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to low pH (1.8) in the presence of pepsin and bile were measured and
further used as reference data for analysis of the simultaneously acquired
spectral data. The acquired spectral data in the region of 1100-1300 nm
were subjected to various methods for multivariate data analyses — PCA,
LDA, SIMCA and PLSR. The results showed high accuracy of bacteria
strains classification according to their resistance and the potential of the
tested wavelength region for rapid selection and prediction of some basic
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Abstract

Nowadays a quick and inexpensive method, which allows rapid, in vivo comprehensive probiotic

bacteria identification, is needed. To elucidate a new concept to evaluate probiotic bacteria, NIR

spectroscopy with aquaphotomics were applied to monitor the growth of eight Lactobacillus

bulgaricus and one Lactobacillus gasseri bacteria strains. Their resistance to low pH (1.8) in the

presence of pepsin and bile were measured and further used as reference data for analysis of the

simultaneously acquired spectral data. The acquired spectral data in the region of 1100-1300 nm

were subjected to various methods for multivariate data analyses — PCA, LDA, SIMCA and PLSR.

The results showed high accuracy of bacteria strains classification according to their resistance and

the potential of the tested wavelength region for rapid selection and prediction of some basic

phenotypic characteristics of probiotic candidates. Results of the current study also revealed different

suitability of each growth stage when using NIR spectra for the classification of bacteria strains.

Keywords: probiotics, aquaphotomics, near infrared spectroscopy, NIR, chemometrics, lactic acid

bacteria.

Introduction
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Lactic acid bacteria (LABs) are a diverse group of gram-positive, non-sporulent bacteria, anaerobes or
facultative anaerobes requiring specific nutrition environment, and whose ultimate metabolite product
is lactic acid. Currently, LABs became microorganisms of industrial importance for their fermentation
activity, as well as for their health and nutrition benefits. LABs, particularly lactic bacteria, which
occupy important niches in the gastro-intestinal tract (GIT) are considered as offering numerous
probiotic benefits to general health status and proper physical condition.

Probiotics are live microorganisms which when administered in adequate amounts confer a health
benefit on the host. They express their positive effect by balancing of the gastro-intestinal tract
microflora, improve the immune response ', decrease the symptoms of lactose intolerance and
allergies in susceptible individuals % reduce the risk of cancer °, and alleviate irritable bowel
syndrome and inflammatory bowel diseases *°. The mechanism of probiotic activity has not been
established yet, but it probably includes modification of pH levels of the GIT °, pathogens
antagonism through the production of antimicrobials ’, competition for receptor sites *, nutrients and
growth factors, stimulation of immune cells * and lactase production ',

The most important probiotic characteristic is the ability of surviving the harsh environment in the
upper gastro-intestinal tract. This is because during their passage through the stomach and the small
intestine they face an environment with low pH and high concentrations of gall ''. In the genus

Lactobacillus, there are strains which differ in resistance to the conditions in the upper

gastro-intestinal tract. Strains with high tolerance are of interest for the production of probiotics and
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probiotic food. The main issue in this field is the selection of strains which exhibit strong probiotic
characteristics. Currently, two main strategies have been applied for the selection of probiotic strains:
selection of strains based on the presence of particular genes and in vitro examination of strain
resistance '>"°. These methods are time-consuming, require expensive equipment and consumables,
and they give uncertain results. Therefore, a quick and inexpensive method, which allows rapid, in
vivo comprehensive probiotic bacteria selection, is needed .

A new approach to this issue has been recently proposed. It is based on using near infrared (NIR)
spectroscopy and aquaphotomics for real-time monitoring of growing lactobacilli to classify and
discriminate strains possessing probiotic characteristics. Only by analysing their NIR spectra
obtained in the time period 11.4-12 h of the cultivation time ' has it been possible to predict their
resistance to conditions similar to those in the upper gastro-intestinal tract.

The main goal of the study reported in this paper was to use data from the region between 1100 and
1300 nm to find the most suitable growth stage for in vivo spectral monitoring and discrimination of
resistant and non-resistant Lactobacillus strains. A further aim was to predict the bile minimal
inhibitory concentration and low pH resistance of Lactobacillus strains based on their NIR
spectra obtained during the cultivation process.

