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Summary

In the present study, lactic acid bacteria and propionic acid bacteria have been identi-
fied at the genus level with the use of artificial neural networks (ANNs) and Fourier trans-
form infrared spectroscopy (FTIR). Bacterial strains of the genera Lactobacillus, Lactococcus,
Leuconostoc, Streptococcus and Propionibacterium were analyzed since they deliver health ben-
efits and are routinely used in the food processing industry. The correctness of bacterial
identification by ANNs and FTIR was evaluated at two stages. At first stage, ANNs were
tested based on the spectra of 66 reference bacterial strains. At second stage, the evalua-
tion involved 286 spectra of bacterial strains isolated from food products, deposited in our
laboratory collection, and identified by genus-specific PCR. ANNs were developed based
on the spectra and their first derivatives. The most satisfactory results were reported for
the probabilistic neural network, which was built using a combination of W5W4W3 spec-
tral ranges. This network correctly identified the genus of 95 % of the lactic acid bacteria
and propionic acid bacteria strains analyzed.

Key words: lactic acid bacteria, propionic acid bacteria, FTIR spectroscopy, artificial neural
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Introduction

The correct identification of bacteria plays a vital role
in microbial diagnostics. New methods supporting the
identification of microorganisms have been developed.
At present, the main focus is on the simplicity and time
efficiency of the proposed analytical procedures while
maintaining high specificity and accuracy of the results.
Fourier transform infrared spectroscopy (FTIR) combined
with artificial neural networks (ANNs) meets the above
requirements. FTIR spectra are strain specific, and they
reveal the characteristic features of all cellular compo-
nents, such as fatty acids, membrane proteins, intracellu-
lar proteins, polysaccharides and nucleic acids. Accord-
ing to Naumann et al. (1), for identification purposes,
five spectral regions in IR spectra can be distinguished.
They are called spectral 'windows': W1 (3000–2800 cm–1)

is the fatty acid region; W2 (1700–1500 cm–1) contains the
amide I and II bands of proteins and peptides; W3 (1500–
1200 cm–1) is a mixed region of fatty acid bending vi-
brations, proteins, and phosphate-carrying compounds;
W4 (1200–900 cm–1) contains absorption bands of the
carbohydrates in microbial cell walls; W5 (900–700 cm–1)
is the 'fingerprint region' that contains weak but very
unique absorbancies that are characteristic of specific
bacteria. The differences between microbial spectra are
difficult to observe, which is why they have to be ana-
lyzed with the use of multivariate statistical methods,
among which the most often applied are cluster analy-
sis, discriminant analysis, discriminant function analysis
or canonical variate analysis (2,3). In addition to tradi-
tional methods, microbial diversity is also determined
with the involvement of ANNs (4–9). ANNs are mathe-
matical models which process data on a pseudo–parallel
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basis and consist of an interconnected group of artificial
neurons that imitate the activity of biological brain struc-
tures (10). Their development is the result of an inter-
disciplinary merger of conventional sciences, including
biology, physics and mathematics. Neural networks dif-
fer from data processing algorithms in that they are cap-
able of generalizing the learned knowledge to the data
that have not been previously known or presented in the
course of system training.

In our previous studies (11–15), we presented a meth-
odology for measuring FTIR spectra and a strategy for
spectral analyses used to identify lactic acid bacteria at
the genus or species level. To date, the use of ANNs and
FTIR spectroscopy as the most advanced chemometric
methods for identifying bacteria of the genus Propioni-
bacterium has not been discussed in the existing body of
literature.

Propionic acid bacteria are used in the production
of cheese, silage, fermented vegetable products, skim-
med milk for calves, probiotics as well as protein and vita-
min supplements used in animal nutrition (16,17). Pro-
pionibacteria are found in commercially available products
that inhibit the growth of pathogens in dairy foods (e.g.
MicroGARD™, Danisco, Copenhagen, Denmark) and ani-
mal silage (e.g. AIV Bioprofit™, Kemira GrowHow, Hel-
sinki, Finland) (18). The application of Propionibacteria in
the food industry is due to their specific properties: they
support lactose and lactate utilization; are characterized
by the activity of cell membrane proteinase and intra-
cellular peptidases; synthesize compounds that give the
product its characteristic aroma, flavour and texture; syn-
thesize antibacterial and antifungal compounds as well
as CO2; and produce vitamin B12 and folic acid (19). Se-
lected Propionibacterium species were given a GRAS sta-
tus, therefore, the produced vitamins and bacterial cells
may be safely added to foods.

