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ABSTRACT 
The present work aimed at the participation in the validation and application of an ATP bioluminescence assay in 

water samples. Initially, calibration curves were prepared and the best was chosen (R=1.000). Control charts were 
built based on measurements of standard ATP solutions of known concentrations, controls and blanks.  

This technique was applied to the determination of assimilable organic carbon (AOC) in drinking water samples. 
This method was compared to the conventional method for AOC determination based on heterotrophic plate count 
(HPC). The samples analysed were derived from service reservoirs of Telheiras and S. Jerónimo, Estação Elevatória 
dos Barbadinhos and from the sampling point deliver from the pipe of Vila Franca de Xira-Telheiras to the Lisbon 
distribution system. The correlation obtained between the AOC and HPC methods was good (R=0.968) considering 
all the samples analysed and the sum of both test strains used in the assay, Pseudomonas fluorescens P-17 and 
Spirillum sp. NOX. 
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INTRODUCTION 
Bacteria in drinking water distribution systems are 

primary heterotrophic thereby requiring carbon, 
nitrogen and phosphorus in an approximate ratio of 
100:10:1 [5]. Heterotrophic plate count (HPC) is 
probably the most common enumerating method, 
depending on the bacteria’s ability to grow on the 
offered media, incubation temperature and incubation 
time. HPC values on solid media are usually a small 
fraction (in many cases <1%) of the total bacterial 
population as enumerated with microscopic 
techniques. The difference between total direct counts 
and HPC values is caused by the inability of the 
majority of the bacteria to produce colonies on solid 
medium, the presence of chemolithotrophic bacteria 
and the presence of dead cells [30]. 

Controlling (limiting) microbial activity in water 
distribution systems is needed to prevent water quality 
deterioration resulting in non-compliance with 
regulations, consumer complaints, disease or 
engineering problems, with subsequent operational 
costs. Microbial activity in the distribution system 
largely depends on the introduction of energy sources. 
Such compounds may originate from treated water and 
from the materials in contact with treated water. 
Accumulated sediments also promote bacterial growth. 
The following approaches can be used for limiting 
microbial activity: distribution of biologically stable 
drinking water in a system with non-reactive, 
biologically stable materials; maintaining a residual 
disinfectant in the entire distribution system; distribution 
of treated water with a low disinfectant residual and a 
relatively high level of biological stability; and 

optimization of the distribution system to prevent 
stagnation and sediment accumulation [30]. Despite 
developments in accessing hygienic safety in drinking 
water, the HPC values remained as a quality 
parameter, included in the legislation related to drinking 
water safety in many countries.  

The multiplication of bacteria in drinking water 
distribution system is commonly called regrowth or 
aftergrowth, primary due to bacteria from biofilms and 
sediments. The most effective method to control 
regrowth was claimed to be the limitation of nutrients to 
the survival of microorganisms. The amount of 
substrate utilized by microorganisms was called 
assimilable organic carbon (AOC) [31].  

AOC refers to a fraction of the total organic carbon 
(TOC) present in water, and is typically the most 
readily degradable fraction, which tends to be 
composed of small molecular weight compounds. AOC 
typically comprises just a small fraction (0.1-9.0%) of 
the TOC which can be utilized by specific strains or 
defined mixtures of bacteria, resulting in an increase in 
biomass concentration that is quantified [7]. van der 
Kooij (1992) showed that heterotrophic bacteria in a 
non-chlorinated system did not increased when AOC 
was lower than 10 µ g/L [7], while  LeChevallier et al. 
(1987) [14]  suggested that coliform regrowth may be 
limited by AOC levels less than 50-100 µ g/L in 
systems maintaining a 3-6 mg/L chlorine residual. 
Kaplan et al. (1993) consider biological stable water 
when AOC concentrations are set on 10 to 50 µ g/L  [12]. 
Servais et al. (1991) have associated biological stability 
with a biodegradable dissolved organic carbon (BDOC) 
level of 0.2 mg/L, but Joret et al. (1994) have stated 
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that the value is 0.15 mg/L at 20 ºC and 0.30 mg/L at 
15 ºC [3]. 