Materials and Methods

Bacterial strains

Five probiotic and four non-probiotic strains (genus Lactobacillus) possessing different bile salt

https://mc.manuscriptcentral.com/jnirs
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tolerance and ability to resist low pH (pH 1.80) in the presence of pepsin were used: probiotic strains

L. bulgaricus S06, L. gasseri S20 (provided by “Selur Pharma” Ltd. - Bulgaria), L. bulgaricus S22, L.

bulgaricus S11, L. bulgaricus S10 and non-probiotic strains - L. bulgaricus S09, L. bulgaricus Y12,
L. bulgaricus S03 and L. bulgaricus S02. The strains were provided by "Specialized Academic Unit
for Traditional Bulgarian Dairy Products within the Bulgarian Academy of Sciences" with exception
of L. bulgaricus Y12 which was isolated from yoghurt. All microorganisms were freeze-dried and
kept at -80 °C.

Preparation of stock cultures and active bacterial culture

The strains were cultivated in MRS broth (De Man, Rogosa and Sharpe agar; Merck, Tokyo, Japan)
at 37 °C for 24 h. The biomass obtained after centrifugation at 5000 min™ for 5 min was twice
washed with PBS (Phosphate-buffered saline) buffer (pH 7.00) and suspended in 15 %w/v glycerol
solution to the initial volume and stored at -80 °C for further use.

Tubes containing 1 ml MRS broth were inoculated with 50 pl glycerol suspension of stock culture
and cultivated for 18 —20 h at 37 °C.

Determination of the optical density of the bacterial cultures

The optical density was determined by using a micro-plate reader iMark (BioRad, Hercules,
California, USA) against MRS broth as blank at A = 665 nm. The sample volume was 150 pl with
correction to 1 cm path length. Every optical density is presented as an average value of nine optical

densities obtained from three independent samples (tubes or deep well plate wells) measured three

https://mc.manuscriptcentral.com/jnirs
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consecutive times.

Determination of the resistance to low pH value in presence of pepsin

A modified method of Pitino "> was used. 750 ul MRS-broth were inoculated with 50 pl of active
bacterial culture and cultivated for 18 — 20 h at 37 °C. The culture medium was then centrifuged at
10000 min" for 5 min, the biomass was washed twice with PBS buffer (pH 7.00). The cells were
suspended to the original volume with the low pH buffer (pH 1.8), containing HCI1 (0.2 M), NaCl
(0.08 M), CacCl, (0.03 mM), and pepsin from porcine gastric mucosa (9000 U ml™; Wako, Japan).
After 3 h cultivation at 37 °C the biomass was centrifuged at 10000 min™ for 5 min and washed with
PBS buffer and re-suspended to its original volume with PBS buffer. Tubes containing 750 ul MRS
broth were inoculated with 50 pl of low-pH treated cells suspensions and cultivated at 37 °C for 24 h.
The optical density of the cultures was measured at A=665 nm at Oh and 24 h. The resistance each
strain to low pH in the presence of pepsin was evaluated by cell growth and is presented by the
increase in the optical density of the culture medium after 24h cultivation at 37 °C (Yield of biomass
after 3 h stay at pH 1.8 and 9000 U ml™ pepsin).

Determination of bile minimal inhibitory concentration

MRS broths (750 pl) with double-fold decreasing concentrations of dry bile (Wako, Japan)
0.156-5.000 mg/ml were inoculated with 50 pl active bacterial culture and cultivated at 37 °C for 24

h and the optical density at A=665 nm was determined.

https://mc.manuscriptcentral.com/jnirs
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Monitoring of the cultures by NIR Spectroscopy

MRS broth (15 ml) was inoculated with about 0.5 ml active bacterial culture to OD=0.1 (A=665) and
cultivated at 37 °C for 24 h with shaking on a vibratory shaker in a 50 ml centrifuge tube. The NIR
transflectance spectra of the culture were acquired in the entire spectral region (400-2500 nm) with
0.5 nm step (4200 data points) at every 4 min by using a FOSS XDS OptiProbe Analyzer attached
with immersion type probe (FOSS NIRSystems, Inc., Hoganas, Sweden or Hilleroed, Denmark,
recently distributed by Metrohm NIRSystems AG, Herisau, Switzerland). A reference spectrum was
taken at the beginning of every measurement series by placing the immersion probe in the dark
aperture position of the instrument. The spectra taken in the first 40 min of the cultivation time were
discarded and those after 40 min until the scan of 20 h of the monitoring were used for data
evaluation. Spectra acquisition was performed with the VISON 3.50 (FOSS NIRSystems, Inc.,
Hoganas, Sweden) software. After pre-experiments, 0.5 mm layer thickness (set by spacer) was
found to be the most appropriate to achieve an applicable signal in the first overtone region of water.
Spectral Data Analysis

