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Experiments with 
bacteria

Slavchev, A. et al., 2015. Monitoring of Water Spectral Pattern Reveals Differences in 
Probiotics Growth When Used for Rapid Bacteria Selection. PloS one, 10(7), p.e0130698.

www.mtcapra.com
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objectives

6

• to evaluate the application possibilities of Aquaphotomics in rapid selection 

and evaluation of bacterial strains possessing different probiotic properties

• to develop method for replacing the phenotypic and genetic approach for 

probiotic bacteria selection with Aquaphotomics

• to learn more about living microorganisms and their functionality through 

their water spectral pattern

Slavchev, A. et al., 2015. Monitoring of Water Spectral Pattern Reveals Differences in 
Probiotics Growth When Used for Rapid Bacteria Selection. PloS one, 10(7), p.e0130698.



• Strains were cultivated in MRS broth for 24h at 37°C

Strains and their phenotypic characteristics

Strain OD max
MIC*, 
mg/ml

OD at 0.5 
MIC

Corrected MIC 
(based on OD at 

0.5MIC)

Yield of 
biomass 

after low pH 
stress 

General PCA 
Score 

(probioticity)

Class

Non probiotic

Lactobacillus bulgaricus S4 0.84 0.16 0.30 0.10 0.07 -2.43

Lactobacillus bulgaricus S3 1.34 0.31 0.31 0.20 0.05 -2.23

Lactobacillus bulgaricus S2 1.52 0.16 0.30 0.10 0.06 -2.04

Lactobacillus bulgaricus S29 1.44 0.63 0.39 0.43 0.05 -1.94

Lactobacillus bulgaricus S30 1.36 0.63 0.44 0.45 0.06 -1.79

Lactobacillus bulgaricus S28 2.770 0.313 0.370 0.214 0.025 -1.420

Moderate

Lactobacillus bulgaricus S9 2.880 0.156 0.300 0.101 0.029 -1.414

Lactobacillus bulgaricus S1 1.690 0.625 0.725 0.539 0.038 -1.385

Lactobacillus bulgaricus Y12 2.020 0.625 0.303 0.408 0.041 -1.349

Lactobacillus bulgaricus S7 1.919 0.625 0.790 0.559 0.049 -1.274

Lactobacillus bulgaricus S6 2.960 1.250 0.307 0.817 0.080 0.647

Probiotic

Lactobacillus bulgaricus  S22 2.677 2.500 1.230 2.788 0.117 1.923

Lactobacillus gasseri S20 3.030 2.500 0.542 1.928 0.114 2.145

Lactobacillus bulgaricus S11 2.954 2.500 1.600 3.250 0.100 2.363

Lactobacillus bulgaricus S10 2.950 2.500 1.550 3.188 0.126 2.569

5 probiotic 
5 moderate
5non-probiotic 
+

L. bulgaricus SR
L. pentosus SS

L. bulgaricus SR and L.
bulgaricus Y12, L. pentosus SS were 
isolated , rest were provided by 
“Selur Pharma” Ltd. (Bulgaria). 

*MIC (Minimal Inhibitory Concentration)

L. bulgaricus S8 

Materials and methods I.  – samples –

independent 
prediction

Slavchev, A. et al., 2015. Monitoring of Water Spectral Pattern Reveals Differences in 
Probiotics Growth When Used for Rapid Bacteria Selection. PloS one, 10(7), p.e0130698.
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• Spectra were acquired by XDS optiprobe module, 

imersion probe (transflectance mode) pathlenght 1 

mm

• The cultivation in MRS broth for 24h at 37°C was 

monitoredProbe

MRS
broth

Shaker

Parafilm

Materials and methods II.
– instruments and conditions –

Slavchev, A. et al., 2015. Monitoring of Water Spectral Pattern Reveals Differences in 
Probiotics Growth When Used for Rapid Bacteria Selection. PloS one, 10(7), p.e0130698.