The AOC concentrations are determined based on 
the growth of Pseudomonas fluorescens P-17, which 
can metabolise a wide variety of compounds, such as 
amino acids and carbohydrates, but can not grow on 
carboxylic acids including oxalate, one of the 
compounds frequently produced during ozonation. Due 
to this limitation, the strain Spirillum sp. NOX, which is 
known to grow primary on carboxylic acids and is 
capable of utilizing oxalate, was incorporated in this 
procedure. This strain does not assimilate 
carbohydrates, alcohols or aromatic acids and amino 
acids when grown on mixtures of compounds [15]. From 
the maximum colony counts of these organisms and 
their yield value for acetate, it could be calculated that 
these compounds available for strain NOX constituted 
the major proportion (usually >90%) of the AOC 
concentration [28]. Conventional AOC analysis is done 
with a bioassay that was developed by van der Kooij 
and co-workers (1982) [28] and later adapted by others. 
The samples collected in treated vials are 
supplemented with sodium thiosulfate, to inactivate 
chlorine residuals that might be present and inhibit the 
growth of bacteria, and pasteurized. Pasteurization 
inactivates native microflora. The samples are 
inoculated with test strains P-17 and NOX. After the 
inoculation (prescribed at 500 cfu/mL) the water 
sample is incubated at 15 ºC in the dark for 9 days [1]. 
The test organisms are enumerated on days 7, 8 and 9 
by spread plate method for heterotrophic plate counts 
and the density of viable cells is converted to AOC 
concentrations by an empirically derived factor for the 
growth of P. fluorescens P-17 on acetate-carbon and 
Spirillum sp. NOX on oxalate-carbon as standards [19]. 
The number of organisms at stationary phase is 
assumed to be the maximum number of organisms that 
can be supported by the nutrients in the sample and 
the yield on acetate carbon is assumed to equal the 
yield on naturally occurring AOC. The underlying 
assumption of the AOC bioassay is that the bioassay 
organism(s) represent the physiological capabilities of 
the distribution system microflora. In some waters (e.g. 
humic waters) inorganic nutrients regulate bacterial 
growth. Thus, to ensure that carbon is limiting bacterial 
growth, enough of inorganic nutrients are added in 
sample of test water. High concentrations of metals (Al, 
Cu) are toxic for P. fluorescens, which makes this 
procedure unsuitable for waters containing these 
metals [19]. Untreated waters, especially those with high 
concentrations of suspended solids or high turbidity, 
can contain large numbers of spore-forming bacteria 
that may survive pasteurization, grow, and interfere 
with the enumeration of P-17 and NOX on spread 
plates. Such waters generally have high AOC 
concentrations and can be diluted with organic-free 
water amended with mineral salts or prefiltered through 
carbon-free filters. Potable waters that have been 
disinfected and carry a disinfectant residual will inhibit 
growth of the test organism unless the disinfectant is 
neutralized. Surface waters from reservoirs treated with 

copper sulphate may also be inhibitory unless a 
chelating agent is added to the sample. Lime-softened 
waters with elevated pH values may require pH 
adjustment. Any amendment to a sample requires a 
control for AOC contamination [1]. The algae numbers 
existing in eutrophic lake might affect the analysis of 
AOC [31].   

The present trend in drinking water treatment is 
towards a combination of treatments which will 
completely remove the nutrients that support microbial 
growth, namely, carbon, nitrogen and phosphorus. 
These treatments affect the composition of organic 
compounds in water and, consequently, the AOC 
concentration. Nanofiltration (NF) removed over 90% of 
the BDOC while allowing the majority of the AOC 
through [7]. In general, compounds quantified as AOC 
are from the fraction of BDOC composed of smaller, 
highly charged organic substances, such as carboxylic 
acids. Most of these compounds are small enough to 
pass through NF membranes. Ozonation as a water 
treatment process increases the AOC concentration 
probably due to a significant breakdown of complex 
organic substances into small organic molecules, as a 
result of oxidation. Granular activated carbon (GAC) is 
the ideal substrate to remove organic compounds due 
to its large specific area [21]. Ozone, applied right before 
GAC filtration, thanks to its degrading capability on 
organic matter, improves the efficiency of the filter 
increasing bacterial activity, multiplication of 
microrganisms and development within the filter 
resulting, consequently, in an enhanced AOC 
reduction. Coagulation, flocculation and sedimentation 
can give high reductions in AOC with high coagulant 
dosages [11]. Chlorination will also increase the biofilm 
formation potential, but not as much as ozonation. 
Chlorine reacts with organic compounds via oxidation 
and electrophilic substitution, and may produce 
biodegradable organic matter (BOM) from refractory 
dissolved organic carbon (DOC) [4]. According to van 
der Kooij (1990) chlorination not only produces low-
molecular-weight compounds but also enhances the 
utilisation of high-molecular-weigh matter by bacteria 
[20]. The effect of UV disinfection varies between 
different waters and each waterworks should be 
studied separately to assess the actual impact. Where 
conditions allow, UV disinfection should be preferred to 
chemical disinfection (chlorination, ozonation) with 
respect to the production of drinking water low in AOC 
[4].  

