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USING ATP TESTS FOR ASSESSMENT OF HYGIENE RISKS

WYKORZYSTANIE TESTOW ATP
DO OCENY ZAGROZEN ZWI AZANYCH Z HIGIEN A

Abstract: Adenosine-5'-triphosphate (ATP) is a high-energylenule playing a role of universal energy carrier
used in cell metabolism. Since ATP is present ith Ippokaryotic and eukaryotic cells, this coenzyaa be used
to determine a hygiene state. During last decadeethas been a significant growth of practical iappibns of
ATP measurements. ATP tests are commonly usedrfasaessment of hygienic conditions in food ingustr
residential buildings and hotels. In comparisorhvirditional and time-consuming laborious micrblimalysis
the measurement of ATP provides a quick indicatbresite data, characterizing microbial and organic
contamination to support decision-making with relgato adequate corrective and preventive actiohts. gaper
demonstrates applications of ATP in practice aratiqularly, in water treatment technology and wastter
processing. The review highlights opportunitiesudsing the test for the optimization of water treant facilities
and pipe networks functioning in order to assessteveater toxicity and wastewater treatment proeéfgsency.
Other areas of application are also addressedreMi@w of literature indicates that ATP used irfatiént areas of
industry can be considered as a diagnostic metieothplement the classical methods - useful fortifleation of
hygiene risks as well as a tool for a real-time agament of health and environmental risks.
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Introduction

The classic methods for microbial monitoring of @afood products, hygiene state of
food production plants, hospitals, shops or hatelsot provide a real time assessment of
risks. Plate counting is time-consuming and invslieng incubation of samples - typically
72 h. In consequence, the obtained results pramfdemation on the historical condition of
a given site. From safety management point of vigwneans that the corrective or
preventive actions taken are based on the datashaten inadequate to actual status of
hygiene risks. Moreover, it is not possible to assthe effectiveness of safety related
treatment, such as disinfection, in a real time.

The methods that enable rapid identification ofrotiological and hygiene risks have
been dynamically evolving and improving over thst ldecade. Adenosine-5’-triphosphate
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(ATP) bioluminescence-based assay is more and owrenonly used in practise. ATP is
an organic molecule playing a role of energy carriell living cells (both prokaryotic and
eukaryotic) contain this multifunctional coenzynied].

The technique of ATP determination was presente€bgppelle and Levin in 1968
[4]. It is highly precise and offers quick resuli&t make the basis for decision-making and
risk management. ATP tests may be used to meaaelioess of technological lines and
devices employed in food production. They can aks@pplied to assess hygiene of public
utility facilities (hospitals), flats or hotels. Rhermore, they are useful for determining
bacterial pollution of medicines, cosmetics, paimtsnking water, process water or air
conditioning [4-6]. Moreover, the technique is appble in wastewater treatment
technology for determining wastewater quality aoxid effects of its pollutants and quick
assessment of microorganisms’ condition in biolabwastewater treatment plants [7, 8].

Using ATP tests for determining microbiological lptibn of water has a number of
applications described in the literature. Howesayeral references, for example Odom
and Rotert [9], indicate that ATP tests can be ulsfir the measurement of biomass in
water and wastewater. The reason why the assessfeAT P tests for water research are
equivocal can originate from the fact that thetfgeneration tests had qualitative character,
only. They also faced considerable uncertaintyheset was no control of the activity of
enzymes producing bioluminescence. LuminUltra's Bwheration tests used presently
help to determine ATP related to active microorgars with the application of the ATP
standard for the calibration. They are qualitatinel give repeatable results.

