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Improvement in Staphylococcus andBacillus strain differentiation
bymatrix-assisted laser desorption/ionization time-of-flight mass
spectrometry profiling by using microwave-assisted enzymatic
digestion
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RATIONALE: Distinguishing between individual bacterial strains below the species level is a challenge to matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) bacterial profiling. We propose
a quick method for improving strain differentiation of two Staphylococcus and one Bacillus species.
METHODS: An alternative procedure to the extraction protocol recommended by Bruker Daltonics was developed.
Ethanol-sterilized cells of six S. aureus and six S. haemolyticus strains were digested by trypsin using 2-min microwave
irradiation and were then analyzed. Twenty-eight strains belonging to two ecotypes of B. subtilis were subjected to the
same procedure to extend the scope of the method.
RESULTS: S. aureus and S. haemolyticus strains, only partially distinguishable by the standard sample preparation
procedure, were subjected to microwave-assisted tryptic digestion. The repeatability of the procedure was checked in
three experiments accomplished at weekly intervals. Clear distinction of the strains was achieved by cluster analysis.
The differentiation of B. subtilis ecotypes was also improved significantly by the digestion method. The discriminatory
power of the novel method was supported by an increase in the number of strain-specific peaks, as compared to the
standard method.
CONCLUSIONS: The method modulates the discriminatory power of MALDI-TOF MS profiling. The differentiation of a
set of S. aureus, S. haemolyticus and B. subtilis strains was improved significantly after microwave-accelerated tryptic
digestion of the cellular material. Copyright © 2014 John Wiley & Sons, Ltd.

(wileyonlinelibrary.com) DOI: 10.1002/rcm.6966
Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) profiling is widely used in
microbiology for identification of bacteria on the basis of their
peptide/protein profiles. However, the discriminatory power
of MALDI-TOF MS is often not sufficient to distinguish
between closely related strains.[1] Demands for rapid and
reliable identification of pathogens have brought a number of
alternatives to the classical MALDI-TOF MS protein profiling
sample preparation protocols.[2] Identification can be also
accomplished by the profiling of bacterial lipids using an online
droplet-deposited MALDI-TOF MS, as shown with Escherichia
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coli, Salmonella, and Bacillus subtilis.[3] Extensive and advanced
computational analysis may also contribute to improvements
in the discriminatory power of the method. Improvements in
the distinction between very similar mass spectra of closely
related Erwinia subspecies were achieved by the application
of a weighted pattern matching algorithm.[4] Another solution
for distinguishing between closely related strains was
introduced by Warscheid and Fenselau, who proposed the
combination of in situ proteolytic digestion of a limited set of
proteins with MS-based microsequencing.[5] They were able
to distinguish between closely related Bacillus species, but the
procedure required a humidified chamber to prevent solvent
evaporation during digestion.

The digestion process can be accelerated with
microwave irradiation, which has been used in organic
synthesis,[6] enzymatic digestion of proteins,[7–11] and acid
hydrolysis with HCl[12,13] and TFA.[14] Microwave digestion of
Copyright © 2014 John Wiley & Sons, Ltd.
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bacterial cells, in conjunction with MALDI-TOF MS profiling,
has mainly been tested in connection with the use of
magnetic beads.[15]

We assessed a novel method for strain distinction based on
rapid tryptic digestion of cellular material using microwave
irradiation and MALDI-TOF MS protein profiling. This new
method was tested using strains of Staphylococcus aureus and
Staphylococcus haemolyticus and also on a panel of closely
related B. subtilis strains (’ecotypes’).
EXPERIMENTAL

Strains and culture conditions

Six Staphylococcus aureus (SA) strains (CCM 885T, CCM 1484,
CCM 2022, CCM 2107, CCM 2351, and CCM 2352) and six
Staphylococcus haemolyticus (SH) strains (CCM 2737T, CCM
1798, CCM 2603, CCM 2574, CCM 2729, and CCM 4832)
were obtained from the Czech Collection of Microorganisms
(CCM, Brno, Czech Republic). The strains were aerobically
cultured in tryptone soya agar (TSA; Oxoid, Basingstoke,
UK) at 37 °C for 24 h. Bacillus subtilis (BS) strains included
13 representatives of ecotype PE10 (PS-11, PS-13, PS-14,
PS-18, PS-30, PS-31, PS-51, PS-65, PS-68, PS-96, PS-168,
PS-210, and PS-233) and 15 representatives of ecotype
PE32 (PS-24, PS-25, PS-52, PS-53, PS-55, PS-93, PS-95, PS-108,
PS-119, PS-130, PS-131, PS-149, PS-160, PS-218, and PS-263)
isolated from a sandy bank soil of the Sava River in
Slovenia.[16] The strains were inoculated from freezer stock
(–80 °C) onto LB agar plates and were cultured for 24 h
at 37 °C prior to sample preparation. Putative ecotypes
of the listed river bank strains were demarcated by
Ecotype Simulation (ES) as described elsewhere.[17] The
rates of ecotype formation and of periodic selection
per nucleotide substitution were based on three
concatenated sequenced genes (gyrA, rpoB, dnaJ) and the
distinct ecotypes (PE10 and PE32) demarcated by ES
represent two separate clades putatively adapted to a
different niche.[18]
Figure 1. Comparison of mass spectra o
(A) and digested (B) Staphylococcus aureus
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Sample preparation