In 1966, Holm-Hansen and Booth proposed the use 
of ATP measurements as a means of estimating total 
biomass carbon. Adenosine triphosphate (ATP) is a 
molecule that consists of an adenine base, a ribose 
sugar and a phosphate chain.  The phosphate groups 
are keen to the biological activity of ATP. ATP plays an 
important role in energy exchange in biological 
systems, serving as the principal donor of energy and 
being present in all metabolically active cells. Thus, 
ATP has been used as an indicator of the functional 
integrity of living cells since all cells require ATP to 
remain alive and carry out their specialized function. 
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The technique that uses the firefly enzyme and 
substrate (luciferase and luciferine) to detect and 
quantify ATP, measuring the emission of light, was 
described for the first time in 1947. Since then, the 
detailed mechanisms have been comprehensively 
investigated and many diverse applications described.  
Although the essence of the firefly bioluminescence 
assay of ATP has remained unchanged since its first 
description, several minor modifications have been 
described for specific applications. The assay is done 
in a luminometer sensitive to light, being the results 
obtained in a few seconds. The result expressed in 
relative light units (RLU) is presented in a linear 
relationship with the ATP concentration. The higher the 
ATP concentration on samples, the higher light 
intensity released as expressed in RLU [6]. Attractive 
properties of this analytical method include the rapidity 
of the analysis, low detection levels, inclusion of all 
types of active (micro)organisms, ease of 
interpretation, automation and on-site analysis, using 
portable equipment [30].  

The rapidity and simplicity of ATP bioluminescence 
method clearly demonstrates the appeal of 
luminometry. However, there are several drawbacks 
associated with this technology. The main issue of 
concern is that the numbers returned (RLU values) are 
not at all comparable to plate counts. Before 
implementing this technology a validation procedure 
must be completed on any and all types of samples in 
order to make sense of the values returned. For this 
purpose, it is needed to run luminometer tests along 
with plate counts in order to correlate the data. This is 
time consuming and expensive, but eventually, once 
the correlation has been established, luminometer test 
is all that is necessary. The bioluminescence is usually 
used in biotechnology research, environmental studies 
and industrial applications. It can also be applied to 
assays with reporter genes. ATP measurements have 
also been useful for detecting bacteria and other 
microorganisms in pharmaceuticals, domestic and 
industrial solutions, for routine monitoring and quality 
control of presumed sterile products and in rapid 
monitoring of surface and water hygiene, providing 
data in real time and, consequently, enabling corrective 
action to be taken when hazardous levels of 
contamination are detected. This method has been 
also applied to monitoring studies in recreational spa’s 
and swimming pools and related surfaces. This type of 
methods is essential to the implementation of the 
hazard analysis of critical control points (HACCP) in 
any food or beverage industry [25].  

The significance limitations of conventional methods, 
the concern with food safety and the need for more 
rapid and improved tests of hygiene led to an 
increasing interest in ATP bioluminescence in the latter 
years. Although this technology is available since the 
70´s, only recently developments have been 
accomplished in the reagents stability and portable 
instrumentation. A factor that may affect the linear 
relationship between ATP and HPC is the presence of 
injured bacteria, which cannot grow on agar plates. In 

treated drinking water, bacteria exposed to 
disinfectants, and a large proportion of the bacterial 
population became injured. Injured bacteria are viable 
but are not able to form colonies on agar plates, 
resulting in a significant underestimation of viable 
bacteria. However, the injury does not directly affect 
the presence of intracellular ATP [16]. 

In the conventional AOC method, the cell counting 
may be done alternatively by flow-cytometric 
enumeration, coupled with fluorescent staining [9]. 
Because AOC covers a wide range of assimilable 
substrates including for example organic acids, sugars, 
alcohols, amino acids, and oligopeptides of various 
molecular sizes, a pure culture will probably never 
suffice to detect all of these. The use of combinations 
of pure cultures as a mixed inoculum has been 
examined but presents experimental problems in terms 
of both the enumeration and interpretation of the 
results. An alternative approach to pure cultures is to 
use a natural microbial consortium. To determine 
microbial activity, a large number of enzymatic 
methods and methods based on the incorporation of 
radioactive compounds in biomass are available, like 
molecular methods based on polymerase chain 
reaction (PCR) or fluorescence in situ hybridization 
(FISH) methods. Such techniques are especially useful 
in determining the concentrations of specific bacteria 
that are difficult to culture, for example, nitrifying or 
sulphate-reducing bacteria [30]. The bioluminescence 
assay may be applied using mutagenized 
bioluminescent derivatives of AOC test bacteria [8] or 
using a mixture of carbon sources as referential 
material rather than acetate [5]. A similar method to 
ATP bioluminescence utilizes the adenylate kinase 
(AK) as a highly sensitive marker to detect bacterial 
cell numbers. This methodology leverages the 
simplicity and universality of ATP bioluminescence with 
the acceleration of adenylate kinase technology [17]. 

 
 

MATERIALS AND METHODS 
The AOC bioassay procedure was based on the 

standard method described in literature [1], adapted to 
the present study. The method involved growth of 
Pseudomonas fluorescens P-17 and Spirillum sp. NOX 
to a maximum density in water samples and controls. 
The test organisms were enumerated by the spread 
plate method for heterotrophic plate counts and the 
density of viable cells was converted to AOC 
concentrations by an empirically derived yield factor for 
the growth pf P-17 on acetate-carbon and NOX on 
oxalate-carbon as standards.   