Principle of ATP determination

Determining ATP in samples with different matricés carried out with
bioluminescence. The measurement is based on fhatime decarboxylation reaction of
luciferin catalysed by the luciferase enzyme in phesence of ATP and magnesium ions
[10]. The bioluminescence reaction occurs in thiefdang way:

ATP + O,+ luciferin O ¥ _, oxyluciferin + AMP + products + light

In this process, the luciferase enzyme catalysesttiinsformation of luciferin to
oxyluciferin where transition to the basic state doi the emission of light with an intensity
proportional to the amount of ATP in the samplel[2, 12]. The intensity of light impulses
that are formed in the luminescence reaction issomea at 562 nm and is expressed in
Relative Light Units (RLU). The reaction should acander proper pH (optimum 7.8-7.9)
and temperature (optimum 25°C) conditions [13, T4k total ATP (tATP) in the sample
is the sum of the cellular ATP (cATP), which occinghe living cells, and the dissolved
ATP (dATP), which comes from decomposed cells [15].

The analyses of cATP contents in water and wastawsamples show that its
concentration in both aerobic and anaerobic bactails is at the level of 1-2 ug ATP/mg
cell [16]. On the other hand, Kowal and Libudzi8} ¢laim that the bacterial cell contains
on average approx. 1 femtogram of ATP (Liggl0™ g of ATP). The concentration can
range between 0.1 and 5.5 fg/cell, depending onsftecies, physiology condition or
metabolic activity of microorganisms. Luo et al [1gtate that the average ATP
concentration in a cell is approx. 0.47 fg/cell. @stimate the number of microbes in
a given sample, it is assumed that 1 pg of ATPgsivalent to 1,000 bacteria cells
(Table 1) [3, 18].
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Table 1
ATP content in bacterial, mould and yeast cells [3]
Microorganisms ATP [fg/cell]
Pseudomonas fluorescens 0.6
Leuconostoc mesenteroides 0.7
Escherichia coli 1.0
Lactobacillus sp. 2.0-2.2
Bacteria mixture 1.0
Kloeckera apiculate 48.5
Pichia membranaefaciens 90.7
Torulopsis sp. 144.0
Saccharomyces cerevisiae 155.0
Yeast mixture 100.0

Using ATP tests in practice

Bioluminescence-based ATP assay as a universal hgigé monitor

The epidemiological data on food poisoning indidateseholds as one of the places in
which microbiological risks arise. The cross-contsation of surfaces and products is the
probable reason for such a situation, particulathen raw meat is prepared. Pathogenic
bacteria, such as&lmonella or Campylobacter, grow and spread easily under such
conditions. The time of bacterial viability on makiychen surfaces is between 4 and 24
hours. Appropriate hygienic procedures during fqmeéparation, proper washing and
disinfection are the most popular practices usedpievent microbial risks. Similar
problems are observed in restaurants and publityutcilities (eg hotels). The ATP test
helps to check easily whether a given surfacedargl sufficiently disinfected and does not
constitute a threat for humans [14, 19, 20].

The ATP assay, as a diagnostic system of surfa@lihess [21], can be also used in
the hygiene control of hospitals, public utilityciiities, créches, kindergartens or schools. It
can be also applied in facilities for relaxatiordapcreation, such as swimming pools and
water parks. It must be remembered that the refiateralues should be properly selected
for the chosen utility surface and its usage [12,22]. Griffith et al [25] established
a procedure for analysing the microbiological pidio of surfaces (Fig. 1).
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Fig. 1. Stages in the integrated cleaning prograf@ske

Hygiene monitoring in food industry

Food industry is subject to the strict requiremebntsquality assurance systems and
microbiological safety. To meet them, the followipgpcedures are used: Good Hygienic
Practice (GHP), Good Manufacturing Practice (GMRY) &azard Analysis and Critical
Control Points (HACCP) [26]. The HACCP system pd®s food safety by identifying and
assessing hazards in terms of health requirement®dd and the possibility of the risk
during all production and distribution stages. Tilentification of the Critical Control
Points (CPP) is one of the system principles. Tha®e places in which special safety
measures must be adopted and the hazards mustti@uiooisly monitored [27].

