectrometers . Again, a number of mass sig-
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nals were invariably recorded in all fingerprint
spectra, while others were recorded with differing
frequency in different laboratories. Thus, to a
certain degree differences in whole cell mass
spectra of a single bacterial sample can be attrib-
uted to physical and chemical factors. This is
important to note since spectrum-to-spectrum
variability could be mistakingly taken to indicate
biological differences.

Biological variability is expected in whole cell
mass spectral fingerprints due to the dynamic
regulation of protein expression in response to
growth conditions and culture age. Thus, for E.
coli it was shown that mass spectral profiles
changed with cultivation time *. Assuming that
the mass ions of the ribosomal proteins are re-
corded in mass spectral fingerprints of many
species, it is expected that the signal intensity of
these proteins will be highest in the exponential
growth phase. Figure 3 shows the mass spectra of
whole cells of Proteus mirabilis recorded after
cultivation times varying between 16 to 120
hours. Although the quality of the mass finger-
print declines considerably after 48 hours (in
terms of peak number and resolution) the major
mass signals were still recorded and allowed
automated identification (see below). However,
our own observations have shown that the effect
of culture conditions on mass spectral finger-
prints is less pronounced than would be expected
considering the complex system of protein ex-
pression in living cells. This was confirmed by
Valentine et al. * who examined the mass spectra
of several species using different culture media
and Wunschel et.al who additionally analysed
cells grown at different temperatures, pH, and
growth rates *.

Species and Strain Discrimination by Mass
Spectrometry

Early studies that explored the use of mass spec-
tral fingerprints tested the discriminating power
on rather distantly related taxa, however, as con-
fidence grew in the potential of the technique,
more closely related taxa were studied (Table 1).
Bacillus spores and cells have been studied inten-
sively because of their potential use as bio-
terrorism agents and the need for a fast, safe and
reproducible method to identify them in suspi-
cious samples. It proved that with MALDI-TOF
MS (and other mass spectral techniques) cells
and spores of one of the most dangerous species,
B. anthracis and the generally inseparable spe-
cies, B. cereus, could be differentiated “**. Reli-
able biomarkers were reported as ‘small acid
soluble proteins’ (SASP) that were characteristic

of a number of strains “° and had the potential for
identification of cells and spores “**.

Lynn et al. *® studied a number of Enterobacteri-
aceae of different genera and showed that a small
number of mass signals were recorded for all
strains, e.g., m/z 4364 (ribosomal protein L36),
5380 (ribosomal protein L34), and 6856 (YcaR).
For particular genera, species, and strains-
specific mass signals could be identified that
allowed the discrimination of E. coli, Klebsiella
pneumoniae, Providencia rettgeri, and Salmo-
nella typhimurium. Such studies illustrated that
mass spectral fingerprints can potentially be used
for the classification of bacterial strains. Further
studies showed that environmental Escherichia
coli isolates could be classified by MALDI-TOF
MS according to their origin. Thus, avian E. coli
isolates could be distinguished from those of
bovine origin *°.

In other studies, clinically relevant Strep-
tococcus species were analysed by MALDI-TOF
MS. Identification and differentiation of Strepto-
coccus species is generally challenging by rou-
tine clinical methods while some groups of spe-
cies sharing more than 99% nucleotide sequence
similarity in the 16S rRNA gene. However, using
MALDI-TOF MS mutans streptococci could be
discriminated down to the subspecies level *°
permitting the reclassification of some strains.
Similarly, Streptococcus pyogenes strains could
be identified correctly and differentiated into
invasive and non-invasive isolates **. Streptococ-
cus strains belonging to the viridans group were
analysed by Friedrichs et al. ® and shown that
closely related species such as Str. mitis and Str.
oralis could be reproducibly separated.

