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Abstract. Fourier Transform Infrared (FT-IR) spectroscopy for identification of bacteria in raw and drinking water 
samples in which the biomass before the analyses was concentrated from about 0.4 m3 of water with crossflow ul-
trafiltration (CFUF) method was used. The species of the bacteria were identified based on the analyses of the main 
biochemical cell components: lipids – 2928 – 2856 cm-1; proteins – Amide I and II – 1549 and 1655 cm-1; nucleic 
acids – 1242 cm-1, and carbohydrates – 1080 cm-1. The applicability of the FT-IR methods was tested before and after 
the enrichment using low nutrient broth (R2A) of CFUF samples. The optimal final concentration for the bacteria 
identification was found to be in the range from 2×108 and 4×109 cells/ml. Results showed that if water samples after 
the concentration with CFUF were not enriched on R2A the identification of bacteria was not possible because the 
peaks (in region 1800 – 716 cm-1) from humic substances (HS) overlapped the biochemical cell components peaks. 
However, after cultivation on R2A for 27 hours selected groups of E. coli, P. fluorescens and B. subtilis in the water 
samples could be identified applying the Cluster analysis. The study showed that FT-IR can be used for the charac-
terization of biomass in oligotrophic water samples after concentration by ultrafiltration, however, prior the analyses 
enrichment was required. To decrease the time for analyses to less than one day due to enrichment of the samples 
methods for removing the HS from the concentrated biomass should be developed in the future. 
 
Keywords: FT-IR, drinking water, biomass, E. coli, P. fluorescens and B. subtilis. 
 
 

 
1. Introduction 
 

To rapidly respond to deliberate contamination of 
drinking water a fast and efficient method for identifica-
tion of microbial agents are needed. Fourier Transform 
infrared (FT-IR) spectroscopy has been proven as a rapid 
chemical method for characterization, identification and 
differentiation of microbes in food industry, biochemistry 
and biology (Ami et al. 2003, Filip and Hermann, 2001, 
Filip et al. 2004, Filip et. al. 2008, Helm et al. 1991, Le-
fier et al. 2007, Mariey et al. 2001). IR spectral analysis 
of microorganisms followed by chemometrics has advan-
tages of speed and consistency (Lefier et al. 2007) in 
comparison with traditional cultivation methods. Up-to-
date application of FT-IR in drinking water sector is lim-
ited to analyses of biofilm, due to high concentration of 
bacteria therein (Delille et al. 2007; Humbert et al. 2007), 
whereas in drinking water samples biomass concentration 
is not sufficiently high. Thus cross flow ultrafiltration 
(CFUF) has previously been applied to concentrate drink-
ing water samples (Simmons et al. 2001) followed by the  

 
 
identification of pathogens (Veenendaal and Briuwer-
Hanzens 2007). The natural organic matter (NOM), 
mostly humic substances (HS), in drinking water produce 
strong absorption peaks in IR spectrum which may over-
lap the peaks generated by the biomass, thus rendering 
the analyses of the latter one problematic. The cultivation 
step before the application of FT-IR for identification in 
drinking water should preferably be avoided, in order to 
shorten the time of analyses and allow the identification 
and quantification of viable but not culturables (VNBC) 
bacteria. 

The aim of this study was to evaluate (i) whether the 
biomass concentration with CFUF followed by FT-IR 
spectral analysis can be used for identification of bacteria 
in surface and drinking water containing a high concen-
tration of natural organic matter and (ii) whether the en-
richment of the samples before processing with FT-IR is 
needed. 
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2. Materials and methods 

 
Glassware 

 

All glass bottles, flasks and filtration systems used in 
the experiments were thoroughly cleaned with 10% solu-
tion of potassium dichromate in concentrated sulfuric 
acid, rinsed with hot tap water and sterile ultra pure water 
(Elga Pure Lab Ultra, Veolia Water Ltd.; UK), dried, 
covered with aluminum septum and sterilized for 20 min-
utes at +121 ºC. 
 
