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Summary

Assimilable organic carbon (AOC) and biodegradable dissolved organic
carbon (BDOC) are the two best-known parameters used for the assessment
of regrowth potential and biological stability of drinking water. This report
compares the different methods for AOC determination used by the different
TECHNEAU partners on a theoretical basis. The data in the report is
structured around a questionnaire that was completed by 10 TECHNEAU
partners including 3 end-users, regarding their use of AOC and/or BDOC
assays. Only 3 basic AOC methods are used, namely the Dutch Standard
Method (a.k.a., the van der Kooij assay), the Werner and Hambsch method
and the Eawag method. Some variations of the Dutch Standard Method are
used. In this respect, one group utilises this method in combination with ATP
analysis, which was discussed as a separate method for the purpose of the
current report. The key differences between the various assays are the
methods for assessment of growth in the assays (plating, ATP analysis,
turbidity and flow cytometry) and the conversion of the measured data
(growth/biomass) to AOC. The report concludes that direct comparisons of
AOC data should be limited to studies that use the same defined carbon
substrate to derive conversion values used in the assay. Otherwise,
comparisons are only possible within a data set collected at one location with
one method. As such, this report highlights the need for detailed
experimental comparisons between different methods and approaches for
AOC assessment.
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1 Introduction

1.1 Background: what are regrowth assessment assays?

Only a small fraction of the total organic carbon (TOC) in drinking water is
utilisable by bacteria (Figure 1.1) (Escobar et al., 2001). However, this fraction
is of particular interest for drinking water researchers and practitioners, since
unwanted degradation of these compounds will lead to proliferation of
bacteria in treatment and distribution systems. Unwanted bacterial growth
has known risks/problems, such as biofilm formation, biofouling and
associated problems (Lee et al., 1980; van der Kooij, 2000). Although not
limited to this situation, this is of particular importance in several European
countries where either no post-treatment disinfection is applied, or where at
least no disinfectant residuals are present in the water (van der Kooij, 2000;
Hambsch, 1999). As a consequence, treatment plants are often designed with
specific treatment steps that alter biodegradability of organic carbon. For
example, ozonation increased the biodegradability of organic carbon, while
biological activated carbon (BAC) filters are designed to remove this fraction
(Hammes et al., 2006). Hence, to monitor control and optimise these systems,
it is important to quantify the biodegradable fraction accurately.

Total Organic Carbon (TOC)

@ Particulate Organic Carbon (POC)

\4

Dissolved Organic Carbon (DOC)

|—> Recalcitrant fraction

\

Bio-available fraction

— [ . |

\ v
Assimilable Organic Carbon Biodegradable Dissolved Organic
(AOC) Carbon (BDOC)

Figure 1: Schematic overview of the different organic carbon fractions in
drinking water.
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1.2

Purpose of measuring AOC/BDOC: In a questionnaire completed by TECHNEA
partners, the two mai points raised with regards to reasons for measuring

available carbon fractions were to:

1. Explain/understand biofilm formation in distribution networks.

2. Assess biostability of water.

It is noted that although specific AOC threshold values im tlontext of biologica
stability has been reported, the experiences from different groups suggest that
not yet general consensus on this matter.

The bio-available fraction of organic carbon cannot be distinguished from the
recalcitrant fraction with existing analytical equipment (e.g. NOM
fractionation). This is partially due to the immense amount of various
individual carbon compounds that can occur in water at extremely low
concentrations (< 1 ug/L) (Miunster, 1993), combined with a lack of
knowledge on the biodegradability of various individual compounds. In
addition, microbial growth on complex carbon mixtures (as in drinking
water) may be different to growth on single substrates.

As a result, the bio-available fraction is typically assessed with biological
growth assays that consider the combined fraction of bio-available carbon
rather than individual compounds. These usually fall within two main
categories, namely biodegradable dissolved organic carbon (BDOC) assays
and assimilable organic carbon (AOC) assays (Volk, 2001). The AOC and
BDOC methods are conceptually similar: bacteria degrade the bio-available
carbon. The fundamental difference in the two methods is that BDOC assays
assess the concentration of DOC removed through microbial growth (usually
biofilm related growth), while AOC assays usually assess the amount of cells
produced through utilisation of bio-available carbon. The present report will
focus specifically on the AOC assays used in the TECHNEAU project. For
further information on BDOC assays and general information on
biodegradable organic matter, see also the reports by Volk (2001) and Page &
Dillon (2007).