Some twenty clinically relevant species and sub-
species of Staphylococcus were studied by Car-
bonelle et al. ** who reported that each species
had a distinct mass spectral fingerprint that al-
lowed its discrimination, allowing the high
throughput identification of Staph. aureus®.
Discrimination  between  methicillin-resistant
(MRSA) and methicillin-susceptible (MSSA)
Staphylococcus aureus strains by MALDI-TOF
MS was reported by Edwards-Jones et al. > and
Du et al. *°. Both types of strains differed in mass
signals around m/z 2500 and their assignment
was in accordance with the results of a mecA-
specific PCR assay. A few exceptions, however,
were observed and the discrimination of MRSA
and MSSA by MALDI-TOF MS could not be
confirmed by the analysis of further strains
(AnagnosTec, unpublished data; >**"). Nonethe-
less, considering the high costs of MRSA identi-
fication by real-time PCR assays, an alternative
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methodology would be advantageous. Since
MRSA are not a monophyletic unit but have
arisen from different MSSA lineages independ-
ently *® new approaches will require a different
strategy. Direct detection from whole cells of
gene products of the staphylococcal chromoso-
mal cassette (SCCmec) responsible for the B-
lactam resistance is, however, unlikely to be fea-
sible. The penicillin binding protein 2a, for ex-
ample, has a mass of 78 kDa, far beyond the
mass range generally used for mass fingerprint-
ing. Methods involving surface enhanced laser
desorption/ionisation (SELDI TOF MS) shows
promise **. This technique has also been used to
delineate subspecies of Francisella tularensis,
the causative organism of tularaemia *°.

A number of Mycobacterium species were found
to be distinguishable by mass spectrometry, and
strains could even be discriminated when mass
signal intensity was accounted for in addition to
simple presence/absence data *.

As agents of bioterrorism usually do not emerge
in laboratory settings, a procedure is required to
make any potentially hazardous substance in-
nocuous immediately, without disabling its bio-
markers for subsequent identification. A number
of Bacillus (spores and cells) and Yersinia spe-
cies were studied for the applicability of a thor-
ough inactivation protocol prior to mass spectral
characterization ®. Cells and spores were treated
with 80% trifluoroacetic acid resulting in com-
plete inactivation that did not significantly dete-
riorate the quality of mass spectral fingerprints,
which could still be used for identification.
Compared to bacteria, far less attention has been
given to the mass spectral analysis of fungi.
However, the few studies undertaken so far indi-
cate that pathogenic fungi can also be identified
by whole cell MALDI-TOF MS. Closely related
wood decay fungi could be discriminated and
identified °. Clinical isolates of dematophytes
could be automatically identified by matching the
isolates’ spectra to a spectral database ®. An
infection with Fusarium proliferatum was con-
firmed by mass spectral typing and comparison to
reference strains ®. A major obstacle in the mass
spectral identification of fungi is the variability in
a strain’s mass fingerprint due to cell differentia-
tion and spore formation.

Among the protists, some notorious pathogens
are relevant for public health surveillance such as
Giardia lamblia or Cryptosporidia. Both taxa
have been analysed by MALDI-TOF MS and the
results suggest that mass spectral fingerprints can

also be applied for their correct identification
65,66

Proof of principle has been demonstrated for
several species (see Table 1) but the short-
comings of some studies prevent their direct
transfer to a diagnostic laboratory. Firstly, in
many studies only a limited number of strains
were tested, which is unlikely to fully represent
the intra-specific diversity of a given taxon, and
secondly, because these identification principles
have only rarely been tested for unknown sam-
ples

For mass fingerprints to be used for the routine
identification of unknown samples, methods have
to be developed that treat the mass spectral in-
formation in a reproducible and standardized
manner, which can then be compared with refer-
ence mass spectra of well characterized strains.

Pattern Matching Approaches for automated
Identification

In general, the comparison of mass spectral fin-
gerprints is done by mathematical approaches
based on various algorithms for cluster analyses,
or multivariate approaches such as principal
component analysis. The key issue for a success-
ful method is not the particular algorithm that is
applied to the processed data since different algo-
rithms may lead to very similar results ®’. How-
ever, the processing of the raw data and the iden-
tification of mass signals is of paramount impo-
tance.