 
Preparation of incubation vessels: The 50 mL vials 

were washed with detergent, rinsed with hot water, 0.1 
N HCl two times, and milli-Q water three times, dried, 
capped with foil and heated to 550 ºC for 6 hours, after 
which the vials were cooled to room temperature. The 
same procedure was used for cleaning all glassware. 
The TFE-lined silicone septa were soaked in a 10% 



  4  

sodium persulfate solution for 1 hour at 60 ºC and 
rinsed three times with milli-Q water. 

 
Preparation of reagents: For this study solutions of 

400 mg C-acetate/L sodium acetate (Merck), 3x104 
mg/L sodium thiosulfate (Merck), Ringer 1:4 (Merck), 
sodium persulfate 10% (w/v) (Sigma Aldrich) and 
mineral salts were prepared in organic-carbon-free 
deionized water (milli-Q). The mineral salts solution 
consists of a mixture of dipotassium hydrogen 
phosphate (Merck), ammonium chloride (Fluka) and 
potassium nitrate (Merck). The sodium acetate, sodium 
thiosulfate and mineral salts solutions were transferred 
to 100 mL vials and autoclaved. A dilution of 1:10 was 
prepared for the mineral salts and sodium acetate 
solutions in milli-Q water.  

 
Preparation of stock inoculum: In this procedure 

cultures of strains Pseudomonas fluorescens P-17 
(ATCC 49642-CCMI 979) and Spirillum sp. NOX 
(ATCC 49643-CCMI 980) were used (obtained from 
Laboratório Nacional de Engenharia Civil). Individual 
suspensions of each strain were prepared and tested 
for contamination and evaluation of stationary phase 
through enumeration of the number of colonies of each 
strain on three consecutive days. The number of 
organisms at stationary phase is assumed to be the 
maximum number of organisms that can be supported 
by the nutrients in the sample and was considered that 
the stationary phase was reached when the day-to-day 
variations in the heterotrophic plate counts were below 
20%.  

 
Analysed Samples: For AOC determination, samples 

from the EPAL distribution system were analysed. The 
samples were derived from service reservoirs of 
Telheiras and S. Jerónimo, Estação Elevatória dos 
Barbadinhos and from the sampling point deliver from 
the pipe of Vila Franca de Xira-Telheiras to the Lisbon 
distribution system. 

 
Preparation of samples and controls: The water 

samples were collected in 1 L pre-treated vials. Since 
the samples were treated waters, the disinfectant 
residuals were neutralized by the addition of 1 mL of 
sodium thiosulfate solution to 1 L of sample. Each 
sample was distributed by 11 pre-treated 50 mL Schott 
vessels, filling each vessel with 50 mL of sample. From 
these 11 vessels, 9 were used as samples and 2 as 
growth controls. The growth control vials were used to 
detect growth-inhibitory substances in the water and 
were supplemented with 125 µ L of mineral salts 
solution 1:10 and 125 µ L of sodium acetate solution 
1:10.  

Milli-Q water was transferred to 4 treated 50 mL 
vessels, 2 of which were used as blanks and 2 as yield 
controls. The blanks were used to detect carbon 
contamination of the glassware and the yield controls 
to check the growth yield of the cultures. Both controls 
were supplemented with 125 µ L of mineral salts 
solution 1:10 and 50 µ L of sodium thiosulfate solution. 

The yield controls were also supplemented with 125 µ L 
of sodium acetate solution 1:10. All vessels were 
capped tightly and pasteurized in 70 ºC water bath for 
1 hour.  

 
Inoculation and incubation: Upon cooling, the 

pasteurized vessels were inoculated with 500 colony 
forming units (cfu)/mL each of P-17 and NOX. The 
volume of inoculum was calculated based on the 
determination of inoculum’s cfu/mL (Equation 1) [1]. The 
vials were incubated at 15 ºC in the dark for 7, 8 and 9 
days.       

 

inoculumstock cfu/mL
mL/vial05cfu/mL 500

inoculumofvolume
×

=  (Equation 1) 

 
 
Conventional plate count method for AOC 

determination. On incubation days 7, 8 and 9, three 
vials were removed from the incubator for colony 
enumeration to access if maximum cellular density had 
been reached. Vials were shaken vigorously for 1 
minute, 1 mL was removed and serially diluted with 
Ringer 1:4 solution. 100 µ L of three dilutions (10-2, 10-3 
and 10-4) were plated in R2A medium in duplicate. The 
number of colonies of each strain was scored after 
incubating at 25 ºC for 3 to 5 days. P-17 colonies 
appear first; they are 3 to 4 mm in diameter with diffuse 
yellow pigmentation. NOX colonies are small (1 to 2 
mm in diameter) white dots. After incubation for 9 days, 
the control vials were removed from the incubator and 
the same procedure for the samples was followed. For 
growth and yield controls the dilutions were 10-3 and 
10-4 and for the blanks 10-2 and 10-3.  

