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Abstract—It was shown that matrix-assisted laser desorption/ionization (MALDI) mass spectrometry could
be used for the diagnostic characterization of propionic acid bacteria (PABs). The spectra of proteins (whole
PAB cells) with a molecular mass of 3000 to 11 000 were obtained and analyzed using three matrices: sinap-
inic (SA), 2,5-dihydroxibenzoic (DHB), and a-cyano-4-hydroxycinnamic acid (HCCA). The MALDI
spectra of PAB revealed the protein peaks characteristic of (1) the genus Propionibacterium (3496, 5386, 5605,
10470), (2) the groups of species sharing the common composition of their cell walls and fatty acids, and (3) a
species (four species were investigated). Exemplified by the P. shermanii strains (the collection and mutant
ones) producing and not producing vitamin By,, the possibility of using MALDI profiles for strain differen-
tiation was confirmed. The MALDI profiles of the propionic acid cocci of the genus Luteococcus differ sub-
stantially from the profiles of PAB strains of the genus Propionibacterium, which is an additional proof of the
validity of whole-cell MALDI spectra for generic differentiation of bacteria. Our investigation shows that the
bacterial groups determined using the MALDI profiles correlate with the phylogenetic 16S rRNA gene
groups, thus demonstrating the high resolution of this method for the differentiation of intraspecific differ-
ences (subspecies, strains).
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Mass spectrometry (MS) of the fingerprint type was
first used for identification of bacteria in 1975 [1]. MS
is based on generating ions from the molecules of the
studied substances and their separation in electric
and/or magnetic field according to the ratio of the ion
mass to its charge. Time-of-flight (TOF) mass analyz-
ers and matrix-assisted laser desorption/ionization
(MALDI-TOF) MS have become the most common
techniques for the identification of biological mole-
cules. The first report about the use of the MALDI
spectra for analysis of whole microbial cells was pub-
lished in 1996 [2—4].

The MALDI technique is regarded as supplemen-
tary to the biochemical and morphological methods of
indication and identification of microorganisms [5]. It
differs advantageously from other methods for micro-
bial diagnostics in the simplicity of sample prepara-
tion, the possibility of using whole bacterial, fungal, or
yeast cells, the high speed of analysis [3, 5, 6], and
good reproducibility [7].

The MALDI-based characterization of whole
microbial cells is based on obtaining the fingerprints of

1 Corresponding author; e-mail: nvvorobjeva@mail.ru.

biomarker molecules, including proteins, peptides,
and oligonucleotides, and comparing the results with
the databases [8].

This method makes it possible to detect antibiotic
resistance, posttranslational modifications and
unmodified native versions of the same proteins, the
presence of virulence factors, medically important
biomarker molecules, etc. [5].

The most common and generally accepted meth-
ods for identification of bacteria are based on DNA
and RNA analysis using the PCR for amplification of
the nucleotide sequences of the marker genes. While
the 16S rRNA gene sequence is widely used for species
identification due to its conservative nature, it is not
applicable to differentiation of strains and intraspe-
cific phase variants, which is especially important for
medicine and biotechnology [5]. In contrast to tech-
niques based on analysis of nucleic acids, mass spec-
troscopy makes it possible to detect proteins produced
by a certain strain or variant directly, for example, the
proteins characteristic of a virulent variant.

It was shown [9] that MALDI—-TOF permits the
differentiation of the intraspecific differences. For
example the similarity between 16S rRNA gene
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sequences of the members of Arthrobacter globiformis
was 99—100%, whereas their MALDI profiles had
only a 60—95% similarity [6]. Good MALDI-based
differentiation was obtained for a number of Bacillus
strains [10] and mycobacteria [11], as well as for the
indication of environmental samples [12]. Impor-
tantly, the MALDI-based identification of microor-
ganisms is presently limited by the possibilities pro-
vided by the libraries of available spectra and primarily
deals with a small group of cultivated clinical bacterial
species [9].

In the present work, propionic acid bacteria (PAB),
which have diverse practical applications [13], were
selected as the objects of study of the specificity of
their MALDI spectra. These organisms are used in
cheese-making; the production of vitamin B,,, por-
phyrins, therapeutic and preventive preparations and
probiotics for animals; in fodder ensilaging; etc. Skin
PAB may cause certain diseases. Among PAB some
hemolytic strains exist [13]. Mutated vitamin B,, over-
producers of and mutants that do not synthesize cor-
rinoids have been obtained. In connection with the
variegated application of PAB in different fields of the
national economy and medicine, it is important to
have a reliable and time-saving technique for the iden-
tification of both productive strains and opportunistic
pathogens. The MALDI-TOP MS meets these
requirements.