The water first overtone of combination vibrations at the wavelength range 1100-1300 nm was used
for data evaluations. As a first step of spectral pretreatment, smoothing by using a Savitzky-Golay'*
filter with 21 data points and second polynomial order was applied. For eliminating the scattering
effect MSC (multiplicative scatter correction) transformation'” was performed.

Principal Component Analysis'® (PCA) was used to discover the multidimensional pattern of

https://mc.manuscriptcentral.com/jnirs
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variations in the strains low pH and bile resistance scores and the NIR spectral dataset obtained at
whole cultivation time (40-1200 min) and to provide orthogonal variables for supervised
classifications of linear discriminant analysis using the spectral dataset of different growth stages.
Linear Discriminant Analysis (LDA)'” was performed to generate supervised qualitative models to
identify the groups of bacterial strains. The scores of the first ten principal components (PC) of the
PCA models were used in LDA as input variables to build models for the classification of the three
main groups of the bacteria strains. LDA models were tested with “one-strain-out” cross-validation
(described in more details below) and with independent prediction using the spectra of L. bulgaricus
S22, L. bulgaricus S10 and L. bulgaricus Y12.

To find relationship between spectral data and phenotype parameters of bacterial strains (the
minimum inhibitory concentration of bile( MIC) and ability to recover after 3 h stay at low pH) we
applied Partial Least Squares Regression'” (PLSR). The PLSR models were evaluated by the
coefficient of determination in cross-validation (R%) and standard error of cross-validation (SECV).
The maximum number of latent variables was determined as 1/10™ of the number of observation (n)
to avoid overfitting. The PLSR models were validated using the “one-strain-out” validation method.
The data set was split into training and test sets. The spectral data of 8 strains were used as the
training set; and those of one strain left, as the test set. This process of data splitting was repeated 9
times to ensure that the data of all the strains was included in the evaluation set once'”.

For qualitative assessment of strains for low-pH and bile tolerance Soft Independent Modeling of

https://mc.manuscriptcentral.com/jnirs
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Class Analogy (SIMCA) analysis was used. Raw spectra were mean cantered. The cross-validation
was performed using “one-strain-out” in the same way as is described above.

Aquagrams'® were calculated in order to show the differences of the absorbance values at the water
matrix coordinates (WAMACsS) for the group of resistant and non-resistant bacteria. The star-chart
displays averaged normalized spectral absorbance values of the groups of resistant and non-resistant
bacteria (acquired at the same conditions) cultivated in MRS broth. The spectra of each strain were
acquired at 37 °C in the time intervals of 0.3-6.3 h and 6.3-12.3 h of the cultivation time (phases III
and IV).

The scripts for PLSR, LDA and aquagram calculation and visualization were written and executed in
R-project environment (RStudio Ver. 0.98 and R Ver. 3.0.1, R Foundation for Statistical Computing,
Vienna, Austria). The calculation and visualization of PCA and SIMCA were performed with
SimcaVer. 13.5 (Umetrics AB, USA; http://umetrics.com/) and Piroette 4 (Infometrix, USA;

https://infometrix.com/software/).

Results and Discussions

Classification of the strains based on their bile minimal inhibitory concentration (MIC) and low pH
resistance

Based on the low pH tolerance (Yield of biomass after 3 h stay at pH 1.8 and 9000 U mI'pepsin) and

the MIC for bile, all strains were divided in two groups — strains which were capable of growth after

https://mc.manuscriptcentral.com/jnirs
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3h stay at pH 1.8 in the presence of 9000 U ml™ pepsin and could survive and grow at high bile
concentrations and strains which were not resistant to that environment. L. bulgaricus S06 showed
medium results and was not included in either of the two groups (Table 1).

Table 1.
Strains varied in their resistance to low pH in the presence of pepsin and bile. These are essential
characteristics, which allow strains to survive in the human gastro-intestinal tract. This is due to their
adaptation ability and depends on the presence and the expression of some genes, which leads to
differences in the levels of some proteins and enzyme activities .
PCA results based on the reference data i.e. bile tolerance and pH resistance for each strain are
shown in Fig. 1.