Approximately 5–10 mg of the bacterial culture from TSA/LB
agar plates was suspended in 1 mL ddH2O, vortexed and
centrifuged at 1.365g for 2 min after which the supernatant
was discarded. The pellet was suspended in 1.2 mL of 75%
ethanol, vortexed and centrifuged at 12 100g for 2 min. Pelleted
cells were resuspended in 5–10 μL of ddH2O depending on the
size of the pellet. A volume of 1 μL of each bacterial cell
suspension was mixed with 1.25 μL of trypsin (200 ng/μL),
0.2 μL of ammonium bicarbonate (500 mM) and 7.55 μL of
ddH2O in a 500 μL Eppendorf tube. This digestion mixture
was prepared in triplicate for each strain. The digestion
experimentswere primarily performed in a domesticmicrowave
oven (Eta 0205, Prague, Czech Republic); to confirm the
robustness of the method, selected experiments were repeated
in two other microwave ovens (LG WAVEDOM 23 L, Seoul,
South Korea and Samsung M171N, Seoul, South Korea). The
Eppendorf tubes were placed on a plastic rack and heated in a
microwave oven for 2 min at a maximum power of 700W. After
the treatment, 0.2 μL of 5% trifluoroacetic acid (TFA) was added
to stop the digestion process, and themixture was centrifuged at
12,100g for 2 min. The supernatant, in a volume of 1 μL, was
placed onto a MALDI target plate (MSP 384 target, Bruker
Daltonics, Germany) in one replicate (one well) for each of the
three digestion mixtures of respective samples. The samples
were allowed to dry at room temperature and overlayed with
the saturated solution of α-cyano-4-hydroxycinnamic acid in
ACN/H2O/TFA mixture (50:47.5:2.5, v/v/v) in a volume of
0.5μL and allowed to dry again. To test reproducibility, digestion
and MALDI-TOF MS analysis were repeated two more times at
weekly intervals for the six S. aureus strains.

In parallel, ethanol-sterilized bacterial pellets of the same
strains were processed by the standard extraction protocol
recommended by Bruker Daltonics (extraction using a
mixture of equal volumes of acetonitrile and 70% formic
acid[19]) and the extracts were subsequently analyzed in the
same way as the digests.

α-Cyano-4-hydroxycinnamic acid was obtained from
Bruker Daltonics (Leipzig, Germany), ethanol, acetonitrile,
trifluoroacetic acid, formic acid and ammonium bicarbonate
btained from a standard preparation
CCM 885T pellets.
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were obtained from Sigma-Aldrich (Steinheim, Germany),
and trypsin was obtained from Promega (Mannheim,
Germany). Water was prepared on a Milli-Q plus 185
apparatus (Millipore, Billerica, MA, USA).
Figure 2. Dendrogram calculated on the
TOF mass spectra of six Staphylococcus aur
the standard sample preparation metho
marked as ’I’,’II’, and ’III’.

Figure 3. Dendrogram calculated on the
TOF mass spectra of six Staphylococcus
(marked as ’I’,’II’, and ’III’) at different
(marked as ’D1’, ’D2’, and ’D3’) using mi
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MALDI-TOF MS analysis

All mass spectra were acquired by using an Ultraflex III
instrument (Bruker Daltonics, Germany) operated in linear
positive mode under FlexControl 3.3 software. External
basis of cluster analysis of MALDI-
eus strains analyzed in triplicate using
d. Repeated analyses of strains are

basis of cluster analysis of MALDI-
aureus strains analyzed in triplicate
times separated by weekly intervals
crowave-assisted digestion.
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calibration of the mass spectra was performed using E. coli
DH5 alpha standard. Three independent spectra
comprising 1000 laser shots each were acquired from each
of the wells, where only peaks detected in all three mass
spectra from one well were taken into account for further
evaluation. Mass spectra were processed using Flex
Analysis (version 3.4, Bruker Daltonics) and BioTyper
software (version 3.0, Bruker Daltonics). The MALDI-TOF
MS-based dendrogram was generated using the correlation
distance measure with the average linkage algorithm
(Unweighted average distance – UPGMA).
Figure 4. Dendrogram calculated on the
TOF mass spectra of six Staphylococcus hae
using microwave-assisted digestion. Repe
’I’,’II’, and ’III’.