The goal of the present work was to perform a com-
parative analysis of the protein spectra of propionic
acid bacteria using whole-cell MALDI-TOF MS for
their additional differentiation at the species and
strain level.

MATERIALS AND METHODS

The objects of study. The following PAB strains
were investigated: Propionibacterium freudenreichii KM
133, P. jensenii CCM 1864, P. thoenii CCM 1865, and
P. acidipropionici CCM 1859 obtained from the Czech-
oslovak Collection of Microorganisms; P. fieudenre-
ichii subsp. shermanii VKM 2092; mutants: the vitamin
B,, overproducer P. shermanii 1-63 and the zero
mutant P. shermanii 0 not synthesizing the corrinoids
obtained from the collection of microorganisms of the
Bakh Institute of Biochemistry, Russian Academy of
Sciences; and the strain Luteococcus japonicus subsp.
casei we isolated from cheese and forming an exoge-
nous reactivating factor (RF).

Cultivation. Bacteria were grown in the medium
containing the following (%): glucose, 1; yeast extract,
1; peptone, 0.5; and tap water; pH 6.8—7.0. The bac-
teria were cultivated at 37° C for 48 h under static con-
ditions. The solid medium of the same composition
(with 1.5% agar) was inoculated with bacteria from
submerged cultures; the petri dishes were incubated in
anaerobic jars (Genbox 19124, Biomerjaux, France)
for 8 days.
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Acquisition of the mass spectra of whole cells. Sam-
ple preparation was carried out as follows [ 14]. A single
colony was picked from a dish with a microbiological
loop; the cells were resuspended in 500 pl of distilled
water in a microcentrifuge test tube, mixed thoroughly
for 1 min, and then centrifuged (5 min at 6000 g); and
the pellet was washed twice with distilled water. The
pellet was then resuspended in 150 pl of freshly pre-
pared 50% aqueous acetonitrile solution containing
0.1% of trifluoroacetic acid; the suspension was mixed
thoroughly.

In order to destroy the bacterial cell walls, the cell
suspension in the acetonitrile solution was exposed to
ultrasound for 20 min at 37°C on an UZYV ultrasonic
unit (PKE Sapfir 187, Russia) at a working frequency
of 35 kHz. In order to avoid cell sedimentation, the
suspension was thoroughly mixed.

Sinapinic (SA), 2,5-dihydroxybenzoic (DHB),
and a-cyano-4-hydroxycinnamic (HCCA) acids were
used as matrices [14]. For analysis, the cell suspension
in the matrix (1 : 1) was applied dropwise with an auto-
matic dispenser onto a steel target plate and air-dried.

The protein spectra were recorded in the delayed
ion extraction mode using an Autoflex II device
(Bruker, Germany) equipped with a nitrogen laser
with a working wavelength of 337 nm with a reflectron
time-of-flight analyzer. The accelerating voltage was
20 kV. The range of recorded masses was 2—20 kDa in
the positive ion mode. The resultant spectrum was
obtained by summing up the spectra obtained at sev-
eral sample points with 50 laser impacts.

The bacterial species were compared using the
BioNumerics software package, version 6.5 (Applied
Maths, United States). The matrix with the MALDI
data was transposed, and the data were converted to
binary form. The data were entered into the program
as a text file, and each m/z value was entered as an
individual performance experiment. The binary com-
parison was made using Jacquard’s correlation, and
the analysis results were depicted by the program as a
dendrogram.

RESULTS AND DISCUSSION

The spectrum quality depends on the nature of a
matrix, the composition of a solvent, the mode of sam-
ple preparation and application to the underlying
material, and the growth phase of microorganisms. In
the present work, we observed the standard conditions
of the preparation and carrying out of the experiment
described in [14—16].