Figure 1.
The first principal component (PC1) of this matrix explained 98.3 % of the total variance. Its scores
were highly correlated with the probiotic properties of the strain and represented very well the ability
of the strains to grow in the presence of bile and to survive at very low pH. On the score plot (Fig. 1)
the group of resistant strains is very well separated from the group of non-resistant ones. Loadings of
the model (indicated by the arrows) show that both parameters were correlated.
Determination of Bacterial Growth Phases
The typical microbial batch culture growth consists of four growth phases: Lag phase, Exponential
phase, Stationary phase and Death phase *°. They are not always clearly defined because of longer

10
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transition periods which may occur due to different factors. In order to separate the growing curves
into growth phases a modified model of Gompertz and its fourth derivative were applied *'** (Fig.
2).
y=A-exp {—exp [% A-0v+ 1]},
where A is the maximal optical density, p, is the maximal specific growth rate, A is the length of the
lag-phase and t is the time.

Figure 2.
The fourth derivative of the absorbance at 600 nm changes in the model was used to divide all
growth curves into five phases (Fig. 2), which is in accordance with Widdel’s model of typical
growing bacterial culture **. The accurate separation of bacterial growth cycle is essential for further
data analyses and allows us to compare strains at their respective growth stage and at equal
physiological condition.
Spectral data analyses
Near infrared spectra of the growing bacterial cultures changed continuously during the whole
cultivation period. In our previous work ' we showed that the region of 1100 — 1850 nm can be used
successfully to classify probiotic lactobacilli and predict some of their essential properties at certain
periods during the cultivation period (11.4 — 12h) where the cultures are present in large numbers of
similar cells, which are still viable. We have found that water absorbance bands in the first overtone
region were the most informative for classification. Here, we are exploring the first overtone of the

11
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combination vibrations of water, in the range 1100 — 1300 nm Figure 3), which has less absorbance
and, therefore, it is most suitable when using longer path lengths.

Figure 3.
Raw spectra were MSC transformed to eliminate the scattering effect and baseline differences (Fig.
3), which makes them more suitable for further data analyses. The cultivation time was separated
into growing phases by using 4th derivative of the modified Gompertz model and every time period
was used to build LDA, SIMCA and PLS regression models.
Principal component analysis of spectral data acquired in the time period of 40-1200 min of
cultivation showed that 99.95% of the whole variance was explained by PC1 (Fig. 4a). This variation
was observed due to the spectral changes that occurred during the growing time, but it also showed
the differences between the groups of resistant and non-resistant strains. All resistant strains were
grouped in the right part of the score plot, while the non-resistant ones in the right side this
separation were more prominent after Phase I1.

Figure 4.
The loading vector (Fig. 4b) of PC1 shows picks at 1120, 1158 and 1283nm. These wavelengths are
the most important for the separation of the strains and changed the most during the cultivation and
show differences in free and protonated water molecules **.
The spectral data for strains were analyzed by Linear discriminant analysis and Soft Independent
Modeling of Class Analogy to test its potential for qualitative assessment of low-pH and bile

12
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tolerance of strains.
The results of the classification matrix showed highest accuracy of prediction at earlier exponential
phase (phase III and IV) for both LDA and SIMCA methods (Table 2.).
Best classification of the resistant and non-resistant groups was found in phase IV with LDA where
the recognition ability was 98.6% and prediction ability was 100% for both cross-validation and
independent prediction (Fig. 4c). However, LDA models built on data of phase III also showed 100%
correct prediction ability (Table 2.).

Table 2.
Almost all of the spectra were classified correctly at the second and the third growth phases — 97.7%
and 96.5% respectively with SIMCA.
The discriminating power of the SIMCA model (Fig. 4d) built on the spectral data of phase III
showed peaks at 1116 nm, 1123 nm, 1147.5 nm, 1158.5 nm, 1184 nm, 1197 nm, 1225 nm, 1264 nm
and 1285 nm. Both PCA and SIMCA models showed consistency in the wavelengths with highest
importance for the discrimination of resistant and non-resistant Lactobacillus strains.
Partial least squire regression models (PLSR) were built to determine relationship between spectral
data and the tolerance of strains to low pH and bile. Two models were built — one for prediction of
the ability of a strain to survive during 3h stay at pH 1.8 and 9000 U ml™ pepsin (Fig. 5a and Fig. 5¢)
and another one for the bile minimal inhibitory concentration for a strain (Fig. 5b). The accuracy of
the models was evaluated by their R* of cross validation and SECV (standard error of

13
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cross-validation).