The original method for AOC detection was developed more than 20 years
ago (van der Kooij et al., 1982), and a variation thereof has been incorporated
in Standard Methods (Greenberg et al., 1993). However, several variations of
the method exist, as well as other similar methods. In total, about 15 different
AOC methods (or significant variations of existing methods) have been
promoted during the last 20 years (for example, see Volk (2001) and Page &
Dillon (2007)). One of these is a new method that has been optimised and
tested within the framework of the TECHNEAU project (Hammes and Egli.,
D3.3.1).

The basic concept of AOC assessment

AOC assays typically measure growth of an inoculum in a water sample from
which the natural bacterial community has first been removed/inactivated.
The inoculum grows until stationary phase (n = 0), with the principle that the
growing bacteria have assimilated all the AOC in the water. The net growth

A comparison of AOC methods used by different TECHNEAU partners
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of the bacteria is measured by various methods, and then converted to an
AOC (or AOC-equivalent) concentration (Figure 1.2).

Sample collection

Quenching of oxidation residuals
(chlorine/ozone)

Inactivation/removal of autochtonous
bacteria

Inoculation with (a) test-culture(s)

v

Incubation untill stationary phase is
reached

\

Measurement of cell concentration (or
equivalent)

v

Convertion of cell concentration to
carbon concentration with converison
factors

Figure 1.2: Schematic overview of the basic steps in an AOC bio-assay. Note
that variations can apply for each individual method, while some methods
have additional steps not included herein. Dotted lines denote typical by-pass
options.

A comparison of AOC methods used by different TECHNEAU partners
© TECHNEAU -5- July 13, 2008



1.3

Different AOC methods target the improved detection of AOC, and the
streamlining of existing approaches for making detection faster and easier to
perform. It should, however, be noted that all the methods are rather similar,
and all follow the basic principle proposed by van der Kooij (1982), i.e.,
measuring growth of bacteria on AOC. The most significant differences in
methods are those that utilize natural microbial communities (Werner and
Hambsch, 1986; Stanfield and Jago, 1989; Hammes and Egli, 2005) opposed to
the pure cultures. In addition, the largest impact on the result arise from
different analytical methods for measuring growth (e.g., plating, ATP,
turbidity, flow cytometry, luminescence), and the conversion factors that are
used to derive AOC concentrations from cell /biomass concentrations.

The exception to the basic AOC method listed above is a commercially
available AOC kit that is marketed by the company Checklight (see
www.checklight.il). This product uses the luminescence response of two
organisms (both Vibriospp) to quantify the AOC in a water sample. However,
in this case growth is measured as an immediate luminescence response (c.a.
3 h), rather than actual growth until stationary phase. As little information is
available on this method in peer-reviewed literature, and since none of the
TECHNEAU partners currently use it, it will not be discussed further in this
report.

Purpose of this report

The purpose of this study was to identify the different regrowth methods
used by various TECHNEAU partners and related end-users, and to compare
the technical aspects of the individual methods on a theoretical basis. The
focus is specifically on AOC methods. This information should help
prospective users to understand the purpose of the various methods, the
results that can be obtained, and how the results can be
interpreted/compared. To this end, we have solicited the help of various
partners in completing questionnaires on their use of AOC methodology.