Sampling 

 

The water samples were taken from two drinking 
water plants (WTP) in Riga (Latvia). The Daugava WTP 
is supplied by surface water whereas the Baltezers WTP 
is supplied by groundwater. Daugava WTP abstracts wa-
ter from the river Daugava and the water is treated with 
pre-ozonation, chemical coagulation, rapid sand filter 
filtration, main ozonation and biologically active carbon 
(BAC) filtration. The raw water from the lake Mazais 
Baltezers is pumped into infiltration ponds. Water is natu-
rally purified by percolating through porous layers of 
ground, which also recharge groundwater resources, and 
about 40% of the water returns to the wells. The system 
provides water to the pump station of Baltezers WTP. 
Finally chlorine disinfectant is added for both water 
types. 
 

Four types of samples were analyzed for characteri-
zation of biomass: 1) Daugava river water (RW), 
2) drinking water Daugava WTP (DW) after chlorination, 
3) Mazais Baltezers lake water (MB), 4) drinking water 
Baltezers WTP (BW) after chlorination. Five types of 
samples were analyzed for characterization of natural 
organic matter (NOM): 1) RW, raw water from pumping 
station, 2) MC, in mixing chamber after pre-ozonation, 3) 
RF, after sedimentation and rapid sand filtration, 4) OZ, 
in main ozonation chamber, 5) BAC, after biologically 
active carbon filter. Water samples (500 and 100 ml, re-
spectively) were collected in glass bottles. The bottles 
were stored in a refrigerator at temperature 2 ºC to 5 ºC 
before the analyses. 
 
Method of biomass concentration 

 

The ultrafiltration technique using equipment with 
Hemoflow filter developed by Veenendaal and Brouwer-
Hanzens (2007) was used – water was filled in a tank (10 
l), and further pumped through the Hemoflow filter. The 
overpressure over the filter was increased until the frac-
tion of water filtrate was slowly pressed through the straw 
walls (cross-flow). The concentrate was returned back 
into the tank, thus the concentration of micro-organisms 
in the tank was increased. The concentration process was 
stopped after 12 h when the tank was empty. The concen-
trate from the hose and filter was pumped into a sterile 
bottle. Four types of CFUF samples were analyzed: RW 

with concentration degree (CD) 1003, DW – CD = 720, 
MB – CD = 336 and BW – CD = 720. CFUF samples 
were additionally concentrated by centrifugation (Sigma 
2-16KC, Germany) for 10 minutes at RCF = 4000 g, col-
lected in sterile tubes and four types of concentrated 
CFUF samples were analyzed. 
 
Cultivation of bacteria and water samples 

 

Cultures of Escherichia coli ATCC 25922, Pseudo-

monas fluorescens LMKK 559 and Bacillus subtilis 
ATCC 6051 grown in liquid R2A media (30 °C, over-
night ) were inoculated into 100 ml of sterile liquid R2A 
medium (final concentration ~ 106 cells/ml) and incu-
bated with constant shaking (150 rpm) at 30 °C. Samples 
were collected after 1, 6, 7, 23, 24, 27, 30, 44 and 48 
hours and washed twice  with sterile distilled water (Mini 
Spin Pluss, Sigma - Aldrich, USA) at RCF=11000 g for 
10 min, resuspended in a small amount of sterile water 
and analyzed by FT-IR. To determine the cell growth 
intensity, samples were stained by DAPI (4’, 6-
diamidino-2- phenylindole) for 5 minutes. The cell num-
ber was determined by epifluorescence microscopy by 
counting 20 random fields of view (Ex: 545 ± 30 nm; 
Em. 610 ± 75 nm, dichromatic mirror 565 nm, Leica 
DMLB, Germany). 

Samples from WTP grown in liquid R2A media at 
30 °C were inoculated into 100 ml of sterile liquid R2A 
medium (1:1) and incubated with constant shaking 
(150 rpm) at 30 °C. After 27 and 48 hours samples were 
collected and washed thrice (10 min at RCF=11000 g) 
with sterile distilled water and analyzed by FT-IR.  
 