Bacteria of the genus Propionibacterium are employed
mainly in the production of hard rennet cheese (Swiss
cheese: Emmental, Gruyère, Appenzeller, Raclettes; Dutch
cheese: Leerdammer, Maasdammer; Norwegian cheese:
Jarlsberg; French cheese: Comté) (20). They proliferate
slowly during cheese fermentation and ripening. The
acids that are relatively quickly produced by lactic acid
bacteria reduce the cheese pH, thus inhibiting the growth
of Propionibacterium. They begin to proliferate only when
lactates are produced and acidity decreases. They con-
vert lactates to propionic acid and acetic acid. The above
compounds give cheese its characteristic aroma, and they
act as natural food preservatives (21).

In the present study, lactic acid bacteria and propi-
onic acid bacteria have been identified at the genus level
with the use of ANNs and FTIR. Analysis was focused
on bacterial strains of the genera Lactobacillus, Lactococ-
cus, Leuconostoc, Streptococcus and Propionibacterium that
deliver health benefits and are popularly used in the food
processing industry. This study also made an attempt to
expand the library of FTIR spectra of microorganisms (11).

Materials and Methods

Bacterial strains

Sixty-six reference strains of lactic acid bacteria and
propionic acid bacteria from international collections, in-

cluding American Type Culture Collection (ATCC), Bel-
gian Coordinated Collections of Microorganisms/LMG
Bacteria Collection (LMG), Deutsche Sammlung von Mi-
kroorganismen und Zellkulturen GmbH (DSMZ) (Table
1), and 306 strains isolated from food products and sup-
plied by the Department of Industrial and Food Micro-
biology at the University of Warmia and Mazury in Olsz-
tyn, Poland, were included in this study. The taxonomic
status of food isolates identified previously by classical
phenotypic methods was: 152 Lactobacillus, 30 Propioni-
bacterium, 93 Lactococcus, 21 Leuconostoc and 10 Strepto-
coccus thermophilus strains.

Culture cultivation

Strains were cultivated on solid media for (48±2) h
under optimum conditions: mesophilic and thermophil-
ic lactobacilli on MRS agar (Merck, Darmstadt, Germa-
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Table 1. List of reference strains

Reference strains

Lactobacillus acidophilus DSMZ 20079 (T), DSMZ 9126,
LMG 9433

Lb. amylolyticus DSMZ 11664 (T)

Lb. amylovorus DSMZ 20531 (T)

Lb. brevis DSMZ 20054 (T), DSMZ 1267,
LMG 6906

Lb. casei DSMZ 20011 (T), LMG 6904

Lb. delbrueckii ssp. bulgaricus DSMZ 20081(T), DSMZ 20080,
LMG 7942, DSMZ 20074 (T),
ATCC 9649, DSMZ 20072 (T),
DSMZ 20355, ATCC 7830

Lb. fermentum DSMZ 20052 (T), DSMZ 20391,
LMG 6902

Lb. helveticus DSMZ 20075 (T), LMG 6413, ROS

Lb. hilgardii DSMZ 20176 (T), DSMZ 20051,

Lb. jensenii DSMZ 20557 (T)

Lb. paracasei ssp. paracasei DSMZ 5622 (T), DSMZ 2649

Lb. paraplantarum DSMZ 10667 (T), DSMZ 10641

Lb. plantarum ssp. plantarum DSMZ 20174 (T)

Lb. rhamnosus ATCC 7469, VKM B-574

Lb. zeae DSMZ 20178 (T)

Lb. pentosus DSMZ 20314 (T), DSMZ 16366

Lactococcus lactis ssp. cremoris DSMZ 20069 (T), DSMZ 4367

Lc. lactis ssp. lactis DSMZ 20481(T), DSMZ 4366

Lc. raffinolactis DSMZ 20443 (T)