A comparison of AOC methods used by different TECHNEAU partners
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2 AOC methods used by TECHNEAU
partners

2.1 The Dutch Standard Method

Also known as:
The “van der Kooij” assay; NEN 6271 (1995)

Concise method description:

This bioassay quantifies the concentration of bacterial cells that grew batch-
wise on the AOC in a given water sample. This is usually measured as the
number of colony forming units (cfu) at stationary phase (when no further
growth occurs). Pure cultures of Pseudomonas fluorescensteain P-17 and
Spirillum strain NOX are most often used as test organisms, although other
strains and combinations of strains have been proposed before. After
inoculation (prescribed at 500 cfu/mL), the water sample (600 mL) is
incubated at 15 °C for 9 days, and microbial growth is quantified on day 7, 8
and 9 with plating on nutrient agar (incubation time and temperature can
vary). The result (average net growth) is thereafter related to the growth of
the test organisms on pure solutions of acetate (P-17) or oxalate (NOX) by
means of pre-derived yield values, and the final result is given as acetate-C
equivalents (Greenberg et al, 1993). The method has a detection limit of about
10 ug/L acetate-C equivalents.

Method is/was used by:
KIWA (NL), TU Delft (NL), Het Water Laboratorium (End-user, NL), TZW-
Dresden (DE), NTNU (NO), LNEC (PT), RTU (LV)

Selected references from users:

J Van der Kooij, D., Visser, A., Hijnen, W.A.M. (1982) Determination of
easily assimilable organic carbon in drinking water. Journal of the
American Water Works Association, 74, 540 - 545.

J Lehtola, M., Juhna, T., Miettinen, 1., Vartiainen, T., Martikainen, P.
(2004) Formation of biofilms in drinking water distribution networks; a
case study in two cities in Finland and Latvia. Journ. Industrial
Microbiology and Biotechnology, 31: 489-494

. Wricke, B., Korth, A., Petzoldt, H,, Krtiger, M. Change of bacterial water
quality in drinking water distribution systems working with or without
low chlorine residual. Water Science and Technology: Water Supply 2
(3) (2002), 275-281.

. Hem, L. J. and Efraimsen, H. (2001). AOC in MW fractions of NOM.
Water Research, 35(4), 1106-1110.

J Aa, LT] van der, Magic-Knezev, A,Rietveld, LC, & Dijk, JC van (2006).
Biomass development in biological activated carbon filters. In R Gimbel,
NJD Graham, & MR Colins (Eds.), Recent progress in Slow Sand and

A comparison of AOC methods used by different TECHNEAU partners
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2.2

23

Alternative Biofiltration Processes (pp. 293-302). Mulheim an der Ruhr:
IWA Publishing.

Comment: This method is the oldest and most established AOC method, wi
advantage that many resuleseavailable in peereviewed literature. In addition, th
method can be performed in a standafzbratory and requires no specific equipm
As a disadvantage, several users consider the method laborious and too slow
14 days for results). Several variations of the method exist.

The Dutch Standard Method with ATP variation

Similar to the above, but in smaller vials and at room temperature, the ATP-
based method uses ATP analysis to quantify growth in the sample
(LeChevallier et al., 1993). Rapid ATP-analysis is used presumably because it
circumvents laborious plating methods (analysis takes minutes instead of
days), while the increased incubation temperature means that the stationary
phase in bacterial growth is obtained faster. However, ATP-analysis
introduce an additional conversion factor (or factors) to convert ATP to cell
concentrations (LeChevallier et al., 1993), while uncertainty can exist on
which conversion factor to be used for which organisms.

Used by:
EPAL (End-user; PT)

Selected references from users:

J LeChevallier, M.W., Shaw, N.E., Kaplan, L.A. and Bott, T.L. (1993)
Development of a rapid assimilable organic carbon method for water.
Applied and Environmental Microbiology 59(5), 1526 - 1531.

Comment: This method should essentially produce similar results to the pia
based method (above), but without the delay of walitimgplating results. The
method requires equipment for rapid ATP analysis (usually a luminometer).
disadvantage, the use of ATP as determination method and the conversion of
biomass can affect the outcome.