Determination of total and organic carbon 

 

Total organic carbon (TOC) and dissolved organic 
carbon (DOC) measurements were performed with a 
TOC-5000A Analyzer and auto sampler ASI-5000 (Shi-
madzu Corporation, Kyoto, Japan) based on high tem-
perature and acidification of sample and by the difference 
of the total carbon and inorganic carbon measurement, 
according to the European Standard EN 1484:1997. For 
determination of DOC samples were filtered thought the 
0.45 µm pore size membrane filters (Millipore Corpora-
tion, USA), which were carefully rinsed, first with sterile 
ultra pure water and then with the water sample. Each 
sample was tested in duplicate and the mean values were 
calculated (CV≤2 %). The blank and control solutions 
were analyzed with each series of sample in order to ver-
ify the accuracy of the results obtained by the method. 
The detection limit was 560 µg/l. 
 
FT-IR analysis 

 

FTIR spectra of pure cultures, CFUF and enriched 
CFUF samples formed by drop-drying of liquid samples 
(10-20 µl) and of NOM liquid samples (25-175 µl) were 
recorded on a microplate reader HTS-XT (Bruker, Ger-



 

 674 

many). Spectra were collected over a wavelength range 
4000-600 cm-1, with a resolution of 4 cm-1. Each spec-
trum was produced by coaddition of 32 scans, CO2 and 
H2O bands excluded. Evaluation of spectral data – base-
line correction by rubber band method, vector normaliza-
tion, calculation of first derivates integration and cluster 
analysis (Ward’s algorithm, vector normalization and first 
derivative, spectral regions 3045 – 2809 and 1700 – 726 
cm-1 was processed by OPUS 6.5 software (Bruker, Ger-
many).  
 
Quantitative analysis 

 

The cell concentration which is necessary for rapid 
and high-quality spectra was determined using Lambert–
Bouger–Beer law (absorbance of Amide I band in range 
of 0.35 – 1.25 absorption units (a.u.)). Quantitative analy-
sis was carried out using the determined molar extinction 
coefficients, and applying a system of Vierordt equations 
to evaluate the concentrations of the principal cell com-
ponents (Grube et al.; 2002). As the characteristic ab-
sorption bands were used: 1080 cm-1 for carbohydrates; 
1550 cm-1 for proteins; and 2930 cm-1 for lipids. Several 
repetitions of samples (nmin=3) were analyzed to check 
the reproducibility of IR spectra. 

 
3. Results 
 

FT-IR analysis of pure-culture strains of bacteria. 

Prior to the analyses of water samples FT-IR spectra of 
pure-culture strains of E. coli, P. fluorescens and B. sub-

tilis grown in low nutrient broth were examined. This was 
done later to check whether certain bacterial species can 
be identified in water samples and to test whether growth 
phase affects IR spectrum. The absorption spectra of each 
bacterial strain did not show significant qualitative differ-
ence regardless the growth phase they were spiked (data 
not shown). The maximum cell concentration was 
reached after 27 h and the measurements of this time 
were used as specific cultivation time in the experiments. 
The highest cell density that was reached after 27 h was 
6.0×108, 1.1×109,  7.7×108 cells/ml for E. coli, P. fluores-

cens and B. subtilis respectively. 
To determine the cell concentration that ensures a 

qualitative FT-IR absorption spectrum the biomass of 
each culture was concentrated and then by decimal dilu-
tions of the pure culture were prepared to determine the 
maximum and the minimum absorption range. It was 
concluded that for obtaining FT-IR spectral data interpre-
tation the concentration of cells should be in range of 
2×108 to 4×109 cells/ml.  
 

 

Fig 1. FT-IR spectra of E. coli (A), P. fluorescens (B) and 
B. subtilis (C) harvested after 27h growth in R2A broth 
 
Comparison of FT-IR spectra of bacterial biomass of 

E. coli, P. fluorescens and B. subtilis harvested after 27 h 
growth in R2A liquid broth is shown in Fig 1. Interpreta-
tion of FT-IR spectra of culture samples was based on 
previously published data (Filip and Hermann, 2001, Fi-
lip et al.; 2004, Filip et. al.; 2008). Results of quantitative 
analysis of the cultures showed, that E. coli (as dry 
weight) contains 12.42 % of carbohydrates, 57.98 % of 
proteins and 5.62 % of lipids; P..fluorescens -   8.68 % of 
carbohydrate, 54.08 % of proteins and 9.15 % of lipids 
and B. subtilis – 10.93 % of carbohydrates, 59.27 % of 
proteins and 3.33 % of lipids. 