Different approaches have been proposed for
pattern matching procedures. Arnold and Reilly
% applied a cross-correlation analysis to mass
spectra of 25 E. coli strains by dividing the full
spectrum in a varying number of intervals. By
this procedure, individual strains could be dis-
criminated even when the corresponding mass
spectra appeared very similar. Demirev et al. ®
proposed a combination of mass spectrometry
and protein database search to assign signals in
the mass spectrum of an unknown bacterial sam-
ple to a protein sequence translated from internet-
accessible genomic sequences. Jarman et al.
developed an algorithm for the extraction of fin-
gerprints from mass spectra (m/z 1,000-10,000)
of bacteria considering the variability in intensity,
frequency, and accuracy of mass signals in repli-
cate analyses of an individual strain. By doing so,
a fingerprint was calculated that accounts for
differences in replicate mass spectra caused by
physiological regulation, analytical error and
detection limit. The extracted fingerprint data
was applied to the comparison of blind samples
with library reference fingerprints of five species
by calculating similarities between an unknown
and a reference fingerprint based on the absence
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and presence of individual biomarkers ™. For the
blind samples, the same strains and mixtures
thereof with Shewanella alga cells were used,
and fingerprints calculated from repeated analy-
ses. For all species except Bacillus cereus, a cor-
rect identification was achieved when these were
part of the mixture, and for all strains correct
negative results were returned in the case of their
absence. Bright et al. * applied a pattern recogni-
tion algorithm to mass spectra in a range of m/z
500-10,000. The software tool MUSE translated
each quality-controlled mass spectrum into a
single point vector in an n-dimensional space.
The spectra of replicate samples of a strain had a
location in an n-dimensional space close to, but
not identical to each other. As a reference library
the mass spectral data of 35 strains from 20 spe-
cies were included. When the same strains were
analysed as blind samples, the correct match was
achieved for more than 95% on the species level.
A hierarchical clustering algorithm was applied
by Hsieh et al. ”* in combination with analysis of
variance (ANOVA) to extract biomarkers from
multiple isolates belonging to six human patho-
gens. The set of specific markers was then re-
duced to 2-4, which was sufficient to identify
isolates of the same species correctly.

Mass Spectral ldentification of Microorgan-
ism — Requirements for Routine Diagnostics
The proof of principle of mass spectral identifica-
tion of microorganisms has been shown for vari-
ous taxa (see Table 1). This is an essential pre-
requisite for diagnostics in clinical microbiology
but for daily routine use there are further de-
mands. Thus, mass spectral identification needs
to be

- simple and fast in handling

- robust to account for variations and variabil-
ity in culture conditions

- reproducible to allow identifications at dif-
ferent locations

- applicable to the majority of clinically rele-
vant microorganisms

- economic to allow identifications at competi-
tive costs

The measuring process itself, as described in
most publications, is straightforward. Several
extraction solvents and matrix compounds have
been tested for their effect on resulting mass fin-
gerprints "*". Despite various suggestions for
extraction procedures, cells of most taxa can
generally be applied directly to sample targets,
either from solid media or from suspensions.

One particular exception, yeasts, have been
shown to result in considerably improved mass
fingerprints after an additional extraction step
with formic acid *, but for most bacteria, extrac-
tion performed on the sample spot by adding
matrix solution can be considered as sufficient.
Extraction procedures involving more steps may
lead to increased reproducibility, but at the ex-
pense of a significant increase in handling time.
Once raw mass spectra have been obtained, mass
signals need to be processed by peak detection
algorithms to extract the relevant information for
further analysis. Although this is performed by
all software packages supplied with a mass spec-
trometer, differences in peak recognition algo-
rithms can have a considerable effect on the
processing and need to be adjusted with care .
Raw data could be used for spectral comparison
directly, e.g., by the BioNumerics software pack-
age as it has been applied to mass spectra of
Burkholderia cepacia complex species by
Vanlaere et al. ®. A major disadvantage of this
approach is the extended computing time for
large datasets. For practical reasons therefore, the
extraction of peak data from raw mass spectra
substantially facilitates the downstream data han-
dling, and can be generally performed with the
MS software with appropriate settings for base-
line correction, noise filtering, etc.