The Werner & Hambsch method

Also known as:
Bacterial Regrowth Potential

Short description:

The method is based on correlation between turbidity and total bacterial cell
number (TCN) after growth of an inoculum in the target water sample. The
sample is filter-sterilized, placed into a cuvette (250 mL), and a sterile nutrient
salt solution containing no carbon is added. The sample is inoculated to about
5 x 10* TCN/mL with a suspension of bacteria washed from the sterilizing
filter, and the cuvette is incubated in a specially modified turbidimeter at

A comparison of AOC methods used by different TECHNEAU partners
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approximately 22 °C. Turbidity, by applying 12-degrees forward scattering on
a specifically designed instrument, is measured every 30 minutes for 2 to 4
days, until stationary phase is reached. The growth curves are plotted as
logarithm of turbidity versus incubation time. The slope of the curve gives the
growth rate (i) and is an indicator of substrate quality and the growth factor
indicates the substrate quantity. Moreover, acetate-C-equivalents are
calculated from the turbidity increase with the turbidity yield on acetate-C.
The bottom detection limit is 10 pg/L acetate-C-equivalents. Also, DOC-
removal and total cell number increase are analyzed at the start and at the
end of the experiments.

Used by:
TZW-Karlsruhe (DE)

Selected references from users:

. Hambsch, B., Werner, P.,, Frimmel, F. H. Bakterienvermehrungs-
messungen in aufbereiteten Wassern verschiedener Herkunft. Acta
hydrochim. hydrobiol. 20:1, p. 9-14 (1992)

: Hambsch B., Werner P. The removal of regrowth enhancing organic
matter by slow sand filtration. In: Advances in slow sand and
alternative biological filtration. John Wiley & Sons, p. 21-27 (1996)

J Cao Miiller, K., Forster, R.,, Gammeter, S., Hambsch, B. Influence of
ozonated cyanobacteria on bacterial growth in rapid sand filters. In:
Journal of Water Supply: Research and Technology - AQUA, 52.5, p.
333-340 (2003)

. Hambsch, B. Distributing groundwater without a disinfectant residual.
Journal American Water Works Association Vol. 91, Issue 1, p. 81-85
(1999)

Comment: This method haselen in use for a considerable period at TZW (DE).
advantage of the method is that it produkieetic information (specifically growtt
rates (relating to AOC quality) anddditional values lik®©OC removaland increast
of total cell numbgr The disadantage is a need for spedeli equipmen
(turbidimeter) and a limited number of samples that can be processealtahen

The Eawag method

The Eawag-AOC method consists of filtering the target water sample with a
0.2 pm syringe filter, inoculating the filtered sample with a pre-cultured
natural microbial community, incubating the sample at 30 °C until the
growing bacterial culture reaches stationary phase, staining the grown cells
with a fluorochrome and counting the bacteria with flow cytometry. The
Eawag method allows the measurement of AOC at high speed (48 - 72 h),
high accuracy (< 10 % standard deviation), high sensitivity (bottom detection
limit of about 10 ng AOC/L and high throughput (20 - 30 samples in
triplicate are feasible for processing per day).

Used by:
Eawag (CH), Zurich Waterworks (End-user, CH)

A comparison of AOC methods used by different TECHNEAU partners
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Selected references from users:

. Hammes F. A., Egli, T. (2005) New method for assimilable organic
carbon determination using flow-cytometric enumeration and a natural
microbial consortium as inoculum. Environmental Science and
Technology, 39, 3289 - 3294.

J Hammes, F., Salhi, E., Koster, O., Kaiser, H. P., Egli, T., von Gunten, U.
(2006). Mechanistic and kinetic evaluation of organic disinfection by-
product and assimilable organic carbon (AOC) formation during the
ozonation of drinking water. Water Research 40, 2275-2286.

J Vital M., Fuchslin H., Hammes F. A. Egli T. (2007) Growth of Vibrio
choleragD1 Ogawa Eltor in freshwater. Microbiology SGM, 153, 1993-
2001.

Comment: The Eawag method is the shoecent of the above methods, and has
optimisedand tested as part of the TECHNEAU project. Advantages of the m
are the high throughput of samples (c.a. 20 samples in triplicate per day), allo
the use of flow cytometry. Disadvantagestaseneed for specialised equipment (f
cytometer) and variability that can come from the use of natural micr
communities.