The regulations on hygiene impose on food produtterobligation of control which
does not only concern raw materials, food additased the final product but also the entire
production cycle. The hygiene control of the prddc conditions should embrace:
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production environment (equipment used for heatdting and pasteurization, refrigerators
and the remaining machines of technological linester used for food production; air in
production halls; and the staff in direct contadthwhe product at different production
stages [26, 28-30].

The total number of microbes is usually determingti colony plate counts methods,
dilution methods, contact plate and swab methodsmembrane filter techniques. They
provide repeatable results that reflect the mioilalgjical pollution. Unfortunately, the long
time of the sample incubation (up to 72 h for baateup to 5 days for fungi) does not
enable quick corrections within one technologicatle [31, 32]. For that reason, it is
necessary to introduce tests that quickly estirtreenumber of bacteria.

Sharpe recommended using the bioluminescence-#adedssay in the food industry
in 1970 [17, 29]. The method is becoming more andrempopular in the hygiene
monitoring in the HACCP systeim situ. Its main advantage is detecting the microbial and
organic pollutant within several minutes [31, 32].

In the food industry raw materials of plant or aalrarigin can raise ATP, thus the test
results will be overstating. From the standpoint odanliness and hygiene it is not
important that in the surface of the work and thedpction equipment are microorganisms
or residues of biological materiadg blood, juice, etc. No bacteria does not guarattiee
purity. Often organic debris are an excellent mutrifor microorganisms and can lead to
contamination of the production line. In this cabe, values are usually calculated based on
the relative light units and not on obtained comedion of ATP. The results are compared
with the threshold values, previously designated tfee industry and the individual
measuring points. Low levels of RLU indicates ttieg measuring point is clean and free
from organic and microbiological pollutants, whéwe tRLU level is high, point should be
considered as contaminated. When the value of RLd high it must be taken corrective
action, for example extending the cleaning anchéistion, increasing the concentration of
the cleaning and disinfecting agent or changingatiydied formulation [33].

The ATP assays are most often used for the hygismatoring of production in the
dairy [1] and meat industries [34] and in the pratthn of carbonated soft drinks, fruit juice
and beer. They are also applied for the contraledinliness in food transport vehicleg (
road tankers), glass and plastic containers [26].

Microbiological analyses of drinking water

The World Health Organization (WHO) guidelines floe preparation and introduction
of Water Safety Plans (WSP) were developed in 200 plans are based on the risk
assessment and management and the HACCP princigles. aim is to minimalize the
health risk in water supply at all stages. It imedy systematic identification of risks,
ordering them according to their importance andragmnal monitoring of all water
production and distribution stages [35].

WSPs are designed to replace the traditional apprmawater quality monitoring with
the process-based approach that relies on riskysemlused within daily management
procedures. Their main assumption is the compleprageh to supplying people with
water. It should take into consideration all partiavolved in the water supply: water
owners or administrators, water suppliers, land pragherty users. Water suppliers should
play a central role in this process [35].

The policy requires proper tools. Determining stdized indicators of
microbiological water pollution is time-consumingedto the long incubation of samples.
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The results obtained in this way are hardly us&futhe on-going operational actions and
dealing with crisis situations. The research cotetlicince 1990s shows that analyses of
CcATP in water can provide the necessary tool. Thterthinations can be used at all
treatment and monitoring stages - from the wellhi® outlet of a distribution network. It
can also be employed to optimize the process okmwakatment and to analyse the
condition of water supply systems. It is also polssito determine all forms of
microorganisms in water during the analysis [8,36,

The total number of bacteria incubated on agareterchined in the microbiological
analyses. It only concerns heterotrophic bact®ia.the other hand, autotrophic bacteria
(nitrifying, iron, sulphur and manganese bacteaall viable but nonculturable (VBNC)
bacteria can also occur in tap water [37, 38]. VBD#Cteria are not able to grow on growth
media like agar but they remain in the physiololjcactive form. The passing of cells into
the VBNC state usually occurs under the influentsti@ssors. The passing of pathogenic
bacteria cells €g Salmonella sp, Campylobacter jejuni, Vibrio wulnificus, Vibrio
parahaemolyticus, Yersinia enterocolitica and Escherichia coli) into VBNC forms is
particularly dangerous, as they remain active tadl ime. Additionally, they have higher
virulence than the cells which are not influencgdhe stressors [39, 40].