Finally, the identifying step involves the com-
parison of the mass spectral fingerprint of an
unknown sample with the mass spectral finger-
prints of well characterized strains. The princi-
ples applied to the identification of microorgan-
isms based on mass spectral fingerprints are es-
sentially the same as for similar problems where
a pattern recognition is required, for example,
restriction fragment length polymorphism analy-
sis. A major obstacle in this process is the fact
that every mass signal in a spectrum has an ana-
Iytical error. This is in contrast to the comparison
of (hucleotide) sequence data where only discrete
values are compared. In MALDI-TOF MS sev-
eral factors contribute to the analytical error, e.g.,
small variability of acceleration voltage, shape of
matrix crystals, and peak recognition by the
processing software. For most linear MALDI-
TOF mass spectrometers an error of some 500
ppm is considered as acceptable, i.e., a deviation
of 5 Da for m/z 10,000 . A higher precision can
be achieved by internal standards but for ICMS
this is not applicable because the calibrants po-
tentially interfere with biomarkers. In conse-
guence, a particular biomarker is detected with a
variability in m/z values that has to be taken into
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consideration when pattern matching algorithms
are applied.

The most important part of a system for auto-
mated mass spectral identification of microorgan-
isms is a validated reference database *""""®, The
reference database should contain not only the
mass spectral data of pathogens but also of re-
lated, non-pathogenic species that are frequently
found in a clinical environment to avoid the dan-
ger of false positive identifications that could
lead to a superfluous and potentially stressful
therapy. From these considerations, it is evident
that a database needs to contain reference spectra
of hundreds of microbial species.

Such a database was established by AnagnosTec
in 1998 and is constantly amended for rare and
newly emerging pathogens, microbes relevant in
veterinary medicine, and environmental species.
In the next section the principle and workflow for
automated mass spectral identification of clinical
microorganisms using SARAMIS (Spectral ar-
chiving and microbial identification system) is
briefly explained and examples of the application
in routine laboratories are given.

Automated Mass Spectral Analysis of Micro-
organisms in Clinical Routine Diagnostics

The identification system SARAMIS consists of
a database containing reference spectra, and
software that allows the comparison of the mass
fingerprint of an unknown sample to the refer-
ence spectra and was developed by Anag-
nosTec’®. The same principle is applied in the
BioTyper software package developed by Bruker
Daltronics .

As reference spectra, SARAMIS uses so-called
“SuperSpectra” that have been calculated from
replicate mass spectra of multiple isolates of a
single species or sub-species. To generate Super-
Spectra, high quality mass spectra of a species of
interest are collected from multiple strains grown
under varying conditions and in different labora-
tories. Raw mass spectra are then processed to
yield peak lists, that are subjected to cluster
analysis by applying a single link agglomerative
clustering algorithm that allows a pre-set analyti-
cal error, generally 500 ppm. Each cluster repre-
sents a mass fingerprint type of a species as
shown in Figure 4. When numerous strains of a
single species have been analysed, cluster analy-
sis may reveal sub-specific units and in that case,
multiple SuperSpectra can be calculated. In the
next step, a consensus spectrum is calculated
containing only these mass signals that have been
recorded in a frequency of 50-100% to exclude
unspecific signals. This threshold frequency