FT-IR analysis biomass in water. The biomass in 
water samples from raw water and drinking water of Riga 
after concentration with ultrafiltration method was ana-
lyzed. Aliquots were either analyzed directly or enriched 
on low nutrient broth R2A for 27 hours (specific cultiva-
tion time) to increase the intensity of the peaks typical of 
biomass. The results from FT-IR spectra of isolated bac-
terial biomass of samples from WTP are shown in Fig 2. 
In all spectra the most intensive absorption bands were 
Amide II and Amide I, thus these bands were used for 
identifying bacterial biomass in the concentrates. 

In IR spectra of CFUF concentrated non-enriched 
samples (Fig 2(A)) not all typical peaks of the main cell 
components are seen: the absorption intensity of lipid 
peak ranged from 0 to 0.008 a.u. in all samples; that of 
proteins – from 0.009 to 0.044 a.u. and that of carbohy-
drates – from 0 to 0.089 a.u.  Amide II and Amide I peaks 
were not observed. Thus it can be assumed that these 
samples do not contain biomass or its concentration is too 
low for the detection by FT-IR. On the other hand, other 
peaks with the main absorption bands at 2920, 2850, 
1800, 1600, 1500, 1400, 1250, 1180, 1040, 876, 831 and 
716 cm-1 indicate the presence of various dissolved or-
ganic substances in water which may hide the peaks rep-
resentative for biomass.  
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Fig 2. Normalized FT-IR spectra of BW samples. Leg-
ends: CFUF sample (A), 27 h enriched grab sample (B) 
and 27 h enriched CFUF sample (C) 

 

 

After the enrichment all typical peaks of the main 
biochemical  cell components: lipids – 2928 – 2856 cm-1 
(CH2, CH3 symetric/asymetric stretching vibrations); 
proteins - Amide I and II – 1549 and 1655 cm-1 ; nucleic 
acids – 1242 cm-1 (P=O), and carbohydrates - 1080 cm-1 
(C-O-C, C-O, C-O-H, P=O of PO2-, valent stretching vi-
brations of COC groups and ring vibration modes in the 
composition of cyclic structures) appeared (Fig 2 (B and 
C)). Moreover, the absorption band at 1735 cm-1 is spe-
cific for nitrogen fixing bacteria and indicates the accu-
mulation of reserve biopolymers. During the enrichment 
the amount of biomass increased and the absorption of 
Amide I band increased from 0.4 to 0.8 a.u. Results of 
quantitative analysis of enriched RW grab samples 
showed, that the dry weight (dw) of biomass in the sam-
ples contained 17.70 % of carbohydrates, 57.06 % of pro-
teins and 2.64 % of lipids whereas the enriched MB grab 
samples -   15.95 % of carbohydrate, 60.26 % of proteins 
and 3.95 % of lipids.  

FT-IR spectra cluster analysis of these samples was 
used to discriminate between enriched CFUF samples 
from grab water samples, grouping the selected samples 
and cultures of E. coli, P. fluorescens and B. subtilis (Fig 
3). All samples in this study were grown on the same 
medium therefore the biochemical composition difference 
that may arise due to the growth on different media could 
be excluded.  
 