A comparison of AOC methods used by different TECHNEAU partners
© TECHNEAU -10 - July 13, 2008



3 Direct comparison

Comparison of the key aspects of the different AOC assays used by

Table 3.1

the TECHNEAU partners.
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Glassware preparation

This is a crucial preparation step in AOC bio-assays, since the slightest
contamination can influence results profoundly. However, all groups
that are using different glassware cleaning methods expressed
satisfaction that the necessary degree of cleanliness was attained with
the various methods.

Bacterial inactivation/removal

The Dutch Standard Method uses pasteurisation, but differences were
reported in both the temperature range (65 - 70 °C) and exposure time
(30 - 60min) for different users.

Both the Werner & Hambsch method and Eawag method uses filtration
(0.22 um) to remove cells which would otherwise interfere with the
turbidity or flow cytometry detection. This is not a sterilisation step, as
it has been shown previously that a significant percentage of cells
passes through 0.22 um filters and are still able to grow afterwards
(Wang et al., 2007; 2008). However, both these AOC methods uses
autochthonous microbial community as inoculum, hence no negative
impact is expected from a few cells passing the filtration step.

When filtration is used, extreme care should be taken with the
washing/preparation of the filters, as significant carbon contamination
can come from these. In addition, control samples should be exposed to
similar treatment.

Important: Filtration is an essential step for both the WergeHambsh
method and Eawag method. However, for the reason stated above, fi
cannot be used when pure cultures are used as inocula since a high pro
exist that the samples would be contaminated with autochthonous ba
Recently, Vital etal. (2007; 2008) showed the combination of pasteuris
and 0.22um filtration to be effective when pure cultures are cultivateg
natural waters.It is also possible that pasteurisation changes the org
carbon and produce additional AOC.

Mineral addition

Most groups have cited this as an optional tool. In countries where the
water is carbon-limited (e.g. Switzerland) this has very little influence.
In some countries where the water is limited by inorganic nutrients (e.g.
Latvia) this can have profound influences. Mineral addition is typically
in the form of a phosphate-based buffer, although some groups have
used complex mineral solutions as well.

Inoculum

The AOC assay is a biological assay, hence the inoculum is a specific
determining factor to the outcome of the assay. The Dutch Standard
method uses two organisms in concert, namely Pseudomona®17 and
Aquaspirillum NOX. The Werner & Hambsh method and Eawag method
use natural microbial communities. The advantage of pure cultures are
that they are well characterised and that they usually display uniform
growth behaviour. The argument in favour of natural microbial
communities is, that it offers in theory a broader specific substrate

A comparison of AOC methods used by different TECHNEAU partners
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range, compared to pure cultures. Up to now, this as not been shown in
detail yet.

Important: The choice of inoculum also influences the choice of det

method. When a natural community is used, plating cannot be use
detection. ATP, scatter and flow cytometry work with both naty
communities and pure cultes.

Incubation temperature and time:

The importance of time and temperature is that the inoculum should be
allowed to grow (consume AOC) until stationary phase is reached.
These are two parameters that vary considerably between different
methods (15 - 30 °C; 60h - 14 days), with colder incubation temperature
typically requiring longer incubation times. However, experiments at
Eawag and published in literature suggest little difference in the
outcome of the result at different temperatures (Hammes and Egli, 2005;
Greenberg et al., 1993; LeChevallier et al., 1993).

Detection method:

The method of detection should in theory not influence the final result
significantly. While loss of culturability/viability in stationary phase
could in theory influence both ATP and plating results, this was not
reported as a problem by any of the groups. Plating is considered time
consuming ad laborious by most groups. ATP can differ between the
two pure cultures and growth phase (LeChevallier et al., 1993),
although EPAL uses only a single conversion factor for both strains
combined in the assay (1.65 X 102 mol ATP/cell).

Turbidity (12 °C forward scatter; TZW) measures biomass/biovolume
and not only the cell concentration. This might be a more valuable
parameter as the true assimilation of carbon is reflected by the
combination of cell size and cell concentration (as would be detected
with turbidity). The disadvantage of this is that specific equipment is
required.

Flow cytometry offers the advantages of bulk processing (c.a. 3 min per
sample) and accurate quantification (c.a 5 % error), and is equally
compatible with natural microbial communities and pure cultures as
well. Although flow cytometric cell concentration data (cells/mL) can
be converted to average biomass, this requires complex calibration of
the instrument.