Three matrices most commonly employed in
MALDI-TOF were wused: 2,5-dihydroxybenzoic
(DHB), sinapinic (SA), and a-cyano-4-hydroxycin-
namic (HCCA) acids. When SA and HCCA were used
as matrices, the differences in the sets of characteristic
peaks of the propionic acid bacteria were small. They
mainly concerned proteins with a high molecular mass
and low relative intensity. Most peaks with identical
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Table 1. The m/z and peak intensity values in the MALDI
spectra of P. shermanii VKM 2092 with the use of sinapinic
acid (SA) and o.-cyano-4-hydroxycinnamic acid (HCCA)
as matrices

) Relative intepsity,~ Intensity
in % of the maximal ion
m/z SA HCCA SA HCCA
3176 8 7 128 89
3496 100 100 1627 1205
3532 — 16 — 188
3634 — 19 — 228
5238 6 24 99 285
5386 16 15 250 190
5601 10 12 156 152
7060 — 13 — 152
7270 64 73 1040 878
7303 — 6 — 75
7478 4 — 61 —
8407 — 7 — 89
9283 1 — 16 —
10470 10 13 257 156
Note: “—” stands for the absence of a protein peak.

m/z values were observed in the bacterial spectra with
slight variations in the intensities, which is illustrated
by the example of P. shermanii (Table 1). Figure 1
shows the spectra of P. thoenii and P. acidipropionici
strains. Analysis of the spectra suggests that, with the
use of HCCA, the spectral region of low-mass proteins
was richer.

When bacterial cell proteins are analyzed, DHB is
often used as a matrix, since it absorbs radiation well at
337 nm (the working wavelength of the nitrogen type
of laser), has a low thermal desorption energy, and
cocrystallizes well with intact proteins [5, 6]. In our
experiments when we analyzed the MALDI spectra of
P. jensenii cells, the use of DHB provided for higher
resolution than the use of SA, which made it possible
to record a comparatively larger number of biomole-
cules with low mass values (m/z). The dominant peaks
with the use of DHB were the 2832, 3176, 4250, 6084,
6729, 7248, and 7267, and with the use of SA they were
3336, 3873, 4300, 6084, 6729, 7132, 7248, and 7266.

Table 2 shows the mass spectra of the most signifi-
cant proteins in the spectra of different PAB revealed
with the use of the SA-matrix. It was shown that all the
strains contained proteins with molecular masses of
3496, 5386, 5605 (except P. jemsenii), and 10 470
(except P. freudenreichii subsp. shermanii 1-63) as
marker biomolecules. This set of peaks with the dom-
inance of the protein with a molecular mass of 3496
seems to be characteristic of the genus Propionibacte-
rium.

VOROB’EVA et al.

Based on the cell wall composition and the nature
of fatty acids in the cytoplasmic membrane, the repre-
sentatives of the genus Propionibacterium are divided
into two groups [17]: (1) the group of P. freudenreichii
that includes the closely related species P. freudenre-
ichii subsp. freudenreichii and P. freudenreichii subsp.
shermanii and (2) the group including the species
P. thoenii, P. jensenii, and P. acidipropionici.

The species P. freudenreichii differs from the other
species in its ability to ferment a limited number of
carbohydrates, heat resistance, and high corrinoid
content [18]. Apart from the genus-specific protein
peaks, it is characterized by the peaks (on the SA
matrix) 3176 and 4837 (except for strain 133). The
similarity between their MALDI profiles reflects the
close relationship between three strains of the species
P. freudenreichii subsp. shermanii. The characteristic
peaks for this subgroup (on the SA matrix) correspond
to proteins with the molecular masses 4837 and
5883 Da. For the subspecies P. freudenreichii subsp.
freudenreichii, the peaks of proteins with m/z 5112,
5356, 6729, and 7014, which were absent in the sub-
species P. shermanii, differed. The traditional proce-
dure for differentiation between these subspecies
involves determination of their capacity for nitrate
reduction (a positive reaction in P. freudenreichii and a
negative reaction in P. shermanii) and lactose fermen-
tation (a positive test for P. shermanii and a negative
test for P. freudenreichii) [13].

For the second group of strains including P. acid-
ipropionici, P. thoenii, and P. jensenii, proteins with
m/z 7245 and 7267 absent in P. shermanii strains
(group 1) are characteristic.

It should be noted that the species P. thoenii and
P. jensenii have a high degree of DNA similarity (51—
53%) [17] but differ in a number of phenotypic char-
acteristics. Their MALDI spectra also differed in sev-
eral differentiating proteins: in P. jensenii, those with
m/z3873,4299, 6084, 6729, and 7132, which were not
found in the spectra of the other strains of this group
and, therefore, may be the markers for this species. In
the P. jensenii strain, the peaks of proteins with m/z
3496 and 5605 characteristic of the genus were absent
altogether or had a very low relative intensity, which
could also be a feature of this species. As far as the set
of proteins characteristic of the group (2) of PAB is
concerned, P. jensenii was similar to both P. thoenii
and P. acidipropionici (the peaks with m/z 7245 and
7267). P. acidipropionici also had a set of species-char-
acteristic proteins with m/z 4299, 7376, and 7388.