8



9



PCA score plot (PC1-PC2) - from point x to point x+10

legends show the probiotic characteristicPC1 - 92.409%
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demonstration for moving 
window PCA (MW-PCA)

probiotic

non-probiotic

moderate

Dp-m

Dnp-m

Dnp-p

distance between groups
average standard deviation

to find the optimal time window 
for the best separation of 

probiotic, non-probiotic and 
moderate groups

Materials and methods III. – chemometrics –
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Growing curve and results of MW-PCA

The optimal time window for the 
best separation was found 

between 11.5 and 12h

L. bulgaricus S6

Slavchev, A. et al., 2015. Monitoring of Water Spectral Pattern Reveals Differences in 
Probiotics Growth When Used for Rapid Bacteria Selection. PloS one, 10(7), p.e0130698.
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Slavchev, A. et al., 2015. Monitoring of Water Spectral Pattern Reveals Differences in 
Probiotics Growth When Used for Rapid Bacteria Selection. PloS one, 10(7), p.e0130698.

OPLS-DA of spectral data to discriminate groups
11.5 and 12h

100% correct 
classification of the 

three groups

water bands important 
for separation

probiotics

moderate

non-probiotics
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Slavchev, A. et al., 2015. Monitoring of Water Spectral Pattern Reveals Differences in 
Probiotics Growth When Used for Rapid Bacteria Selection. PloS one, 10(7), p.e0130698.

PLS regression to predict reference parameters
Minimal Inhibitory 

Concentration

1100–1850nm

Quantified optical 
densities at 665 nm

accurate prediction of 
reference parameters 

by NIRS
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Experiments with 
probiotic Yogurts
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objectives

• to determine if there is any effect of the type of spring water 

on yogurt preparation

• to describe the interaction between different bacteria strains 

and spring waters

15



Materials and methods I.  – samples

*illustration

Preparation of the yogurt samples:

- soy milk & spring Water* mix with probiotics bacteria**

- cultivate it and move to fridge

*Water:

- 2 types of water were used in different ratio:

- Spring Water 1 (TSW) : Spring Water 2 (GoW) = 

- 100:0 or 70:30 or 50:50 or 30:70 or 0:100

**probiotics bacteria:

- 2 types of starter culture: probiotics with or without Yw
16

Resulting all 
together:
5 x 2 = 10

different samples



XDS 
spectrometer

Materials and methods I./2 – samples summary

With Yw Without Yw

1) Yw100G 6) noYw100G

2) Yw70G30TS 7) noYw70G30TS

3) Yw50G50TS 8) noYw50G50TS

4) Yw30G70TS 9) noYw30G70TS

5) Yw100TS 10) noYw100TS

http://www.welltechinc.com

two types of starter culture

five different 
combination 

of waters
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Materials and methods II.  – instruments and 
conditions• XDS spectrometer with rapid content analyzer:

• range: 400-2500nm

• step 0.5nm

• range used for data evaluation: 1300-1600nm

• The yogurt samples were:

measured with glass vials using reflectance mode from 
the bottom

3 different repeats and MQ after every 5th sample

using 5 consecutive scans

5g yogurt sample was filled to the vial

n = 185 (yogurt: 10x3x5 + MQ 7x5)
18

detectors

glass vial

5g yogurt



Results
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Raw absorbance spectra of the samples

Spring 
Water 1, %

20

Smooth (21)+detrend+MSC

1st Overtone spectra of yogurts

Spring 
Water 1, %



PCA plots of yogurts
(1300-1600nm, smooth 21)

Mean-center Colored by Yw

detrend
MSC

No obvious 
Separation based 
on the two types 
of starter culture
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PCA plots of yogurts
(1300-1600nm, smooth 21)

Colored by Water contentMean-center

detrend
MSC

Some tendency 
on PC1

Effect of water
stronger
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PCA plots of yogurts – only no Yw
(1300-1600nm, smooth 21)