 
Fig 3. Discrimination and grouping of E. coli, P. fluores-
cens and B. subtilis biomass, enriched CFUF and enriched 
grab samples by FT-IR spectra cluster analysis 

 
 
All of the samples tested formed a cluster which can 

be subdivided into three subclusters of pure culture, sur-
face water and drinking water after chlorination. These 
clustering indicates that the samples differ significantly 
since the degree of difference is higher than 1.0. FT-IR 
spectra analysis showed high similarity between the en-
riched BW and DW CFUF samples (H<0.5) and essential  
difference between enriched RW, MB, DW, BW grab 
samples and enriched RW, MB, DW, BW CFUF samples 
(Fig 3). The spectra of grab MB sample after 27 h growth 
was more similar to that of E. coli biomass after 27 and 
48 h cultivation (H <0.5) and less similar to B. subtillis 
after 27 h and 48 h growth (H <1.0). Figure 3 shows that 
the FT-IR spectra of  MB CFUF samples after 27 h and 
RW grab sample after 48 h enrichment are similar to the 
P. fluorescens biomass spectrum (H<0.5). Cluster analy-
sis revealed similarities between BW CFUF enriched for 
27 h, RW grab sample after 24 h enrichment and DW 
grab sample after 48 h enrichment (H<0.5). 

Influence of humic substances (HS) on the FT-IR 
spectra of water samples. The catchments of River Dau-
gava and Lake Mazais Baltezers are largely covered in 
swamps and forests, therefore the concentration of HS in 
the water is high. In monitoring period in 2007 the con-
centration of DOC in the river Daugava was 15.34±3.84 
mg/l and in Lake Mazais Baltezers - 13.45±1.16 mg/l. 
After the water treatment process in Daugava WTP the 
DOC concentration decreased by 65% and the average 
concentration in drinking water was 5.33±0.45 mg/l. Af-
ter the infiltration process in Baltezers WTP the DOC 
concentration decreased by 64% and the average concen-
tration in the drinking water was 4.79±0.19 mg/l.  
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Fig 4. Normalized FT-IR spectra of samples from Dau-
gava WTP. Legends: RW, raw water from pumping sta-
tion Daugava (A); MC, in mixing chamber after pre-
ozonation (B); RF, after sedimentation and rapid sand fil-
tration (C); OZ, in main ozonation chamber (D); BAC, af-
ter biologically active carbon filter (E) 

 
To assess the effects of different concentrations of 

NOM on the IR spectra the grab samples from the WTP 
Daugava were used. As an example, the IR spectra of 
water samples from Daugava WTP are shown in Fig 4. 
The FT-IR absorption band assignment based on pub-
lished data (Chen et al. 2002, Dai et al. 2006, Hay and 
Myneni 2007, Kim and Yu 2005, Rocha et al. 2000, 
Simmons et al. 2001, Veenendaal and Broewer-Hanzens, 
2007).  FT-IR spectra did not show significant composi-
tion differences between samples thus for qualitative FT-
IR spectral analysis it was necessary to concentrate the 
grab samples by centrifugation. Only by integration of 
spectra it was observed that some spectral bands of raw 
water were slightly shifted after conventional treatment 
and the area of each peak increased or decreased through 
the water treatment process. Peaks at 1140 – 1043, 876 
and 716 cm-1 were practically constant during the treat-
ment (carbohydrate/alcohol functions, the occurrence of 
polysaccharides).  

The DOC concentration in CFUF of RW and MB 
samples was 275.8±19.8 mg/l and 115.4±5.6 mg/l, re-
spectively. The concentration of DOC decreased to 
91.2±4.8 mg/l (67%) in DW and to 11.3±1.5 mg/l (90%) 
in BW. IR spectra of samples RW, DW, MB and BW 
showed strong absorption at 1140 – 1043, 876 and 
716 cm-1 (Fig 2) indicating the relatively  high concentra-
tion of carbohydrates. 
 