The use of the HCCA matrix confirmed the pres-
ence of the proteins with a mass of 3491—3496, 7265—
7270, and 10467—10470 in the MALDI spectra,
which are characteristic of PAB at the generic level.

Thus, the bacterial MALDI spectra detected the
proteins revealed at the generic level and characteristic
of all the species of the genus Propionibacterium, a
number of proteins characteristic of the groups of spe-
cies (1) and (2), and of species and subspecies within

MICROBIOLOGY Vol. 80

No.5 2011



CHARACTERIZATION OF PROPIONIC ACID

667

1
3493 (a) P. thoenii HCCA
3000
2000
1000 I 5234 7_2'5_6
3120 4048 4678 = 5597 L 10468
- I -
5 0 Y, T J — - A
« 3495 ji
2500 34 (b) P. thoenii SA
5 2000 |
RS
1500 & 7267
-
1000 - 10467
500 [ 2177 | 37004054 5234 5998 6043 6964
M..L.. [V PPy T a "~ - l
0 1 1 1 | | 1 1 1
3000 4000 5000 6000 7000 8000 9000 10000 m/z
2 (a)
800 5381 7265 P. acidipropionici HCCA
600
400
200 1
.0 st 4
=
<
1250 (b) 7245 P. acidipropionici SA
5 1000 7265
=i
= 750
600 [ 3494
—_ 4302 6716
250 [ 3830 T 4835 29 073~ '7_51% 10470
3000 4000 5000 6000 7000 8000 9000 10000 m/z

Fig. 1. Comparison between the MALDI—TOF spectra of P. thoenii (1) and P. acidipropionici (2) cells with the use of o.-cyano-
4-hydroxycinnamic acid (HCCA) (a) and sinapinic acid (SA) (b) as matrices.

these groups. Under the standard experimental condi-
tions, the method was reproducible in relation to the
set of proteins but not their amount (expressed by the
intensity of the signals). In our investigations, the
strains of the genus Propionibacterium differed in rela-
tion to the dominant proteins. The proteins with
molecular masses of 3496, 5386, 5356, 4248, 6729,
and 3496 Da exhibited 100% relative intensity in
P. shermanii VKM and P. shermanii 0, P. shermanii 1-63,
2011
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P. freudenreichii, P. acidipropionici, P. jensenii, and
P. thoenii, respectively. Variations in the peak intensi-
ties are related to the fact that, first, even under con-
trolled conditions, bacteria respond to the uncon-
trolled fluctuations in the growth conditions by chang-
ing the protein content [5] and, second, the standard
conditions may vary in the degree of optimality for
bacteria of different species. In addition, the presence
of more than one protein, as well as overlapping with
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Table 2. Mass spectra of the biomarkers of the representatives of the genus Propionibacterium with the use of sinapinic acid

as a matrix
Relative intensity, in % of the maximal ion

m/z* P VKM P. shir(')izzanii, P. shle_rgganii, P. {Z‘;z:zaie;;e— Pocrz;[l;c;l{)gggi— P thoenii 1865 P. jlegésinii
3176 8 14 55 7 — - —
3496 100 100 68 8 21 100 -
3873 - — 24 — — - 12
4299 - — - — 16 - 16
4837 28 15 11 — — - —
5112 - — - 43 - — —
5356 - — - 100 — — —
5386 15 14 100 10 11 2 1
5605 10 6 61 14 12 6 -
5883 12 — 32 — — 2 —
6084 — — - — — - 25
6729 - - — 9 — - 100
7014 - — — 29 - — -
7132 - — - — - — 10
7245 - — - 33 100 1 59
7267 - — — 11 79 37 8
7376 - — - 6 69 — -
7388 - — - 19 33 — —

10470 16 6 — 8 12 19 10

* The dominant peaks are bold-faced.

salt clusters or modificants formed when a protein
loses small molecules (for example, H,O), may be
reflected in the peak areas. It is, therefore, assumed [5]
that a characteristic set of proteins, rather than their
amount (the intensity value), is of differentiating
importance; thus, cell identification must be based on
a group of characteristic proteins. We were guided by
this principle when assessing the results obtained.