Bacterial enumeration on incubation days 7, 8 and 9 
and respective luminometer measurements enabled 
the evaluation of the cultures stationary phase of 
growth during the three days. The average of viable 
count results was determined for the three days and 
the AOC concentration was calculated as the product 
of the mean of the viable counts an the inverse of the 
yield, according to Equation 2 [1]  and when empirical 
yield factors determined by van der Kooij (1982, 1984) 
in the original method [26, 27]  were used.  

 

mL/L1000
2,91x10

oxalate-C g

mL

cfu mean

4,1x10

acetate-C g
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AOC/Lg
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(Equation 2) 

 
 
ATP bioluminescence assay for AOC 

determination. The procedure for the ATP 
bioluminescence assay was based on the internal 
procedure of Kiwa Water Research Institution [30] and 
on the indications of the Kit HS II catalogue [23]. 

The measurement of ATP was based on the 
production of light in the luciferine-luciferase assay. 
The intensity of the emitted light was measured in a 
luminometer being results expressed as relative light 
units (RLU). The ATP concentration was calculated 
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from the RLU values using a conversion factor 
determined in calibration measurements. The 
calibration curve was obtained by measuring standard 
ATP solutions of known concentration in the same 
assay conditions.  

 
Calibration curves: 35 calibration curves were 

obtained from standard ATP solutions of 
concentrations between 77.5 and 1.2x106 pg/mL. The 
standard ATP solutions were prepared by serial 
dilutions from an stock standard ATP solution, with 
dilution buffer. The stock standard ATP solution was 
obtained by adding dilution buffer to lyophilized 
standard ATP, both included in the ATP kit. To each 
standard ATP solution cell lysis reagent was added in a 
volume equal to the solution volume followed by 5 
minutes incubation at room temperature (15 to 25 ºC). 
After incubation, 50 µ L of each standard ATP solution 
was transferred to a well of a microplate (White 
Cliniplate FB, ThermoLabsystems), in triplicate. As a 
reagents quality control, on each measurement session 
50 µ L of two blanks of sterile milli-Q water was 
measured, one cell lysis reagent blank and one 
luciferase reagent blank. To each standard ATP 
solution and blank transferred to the microplate 
cuvettes 50 µ L of luciferase reagent from Photinus 
pyralis included in the ATP kit was added, which 
consists of a mixture of luciferine substrate and 
luciferase enzyme, and the emission of light was 
measured (λmáx=562 nm) during the luciferine-
luciferase reaction in the Luminoskan Ascent 
luminometer (Thermo Electron Corporation). All 
reagents were at a temperature between 18 and 23 ºC, 
optimum temperature range for the enzymatic reaction.  
The Ascent software Thermo Electron Corporation, 
version 2.6, compatible with the luminometer, was 
responsible for the data processing.  

 
Sample concentration: The samples were submitted 

to a two phase concentration process so that the ATP 
concentrations present in the samples were within the 
limits defined by the calibration curve. 50 mL of each 
sample were centrifuged in sterile Costar flasks for 15 
minutes at 4000 rpm in an Eppendorf 5810 R 
Centrifuge, removing the supernatant. The 
concentrated sample (approximately 1 mL) was 
transferred to an Eppendorf flask, being submitted to a 
second centrifugation for 10 minutes at 8000 g, as 
recommended by the kit manufacturer. The 
supernatant was ressuspended in 100 µ L of dilution 
buffer included in the ATP kit. 

 
Preparation and measurement of samples: The 

procedure followed for the concentrated samples 
ressuspended in 100 µ L of dilution buffer was the 
same used for the calibration curves. To validate the 
assay and control the reagents in each session, 50 µ L 
of sterile mili-Q water, luciferase reagent, cell lysis 
reagent blanks, the two lower standard ATP solutions (I 
and J), the higher standard ATP solution (D) and one 
standard ATP solution with a concentration in the 

middle of the calibration curve (F), and the positive and 
negative controls were also measured. The positive 
control was a ATP solution prepared from lyophilized 
ATP (Roche, catalogue number 10127523001) in 
sterile milli-Q water, independent from the ATP kit, with 
a concentration close to the standard ATP solution F 
(5x104 pg/mL) and the negative control was sterile milli-
Q water. After reading ten consecutive samples and all 
the sample measurements, the milli-Q water blank and 
the standard ATP solution F were measured. All 
samples were measured in triplicate.  