needs to be taxon-specific with a dataset at hand
that allows estimation of the intraspecific vari-
ability. Consensus spectra inevitably contain
peaks that are specific for higher taxonomic units
such as genera or families which can give mass
spectral fingerprints of members of respective
taxa a high background similarity (see, for exam-
ple, Enterobacteriaceae “®, Figure.4). For species
identification respective mass signals cannot be
reclaimed and are given a low weighting. For the
calculation of SARAMIS SuperSpectra such non-
specific mass signals are identified by comparing
each m/z-value to m/z-values in the entire data-
base of reference spectra (> 100,000; 2009). Be-
fore SuperSpectra are released for automated
identification, each mass signal contained therein
is weighted according to its specificity for the
taxon it represents, e.g., a mass signal that has
been recorded exclusively with high frequency in
one species receives a high value while one that
has been recorded in multiple species of the same
family receives a lower value.

When a mass spectral fingerprint is matched to
the SuperSpectra in the database, weighting val-
ues for each matching mass signal are summed
up and as a result those SuperSpectra for which
the highest specific concordance was established
are listed. The sum of the mass signal specific
match values can then be translated into a confi-
dence value for identification.

The performance of SARAMIS was evaluated in
several clinical diagnostic laboratories ®, and the
results of one study presented here. In 2007, rou-
tine identification of isolates from human urine
samples was performed with two systems in par-
allel in the laboratory of Dr. Stein (Modncheng-
ladbach, Germany). Samples were analysed by
the VITEK 2 system already established in the
laboratory as well as by MALDI-TOF
MS/SARAMIS that was set up in the laboratory
in 2007. A total of 569 bacterial isolates were
analysed by both methods representing the com-
monly encountered, clinically relevant taxa, in-
cluding diverse species of Enterobacteriaceae,
gram-positive cocci, and nonfermentative spe-
cies. Both methods yielded consistent results for
96.6% of all isolates, including 6.3% for which
the SARAMIS identification was correct but only
with a confidence level of 80-90% (Table 2). The
best hit rates were achieved for Enterobacteri-
aceae and Nonfermenters (98 and 100%, respec-
tively) while for staphylococci and En-
tero/streptococci only 92.4 and 82.8% correct
identifications were attained, respectively. For
these two groups, the highest number of unidenti-
fied isolates or isolates for which automatic data
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acquisition did not yield a mass fingerprint were
encountered. Thus, although the mass spectrum
had passed the quality control, when a match to
SuperSpectra accounts to < 70% confidence,
SARAMIS issues a non identification result. The
main reason for a negative result is generally
gaps in the database, either encompassing rare
species for which sufficient date have not yet
been collected or subtypes of well-characterized
species for which the mass fingerprint deviates
considerably from typical mass fingerprints of
that species. For example, in Streptococcus sp.
the transition between species is frequently ac-
companied by new mass fingerprint types (own,
unpublished data). For 1.1% of the isolates, no
mass fingerprint could be generated by auto-
mated spectrum acquisition, but in the manual
data acquisition mode for part of these samples a
mass spectrum could be obtained. One of the
most important outcomes of the evaluation was
that not a single sample was mis-identified.
These results clearly underline that a mass-
spectrometry based identification system is now
readily available as a diagnostic tool for the clini-
cal laboratory and can be implemented after a
short familiarisation phase for the routine identi-
fication of clinical samples.

Nonetheless, it has to be emphasized that mass
spectrometry based identification of microorgan-
isms has its limits. This is partly due to the fact
that bacterial identification is based indirectly on
a genomospecies concept (ie. genes translated
into proteins that were detected) while classical
clinical microbiology is based on phenotypic
characters derived from metabolic profiles . A
typical example is the Shigella species that are
recognized by taxonomists as polyphyletic line-
ages within the species Escherichia coli ®. The
main phenotypic characteristics of Shigella sp.
are that they are non-motile and cannot metabo-
lise lactose; characteristics that also occur, how-
ever, in enteroinvasive E. coli strains ® and
which cannot be determined directly by intact
cell mass spectrometry. On the other hand, spe-
cies discrimination by mass fingerprinting can be
straightforward for taxa that are poorly discrimi-
nated by biochemical methods %, for example for
species of the Burkholderia cepacia complex ©'.
Consequently, the prospects and capacities of
MALDI-TOF MS based and biochemical micro-
bial identification procedures are not completely
congruent and the application of the former in
routine diagnostics will require some training by
the medical staff to interpret the data. However,
traditional biochemical tests are now giving way
to genomics approaches for species identification