Lc. plantarum DSMZ 20686 (T), DSMZ 20687

Leuconostoc lactis DSMZ 20202 (T), DSMZ 8581

Ln. pseudomesenteroides DSMZ 20193 (T), DSMZ 5624

Ln. mesenteroides ssp. mesenteroides DSMZ 20343 (T), DSMZ 20240

Ln. mesenteroides ssp. dextranicum DSMZ 20484 (T), DSMZ 20071

Ln. mesenteroides ssp. cremoris DSMZ 20346 (T), DSMZ 20200

Propionibacterium acidipropionici DSMZ 4900 (T), DSMZ 20272

P. freudenreichii ssp. freudenreichii DSMZ 20271(T)

P. freudenreichii ssp. shermanii DSMZ 4902 (T), DSMZ 20270

P. jensenii DSMZ 20535 (T), DSMZ 20274

P. thoenii DSMZ 20276 (T), DSMZ 20275

Streptococcus thermophilus NCFB, SY102, CH101



ny) at 30 and 37 °C, respectively; Leuconostoc strains on
MRS agar (Merck) at 25 °C; Streptococcus thermophilus
strains on M17 agar (Merck) at 42 °C; Lactococcus on
M17 agar (Merck) at 30 °C; Propionibacteria on agar me-
dium with calcium lactate (Sigma-Aldrich, St. Louis, MO,
USA) as the only source of carbon at 30 °C.

DNA isolation and PCR amplification
Loopful amount of the culture was taken from the

agar plate, suspended in 100 mL of Tris-HCl (10 mM,
pH=8.5) buffer and incubated at 37 °C for about 1 h in
the presence of lysozyme added to a final concentration
of 2 mg/mL. Further steps were done according to the
manufacturer's instructions for Genomic Mini kit (A&A
Biotechnology, Gdynia, Poland) for genomic DNA isola-
tion. Generally, the method is based on the DNA ability
to bind to silica gels in the presence of high concentra-
tions of chaotropic salts. PCR methodology relies on prim-
ers and procedures developed by Dubernet et al. (22),
Macián et al. (23) and Rossi et al. (24) for genus identi-
fication of Lactobacillus, Leuconostoc and Propionibacterium
strains, respectively. Lactococcus strains were identified with
species-specific primers as described by Pu et al. (25).
Streptococcus thermophilus strains had previously been
identified in the course of EU INCO–Copernicus IC15-
-CT98-0905 project. Primers and the profiles of the PCR
amplifications, as well as the expected product size are
presented in Table 2. Amplification was carried out in a
thermal cycler Bio-Rad MJ Mini (Bio-Rad Laboratories,

Hercules, CA, USA). The reaction mixture (20 mL) con-
tained 10 ng of each primer (Oligo, Warsaw, Poland), 0.2
mM of each dNTP (Fermentas International, Vilnius,
Lithuania), 1×PCR buffer with 2.5 mM MgCl2, depend-
ing on the experiment 20–40 ng of bacterial DNA and
1–2 U of Taq DNA Polymerase (Fermentas International).

Spectroscopic measurements
Bacterial strain samples were subjected to spectro-

scopic measurements by the transmission method with-

in the wavelength range of 4000 to 500 cm–1 using a FTIR
spectrophotometer (Spectrum One, PerkinElmer, Inc, Walt-
ham, MA, USA) equipped with a beam splitter (KBr) and
a deuterated triglycine sulphate (DTGS) detector. Every
sample was scanned 64 times at the resolution of 4 cm–1

and scanning speed of 0.5 cm/s. The background spec-
trum was measured with an empty ZnSe window (Perkin-
Elmer, Inc). The applied spectral operations and statis-
tical analyses of spectral data have been described in de-
tail in our previous work (13).

Development of artificial neural networks
Two types of ANNs were used: probabilistic neural

networks (PNNs) (26) and multilayer perceptrons (MLPs)
(27). The first layer of the network was an input layer, to
which the absorbance values at a given wavelength were
introduced. The number of neurons in the input layer
was equal to the number of data points of the spectrum
or selected wave numbers. The spectral data were di-
vided into three sets (learning, validation and testing) to
include the spectra of all reference strains analyzed. The
hidden layer consisted of neurons whose number was
equal to the number of learning examples in the case of
PNNs, and defined experimentally in that of MLPs. The
output layer consisted of five neurons, each of which re-
presented a given genus.