Figure 5.
For the prediction of low pH resistance, the best results were observed at phases IV and V, while for
the prediction of bile MIC the most suitable phases were III and I'V. The results of PLSR regression
models showed close correlation and relatively low error of cross-validation. In both cases models
using spectra from phase IV showed the highest accuracy, which confirms our previously obtained
results ',
The wavelengths which were important for the prediction of the low pH resistance of a strain are
shown on Fig. 5c. The regression vector showed two groups of wavelengths in the whole region of
1100-1300 nm. The first group repeats wavelengths already discovered by SIMCA modelling (Fig.
4d) wavelengths — 1116, 1148.5, 1183, 1199 and 1225 nm, while the other wavelengths were unique
for the regression model — 1134, 1154, 1176, 1190, 1234, 1241, 1255 and 1295 nm.
Another successfully applied aquaphotomics tool, aquagram, was used to examine the water
combination band region. It proposes seven specific spectral ranges which are of importance for
bacteria characterization. It is a star-chart which contains averaged normalized absorbance values at
wavelengths in those regions of interest. These values contain information about water molecular

" In this study we applied

conformations and their respective hydrogen and covalent bonds
aquagrams to the shorter wavelength region of 1100-1300 nm in order to show the differences

between non-resistant and resistant strains.

14
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Figure 6.
The aquagrams of the monitored nine Lactobacillus strains calculated using the spectral data
acquired in Phase III and Phase IV (Fig. 2) are presented on Figure 6. In both phases the group of
resistant strains showed higher values at shorter wavelengths, i.e. in the range between 1118.5 and
1198.5 nm and, in contrast, the absorbance values at 1217.5 and 1224.5 nm were higher in the case
of Lactobacillus S06 and the non-resistant strains.
It is interesting to note that although in both resistant and non-resistant groups we had four different
strains the spectral patterns of the strains of the same type were similar while those of the different
types are more dissimilar.
The pattern of the moderate strain showed more similarity to the pattern of the non-resistant group,
but some differences were observed. In phase III the value of L. bulgaricus SO06 was higher than the
values of the non-resistant group at 1118.5 nm thus it had more similarities with the resistant one.
However, in phase IV the overall pattern of L. bulgaricus S06 was similar to the one of the
non-resistant group but showed higher absorption values between 1113.5 and 1198.5 nm.
The wavelengths presented in the aquagram are characteristic of protonated water molecules
presented by the asymmetric OH-stretch vibrational frequencies of [H+:(H20)4 5] - H3O+ symmetric
stretch and asymmetric stretch of 2" overtone (at 1160 and 1168 nm respectively)**. The band
around 1217 nm could refer to 2™ overtone of water®.
The selection of strains possessing high resistance to conditions similar to those in the human

15
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digestive tract has been studied by many authors using different approaches. The main shortcomings
of the classical selection methodology were overcome by using different omics approaches, such as
proteomics, genomics etc. Recently we showed that the aquaphotomics, which is directly related to
system functionality, is a powerful tool and can be used successfully for rapid selection of probiotic
lactobacilli ''. Its non-invasive methodology allows rapid and comprehensive evaluation of potential

probiotic candidates and might lead to understanding of new phenomena in microbiology.

Conclusions

With this work we build on the previous studies by analyzing the whole Lactobacillus cultivation
time period (divided into five stages) while having the same goal — to obtain high accuracy of
bacteria characterization and to find those characteristic wavelengths which can be used for rapid
classification of resistant strains and to assess their resistance to low pH and bile.