Important: As above, the choice of detection method is linked to the n
and to some extent to the choice of inoculum. Plating cannot be use
natural microbial communities, but all other methods esmpatible with bott
natural communities and pure cultures. The turbidity and flow cytome
methods, and to a lesser extent the ATP method, require substantial inve
in instrumentation compared to the plating method.

Conversion factors and data expression

AOC assays measure bacterial growth, expressed as changes in
turbidity (12° forward scatter), cell concentration (plating, flow

A comparison of AOC methods used by different TECHNEAU partners
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cytometry) or ATP concentrations. The established trend is then to
convert the bacterial growth data to “assimilated carbon equivalents”
(ng-C/L or similar).

. Dutch Standard Method: This method converts cell concentrations to
acetate-C-equivalents using established conversion values for each
organism. While most groups are using the published conversion
values for P17 and NOX (Greenberg et al., 1993), some groups have
preferred to measure and use their own in house conversion values.
These values tend to be more or less similar to the conventional values.

. Werner & Hambsch method: This method converts turbidity to acetate-
C-equivalents based on experimentally determined yield data (turbidity
yield on acetate).

. EPAL converts ATP concentrations to cell concentrations using the
ATP/cell values proposed by LeChevallier et al. (1993), and then
convert these estimated cell concentrations further to AOC
concentrations using the proposed conversion values of van der Kooij

(Greenberg et al., 2003).

. Eawag converts cell concentration (cells/mL) to AOC concentrations
(ug/L) using a theoretical conversion value of 1 pg C =1 x 107 cells
(Vital et al., 2007).

Important: Conversion is probably one of the more contentious issues in
assays. One option is indeed for all assays to convert to acatats
equivalents, though it is questionable whether conversion to a single sut
is the correcapproach to reflect growth in complex environments.

A comparison of AOC methods used by different TECHNEAU partners
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4 Discussion

Can AOC data derived from different methods be compared directly?
The essential question regarding methodological differences is: if a water
sample was collected and treated in an identical manner (same glassware,
identical quenching and mineral addition procedures), and then subjected to
the different AOC methods, would a similar final AOC result be obtained or
not? A comparison of the methods suggest two key aspects that influence the
outcome of the different assays:

1. Inoculum Natural microbial communities might display different
utilisation of AOC compared to pure cultures, and selection might occur
during growth, depending on the substrates. Up to date, little
comparative data exist in this regard, although comparison between the
Dutch Standard Method and the Werner & Hambsch method has shown
relatively similar results (Hambsch, personal communication).

2. Conversion valuesProbably the biggest single drawback with regards to
direct comparison of AOC data is the conversion of biomass
measurements to assimilated carbon concentrations. It would be an
option to suggest that all AOC data should rather be expressed as cell
concentrations, biomass or turbidity data, since these are in fact the
parameters that are actually measured. This would unfortunately also
leave the different methods incompatible. Also, a vast amount of data on
AOC, expressed as carbon-equivalents, is already in existence in peer-
reviewed literature. Hence, it appears practical to convert biomass values
to AOC concentrations if a comparison with existing data is required,
although in this case it would only be possible if the same defined carbon
substrate is used to derive the required conversion values.

It is apparent that as long as the question of conversion remains unresolved

(and in the absence of a detailed set of experimental data), direct comparison

between AOC data should be approached with caution, and AOC data would

serve more value for comparison within a data set collected on one location
with one method.

However, it is clear that as a minimum requirement, all AOC methods should
at least be able to detect the presence of a well-described, typical AOC
substrate correctly. Acetate has been used often in this regard, and the
inclusion (and subsequent reporting) of an acetate positive control in all
experimental data is advocated. Even though this would not rule out
methodological differences that can arise when complex mixtures of natural
AOC are analysed, it would provide a first basis of quality assurance from the
various methods. It is, however, evident that a detailed experimental
comparison of different methods is required to validate the direct comparison
of AOC data generated from different methodological approaches.
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