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The degree to which a water sample can potentially support the growth of human pathogens was evaluated.
For this purpose, a pathogen growth potential (PGP) bioassay was developed based on the principles of
conventional assimilable organic carbon (AOC) determination, but using pure cultures of selected pathogenic
bacteria (Escherichia coli O157, Vibrio cholerae, or Pseudomonas aeruginosa) as the inoculum. We evaluated 19
water samples collected after different treatment steps from two drinking water production plants and a
wastewater treatment plant and from ozone-treated river water. Each pathogen was batch grown to stationary
phase in sterile water samples, and the concentration of cells produced was measured using flow cytometry. In
addition, the fraction of AOC consumed by each pathogen was estimated. Pathogen growth did not correlate
with dissolved organic carbon (DOC) concentration and correlated only weakly with the concentration of AOC.
Furthermore, the three pathogens never grew to the same final concentration in any water sample, and the
relative ratio of the cultures to each other was unique in each sample. These results suggest that the extent of
pathogen growth is affected not only by the concentration but also by the composition of AOC. Through this
bioassay, PGP can be included as a parameter in water treatment system design, control, and operation.
Additionally, a multilevel concept that integrates the results from the bioassay into the bigger framework of
pathogen growth in water is discussed. The proposed approach provides a first step for including pathogen
growth into microbial risk assessment.

Pathogenic bacteria can survive and also grow in low-
nutrient aquatic environments, such as surface waters or
man-made water treatment systems (2, 17, 30). Studies on
pathogen survival and/or die-off (including disinfection) in
water are common, but little is known about the fundamen-
tal factors governing their growth in the environment (34,
35). Understanding the growth of pathogenic bacteria in
aquatic ecosystems is essential for a holistic approach to
microbial risk assessment as well as for improving drinking
water treatment design and operation.

A key factor governing growth of all organisms is nutrient
availability. All human pathogens are heterotrophs, utilizing
organic compounds as their carbon and energy source. Natural
organic matter in water comprises a broad spectrum of many
different compounds; it is usually determined as a bulk param-
eter, such as dissolved organic carbon (DOC). Only a fraction
(0.1 to 44%) of this DOC pool is readily available for bacterial
growth (18, 33). This bioavailable fraction is quantified using
bioassays, such as the biodegradable dissolved organic carbon
(BDOC) assay (27) or the assimilable organic carbon (AOC)
assay (31). Typically, AOC represents small molecules readily
available for growth, whereas BDOC can also include larger
molecular compounds, which require predegradation before
they can be taken up by microbial cells. Results from both of
these assays are commonly used as indicators for bacterial
growth potential and have previously been associated with

regrowth and biofilm formation in drinking water distribution
systems (7, 20, 32).

Previous studies have pointed toward an apparent correla-
tion between the concentration of AOC and the presence of
enteric bacteria. For example, during two large surveys of
drinking water treatment systems across North America, the
occurrence (presence/absence) of coliform bacteria was found
to be elevated above an AOC concentration of 100 �g liter�1

(4, 21). Other studies also found that AOC concentrations
were directly correlated to growth of pathogenic bacteria (30,
34, 35). However, AOC is a bulk parameter, which includes
many different substrates (e.g., amino acids, sugars, and fatty
acids) readily available for heterotrophic growth. Hence, its
composition can differ distinctly, and it is assumed that every
aquatic environment carries a complex and unique “finger-
print” of utilizable organic carbon compounds (22). Moreover,
the spectrum of growth-supporting substrates (carbon com-
pounds) of individual bacterial strains is specific—a fact also
used for the classification of bacteria for taxonomic purposes.
This principle has been integrated into conventional AOC
assays, where the specific substrate spectrum of different pure
cultures can be used to quantify different types of compounds
present in water (26, 33). The term “pathogenic bacteria” is a
collective term for many different bacterial species that can all
cause disease in humans but their individual substrate spectra
are unique for each species. Thus, we have hypothesized that
the total concentration of AOC alone is not a sufficient param-
eter for describing the growth potential of pathogenic bacteria;
the quality of the available carbon compounds has to be con-
sidered as well.