4. Discussions 

 
FT-IR spectroscopy is widely used for discrimina-

tion of Gram+ and Gram bacteria and rapid screening of 
strains as well as a quick screening of environmental 
samples (Filip and Hermann 2001, Filip et al. 2004, Filip 
et. al. 2008, Hay et al. 2007). However the concentration 
of pathogenic microorganisms in drinking water is usu-
ally too low for detection and quantification with FT-IR. 
One of possible techniques for monitoring of biofilms, 
where biomass concentration is relatively high, is the 
attenuated total reflection – FT-IR (Delille et al. 2007, 
Humbert et al. 2007), but implementation of this tech-

nique in distribution system is difficult due to the high 
background noise and the low signal generated by the 
bacterial biomass (Humbert et al. 2007). Hence a suffi-
cient biomass concentration is needed for the application 
of FT-IR spectroscopy for the drinking water analysis. A 
method for concentration of microorganisms in different 
types of water samples with CFUF has been described 
earlier (Veenendaal and Broewer-Hanzens 2007) which 
has showed that the recovery rate is sufficiently high and 
reproducible for most microorganisms in all water types. 
This study evaluated the possibilities of FT-IR spectros-
copy for the characterization of biomass isolated from 
drinking water and concentration by cross flow ultrafiltra-
tion (CFUF).    

For the identification and recognition of microorgan-
isms in CFUF water samples it was necessary to compare 
and evaluate the FT-IR spectra of sample and several 
bacterial strains, such as three cultures tested in this 
study, Pseudomonas fluorescens LMKK 559 widely 
spread in surface and drinking water (Humbert et al. 
2007); Escherichia coli ATCC 25922 as indicator of the 
presence of many pathogens (Filip et. al. 2008) and Ba-

cillus subtilis ATCC 6051 as etiological agent for a vari-
ety of clinical infections (Filip et al. 2004).  

In this study cell numbers were determined by epif-
luorescence microscopy and showed that 108 – 109 cells 
per milliliter of E. coli, P. fluorescens or B. subtilis cells 
are necessary for the FT-IR analyses in this study, which 
is relatively high. Some earlier studies have defined that 
for FT-IR analysis the cells of 500 CFU per ml are re-
quired (Hamzal et al. 2008). FT-IR spectra difference 
between the cell mass harvested after different cultivation 
time showed that maximum cell density was reached after 
24 h of E. coli and B. subtilis cultivated in Minimum Nu-
trient Broth (MNB) as well as starved cell mass of E. coli 

developed identical spectra (Filip et al. 2004, Filip et. al. 
2008). In this study the highest E. coli, P. fluorescens and 
B. subtilis cell density was reached after 27 h.  

FT-IR spectra analysis showed that enriched CFUF 
MB samples were similar to the P. fluorescens biomass, 
but grab B samples after enrichment were more similar to 
E. coli biomass thus P. fluorescens was the dominant 
culture in CFUF samples and after enrichment prevailed 
on IR spectra. By this the high spectral distance between 
enriched of grab and CFUF MB samples, the high simi-
larity between E. coli and enriched grab MB sample and 
the low heterogeneity between P. fluorescens and en-
riched CFUF samples can be explained. 

FT-IR spectra of grab, CFUF samples and CFUF 
samples after concentration by centrifugation showed that 
there are no typical biomass peaks. All typical peaks of 
main biochemical cell components in FT-IR spectra ap-
peared only after enrichment of samples. Simultaneously 
with Amide I peak absorption was reached the optimal 
conditions (based on Lambert–Bouger–Beer law), DOC 
level in CFUF samples was up to 9 - 18 times higher for 
RW, MB and DW; and only to 2.4 times higher than in a 
sample from BW after concentration with cross-flow ul-
trafiltration. These organic compound concentrations are 
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sufficiently high to create disturbing background for 
FTIR spectra recording. The absorption peaks at 1140 – 
1043, 876 and 716 cm-1 are very evident (carbohydrate 
including polysaccharides) in CFUF samples. RW grab 
sample after 24 h similarity to BW CFUF sample en-
riched for 27 h (H<0.5) can be explained by the fact that 
these samples are similar regarding the DOC concentra-
tions (about 15.3 and 11.3 mg/l respectively). Results of 
quantitative analysis showed that ratio of carbohy-
drates/proteins/lipids can be calculated for enriched RW 
and MB grab samples, where biomass initial concentra-
tion was relatively high, comparing with DW and BW 
grab samples, and NOM concentration was relatively 
low, comparing with CFUF samples.  