The applied water disinfection and treatment preessliminate mainly vegetative
bacterial forms whereas bacterial endospores nragireintact. Water disinfection creates
stressing conditions in bacteria and induces th&l@Btate. The process also takes place in
cells that make the biofilm, which negatively affeavater quality and can also counteract
the effects of disinfectants [41]. Importantly, Isein the VBNC state can occur in the
biofilm that does not undergo disinfection procesdeotably, the older the biofilm, the
higher number of the VBNC cells in it. Consequentiassic methods for detection and
qualitative determination of strains forming thefdm may be insufficient. The presence
of microbes in the VBNC state in a given environtngam be detected with methods of cell
viability determination, such as the ATP assay, afttiout using traditional agar plating
techniques [39].

Some research [42] indicates that the ATP testbmamsed to optimize the work of
water treatment plants. It is particularly usefoi maller water intakes in which water
treatment mainly consists in removing iron, manganand suspended solids. The authors
observed the correlation between the time of theafion and backwashing cycles and the
ATP content in the filtrate and washing water. Teést enables the evaluation of the filter
work and experimental determination of the cyclegtd. It may be important for the
reduction of the organic content introduced inte fiystem. Hence, the biofilm formation
on the water pipe walls can be limited. As a restitan bring savings as the number of
filter bed flushings and the time these procesaks are reduced. Moreover, extending the
filtration cycle should improve water quality inetllystem [8, 42].

A significant number of studies concern water sypgystems. Researchers often
observe the correlation between the content of rbtphic bacteria and the ATP
concentration. Nonetheless, it is not mentionedalh reports. On one hand, this
phenomenon can be caused by bacteria that do oat at the vegetative form. On the
other hand, it can be influenced by autotrophictdyde (nitrifying, iron, sulphur and
manganese ones) that make the filter bed biofileteRt studies demonstrate the use of the
ATP assay to determine hazards related to the tavmaf biofilm on water pipe walls
[18, 43-45].
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Analysing ATP contents in water at the intake peistablishes the correlation between
the time of the day and microbiological pollutiob8]. In the analysed case, the highest
ATP values were observed at about 8 a.m. They dsecesignificantly between 8 and
10 a.m. The concentration did not change until . pThis study shows a correlation
between the biofilm formation and the resulting teat of microorganisms in water.
At night, when there was no intake, a secondaryatnimation of water occurred, resulting
from the biofilm growth on the water pipe walls.

When it comes to health safety of water, ATP teséspresently employed to control
facilities, such as hotels and holiday centre®imist resorts, where the dynamics of water
uptake varies greatly - from stagnation to a camtirs flow. The determinations can be
carried out directly on-site. As a result, it isgdo determine the necessary time required
for the backwashing of internal networks, whichtdaa rapid improvement in the hygienic
conditions and reduction of human exposure to étheak.

The research conducted in Poland in the years 2008-focused on the possibility of
using ATP analyses to determine microbiologicallyimin of intake and treated water,
water in the supply system and water in the infeimsallations of public utility buildings.
The findings were compared with the results ofsitzd plate count methods [8, 36].

Significant differences in the processes of wattake and treatment were observed at
underground and surface water intakes. The CcATP teobnranged between
0.6 and 14.5 pg cATP/chfor underground water at exploited water intakiés.value
exceeded 20.9 pg cATP/énin the unexploited wells. This diversification s¥® the
influence that the well close-down has on the nfimiwmgical pollution. The content
usually rises during the removal of iron and marmganin the course of underground water
treatment. At the same time no increase in hetgpbic bacteria is observed. However,
autotrophic bacteria (nitrifying, iron, manganesesolphur ones) inhabiting the filter bed
can get into the filter leachate. In water suppistems these microorganisms can form the
biofilm on the water pipe walls or act as a growttedia for the forming biofilm.
Consequently, water quality deteriorates. The obthiresults also indicate risks related to
the microbiological water pollution occurring aetplant in which units for water intake
and treatment are inappropriately disinfected. TAEP value in water after filtration
sometimes considerably exceeds the content observad water [8].