Mean-center

detrend
MSC

Colored by Water content

PC1

PC3

Yog6
Yog7
Yog8
Yog9
Yog10

water content

Effect of water
stronger
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PCA plots of yogurts – only with Yw
(1300-1600nm, smooth 21)

Mean-center

detrend
MSCColored by Water content

Yog1
Yog2
Yog3
Yog4
Yog5

Effect of water
stronger



Conclusion

• Water spectral pattern can be used as biomarker leading to highly 

accurate and fast classification and prediction of the different 

phenotypic properties of potential probiotic candidates of genus 

Lactobacillus

• Aquaphotomics could be used as rapid holistic approach in the 

screening and evaluation of  probiotic microorganisms

• The type of water used for yogurt preparation has a significant 

effect on the spectral pattern of the final product
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Kovacs, Z. et al., 2014. Monitoring of the development of somatic and callus rice cells using aquaphotomics. In 
73th Annual Meeting of the Japan Society of Agricultural Machinery and Food Engineers. Okinawa, Japan, p. 267.

Experiments with 
plant cells 

27



objectives

• to monitor the development of cells in somatic and callus 

rice cells

• to determine the water structural changes during the cell 

development

• to describe the wavelengths activated during the cell 

development

28
Kovacs, Z. et al., 2014. Monitoring of the development of somatic and callus rice cells using aquaphotomics. In 
73th Annual Meeting of the Japan Society of Agricultural Machinery and Food Engineers. Okinawa, Japan, p. 267.



• the experiment was performed with SAIKA instrument

• the instrument was connected with fiber in transmittance

arrangement

• the fiber probe was fixed by a stand

• the samples were measured in the

petri dish (without opening it)

• the seeds were measured using 

5 consecutive scans and the petri dish

was turned with 90° (4 positions) resulting 20 spectra from each seed

• 28 somatic and 28 callus rice seeds were monitored for 24 days (12 time points)

• total number of spectra 13 440 scans

Materials and methods
fiber2 –
to the detector

petri dish

rice without 
or with 
hormone

petri dish lid

fiber1 –
light source

stand

29
Kovacs, Z. et al., 2014. Monitoring of the development of somatic and callus rice cells using aquaphotomics. In 
73th Annual Meeting of the Japan Society of Agricultural Machinery and Food Engineers. Okinawa, Japan, p. 267.



20140221

somatic cells callus cells
day 2

30



20140223

day 4

31

somatic cells callus cells



20140224

day 5

32

somatic cells callus cells



20140225

day 6
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somatic cells callus cells



20140226

day 7

34

somatic cells callus cells



20140227

day 8
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somatic cells callus cells



20140301

day 10
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somatic cells callus cells



20140303

day 12
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somatic cells callus cells



20140305

day 14
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somatic cells callus cells



20140307

day 16
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somatic cells callus cells



20140309

day 18
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somatic cells callus cells



20140311

day 20
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somatic cells callus cells



20140313

day 22
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somatic cells callus cells



20140315

day 24
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somatic cells callus cells
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day 26
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somatic cells callus cells
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day 28
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somatic cells callus cells



Calculated absorbance spectra
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Very high baseline fluctuation

SNV

Kovacs, Z. et al., 2014. Monitoring of the development of somatic and callus rice cells using aquaphotomics. In 
73th Annual Meeting of the Japan Society of Agricultural Machinery and Food Engineers. Okinawa, Japan, p. 267.

somatic cellscallus cells



Kovacs, Z. et al., 2014. Monitoring of the development of somatic and callus rice cells using aquaphotomics. In 
73th Annual Meeting of the Japan Society of Agricultural Machinery and Food Engineers. Okinawa, Japan, p. 267.

Daily average absorbance spectra SNV + linear detrend

somatic cellscallus cells
highest activity in 
the range of 730-

870nm 
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Kovacs, Z. et al., 2014. Monitoring of the development of somatic and callus rice cells using aquaphotomics. In 
73th Annual Meeting of the Japan Society of Agricultural Machinery and Food Engineers. Okinawa, Japan, p. 267.