We found out that the first overtone of the water combination band in the shorter wavelength region
(1100-1300 nm) contains useful information about the resistance of strains, presented by differences
in the free water molecules, asymmetric O-H stretches and protonated water bands. These differences
are due to the presence of different cell metabolites and other chemical substances that change the
water molecular structure analyzed in this study and refer to the phenotype of every group of strains.
Highest accuracy of classification and calibration performance of the PLSR models for prediction of
strains resistant to low pH in presence of pepsin and to a high concentration of bile were observed in

16
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the IV growth stage (6.3-12.3h of the cultivation time). This is in agreement with our previous
publication ', but also shows that it is possible to build PLSR models with high R* and low SECV
using spectra obtained at an even earlier time during the cultivation of Lactobacillus.
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34 12

35 13 Table 1. Bile minimal inhibitory concentration (MIC) of bile and yields of biomass after low pH

37 14  stress in presence of pepsin of the strains

38 ) Yield of biomass after 3 h

39 . MIC of Bile,

20 Strains Group stay at pH 1.80 and 9000
mg/ml 1 )

41 U ml™ pepsin (£SD*)

. bulgaricus S10 Resistant 2.500 0.126+0.014

. bulgaricus S11 Resistant 2.500 0.100+0.014

. gasseri S20 Resistant 2.500 0.114+0.011

. bulgaricus S22 Resistant 2.500 0.117+0.016

. bulgaricus S06 Moderate 1.250 0.080+0.010

. bulgaricus Y12 Non-resistant 0.625 0.041+0.006

. bulgaricus S09 Non-resistant 0.156 0.029+0.005

. bulgaricus S02 Non-resistant 0.156 0.006=0.001

. bulgaricus S03 Non-resistant 0.313 0.005+0.002

- Standard deviations calculated based on three parallel samples scanned three consecutive times

N
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Table 2. Average recognition and prediction ability of SIMCA and LDA models built for the
classification of resistant and non-resistant Lactobacillus strains derived from the spectroscopic data
in the range between 1100 and 1300 nm

SIMCA LDA
model (%) CV (%) model (%) CV (%) prediction (%)

Phase II 79.77 77.06 96.79 94.87 93.16
Phase I1I 98.77 97.73 97.78 100 100
Phase IV 97.53 96.46 98.61 100 100
Phase V 81.13 78.85 98.92 98.29 99.71

CV — “one-strain-out” cross-validation

prediction — independent prediction using data of L. bulgaricus S22, L. bulgaricus S10 and L.

bulgaricus Y12.
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Captions to figures

Figure 1. PCA Bi-plot calculated when using only reference data (bile MIC and the yield of biomass
after 3h stay at pH 1.8 in presence of pepsin (9000 U ml™), reference data in Table 1) of the
Lactobacillus strains

Figure 2. Bacterial growth curve presented by OD at 600 nm and its 4th derivation of modified
Gompertz fitting (L. bulgaricus S06) showing the existence of five different growth stages

Figure 3. Truncated (1100 — 1300 nm) raw spectra (n=2610) and b) MSC transformed spectra of the
analyzed Lactobacillus strains, obtained in the time interval of 40 — 1200 min

Figure 4. PCA, LDA and SIMCA analyses on the spectral data of the Lactobacillus strains, using
1100-1300 nm wavelength interval. a) and b) PCA score plot (n=2610), and loading vectors of PCA
model calculated on data obtained in the time period of 40-1200 min, c) Scores of the LDA model
built for the classification of resistant and non-resistant Lactobacillus strains in growth Phase IV
(Nmoder=540, Nprediction=270) d) Discrimination power of SIMCA model built for the classification of
resistant and non-resistant Lactobacillus strains in growth Phase III (n=405).

Figure 5. PLSR models on spectral data obtained in different growth phases of the cultivation
process, wavelength interval 1100-1300 nm (Nppasen=351, Nphasem =405, Nphaserv=810, Nppasev=1044).
Accuracy of prediction of a) strains resistant to low pH in presence of pepsin and b) strains MIC of
bile. ¢) Regression vector of the PLSR model built to predict strains resistant to low pH in presence
of pepsin in growth Phase IV.
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Figure 6. Aquagrams on the spectra between 1100 and 1300 nm of Lactobacillus strains. Averaged

values of normalized absorbance values of the water matrix coordinates for every strain are plotted

on each axis. Results were calculated on spectral data obtained a) in growth Phase III (n=405) and b)

in growth Phase IV (n=810).
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stay at pH 1.8 in presence of pepsin (9000 U ml-1), reference data in Table 1) of the Lactobacillus strains
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data obtained in the time period of 40-1200 min, c) Scores of the LDA model built for the classification of
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Discrimination power of SIMCA model built for the classification of resistant and non-resistant Lactobacillus

strains in growth Phase III (n=405)
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Figure 5. PLSR models on spectral data obtained in different growth phases of the cultivation process,
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