The changes in the cATP content during surface mtagatment were different. Its
total content in the intake water was 66.5 pg cAf/ A complex treatment process,
containing sedimentation, intermediate ozonati@mventional coagulation and activated
carbon water filtration, was used. After the tremtinwas completed, the indicator value
dropped to 5.6 pg cATP/dmit was disinfection with chlorine and proper aittime that
reduced the value to 0.6 pg cATP/d8].

Interesting results were obtained during deternionatof cATP in the water supply
system. The analysis of the results presentedrsiondaates that the farther it is from the
water treatment plant, the more cATP content ridésis particularly notable for
significantly long systems that supply low watercamts. The obtained cATP values help
to determine “black spots”, ie places in which rmhplogical pollution should be
expected. It is the effect of the biofilm growing the supply system. The water pipe age
and material contribute to the biofilm growth. Gémt materials used for water pipe
production can contribute to the release of chemmampounds (eg copper, iron,
phosphorus) that intensify the biofilm growth [3&-49].
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Usable hot water

The occurrence dfegionella pneumophila in usable hot water is one of the major risks
related to internal water networks. The bacterd@iferate at 20-45°C and occur mainly in
the aqua-air aerosol. People who work or stay #ced such as hydrotherapy spas,
swimming pools or car washes can easily contractillaass. The reports show that
approximately 20% of cases occur in individual tehaids equipped with tank water
heaters (boilers) egionella pneumophila are contained in the biofilm that grows in pipes,
tanks, etc. Consequently, hot water installationspublic utility facilities (hospitals,
residential care homes, etc) are highly exposedh&r occurrence. The mandatory
regulation of the Polish Ministry of Health impost® obligation ofLegionella water
testing on such facilities. The provisions in fortate that théegionella content in water
should be lower than 100 CFU/100%rfihe determination dfegionella sp. in hot water is
also related to the long incubation time. It se¢mad ATP is a useful indicator for routine
control [50, 51].

The tests conducted so far seem to prove the mattibty. For the majority of
compared tests, the cATP content in heated watermaech higher than that in cold water
from the same water intake point. The ATP contarthe centrally supplied hot water was
between 2.17 and 3.28 pg cATPFin the hot water installation commissioned shortly
before the tests. The ATP content in cold waterpasnfrom the same intake point was
0.37-0.39 pg cATP/cin The high values, which considerably exceeded gd0ATP/cni,
were also observed in hot water in the examinedPblospital buildings. The cATP assay
seems particularly useful for facilities in whickvices are periodically supplied with hot
water, such as hotels or holiday centres [8].

Using ATP assays to assess waste water treatment plant performance

ATP tests can be supplementary to standard anabfseastewater treatment. On one
hand, they enable rapid assessments of treatmenesy effectiveness, activated sludge
condition and treated wastewater quality. On theewotand, they allow evaluating the
toxicity of pollutants brought into a wastewateratment plant. They can also be useful in
the period of the activated sludge adaptationécctianging substrate [7, 52, 53].

The evaluation of the toxic effects of the wastawaupplied to the treatment plant
can be made in both technical and laboratory stiaske assumed that only part of ATP can
occur in the form of dissolved, extracellular AT®A{TP) in this kind of wastewater. The
ratio of the dissolved ATP (dATP) to the total ARRTP) is known as the Biomass Stress
Index (BSI) given by:

BS (%)= % [100%

According to the test authors, the BSI value beli¥b is typical for good-quality
wastewater that should not contain toxic substanthe BSI of 75% is a situation that
requires corrective actions [15].