 
Calculations: The ATP concentration in the drinking 

water samples was estimated from the average of the 
three readings for each sample/control/blank, using the 
calibration curve obtained during the validation phase 
of the method. In the direct comparison of the results 
obtained from this method with other methods it can be 
useful to estimate the number of cells present in each 
sample. This estimation  was based on ATP 
concentration values, assuming an average ATP 
content of 10-16 g per active bacterial cell [29] and 
considering the ATP molecular weight (605.2 g 
ATP/mol) [23], indicated in the ATP kit catalogue. Thus, 
the value 1.65x10-19 mol ATP/cell is obtained and used 
to convert the ATP concentrations into number of 
cells/mL. The ATP bioluminescence assay was applied 
to the AOC determination in the same way as the 
conventional plate count method, determining the 
average for the three incubation days and calculating 
the AOC concentration as the product of the mean of 
viable counts and the inverse of the yield (Equation 2). 
The RLU values are converted in cfu/mL units applying 
the Equations 3 and 4. The output result of the 
luminometer corresponds to the sum of contributions 
from strains P-17 and NOX (Equation 3). The strain P-
17 contains an average of 8.7 times more ATP per cell 
than strain NOX (Equation 4) [15]. The simultaneous 
resolution of these equations allowed the estimation of 
the concentrations of both strains in RLU units.  

 
NOX17Ptotal RLURLURLU += −           (Equation 3) 

NOX17P RLUx7,8RLU =−               (Equation 4) 

The number of cells/mL from the conventional HPC 
method was plotted against the ATP values (RLUtotal) 
and the correlations obtained for P-17 and NOX were 
applied to the RLU values for both strains (RLUP-17 and 
RLUNOX), converting those in cfu/mL units, which are 
applied in the Equation 2. 

 
Equipment: The ATP concentration was determined 

by Luminoskan Ascent luminometer (Thermo Electron 
Corporation), one of the most sophisticated and flexible 
microplate luminometers on the market. The 
luminometer has a typical sensitivity of 10-15 mol 
ATP/cell, with a spectral response of 270-670 nm. The 
luminometer was equipped with a shaker and a 
incubator and can integrate automatic dispensers for 
the reagents [2]. 
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RESULTS AND DISCUSSION 

Calibration curves. A minimum of 10 calibration 
curves was necessary to validate the method. The 
acceptance of curves was based on the correlation 
coefficient (R), considering acceptable the curves with 
at least an R of 0.99. 35 calibration curves were 
performed, since the initial curves were not in 
accordance with the defined parameters. From the first 
24 calibration curves, only the curves 1, 4, 5, 22 and 23 
registered acceptable correlation coefficients. Due to 
possible reagent contamination and interference in the 
results, a new ATP kit was used in the calibration 
curves 25 to 35, with very good correlations. From the 
16 calibration curves accepted and based on the 
correlation coefficient, residual standard deviation and 
control charts, the calibration curve 28 was chosen 
(Equation 5) to perform the measurements in the 
luminometer. 

 
Log (RLU value) = (-3.223±0.325) + (0.989±7.11x10-7) x 
Log(ATP concentration in pg/mL)                         (Equation 5) 
 

The chosen calibration curve enabled the 
measurement of samples with concentrations between 
91.8 and 1.18x106 pg/mL (values obtained for the 
standard ATP solutions D and J). 
 

Control charts. The control charts should be built 
for standard ATP solutions, blanks, reagents and 
positive and negative controls. The standard ATP 
solutions included in the control charts should 
correspond to a high concentration, a low 
concentration and a concentration in the middle of the 
calibration curve, to validate the results in every 
situation. Thus, the control charts were built for 
standard ATP solutions D, F, I and J. The quality 
control for the initial phase of calibration curves was 
based on control charts defined in previous work [24], to 
assure that the values obtained were within the 
expected. The charts were built from values obtained in 
the calibration curve measurements, from which were 
selected those within ±20% of theoretical value of the 
standard solution. The average and standard deviation 
(S) were determined from the results considered and 
defined upper and lower warning limits (mean±2S) and 
upper and lower control limits (mean±3S). The purpose 
of blank measurements (sterile milli-Q water, luciferase 
and cell lysis reagents) was to control the state of 
reagents and to check for contamination. Since these 
measurements don’t aim at determine ATP 
concentrations, the control charts were built in RLU 
values. For the negative control the procedure was the 
same as for the blanks. For positive controls, a ±20% 
range of acceptance was defined for the values to 
consider in the construction of the respective control 
chart. However, the majority of the values obtained 
were above the maximum limit acceptable. In fact, the 
positive control consists of a solution with a very low 
concentration (5x104 pg/mL), prepared by weighing a 

very small amount of lyophilized ATP (1x10-4 g), thus 
being subject to results variability relatively to the 
theoretical value. Sanches (2006) defined that 
concentrations of positive controls from 5x104 to 1x105 
pg/mL should be accepted [24]. 

For quality control of samples, in the present study, 
new control charts were defined based on results from 
the calibration curves measurements within the 
acceptable conditions (curves 1, 4, 5, 22, 23, 25-35). It 
was considered preferable not to use values obtained 
by Sanches (2006) to minimize the results variation 
effects inherent to the operator and reagents used but 
the same procedure was followed to construct the 
control charts. For the positive control, for the reasons 
mentioned before, the results showed a big variation 
within and from the theoretical value. Since the values 
obtained were between 3x104 and 1.4x105 pg/mL, all 
the values were accepted for the control chart 
definition. This value range is bigger than the defined 
by Sanches (2006) but justifiable by the concentration 
and preparation method for this solution, being 
possible that the real concentration is not the 
concentration expected (theoretical).   
 