In further studies other bacteria stains from CFUF 
filtrate should be identified and enrichment conditions 
chosen for more precise evaluation of the drinking water 
microflora. Application of other FT-IR spectroscopy me-
thods may benefit to create optimal chart for biomass 
identification and quantification in different water types. 
The combination of CFUF and FT-IR method can be 
used for a quick characterization of NOM composition in 
each treatment step on WTP and could be useful for the 
improvement of the treatment process to enhance the 
NOM removal and to reduce the generation of contami-
nants in drinking water supply system in regions with 
high humic substance concentrations. 
 
5. Conclusions 
 

The following conclusions were produced in this 
study: (i) it was possible to identify biomass in raw and 
drinking water with FT-IR spectroscopy after the sample 
concentration with crossflow ultrafiltration methods fol-
lowed by enrichment on low nutrient broth; (ii) P. fluo-

rescens was the dominant species in CFUF samples both 
before and after the enrichment on low nutrient broth. 
Due to the high concentration of  P. fluorescens identifi-
cation of other bacteria such as E. coli and B. subtilis was 
difficult; (iii) to compare enriched sample and P. fluores-

cens, E. coli and B. subtilis species under study by cluster 
analysis, enrichment on similar low nutrient broth (R2A) 
at similar time (27 hours) was necessary; (iiii) quantita-
tive analysis showed that the ratio of carbohy-
drates/proteins/lipids can be calculated for enriched and 
grab samples if the initial concentration of biomass is 
relatively high and NOM concentration is relatively low; 
(iiii) high concentration of DOC in surface and drinking 
water in Riga (Latvia) create disturbing background for 
FT-IR spectra recording in the CFUF samples. 
 
Acknowledgements 

 
This work has been undertaken as a part of the re-

search project SECUREAU (Nr. 217976) which are sup-
ported by the European Union within the 7th Framework 
Programmes. There hereby follows a disclaimer stating 
that the authors are solely responsible for the work. It 
does not represent the opinion of the Community and the 

Community is not responsible for any use that might be 
made of data appearing herein. 

This work has also been partly supported by the 
European Social Fund within the National Programme 
“Support for the carrying out doctoral study program’s 
and post-doctoral researches” project “Support for the 
development of doctoral studies at Riga Technical Uni-
versity.” 
 
References 

 
Ami, D.; Bonecchi, L.; Cali, S.; Orsini, G.; Tonon, G.; Doglia, 

S. M. 2003. FT-IR study of heterologous protein expres-
sion in recombinant Escherichia coli strains, Biochim. 

Biophys. Acta 1624(1-3): 6–10. 
Chen, J.; Gu, B.; LeBoeuf, E. J.; Pan, H.; Dai.; S. 2002. Spec-

troscopic characterization of the structural and functional 
properties of natural organic matter fractions, Chemos-
phere 48: 52–68. 

Dai, J.; Ran, W.; Xing, B.; Gu, M.; Wang, L. 2006. Characteri-
zation of fulvic acid fraction obtained by sequential ex-
traction with pH buffers, water, and ethanol from paddy 
soils, Geoderma 135: 284–295. 

Delille, A.; Quiles, F.; Humbert. F. 2007. In situ monitoring of 
nascent Pseudomonas fluorescens biofilm response to 
variations in the dissolved organic carbon level in low-
nutrient water by Attenuated Total Reflectance - Fourier 
Transform Infrared Spectroscopy; Appl. Environ. Micro-
biol. 73(18): 5782–5788. 

Filip, Z.; Hermann, S. 2001. An attempt to differentiate Pseu-
domonas spp. and other soil bacteria by FT-IR spectros-
copy, Eur. J. Soil Biol. 37(3): 137–143. 

Filip, Z.; Hermann, S.; Kubat, J. 2004. FT-IR spectroscopic 
characteristics of differently cultivated Bacillus subtilis, 
Microbiol. Res. 159(3): 257–262. 

Filip, Z.; Hermann, S.; Demnerová, K. 2008. FT-IR spectro-
scopic characteristics of differently cultivated Escherichia 
coli, Czech J. Food Sci. 26: 458–463. 