Figure 2 shows the dendrogram based on the anal-
ysis of the MALDI-TOF spectra of the experimental
strains (Fig. 2a) and the phylogenetic tree constructed
on the basis of the 16S rRNA gene sequences of the
strains of the classical species of propionic acid bacte-
ria (Fig. 2b). The main phylogenetic groups deter-
mined from the branching order are a large cluster
including P. acidipropionici, P. jensenii, and P. thoenii
with a 99% significance of branching and by a small
cluster consisting of P. freudenreichii and P. cyclohex-
anicum with a 100% significance of branching, which
is distinctly separated from the first cluster. Two similar
groups were present in the MALDI dendrogram:
P. acidipropionici, P. jensenii and P. freudenreichii,
P. shermanii. In contrast to the phylogenetic tree, in
which the group of P. shermanii is not designated, the
MALDI dendrogram shows that the P. freudenreichii

and P. shermanii strains represent closely related, but
discernible, groups. The high-resolving capacities of
the MALDI spectra are also confirmed by the special
localization of the mutant strain P. shermanii 1-63
within the group of similar species. The positions of
the P. thoenii strain in the dendrogram and the phylo-
gram are different. In the dendrogram P. thoenii does
belong to the first cluster and occupies a special posi-
tion with the same level of similarity to both clusters.
The latter finding requires the investigation of addi-
tional strains of this species.

It was established that the protein ions recorded by
MALDI belonged mostly to the main medium-hydro-
philic proteins, such as the ribosomal proteins of many
bacteria [20]. Thus, the ribosomal proteins isolated
from different Escherichia coli strains exhibited a sig-
nificant taxonomic specificity. Many ribosomal pro-
teins had the same molecular mass as those detected
by the characteristic peaks in the whole-cell spectra in
MALDI analysis. Moreover, it was shown that the
well-detectable ribosomal proteins mask most of the
other proteins in the spectrum with similar m/z values.

It is essential that, in many cases of bacterial iden-
tification [5], the MALDI profile-based groups corre-
late with the phylogenetic 16S rRNA groups, probably

MICROBIOLOGY Vol. 80
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Fig. 2. Comparison between the MALDI—TOF spectrum-based dendrogram (a) and the phylogenetic tree obtained by sequenc-
ing of the 16S rRNA genes of the propionic acid bacterial strains (b). The significance of branching was established with bootstrap

analysis of 1000 alternative trees [19].
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Fig. 3. The MALDI—TOF spectrum of L. casei cells with the use of sinapinic acid as a matrix.

as a result of the coevolution of the ribosomal proteins
and ribosomal nucleic acids [5].

On the whole the results of the analysis of the
MALDI spectra of propionic acid bacteria show a cor-
relation with the data on the biochemical and genetic
analysis of PAB.

The possibility of strain identification with the
MALDI spectra is important for medical and biotech-
nological purposes. For example, successful discrimi-
nation between methicilline-sensitive and methicil-
line-resistant Staphylococcus aureus strains was
described [21].

We had the following mutant strains at our disposal:
the vitamin B,, overproducer P. shermanii 1-63 and
the zero strain P. shermanii 0, which does not synthe-
size corrinoids at all. A comparative picture of signifi-
cant and dominant peaks in the mutant strains and the
nonmutant strain P. shermanii VKM presented in Fig.
2 shows that the overproducer was characterized by the

MICROBIOLOGY Vol. 80 No.5 2011

presence of protein with m/z 3873, which was not
found in the initial strain, and the absence of a protein
with a molecular mass of 10 470 (when the SA and
DHB matrices were used). It is presently difficult to
say whether the differences between the MALDI spec-
tra of the mutant and the wild strain are linked to the
synthesis of corrinoids or other rearrangements as a
result of mutations. Additional studies of the vitamin
B, producer are required. However, these specific fea-
tures may serve as the identification characteristics for
this mutant. The MALDI spectrum of strain P. sher-
manii 0 did not differ from that of the initial strain,
except in the fact that it lacked the protein with a
molecular mass of 5883. Thus, the MALDI-TOF
spectra make it possible to differentiate between bac-
teria at the generic, species, and strain level.