The multilayer perceptrons used in the study con-
sisted of three to four layers. Back–propagation and conju-
gate gradient descent algorithms were used in the learn-
ing process, which was conducted until the root mean
square (RMS) error between the actual and desired out-
puts was lower than 0.05.

Probabilistic neural networks are a type of the so-
-called Bayesian networks that use kernel–based appro-
ximation to form an estimate of the probability density
functions of classes in a classification problem. The PNN
used in this study consisted of three layers (input, radial
and linear) of classification neurons. The only control
factor that needs to be selected for probabilistic neural
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Table 2. List of specific primers for PCR identification of isolates

Primer Sequence 5'–3' Specifity PCR reaction profile PCR product/bp

LbLMA1
R16-1

CTCAAAACTAAACAAAGTTTC
CTTGTACACACCGCCCGTCA

Lactobacillus sp. 95 °C – 5'
95 °C – 30"

30× 55 °C – 30"
72 °C – 30"

72 °C – 7'

~250

LeucA
LeucS

CACTTTGTCTCCGAAGAG
AAGCACTGTTGTATGGGA

Leuconostoc sp. 94 °C – 5'
94 °C – 30"

35× 56 °C – 45"
72 °C – 45"

72 °C – 5'

613

PB1
PB2

AGTGGCGAAGGCGGTTCTCTGGA
TGGGGTCGAGTTGCAGACCCCAAT

Propionibacterium sp. 94 °C – 4'
94 °C – 30"

40× 68 °C – 15"
72 °C – 1'

72 °C – 5'

610

1RL
LacreR
LgR
PiplraR

TTTGAGAGTTTGATCCTGG
GGGATCATCTTTGAGTGAT
AAGTAATTTTCCACTCTACTT
CGTCACTGAGGGCTGGAT

Lactococcus lactis
Lc. garvieae
Lc. plantarum,
Lc. piscium,
Lc. raffinolactis

94 °C – 4'
94 °C – 30"

35× 45 °C – 30"
72 °C – 2'

72 °C – 2'

238
482
860



network training is the smoothing factor (i.e. the radial
deviation of the Gaussian function), which was set be-
tween 0.3 and 1.0.

All artificial neural networks were developed in the
STATISTICA Neural Network v. 4.01 application (10). The
correctness of bacterial identification was verified using
molecular biology methods (PCR).

Results and Discussion

The reproducibility and comparability of results in
the long–term perspective, which are important consider-
ations in the use of FTIR spectroscopy for the identifica-
tion and classification of lactic acid bacteria and propio-
nic acid bacteria, were evaluated in respect to microbial
variability, experimental artefacts and equipment defects.
A quantitative measure had to be applied to determine
the quality of bacterial FTIR spectra. The differentiation
index D, proposed by Naumann et al. (1) and calculated
based on Pearson's correlation coefficients, was used in
this study. The cited authors (1) have demonstrated that
spectra cannot be differentiated if the value of index D,
calculated based on the first derivatives of FTIR spectra
in the range of 4000–500 cm–1, is less than 10.

To evaluate the effect of bacterial culture conditions
and sample preparation methods on the quality of bac-
terial FTIR spectra, the reproducibility of measurements
was analyzed at two levels (Table 3). Reproducibility
level 1 (RL1) indicates the reproducibility of spectral mea-
surements for the samples prepared from the same bac-
terial cell suspension, whereas RL2 describes the repro-
ducibility of spectral measurements for samples prepared
from independent cultures of the same bacterial strain
cultivated under the same conditions. RL2 had practical
implications for the performed measurements, although
in many cases it was significantly lower than RL1. Based
on the analysis of D values, the FTIR spectra of the ana-

lyzed bacteria were selected and used to supplement the
library of microbial spectra. The first derivatives of FTIR
spectra were most effective in differentiating lactic acid
bacteria and propionic acid bacteria at the genus level.
The most satisfactory results were observed in the dac-
tyloscopic region (W5) (900–700 cm–1), the polysaccharide
region (W4) (1200–900 cm–1) and the combination region
(W3) (1500–1200 cm–1). The results were processed by a
multivariate statistical analysis to validate the correct-
ness of conclusions derived from a comparison of bac-
terial spectra based on the values of D. This analysis
also revealed combinations of spectral ranges that sup-
ported the generation of the most accurate results. The
analyzed lactic acid bacteria and propionic acid bacteria
were most effectively differentiated and identified at the
genus level in a combination of W5W4W3 spectral ranges.
Our observations are largely consistent with the results
reported by other authors in respect of lactic acid bac-
teria (2,4,28–30). Data regarding analyses of FTIR spectra
of propionic acid bacteria are not available.