Grube, M.; Bekers, M.; Upite, D.; Kaminska, E. 2002. IR-
spectroscopic study of Zymomonas mobilis levan fermen-
tation, Vib. Spectrosc. 28: 277–285. 

Hamzal, A.-Q. M.; Murad, A. A.-A. N. I. A.-H.; Rasco Barbara, 
A. 2008. Using Fourier Transform Infrared (FT-IR) Ab-
sorbance Spectroscopy and Multivariate Analysis To 
Study the Effect of Chlorine-Induced Bacterial Injury in 
Water, J. Agric. Food Chem. 56(19): 8992–8997.  

Hay, M. B.; Myneni, S. C. B. 2007. Structural environments of 
carboxyl groups in natural molecules from terrestrial sys-
tems. Part 1: Infrared spectroscopy. Geochim. Cosmochim. 
Acta. 71: 3518–3532. 

Helm, D.; Labischinski, H.; Schallehn, G.; Naumann, D. 1991. 
Classification and identification of bacteria by Fourier 
transform infrared spectroscopy, J. Gen. Microbiol. 137: 
69–79. 

EN 1484:1997 “Water analysis - Guidelines for the determina-

tion of total organic carbon (TOC) and dissolved organic 

carbon (DOC). European committee of standardization. 
Brussels, 1997. 14 p.  

Humbert, F.; Quiles, F.; Delille, A. 2007. In situ assessment of 
drinking water biostability using nascent reference biofilm 
ATR – FTIR fingerprint. In Antonio Mendez-Vilas (ed.), 
Current Research Topics in Applied Microbiology and 
Microbial Biotechnology, in Proceedings of the II Interna-



 

 678 

tional Conference on Environmental, Industrial and Ap-

plied Microbiology, Biomicroworld2007, World Scien-
tific, Seville, Spain. 268–272. 

Kim, H.-C.; Yu, M.-J. 2005. Characterization of natural organic 
matter in conventional water treatment processes for selec-
tion of treatment processes focused on DBPs control, Wa-

ter Res. 39: 4779–4789. 

Lefier, D.; Beccard, B.; Bradley, M. 2007. Classification of 
bacteria using FT-IR, Thermo Fisher Scientific, USA, 
AN51396_E 04/07M. 

Mariey, L.; Signolle, J. P.; Amiel, C.; Travert, J. 2001. Dis-
crimination, classification, identification of microorgan-
isms using FT-IR spectroscopy and chemometrics, Vib. 

Spectrosc. 26: 151–159. 

Quanrud, D. M.; Karpiscak, M. M.; Lansey, K. E.; Ar-
nold, G. R. 2004. Transformation of effluent organic mat-
ter during subsurface wetland treatment in Sonoran Desert, 
Chemosphere 54: 777–788. 

Réveillé, V.; Mansuy, L.; Jarde, E.; Garnier-Sillam, E. 2003. 
Characterization of sewage sludge-derived organic matter: 
lipids and humic acids, Org. Geochem. 34: 615–627. 

Rocha, J. C.; deSene, J. J.; dos Santos, A;. Toscano, I. A. S.; 
Zara, L. F. 2000. Aquatic humus from an unpolluted Bra-
zilian dark-brown stream: general characterization an size 
fractionation of bound heavy metals, J. Environ. Monit. 2: 
39–44. 

Simmons III, O.; D.; Sobsey, M. D.; Heaney, C. D.; Shaefer III, 
F. W.; Francy, D. S. 2001. Concentration and detection of 
Cryptosporidium oocysts in surface water samples by 
method 1622 using filtration and capsule filtration, Appl. 
Environ. Microbiol. 67(3): 1123–1127. 

Veenendaal, H. R.; Brouwer-Hanzens, A. J. 2007. Deliverable 
3.2.4, A method for the concentration of microbes in large 
volumes of water, in  Report of Integrated Project 

TECHNEAU Funded by the European Commission under 

the Sustainable Development, Global Change and Ecosys-
tems Thematic Priority Area. [vieved on March 15, 2009]. 
http://www.techneau.org/index.php?id=120. 