Daily average absorbance spectra SNV + linear detrend
2nd derivative

gap 5, segment 3
somatic cellscallus cells

highest activity in 
the range of 730-

870nm 

48



PLS regression on the growing days

wavelength, nm

P
re

di
ct

ed
 d

ay
 o

f 
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ow
in

g
, d

ay

Kovacs, Z. et al., 2014. Monitoring of the development of somatic and callus rice cells using aquaphotomics. In 
73th Annual Meeting of the Japan Society of Agricultural Machinery and Food Engineers. Okinawa, Japan, p. 267.

Actual day of growing, day

callus cells

730-870nm

two main stage 
and big SD
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Kovacs, Z. et al., 2014. Monitoring of the development of somatic and callus rice cells using aquaphotomics. In 
73th Annual Meeting of the Japan Society of Agricultural Machinery and Food Engineers. Okinawa, Japan, p. 267.

Actual day of growing, day

wavelength, nm

P
re

d
ic

te
d 

da
y

 o
f 

gr
ow

in
g

, d
ay

PLS regression on the growing days somatic cells

730-870nm

better correlation

50



sample name sample name
Kovacs, Z. et al., 2014. Monitoring of the development of somatic and callus rice cells using aquaphotomics. In 
73th Annual Meeting of the Japan Society of Agricultural Machinery and Food Engineers. Okinawa, Japan, p. 267.

HCA to determine groups
somatic cellscallus cells

three main cluster 
can be 

distinguished
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Aquagrams

so
m

at
ic

ce
lls

ca
llu

s 
ce

lls

cluster 1 cluster 2 cluster 3

cluster 1 cluster 2 cluster 3

spectral patterns of 
the callus cells do 

not show as 
systematic 

tendency as 
spectral patterns of 

somatic cells
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objectives

to compare the water spectral pattern of different mineral water 

samples

to determine the applicability of NIRS and Aquaphotomics in mineral 

water analyses

to introduce a new complimentary concept of water quality 

evaluation:

easy-to-use

 time and cost effective 

 fast monitoring of water molecular system changes 

provide information about the multitude of water structural changes 

method can warn at any irregular changes of abnormal water quality
54



• NIR Gun with 10mm pathlength cuvette cell

in transflectance mode

• Ground Water samples has been Analyzed

every day for more than three years

• 3 consecutive spectra were taken every day

Materials and methods
– instruments and conditions –

http://www.nirsresearch.com/NP-15967-fqa_nir_gun.html
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Experiments with 
aqueous solutions and 

ground water

Kovacs, Z. et al., 2016. Water spectral pattern as holistic marker 
for water quality monitoring. Talanta, 147, pp.598–608.



Materials and methods IV.
– statistics –

day
57

Model built based on the 
natural variability of the 

system

New sample variation 
tested

Kovacs, Z. et al., 2016. Water spectral pattern as holistic marker 
for water quality monitoring. Talanta, 147, pp.598–608.

PCA-QCC
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Kovacs, Z. et al., 2016. Water spectral pattern as holistic marker 
for water quality monitoring. Talanta, 147, pp.598–608.

Difference between 
1mM 

acetic acid and MQ on 
PC3 only

3D

difficult picture



PCA-QCC of Ground Water monitoring (PC1-PC2)

59
Kovacs, Z. et al., 2016. Water spectral pattern as holistic marker 
for water quality monitoring. Talanta, 147, pp.598–608.

PCA-QCC
gave warning for quality 
change of ground water
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wavelengths found important
in PCA-QCC were used

3rd overtone 2nd overtone 

spectra of warning day compared to previous 
10 days and the following 10 days

61

Aquagrams of ground waters

Kovacs, Z. et al., 2016. Water spectral pattern as holistic marker 
for water quality monitoring. Talanta, 147, pp.598–608.