The correctness of bacterial identification by ANNs
and FTIR was evaluated at two stages, according to the
strategy described in our previous works (12,14,15). At
the first stage, artificial neural networks were tested based
on the spectra of 66 reference bacterial strains (Table 1).
At the second stage, the evaluation involved 286 spectra
of bacterial strains isolated from food products and de-
posited in the collection of the Department of Industrial
and Food Microbiology at the University of Warmia and
Mazury in Olsztyn, Poland, identified by PCR screening
with the use of genus- or species-specific primers. Ten
strains of Streptococcus thermophilus were excluded from
PCR screening as they had been identified previously.
Examples of agarose gel electrophoresis of PCR amplifi-
cation products specific for Propionibacterium, Lactobacil-
lus, Leuconostoc and Lactococcus lactis strains are shown
in Fig. 1. An analysis of PCR results with the use of prim-
ers specific for the examined genera of lactic acid bac-
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Table 3. Reproducibility of FTIR measurements for the spectra of Lactococcus, Leuconostoc, Lactobacillus, Streptococcus and Propionibac-
terium strains
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4000–500
RL1 0.7 2.8 0.5 3.3 1.4 4.5 1.7 5.2 1.3 4.2

RL2 3.4 6.8 2.2 7.3 7.5 9.4 6.4 8.8 4.6 8.4

3100–2800
RL1 0.3 1.0 0.2 0.4 0.3 1.2 0.4 0.8 1.3 3.1

RL2 1.6 3.5 1.1 2.8 1.4 3.7 1.4 3.5 2.6 5.1

1800–1500
RL1 0.3 2.7 0.6 1.4 1.2 3.3 1.2 2.6 1.5 4.2

RL2 1.9 7.5 2.2 10.7 3.8 11.2 3.4 10.6 4.7 12.2

1500–1200
RL1 2.2 4.9 0.8 2.4 1.8 3.3 1.6 3.3 2.9 3.8

RL2 5.6 10.4 3.5 8.8 4.0 9.6 5.8 10.7 6.4 6.8

1200–900
RL1 0.5 1.0 0.1 0.7 0.8 2.9 0.6 1.6 0.4 0.7

RL2 2.5 6.6 2.6 6.1 2.9 7.5 1.9 7.8 2.4 9.8

900–700
RL1 2.1 4.9 0.9 3.6 8.8 8.4 8.1 6.2 7.9 5.1

RL2 7.9 11.4 8.7 10.2 9.6 12.1 11.3 12.8 11.1 12.3



teria and propionic acid bacteria revealed that in the
group of strains isolated from food products and initial-
ly classified by classical phenotypic methods as Lacto-
bacillus (152 strains), Propionibacterium (30 strains), Lacto-
coccus (93 strains) and Leuconostoc (21 strains), the genus
identity of 136, 28, 87 and 18 strains, respectively, has
been validated. Six strains stated as Lactococcus were then
identified as Leuconostoc, one strain of Leuconostoc as Lac-
tococcus. Strains not identified as Lactobacillus (16 strains),
Propionibacterium (2 strains) and Leuconostoc (2 strains)
were removed from that research and not further exa-
mined.