Validation of results from standard solutions 
blanks and controls. After the control charts being 
defined for the standard ATP solutions, blanks and 
controls, the ATP bioluminescence method validation 
was performed by incorporation of the results obtained 
in the luminometer measurements in the control charts. 
After 10 consecutive sample measurements and after 
all samples being measured, the milli-Q water blank 
and the standard solution F were measured again. In 
the present study the controls measurements were 
performed simultaneously with the samples, in the 
same microplate, being the validation of the results 
evaluated after.  It was considered that the results were 
accepted when all controls were within the acceptable 
limits of the control charts or, when that was not 
verified, when the acceptable standard ATP solutions 
were in the samples concentration range. The results 
were also accepted when the standard solution J was 
not acceptable but the standard solution I was, since 
the standard solution J was lower to the detection limit 
of the method [24]. The controls were accepted when 
the average of all values were not within the limits 
defined for acceptance but the average of some values 
or just one value would be accepted.  
 

AOC determination by conventional method. 
When the Pseudomonas fluorescens P-17 and 
Spirillum sp. NOX inocula were prepared from TSA 
slant medium, it was registered that the cultures were 
contaminated. Despite the contamination, the assays 
proceeded discounting the contamination in the colony 
counts. In fact, in some plates growth of colonies with 
different morphology from the test strains was 
observed, but the level of contamination did not 
interfered with the growth of P-17 and NOX strains. 
The stationary phase of inocula was evaluated through 
colony enumeration on three consecutive days, using 
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the inocula in stationary phase (maximum variation of 
20%). The utilized inocula presented a concentration of 
1.6x107 cfu NOX/mL and 2.7x107 cfu P-17/mL, which 
implied the inoculation of very small volumes (1.53 and 
0.93 µ L of NOX and P-17, respectively).  

In the evaluation of stationary phase, sample values 
within a variation of 20% were accepted. When the 
samples did not meet the defined criteria the assays 
were proceeded taking in count some considerations. 
Whenever the results after 7 incubation days were 
lower than those from incubation days 8 and 9 (in more 
than 20%), the results from the incubation day 7 were 
not taken into account since it was considered that the 
strains were still in the growth phase. When the smaller 
value was obtained at the incubation day 9, it was also 
not considered, this time for admitting that the cells 
were already in the death phase. In this situation the 
stationary phase was verified for the two incubation 
days. When the variation of the three incubation days 
was above 20% but below 25%, the results were 
accepted assuming stationary phase. In some cases it 
was necessary to discount the results from one of the 
sample triplicates for not being in agreement with the 
other measurements. When the results of one 
incubation day or sample triplicate were not considered 
in one strain and in one of the applied methods (HPC 
or ATP), for results comparison the results in question 
were also not considered in the other test strain and in 
the other AOC determination method.  

From the results analysis it was registered in every 
sample and in both methods applied an elevated 
number of colonies in the blank controls. Since this 
control was sterile milli-Q water supplemented with 
sodium thiosulfate solution and mineral salts solution, 
without a carbon source, cellular grow should not be 
observed. The growth of microorganisms may indicate 
contamination of the glassware or of milli-Q water. It is 
believed that the contamination may result from the 
preparation of the work solutions and milli-Q water, 
since the vessels were not pre-treated. The volumes 
involved in the addition of the work solutions were very 
small, probably not significantly interfering with the 
sample measurements. For the blank controls, 
although the results are elevated, the possible 
contamination did not interfere with the samples 
because milli-Q water was not added, and so the 
blanks were not subtracted to the results in the 
Equation 2. If the blanks had been taken into account, 
it would result in negative AOC values, which doesn’t 
have chemical significance. This effect is more evident 
for the P-17 strain and in the ATP bioluminescence 
assay, where the calculated values from the 
correlations obtained between the two methods were 
lower than those from HPC method and thus the 
negative AOC results were more easily obtained.  
 