Spectral patterns 
of the warning day 
and the previous 

and following 
periods are 

different

warning

before

after

warning

before

after
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Distribution of water temperature and relative humidity 
along the three years

Year 1, water temperature Year 2, water temperature Year 3, water temperature 

Year 1, humidity Year 2, humidity Year 3, humidity
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Year 2Year 1 Year 3

Gold
Silver
Tsukino
Shizuku

Gold
Silver
Tsukino
Shizuku

Gold
Silver
Tsukino
Shizuku

Aquagrams of ground water samples in three different years

calculated at wavelengths found important 
in PCA, PLSR and subtracted spectra 
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cv: 0.7822
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cv: 0.8927
RMSECV: 1.15°C
R2

cv: 0.8905

validation validation validation

PLSR models of ground water samples for water temperature

Year 1 leave-one-temperature 
level-out cross-
validation

Smooth (2nd order 
polynomials, n = 11 points) 
MSC transform
Range 600-1060 nm
latent variable: 10



Regression vectors of PLSR models fitted on water temperature
Year 1
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Conclusion

• The application of NIRS and Aquaphotomics in the evaluation of 

ground water samples showed:

• spectral pattern of the water samples can be used for quality 

monitoring

• spectral pattern of the water samples can be used to compare 

the different samples using different perturbations
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objectives

• to develop a calculation and presentation method

• to be able to provide information about the ratio of the water 

species

• to be able to compare samples in an absolute scale:

• if we have only one sample

• if we have samples with different composition

• to have expressive unit on the scale

69



Materials and methods for temperature
experiment

Samples and instrumentation:

• spectra of 
• MQ, 

• distilled water (DW) and 

• tap water were taken

• in the temperature range 
• from 20 

• to 70°C 

• at every 2nd °C

• the experiment was performed 
by XDS

70



2nd
de

ri
va

ti
ve

Raw and 2nd derivative* absorbance spectra of Milli-Q water 
in the temperature range of 20-70°C

*calculated with Savitzky-
Golay filter using 2nd order 
polynomial and 21 points

n = 78

blue shift with 
increasing 

temperature

71



PCA score and loadings plots of MQ water in the temperature 
range of 20-70°C
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PCA score and loadings plots of MQ water in the temperature 
range of 20-70°C
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PCA score and loadings plots of DW in the temperature 
range of 20-70°C
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PCA score and loadings plots of tap water in the temperature 
range of 20-70°C
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Scheme of the calculation for Area under the curve (AUC) 
aquagram method

The areas under the specific WAMACS 
are calculated and expressed in 

relation to the area change occurred 
by different temperature

20°C

70°C

e.g.

- =

/50
area change at C12 by 1°C

compare to the change of 
perturbation 
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C04

°C
°C
°C

Aquagrams (AUC) of Milli-Q water in the temperature 
range of 20-70°C
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2
nd

de
ri

va
ti

ve

Raw and 2nd derivative* absorbance spectra of 0.001-1M KCl
solutions

*calculated with Savitzky-
Golay filter using 2nd order 
polynomial and 21 points

n = 180

blue shift with 
increasing KCl
concentration
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C05

C04

C03

Aquagrams (AUC) of aqueous solution of KCl and MQ
KCl concentration: 0.001-1M

Temperature: 25.0°C !!!
Effect of salt (KCl) on the different 

water coordinates can be 
expressed in °C equivalent

(nMQ = 150)
(nKCl = 180) 
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Conclusion

• The newly developed Aquagram provide information about the 

ratio of the water species:

• in an absolute scale

• with expressive unit on the scale

• The results acquired with the new applications, tools and 

measurement protocols can further extend the range of 

possible applications of Aquaphotomics and to understand 

more about the rules of water
80



Acknowledgement:
Yunosato & Konono
Center for Collaborative Research
and Technology Development (CREATE)
Kobe University NIRS Group (Prof. Tsenkova)

This work was supported by the János Bolyai
Research Scholarship of the Hungarian Academy of Sciences