There is no existing method that is capable of fractionating
organic carbon in a way that allows for the quantification of
individual compounds that support growth of specific patho-
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gens. In this study, we have developed a pathogen growth
potential (PGP) assay by combining the conventional AOC
assay (31) with flow cytometric quantification of bacterial
growth (11) and using pathogens as inocula. The PGP assay
yields two main results, namely, (i) the extent of pathogen
growth, and (ii) the relative fraction of AOC consumed by a
pathogen. With this approach, we investigated the growth po-
tential of three model pathogens from three different genera,
namely, Escherichia coli O157, Vibrio cholerae O1, and Pseudo-

monas aeruginosa, in a broad range of water samples, differing
considerably in their origin and quality.

MATERIALS AND METHODS

Bacterial strains used and precultivation. The verotoxin-negative Escherichia

coli O157 (NENT 2540-04; National Centre for Enteropathogenic Bacteria

[NENT], Lucerne, Switzerland), Vibrio cholerae O1 Ogawa biotype El Tor

(NENT 720-95), and Pseudomonas aeruginosa (BCCM/LMG 14073; University

of Ghent, Belgium) were kept at �80°C before use. The cryocultures were

streaked onto tryptic soy agar plates (Bio-Rad, Reinach, Switzerland) and incu-

bated for 24 h at 37°C. One colony was transferred with a loop into Luria-Bertani

(LB) broth (10 g liter�1 tryptone [Applichem, Darmstadt, Germany], diluted 10

times 5 g liter�1 yeast extract [Biolife, Milan, Italy], 10 g liter�1 NaCl [Fluka

Chemie AG, Buchs, Switzerland]), and the culture was incubated overnight at

37°C. Cells from this overnight culture (initial concentration of 5 � 103 cells

ml�1) were transferred into LB medium diluted 10,000 times, incubated for 4

days at 30°C until the cells reached stationary phase and subsequently used as

inoculum. Fresh inocula were prepared for each experiment.

Preparation of carbon-free materials. Carbon-free bottles (Schott, Mainz,

Germany) and vials (Supelco, Bellefonte, PA) were prepared by the method of

Hammes and Egli (11). In short, all glassware was first washed with a common

detergent and thereafter rinsed three times with deionized water. Then the

glassware was submerged overnight in 0.2 N HCl and subsequently rinsed with

deionized water again and air dried. Finally, the bottles and vials were baked in

a Muffel furnace at 500°C for at least 6 h. Teflon-coated screw caps for the

glassware were washed and treated identically with acid (0.2 N HCl). Caps were

thereafter soaked in a 10% sodium persulfate solution (60°C, 1 h), rinsed three

times with deionized water, and finally air dried.

Water samples. A list of the 19 water samples used in the present study is given

in Table 1. Two different full-scale drinking water treatment plants (plants A and

B), one wastewater treatment plant, and river water (Glatt River, Dübendorf,

Switzerland) were included in this study. The river water was treated with ozone

(5 mg liter�1) for different time periods, resulting in ozone exposures (ct values)

of 0, 1, 5, and 10 mg min liter�1 and subsequently quenched with nitrite before use.

Sampling and sterilization. Water samples (500 ml) were collected in a car-

bon-free flask (Schott, Mainz, Germany) and closed with a carbon-free Teflon

cap. To quench the remaining oxidant in waters treated with ozone or chlorine,

nitrite (double the molar concentration of the oxidant) was added to the flask

before sampling. The samples were then prepared by the method of Vital et al.

(35), i.e., pasteurized (60°C for 30 min), filtered (0.2-�m Millex syringe filter

[Millipore, Billerica, MA]), and aliquoted (15 ml) into 30-ml carbon-free glass

vials (Supelco, Bellefonte, PA) in triplicate. Pasteurization was specifically in-

cluded in the procedure, since it was shown that 0.2-�m filtration still allows the

passage of a considerable fraction of bacteria present in freshwater (38). After

pasteurization, samples were filtered in order to remove particles, which can

interfere with the flow cytometric analysis. Syringe filters were prewashed with at

least 200 ml of carbon-free water before use in order to eliminate residual

organic carbon.