ATP bioluminescence assay. The ATP 
bioluminescence assay was applied to the AOC 
determination at incubation days 7, 8 and 9. The 
considerations taken for the HPC method are valid to 
the ATP bioluminescence method. For the method of 

ATP determination is necessary to have an extra 
control relatively to the HPC method, the control charts 
for the standard ATP solutions, blanks and controls. 
The luciferase and cell lysis reagents, the milli-Q water 
blank and the positive and negative controls were in all 
situations within the acceptance limits of the control 
charts. The same was not verified for the standard ATP 
solutions. For the samples I, II and III, the standard 
solution D and F were, usually below the lower control 
limit and the following sample values were above the 
upper control limit. This variation may be due to 
change of the reagents, being possible that the 
standard ATP solutions prepared from a new stock 
standard ATP solution had in practice a more elevated 
concentration, although theoretical the concentration 
should be the same. This variation may also have 
interfered with the standard ATP solutions of lower 
concentrations. On the other hand, for standard 
solutions I and J, after the change of reagents the 
values decreased and approached the acceptance 
limits. It may have occurred contamination of the 
dilution buffer in the first three samples, and this 
contamination was more evident in the standard 
solutions of lower concentrations. The sample 
concentrations determined were about 103 or 104 
pg/mL. Considering that the standard solutions D and F 
have higher concentrations than the samples and the 
standard solutions I and J lower ones, the sample 
results were accepted under the assumption that for 
the sample concentrations range the standard ATP 
solutions would be accepted. This hypothesis is 
reinforced by the acceptance of the positive control in 
all samples and since all the other controls were 
accepted. It should be noticed that the change of the 
reagents or ATP kits possibly resulted in significant 
variations. In this way, it may be recommended to built 
new control charts for each ATP kit or control the 
quality through variation coefficients between 
measurements (ideally below 5%). Is also 
recommended that the dilution buffer should be used 
as blank instead of milli-Q water, considering possible 
contaminations of the reagent. The milli-Q water 
measurement is still performed by the negative control.  
 

Comparison of methods. Linear correlations 
between the two methods applied to AOC 
determination in this study were established between 
the HPC colony forming units and the ATP 
measurements (RLU values) for each strain and for the 
sum of both. The correlations were established taking 
into account the average values for the samples and 
the triplicates for each sample, considering all samples 
analysed. The results were also plotted for each 
sample separately, considering the mean values. In all 
cases, good correlations were obtained. The 
correlations obtained when considering all samples 
and the mean values for each incubation day (Figure 1) 
were applied to the subsequent calculations since good 
correlations were registered. In general, better 
correlations between the two methods were obtained 
with strain P-17 than with strain NOX, and the sum of 
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both strains was better correlated than the individual 
strains.  
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Figure 1. Relationship between luminescent units and a) P-17 
viable counts; b) NOX viable counts and c) P-17 + NOX viable 
counts.  
  
A comparison of the results obtained for the two 
studied methods applied to AOC determination (Table 
1), revealed that HPC values are higher than ATP 
measurements. The ATP bioluminescence assay 
results should be higher since it quantifies all active 
biomass and not only viable biomass, possibly 
suffering background interference or detecting non-
microbial ATP. It is also known that the inocula cultures 
were contaminated, being this contamination 
discounted in the HPC method but not in the ATP 
measurements. This evidence may be related to the 
application of the obtained correlations between the 
two methods, which results in lower ATP values when 
compared to HPC. Although the difference is not 
significant, when ATP values were applied in the AOC 
calculations, because high yield are considered, AOC 
values obtained from ATP measurements were half the 
AOC values obtained from the conventional method. In 
this AOC determination were considered yield factors 
obtained empirically, and the yield factors calculated in 
this study were not always close to the theoretical 
values registered in literature. For more confidence on 
results more samples should be analysed.   
 
Table 1. Results from heterotrophic plate count (HPC) method 
and from ATP bioluminescence assay for the sum of strains P-
17 and NOX in the analysis of AOC determination samples. 

 
Finally, after analysing all results, the AOC and 

cfu/mL results for both methods were plotted (Figure 2) 
and good correlations were obtained. Despite all 
considerations taken in the assays and when analysing 
the obtained results and even with the conversions 
performed to compare results, there is a tendency for 
good correlations between the two methods, which is 
susceptible to improvement from resolution of the 
problems found and from the operator experience.  
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Figure 2. Comparison of ATP procedure and plate count 
technique considering P-17 + NOX for a) cfu/mL values and 
b) AOC values.  

 
 
CONCLUSION 

This study concludes that the conventional plate 
count method for AOC determination is in fact useful to 
access the biological stability of drinking water, despite 
being a time consuming and laborious method, thus 
not suitable for routine analysis in a laboratory. Under 
the used conditions, the results should be analysed 
carefully. Nevertheless, the existence of good 
correlations between the two methods clearly shows 
that the ATP bioluminescence assay is a useful tool in 
AOC determination. This methodology reduces the 
time of the assay, that resulted from plate incubation, 
and is a more rapid and simple method. However, it 
would be necessary to analyse more drinking water 
samples to consolidate the results, so that in the future 
the AOC could be determinated only by the ATP assay.  

Considering a biological stable water when AOC is 
present in concentrations between 10 and 50 µ g/L [12], 
and that the drinking water samples analysed in the 
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study are representative of the Lisbon drinking water 
distribution system and these register AOC values 
above 50 µ g/L, is concluded that the drinking water 
distributed by the system is not biologically stable, thus 
presenting potential growth for the microorganisms 
present in the water.  
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