The FTIR spectra of bacteria comprise hundreds or
even thousands of overlapping absorption bands that are
impossible to separate. Their analysis requires image re-
cognition methods which examine spectra as fingerprints
(dactyloscopic images). ANNs are among the most ad-
vanced analytical tools. In this study, ANNs were deve-
loped with the use of spectra and their first derivatives.
The search for input variables and the training process
led to the selection of the best neural networks which
are presented in Table 4. Those networks correctly iden-
tified all of the reference strains (quality of test 1 data,
first verification stage) and 89 to 95 % of the remaining
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Fig. 1. Agarose gel electrophoresis of PCR products obtained with primers: (A) LbLMA1-rev and R16-1 specific for Lactobacillus spp.,
product ~250 bp. Lanes: 2 – strain 1G, 3 – strain T44, 4 – strain 22M, 5 – strain 25G, 6 – strain T53/1, 7 – strain T106/3, 8 – strain 701, 9 –
strain T217, 10 – strain T106/2, 11 – strain T106/1, 12 – strain T116/2, 13 – strain T116/1, 14 – strain T48/2, 15 – strain T45, 16 – strain 134,
17 – strain T8/4, 18 – strain T135/2, 19 – strain T135/4; (B) PB1 and PB2 specific for Propionibacterium spp., product 610 bp. Lanes: 2 –
strain P112/2, 3 – strain P109/1, 4 – strain 113/1, 5 – strain P2/2, 6 – strain P110C, 7 – strain P124, 8 – strain P109B, 9 – strain P84, 10 –
strain P116, 11 – strain P83, 12 – strain P123/2, 13 – strain P109B1, 14 – strain C08, 15 – strain P109C, 16 – strain P127/5, 17 – strain 119;
(C) LeucA and LeucS specific for Leuconostoc spp., product ~613 bp. Lanes: 2 – strain Iz33, 3 – strain Iz31, 4 – strain Iz39, 5 – strain Iz13, 6
– strain Iz14, 7 – strain Iz1, 8 – strain Iz2, 9 – strain Iz3, 10 – strain T48, 11 – strain T146, 12 – strain 65/2, 13 – strain 68/1, 14 – strain 62, 15
– strain 3/1, 16 – strain L4, 17 – strain L7, 18 – strain L3, 19 – strain T46; (D) 1RL and LacreR specific for Lactococcus lactis, product 238 bp.
Lanes: 2 – strain C35, 3 – strain 4, 4 – strain 55/2.2L4, 5 – strain 55/2.1, 6 – strain 5, 7 – strain 53/2, 8 – strain 672, 9 – strain 56/1, 10 – stra-
in 2, 11 – strain T68/2, 12 – strain 44/1, 13 – strain 63, 14 – strain 51/1, 15 – strain 53/1, 16 – strain 78, 17 – strain 3, 18 – strain 9, 19 – strain
1. Lanes 1 and 20, and 18 for B – mass marker O'GeneRuler 100bp DNA Ladder

Table 4. Set of the best artificial neural networks used for genus identification of selected lactic acid bacteria and Propionibacterium strains

No.
FTIR spectrum

range
ANN
type

ANN
architecture

RMS
Test 2
quality No. of

epochs
Learning Validation Test 1 %

1 4000–500 cm–1 MLP 1049:36:5 0.006 0.01 0.08 0.92 6·103

2 W5W4W3W2 MLP 389:32:5 0.00 0.01 0.02 0.89 3·102

3 AL.GEN MLP 1001:36:5 0.00 0.02 0.02 0.94 8·103

4 W5W4W2 PNN 800:740:5 0.00 0.006 0.002 0.91 –

5 W5W4W3 PNN 800:740:5 0.00 0.003 0.003 0.95 –



286 strains (quality of test 2 data). The best results were
reported for the probabilistic network (Table 4, No. 5)
developed based on a combination of W5W4W3 spectral
ranges. The network correctly identified 95 % lactic acid
bacteria and propionic acid bacteria at the genus level.
In the group of 286 tested strains, the network unam-
biguously determined the genus of 270 strains (Table 5).
Problematic or falsely typed strains are presented in
Table 6. Two Propionibacterium strains – P109/1 and P84,
one Lactococcus strain – 9, one Leuconostoc strain – 3/1,
and two Lactobacillus strains – 22M and T103, were not
unambiguously identified. As regards the winning neu-
ron, Propionibacterium strains were correctly classified,
whereas the strains of the genera Lactococcus, Leuconostoc
and Lactobacillus were incorrectly identified. The follow-
ing strains were incorrectly classified: P78 and P20C of
the genus Propionibacterium – as belonging to Leuconos-
toc, 71/1 of the genus Lactococcus as belonging to Leu-
conostoc, T45 of the genus Lactobacillus as belonging to
Lactococcus, and strains Ros, L200, L206, 4M, LPC57 and
AC/17 were recognized as belonging to Leuconostoc.