The family Propionibacterium includes the propi-
onic acid cocci we isolated by from cheese [22]. These
high G + C cocci contained LL-DAP in the cell wall,
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which makes them different from the coccoid
described earlier [23]. Since these features, together
with other properties, suggested high similarity of the
propionic acid cocci to PAB, they were originally
identified as Propionibacterium coccoides [22]. How-
ever, molecular biological investigations, ribotyping,
the restriction analysis of the 16S and 23S rRNA frag-
ments, and 16S rRNA gene sequencing showed that
the propionic cocci should be assigned to a different
genus, Luteococcus, under the name of L. japonicus
subsp. casei [19]. L. casei is in the same cluster with the
type strain of L. japonicus at a level of 80% and is
related to the cluster of the Propionibacterium species
at a level of 72%. The MALDI spectrum of L. casei is
shown in Fig. 3 and is markedly dissimilar to the spec-
tra of propionic bacteria. The peaks with m/z 3377,
5783, 6764, and 6972 with the dominant peak 6764
were well-marked. None of the peaks characteristic of
the genus Propionibacterium was revealed in L. casei.
Hence, the peak identity in the MALDI spectra of the
propionic acid bacteria is confined to the level charac-
teristic of the genus, but not the family Propionibacte-
riaceae.

The results of our studies show that bacterial groups
determined using the MALDI profiles correlate with
the phylogenetic 16S rRNA gene groups, thus demon-
strating the high resolving capacity of this method.

ACKNOWLEDGMENTS

We are grateful to Prof. A. T. Lebedev for discussing
the results and critical remarks and to N.I. Zaitseva
(Bakh Institute of Biochemistry, Russian Academy of
Sciences) for kindly providing us with the mutant
strains of propionic acid bacteria.

REFERENCES

1. Anhalt, J.P. and Fenselau, C., Identification of Bacteria
Using Mass Spectrometry, Anal. Chem., 1975, vol. 47,
pp. 219-225.

2. Holland, R.D., Wilkes, J.G., Rafii, F,, Sutherland, J.B.,
Persons, C.C., Voorhees K.J., and Lay, J.O., Jr., Rapid
Identification of Intact Whole Bacteria Based on Spec-
tral Patterns Using Matrix-Assisted Lazer Desorb-
tion/Ionization with Time-of-Flight Mass Spectrome-
try, Rapid Commun. Mass Spectrom., 1996, vol. 10,
pp. 1227—1232.

3. Claydon, M.A., Davey, S.N., Edwards-Jones, V., and
Gordon, D.B., The Rapid Identification of Intact
Microorganisms Using Mass Spectrometry, Nature
Biotechnol., 1996, vol. 10, pp. 1992—1996.

4. Welham, K., Domin, M., Scannel, D., Cohen, E., and
Ashton, D., The Characterization of Microorganisms
by Matrix-Assisted Lazer Desorbtion/Ionization Time-
of-Flight Mass Spectrometry Rapid Commun. Mass
Spectrom., 1998, vol. 12, pp. 176—180.

5. Liyanage, R. and Lay, J.O.Jr., An Introduction to
MALDI-TOF MS, in Identification of Microorganisms

VOROB’EVA

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

et al.

by Mass Spectrometry, Wilkins, Ch. and Lay, J.O., Jr.,
Eds., New Jersey: Wiley, 2006, pp. 39—60.

. Jones, J.J., Stump, M.J., Fleming, R.C., Lay, J.O., and

Wilkins, C.L., Investigation of MALDI-TOF and FT-
MS Techniques for Analysis of Escherichia coli Whole
Cells, Anal. Chem., 2003, vol. 75, pp. 1340—1347.

. Wahl, K.L. and Valentine, N.B., Analysis of Whole

Bacterial Cells by Flow Field—Flow Fractionation and
Matrix-Assisted Lazer Desorption/lonization Time-
of-Flight Mass Spectrometry, Anal. Chem., 2003,
vol. 75, pp. 2746—2752.

Sauer, S. and Kliem, M., Mass Spectrometry Tools for
the Classification and Identification of Bacteria,
Nature Rev. Microbiol., 2010, vol. 8, no. 81, pp. 74—81.

Vargha, M., Takats, Z., Konopka, A., and
Nakatsu, C.H., Optimization of MALDI-TOF MS for
Strain Level Differentiation of Arthrobacter Isolates,
Microbiol. Meth., 2006, vol. 66, pp. 399—409.