especially since the introduction of 16S rRNA
gene sequencing. Throughout the entire microbial
kingdom, many groups of biochemically similar
species have been further resolved and clarified
based on 16S rRNA sequences and the current
edition of Bergey’s manual has adopted this ap-
proach for a ‘road map’ of the microbial King-
dom. There is therefore a great opportunity to
interphase a MALDI-TOF MS based method
with 16S rRNA sequencing to provide a modern
and reliable approach to microbial identification.
The simplicity, speed, and reliability of mass-
based identification techniques are indisputable
advantages, and it is expected that the methodol-
ogy will be strengthened by the large number of
studies in progress and in the future will become
part of the work of routine diagnostics laborato-
ries.
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Table 1: Compilation of studies on mass spectral analysis of microbial taxa and their potential to dif-
ferentiate closely related species based on mass spectral fingerprints.

Taxon Comment ref.
Prokaryotes
Archeae characterization of archeae and extremophil bacteria 86
Eubacteria
Aeromonas sp. genus-specific mass signals and discrimination of species 87
Enterobacteriaceae family- and genus-specific biomarkers 48
Enterobacteriaceae analysis after on-slide treatment with trypsin 88
E. coli discrimination of ampicillin resistant and susceptible strains 89
E. coli differentiation of environmental isolates by host origin 49
Erwinia sp. typing of subspecies 78
Yersinia sp. mass spectral typing after inactivation with 80% TFA 61
Coxiella burnetii identification in different growth phases 90
Moraxella catarrhalis mass spectral typing consistent with genotyping 91
Francisella tularensis SELDI-TOF MS discrimination of subspecies 59
Pseudomonas putida mass spectral classification consistent with genotyping 33
Haemophilus sp. discrimination of pathogenic and non-pathogenic species 92
Burkholderia sp. discrimination of B. cepacia-complex species 67
Campylobacter sp. characterization of protein biomarkers in three species 93
Campylobacter sp. discrimination of six species; identification of biomarkers 94
Campylobacter jejuni subspeciation; identification of biomarkers 95
Helicobacter pylori species- and strain-specific biomarkers 96
Arthrobacter sp. strain level differentiation 97
Mycobacterium sp. characterization and identification of species and strains 60
Mycobacterium sp. discrimination of 13 species 98
Bacillus anthracis discrimination from other species of B. cereus group 47
Bacillus anthracis biomarkers in spores 44
Bacillus anthracis characterisation of biomarkers by IT MS/MS 99
Bacillus sp. biomarkers in spores; strain-specific in B. cereus 100
Bacillus sp. identification of SASPs in spores as biomarkers 42
Bacillus sp. mass spectral typing after inactivation of spores with TFA 61
Bacillus cereus pretreatment with corona plasma discharge 101
Listeria sp. differentiation of clonal lineages 102
Staphylococcus discrimination of 23 species and subspecies 53
Staphylococcus discrimination of MRSA and MSSA 56
Staphylococcus discrimination of MRSA and MSSA 55
Staphylococcus high throughput identification of hospital isolates 54
Staphylococcus MRSA differentiation with respect to teicoplanin resistance 103
Streptococcus viridans gr. identification of clinical isolates (excluding Str. Pneumoniae) 52
Streptococcus mutans gr. determination of species of clinical isolates 50
Streptococcus pyogenes differentiation of invasive and non-invasive isolates 51
Enterococcus sp. source tracking of environmental isolates 104
Lactobacillus plantarum identification of ribosomal proteins as biomarkers 32
Nonfermenter identification of clinical isolates 85
Eukaryota
Fungi
Fusarium sp. discrimination of Fusarium species 64
Serpula sp. identification of indoor wood-decay fungi 62
dermatophytes identifcation of clinical Trichophyton isolates 63
fungal spores reproducibility of mass fingerprints 105
Protists
Plasmodium sp. detection in processed blood samples 106
cryptosporidia specific biomarkers for two species 66
Giardia lamblia discrimination of species 65
dinoflagellates identification of HAB species 107
Metazoa
nematoda identification of plant parasites 108
aphids insecta discrimination of species 109
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Table 2: Summary of the evaluation of MALDI-TOF MS/SARAMIS identification of isolates from
urine samples compared to identification obtained using VITEK II. (Studies carried out in the labora-
tory of Dr. Stein, Mdnchengladbach, Germany). Numbers for correct identifications with different
confidence levels (conf.) are given separately. Numbers in parentheses refer to percentages. For details