The present method may be deployed in analytical
laboratories for identifying lactic and propionic acid bac-
teria, for monitoring the purity of cultures in strain col-
lections and for fast screening of selected bacterial groups.

The proposed technique is also suitable for monitoring
the quality of products and raw materials in the food
processing industry (31,32). FTIR delivers a variety of ad-
vantages, including simple technology, low cost, high
specificity and a wide range of industrial applications.
The method could be expanded to include successive
neural networks for identifying pathogenic bacteria (33).

Our study will support the development of a data-
base panel (FTIR spectra of the analyzed bacteria) and
an analytical panel for identifying bacteria with the use of

ANNs. The resulting BACTI-FTIR database will be avail-
able at http://www.uwm.edu.pl/mikrobiologia to all persons
interested in the identification of bacteria based on FTIR
spectra, with the use of ANNs.

Conclusions

The use of artificial neural networks as the most ad-
vanced chemometric method for analzying FTIR spectra
supported the correct identification of 95 % Lactobacillus,
Lactococcus, Leuconostoc, Streptococcus and Propionibacteri-
um bacteria at the genus level under the conditions ap-
plied in this study. RL2, which describes the reprodu-
cibility of spectral measurements for samples prepared
from independent cultures of the same bacterial strain,
has practical implications for the measurement of FTIR
spectra of the studied bacteria. For identification pur-
poses the most suitable were the first derivatives of
FTIR spectra within the polysaccharide region (1200–900
cm–1), the dactyloscopic region (900–700 cm–1) and the
combined region (1500–1200 cm–1). The results of this
study will support the development of the BACTI–FTIR
database, which will be regularly expanded and updated
to offer a simple and practical tool for identifying micro-
organisms.
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Table 5. Summary of genus typing by PNN (800:740:5)

Genus
No. of
strains

Typing by PNN

Correct No answer Wrong

Lactobacillus spp. 136 127 2 7

Lactococcus spp. 88 86 1 1

Leuconostoc spp. 24 23 1 0

Streptococcus spp. 10 10 0 0

Propionibacterium spp. 28 24 2 2

Table 6. Problematic or false typing of strain genus by PNN (800:740:5)

Strain PCR typing
ANN
typing

Unit
error

Activation value on output neurons

P. Lb. Ln. Lc. St.

P109/1 Propionibacterium sp. ? 0.26 0.59 0.00 0.00 0.41 0.00

P84 Propionibacterium sp. ? 0.24 0.62 0.00 0.00 0.38 0.00

P78 Propionibacterium sp. Ln. 0.63 0.00 0.02 0.98 0.00 0.00

P20C Propionibacterium sp. Ln. 0.63 0.00 0.00 1.00 0.00 0.00

9 Lactococcus sp. ? 0.41 0.00 0.00 0.00 0.35 0.65

71/1 Lactococcus sp. Ln. 0.63 0.00 0.00 0.70 0.30 0.00

3/1 Leuconostoc sp. ? 0.41 0.00 0.00 0.35 0.00 0.65

22M Lactobacillus sp. ? 0.35 0.00 0.46 0.54 0.00 0.00

T45 Lactobacillus sp. Lc. 0.45 0.00 0.45 0.00 0.55 0.00

T103 Lactobacillus sp. ? 0.20 0.00 0.31 0.69 0.00 0.00

Ros Lactobacillus sp. Ln. 0.25 0.00 0.50 0.50 0.00 0.00

L200 Lactobacillus sp. Ln. 0.60 0.00 0.12 0.88 0.00 0.00

L206 Lactobacillus sp. Ln. 0.48 0.00 0.16 0.84 0.00 0.00

4M Lactobacillus sp. Ln. 0.26 0.00 0.22 0.78 0.00 0.00

LPC57 Lactobacillus sp. Ln. 0.29 0.00 0.29 0.71 0.00 0.00

AC/17 Lactobacillus sp. Ln. 0.26 0.00 0.19 0.81 0.00 0.00

P.=Propionibacterium, Lb.=Lactobacillus, Ln.=Leuconostoc, Lc.=Lactococcus, St.=Streptococcus
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