Dickinson, D.N., La Duc, M.T., Haskins, W.E., Gor-
nishkin, I., Winefordner, J.D., Powel D.H., and Ven-
kateswaran K., Species Differentiation of a Diverse
Suite of Bacillus Spores by Mass Spectrometry-Based
Protein Profiling, Appl. Environ. Microbiol. 2004,
vol. 70, pp. 475—482.

Hettick, J.M., Kashon, M.L., Simpson, J.P,
Siegel, PD., Mazurek, G.H., and Weissman, D.N.,
Proteomic Profiling of Intact Mycobacteria by Matrix-
Assisted Lazer Desorption/lonization Time-Of-Flight
Mass Spectrometry, Anal. Chem., 2004, vol. 76,
pp. 5769—-5776.

Dieckman, R., Graeber, 1., Kaesler, 1., Szewzyk, U.,
and von Dohren, H. Rapid Screening and Dereplica-
tion of Bacteria Isolates from Marine Sponges of the
Sula Ridge by Intact-Cell-MALDI-TOF Mass Spec-
trometry, Appl. Microbiol. Biotechnol., 2005, vol. 67,
pp- 539.

Vorob’eva, L.I., Propionovokislye bakterii (Propionic
Acid Bacteria), Moscow: Mosk. Gos. Univ., 1995.

Smole, S.C., Ring, L.A., Leopold, PE., and
Arbeit, R.D., Sample Preparation of Gram-Positive
Bacteria for Identification by Matrix-Assisted Lazer
Desorption/lonization Time-Of-Flight Mass Spec-
trometry, J. Microbiol. Methods., 2002, vol. 48, pp. 107-
115.

Evason, D.J., Claydon, M.A., and Gordon, D.B.,
Exploring the Limits of Bacterial Identification by
Intact Cell-Mass Spectrometry, J. Amer. Soc. Mass
Spectrom., 2001, vol. 12, pp. 49—54.

Williams, T.L., Andrzejewski, D., Lay, J.O., and
Musser, S.M., Experimental Factors Affecting the
Quality and Reproducibility of MALDI-TOF Mass
Spectra Obtained from Whole Bacteria Cells, J. Amer.
Mass Spectrom., 2003, vol. 14, pp. 342—351.

Cummins, C.S. and Johnson, J.L., The genus Propion-
ibacterium, in The Procaryotes, Ballows, A. Triiper, H.G.,
Dworkin, M., Harder, W., and Schleifer, K.-H., Eds.,
Vol. 1, ch. 37, New York: Springer, 1992, pp. 834—849.

Vorobjeva, L.1., Propionibacteria, Dordrecht: Kluwer
Academic, 1999.

Van Nieuwholtz, J., A Taxonomic Re-Evaluation of
Propionibacterium coccoides, Ph. D. Thesis, Dep.

2011

MICROBIOLOGY Vol. 80 No. 5



20.

21.

CHARACTERIZATION OF PROPIONIC ACID

Microbiol. Biochem., University of the Orange Free
State, Bloemfontein, South Africa. 1998.

Arnold, R.J. and Reilly, J.P. Fingerprint Matching of
Escherichia coli Strains with Matrix-Assisted Laser
Desorption/lonization Time-Of-Flight Mass Spec-
trometry of Whole Cells Using a Modified Correlation
Approach, Rapid Commun. Mass Spectrom., 1998,
vol. 12, pp. 630—636.

Edwards-Jones, V., Claydon, M.A., Evason D.J.,
Walker, J., Fox, A.J., and Gordon, D.B., Rapid Dis-
crimination between Methicilline-Sensitive and

MICROBIOLOGY Vol. 80 No.5 2011

22.

23.

671

Methicilline-Resistant Staphylococcus aureus by Intact
Cell Mass Spectrometry, J. Med. Microbiol., 2000,
vol. 49, pp. 295-300.

Vorob’eva, L.1., Tourova, T.P., Kraeva, N.I., and Alek-
seeva, M.A., Propionic Acid Bacteria and Their Taxo-
nomic Position, Mikrobiologiya, 1983, vol. 52, no. 3,
pp. 465—471.

Namura, T., Nakeuchi, M., and Yokota, A. Luteococcus
Japonicus gen nov., sp.nov., a New Gram-Positive Coc-
cus with LL-Diaminopimelic Acid in the Cell Wall,
Int.J. Syst. Bacteriol., 1994, vol. 44, pp. 348—356.