Two indicators based on the ATP analysis are recemd®d for the assessments of the
state and condition of biomass in a bioreactor. Titet is the BSI, in which action
thresholds are changed to 30 and 50%, respectiVbtyother one is the number of bacteria
remaining in the Active Biomass RatidRR), given by
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ABRY6)= VS 06
TSS

where: AVSS - Active Volatile Suspended Solids; represents tibtal mass of living
organisms contained in the sample; the contenfdfxin the suspended solids, calculated
according to the formulaAVSS = cATP - 0.5 mg/cm. Where 0.5 is a conversion factor
from ATP concentration to dry biomass concentrat{@anbiomass population contains
250 parts of biomass carbon per 1 part of intratell ATP and that biomass is
approximately 50% carbon on a dry basiSS- Total Suspended Solids [mg/dm

For a well-working reactor, the ABR is higher tha6%. The value below 10%
constitutes a threshold for which corrective actiane necessary. The higher the ABR is,
the better sludge settling characteristics are. Gdst working conditions of the reactor are
achieved when the BSl is as low as possible wheahea#\BR is as high as possible at the
same time [15].

The research into the substrate toxicity and ttegptadion of the activated sludge to the
changing substrate is conducted in the laboratorsemi-technical scale. The assessment
concerns analysing the correlations between cATPd&TP and between these two forms
and tATP. A sudden increase in dATP coupled witmutianeous decrease of cATP
indicates that there are agents in the substrateattiversely affect the treatment process.
The coefficients given by the above-mentioned a#pendences can be also used for the
evaluation. In such a case, the ATP test can rem#ter, more time-consuming analyses.

The content of free bacteria in treated wastewfatend at the outlet of the secondary
precipitation tank is one of the indicators for fhper bioreactor operating. The value
ought to be as low as possible [54, 55]. The miwp& examinations of such bacteria can
be replaced with the cATP analysis. Such an act@ms to be easier to perform, while the
results are more comparable than those obtainddmitroscopic methods.

Environmental research

Some studies indicate that it is possible to agPly tests to the analyses of water
quality in rivers, streams and stagnant water veses. Nonetheless, there have been no
reports that describe such applications so far. Jdwesibility for determining both cATP
and dATP seems to predispose the test to the ods@atn phases of phytoplankton and
zooplankton growth in stagnant water [56].

Summary and conclusions

The necessity for rapid identification of hygierisks requires the introduction and
improvement in testing for determinations of midedand organic contamination. Among
rapid biochemical methods, the ATP test is becomioge and more important. It can be
used as a tool for industrial applications inclgdifiood industry, monitoring of
environmental risk, hygiene monitoring, process ahihking water control, biomass
content control in water distribution networks, sednd treatment stations, reservoirs and
air-conditioning systems. It can also be applieganfy the cleanliness of products such as
cosmetics, pharmaceutical substrates, paints tetanl be also employed to determine the
condition of the activated sludge and the toxieetficaused by chemical agents present in
active sludge [4-6, 8, 19].

The advantages of the ATP test include: short tohéhe sample analysis (a few
minutes) in comparison with traditional methodse tfossibility of doing the tesh situ;
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test performance simplicity; usefulness for preseperational actions; immediate
assessment of the risk and taking proper remedialre [7, 19, 57]. On the other hand, the
ATP assay is not a specific test. It does not g®udrecise information on particular
pollutants. In a water sample the ATP test allowifmlicating all microorganisms in the
sample - heterotrophic and autotrophic bacteriastyemolds, algae, protozoa. Whereas
in a food industry the ATP assay provides inforomtabout the organic and microbial
contamination. [6, 19, 58].

The review of the available data indicates that A&Bays can be supplementary to
classic microbiological research methods. They peaticularly useful for present
operational actions. The possibility of obtainirggults in the field conditions is the basis
for decision-making and risk management in theglabere the risk appears.
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