see text.
n >99-90 % 90-80 % no false no
conf. conf. ID ID spectrum
Enterobacteriaceae 338 319 12 6 0 1
(94.4) (3.6) (1.8) 0) (0.3)
Enterococci & Streptococci 84 70 8 3 0 3
(83.3) (9.5 (3.6) 0) (3.6)
Staphylococci 79 61 12 4 0 2
(77.2) (15.2) (5.1) 0) (2.5)
Nonfermenter 68 64 4 0(0) 0 0
(94.1) (5.9 0) 0)
Total 569 514 36 13 0 6
(90.3) (6.3) (2.3) 0) (1.1)
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Figure 1: MALDI-TOF mass spectra of isolated ribosomes of Escherichia coli K12 and of fresh cells
directly prepared on the sample target. Mass spectra of 50S (top) and 30S (middle) ribosomal subunits
were recorded on a VVoyager DE Pro system in 2000 while fresh cells (bottom) were analysed on a
Shimadzu AXIMA CFRplus in 2007. Ribosomal proteins are indicated by L (large 50S subunit) or S
(small 30S subunit) and numbers. In the two upper plots, the inserts show an enlarged mass range as
indicated. Asterisks indicate an N-terminal methionine cleavage; superscipt ‘Me’ a single methylation,
and superscript ‘Ac’ an acetylation %. YcaR refers to a non-characterized protein and “sex factor’ to an
F-plasmid related protein **.
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Figure 2: Whole cell MALDI-TOF mass spectrum of a clinical isolate of Streptococcus pneumoniae.
Ribosomal proteins are indicated by their numbers referring to the small 30S (S) or the large 50S sub-
unit (L) proteins. Assignment was done based on comparison of protein masses obtained from trans-
lated genomic sequences of multiple Str. pneumoniae strains available from SwissProt website and
taken into consideration possible posttranslational modifications by N-terminal methionine cleavage
and/or mono-methylation.
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Figure 3: Whole cell MALDI-TOF mass spectra of Proteus mirabilis DSM 4479 acquired after culti-
vation times as indicated. The strain was grown on Columbia blood agar at 37° C and shows a re-
markably stable profile in spite of gross changes taking place within the cell during various phases of

growth.
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Figure 4: Dendrogram of mass spectral fingerprints of ten strains each of three closely related species
within the diverse family Enterobacteriaceae (), illustration of a SARAMIS SuperSpectrum for Kleb-
siella oxytoca with taxonomic specificities of mass signals indicated by their height (b), and a mass
spectrum of a clinical isolate of K. oxytoca with mass signals matching to the SuperSpectrum indicated
by dotted lines (c). Asterisks indicate DSM reference strains of respective species. For the calculation
of SuperSpectra see text.