Figure 5. Comparison of mass spectra o
(A) and sterilized (B) Staphylococcus aureu
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RESULTS AND DISCUSSION

As seen in Fig. 1, digestion affected the nature of mass spectra
obtained. In samples prepared by the standard method
(undigested), signals were observed in the range from
2000 to 11 000 Da, whereas, after digestion, signals were
present across the mass range from 1000 to 8000 Da
(mainly 2000–4000 Da). With the exception of a few
signals of low intensity, entirely different signals were
present in the mass spectra obtained from digested versus
non-digested pellets. While the mass spectra obtained
basis of cluster analysis of MALDI-
molyticus strains analyzed in triplicate
ated analyses of strains are marked as

btained from digests of non-sterilized
s CCM 1484 pellets.
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from the non-digested bacterial pellets allowed only
partial strain differentiation (as seen on mixed clusters of
S. aureus strains shown in Fig. 2), spectra obtained by
accelerated microwave-assisted digestion enabled reliable
differentiation between all S. aureus (Fig. 3) and S. haemolyticus
(Fig. 4) strains used in our study. Differentiation was
enhanced by strain-specific signals in the mass spectra.
These were found in two of the S. aureus strains – SA
CCM 2351 (3294 and 3597 Da) and SA CCM 2352 (2828,
Figure 6. Dendrogram calculated on the
TOF mass spectra of three selected Staphy
in triplicate using microwave-assisted di
ovens. Repeated analyses of strains are m

Figure 7. Dendrogram calculated on the
TOF mass spectra of 28 Bacillus subtilis
PE32) analyzed using standard sample p
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3585, 6915, 7036 and 8470 Da). We also observed
repeatable differences in the relative intensity of individual
signals and the absence of some peaks that were present
in other strains. In total, seven strain-specific signals were
detected in digests of S. aureus, while only two strain-
specific signals of lower intensity were found when the
standard sample preparation protocol was carried out.
Increased discriminatory power in the case of S. haemolyticus
was also associated with an increase in the number of
basis of cluster analysis of MALDI-
lococcus haemolyticus strains analyzed
gestion in three domestic microwave
arked as ’I’,’II’, and ’III’.

basis of cluster analysis of MALDI-
strains of two ecotypes (PE10 and

reparation.
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Figure 8. Dendrogram calculated on the basis of cluster analysis of MALDI-
TOF mass spectra of 28 Bacillus subtilis strains of two ecotypes (PE10 and
PE32) analyzed using microwave-assisted digestion.
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strain-specific peaks, where 29 strain-specific signals were
detected from digested samples, whereas only six were
found in mass spectra from non-digested samples.
Equivalent improvements in strain differentiation were

obtained after digestion was carried out at 37 °C for 2 h
without the use of microwave irradiation (dendrogram not
shown). We also evaluated the newly developed protocol on
cells harvested directly from culture. However, ethanol
treatment prior to the enzymatic digestion was necessary to
obtain suitable mass spectral quality since spectra obtained
from non-sterilized pellets contained a low number of
signals above 4000 Da (Fig. 5) and did not enable
differentiation between strains (dendrogram not shown).
We also confirmed the versatility of our method on selected
strains of S. haemolyticus (CCM 1798, CCM 2603 and CCM
4832) using two other microwave ovens. Repeated analyses
of these strains were divided into three main strain-specific
sub-branches of the dendrogram, regardless of microwave
make and model (Fig. 6). We also checked the reliability of
the method by blind analysis of 12 digested samples of
S. haemolyticus (two of each strain); all were correctly assigned
to their respective strains with a Biotyper log(score) value
greater than 2.5.
Cluster analysis of mass spectra from the non-digested

pellets of Bacillus subtilis strains belonging to two different
ecotypes did not result in reliable strain differentiation in
the dendrogram (Fig. 7). Differentiation of ecotypes PE10 and
PE32 was significantly improved after microwave-assisted
trypsin digestion. Although six samples were not grouped
according to ecotypes, most strainswere divided into twomain
ecotype-specific sub-branches (Fig. 8). A wide range of genetic
polymorphisms could potentially underlie the proteomic
differences observed. For example, the comQXPA operon,
which encodes the B. subtilis quorum sensing system, and
regulates many genes during late growth, is polymorphic
wileyonlinelibrary.com/journal/rcm Copyright © 2014 John Wile
within ecotypes.[18] Furthermore, it is highly encouraging that
our findings were supported by the detection of an ecotype-
specific signal of 4087 Da found in mass spectra of most PE10
ecotype strains (except samples PS-31, PS-65, and PS-210), but
was not detected in any of PE32 ecotype strains.
CONCLUSIONS

A combination of microwave-accelerated trypsin digestion,
followed by MALDI-TOF MS profiling, is a methodical variant
that has the potential to improve strain differentiation, as
demonstrated on a set of Staphylococcus aureus and
Staphylococcus haemolyticus strains and two Bacillus subtilis
ecotypes. Apart from the digestion step, all other steps in the
sample preparation protocol, acquisition of mass spectra, and
Biotyper software settings were equivalent to those used under
the standard extraction procedure. The advantages of the
present approach are its rapidity and simplicity, making it
accessible to all MALDI-TOF MS profiling users.
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