Pathogen growth potential (PGP) assay. Each pathogen was precultivated as

described above and separately inoculated into three vials, containing 15 ml of

the sterile sample (starting concentration of 1 � 103 bacteria ml�1). Three extra

vials served as a sterile control. Furthermore, AOC-free bottled mineral water

(Evian, France) was treated in the same way and inoculated with the individual

pathogens serving as a negative control to assess for possible AOC contamina-

tion. The inoculated water samples were then incubated at 30°C in the dark until

stationary phase was reached (up to 7 days). A schematic presentation of the

PGP assay is shown in Fig. 1. All vials were put into a sonication bath (Scherrer

AG, Wil, Switzerland) (35 kHz, 10 min) before analysis in order to dislodge

possible surface-attached bacteria into the liquid.

Flow cytometric measurements. Flow cytometry was used to determine the

final cell concentration and average biovolume after growth. A 10-�l aliquot of

SYBR green stain (Molecular Probes, Basel, Switzerland), diluted 100 times in

dimethyl sulfoxide (Fluka Chemie AG, Buchs, Switzerland), was added to 1 ml

of a bacterial suspension and incubated for 15 min at room temperature in the

dark before analysis. For outer membrane permeabilization, EDTA (pH 8) was

added (5 mM final concentration) to the sample together with the stain (1). If a

sample contained more than 106 cells ml�1, a dilution prior to the staining

procedure was done. All samples were measured on a CyFlow Space flow cy-

tometer (Partec, Münster, Germany) equipped with a 200-mW solid-state laser

emitting a fixed wavelength of 488 nm and equipped with volumetric counting

hardware. The trigger was set on the green fluorescence (520-nm) channel, and

signals for total cell counting were collected on the combined 520-nm/630-nm

(red fluorescence) dot plot. For cellular biovolume estimations, additional sig-

nals were collected on the combined 520-nm/side scatter (SSC) dot plot. An

experimentally derived correlation factor was then used to determine the cellular

biovolume (15). The quantification limit of the instrument was below 1,000 cells

ml�1 with an average standard deviation of less than 5% (14).

AOC determination. AOC was determined as described previously (11, 34).

This bioassay is similar to the PGP assay presented here; a water sample is

filtered, inoculated with bacteria from a natural bacterial community, and the

final cell concentrations are measured after 3 days using flow cytometry (11). In

this study, pasteurization of the water samples was included as well (as described

above). The bacterial community used for AOC determination consisted of

bacteria derived from river water (Glatt River, Dübendorf, Switzerland) and

TABLE 1. Parameters of the 19 different water samples analyzed in
this studya

Source and sample or
treatmentb

DOCc

(mg liter�1)
AOCd

(�g liter�1)
pH

Salinity
(�S)

DWTP A
RW 1.21 56 � 4 7.79 296
1. Oz 1.17 129 � 4 7.8 290
RSF 0.97 66 � 4 8.05 301
2. Oz 0.94 65 � 6 8.06 299
GAC � SSF 0.73 37 � 2 7.9 297

DWTP B
RW 20.9 395 � 46 7.82 514
1. Oz 21.4 520 � 20 7.6 293
RSF 9.40 67 � 15 6.78 344
2. Oz 7.25 177 � 2 6.57 337
GAC 6.45 66 � 5 6.51 341
Cl 7.04 75 � 22 6.71 341

WWTP
RW 33.6 5,497 � 730 7.16 649
Bio 3.56 349 � 23 7.17 657
Oz 3.38 753 � 38 7.14 623
SSF 3.15 424 � 18 7.86 633

Ozonated river water
RW 3.70 331 � 61 8.22 415
ct 1 3.70 439 � 32 8.13 468
ct 5 3.66 515 � 15 8.16 438
ct 10 3.71 525 � 39 8.14 434

a The water samples were always taken immediately after the treatment step or
process.

b The samples or steps in the treatment are as follows: for drinking water
treatment plant A (DWTP A), untreated (raw) water (RW); the first ozonation
(1. Oz), rapid sand filtration (RSF), the second ozonation (2. Oz), granular
activated carbon filtration and slow sand filtration (GAC � SSF); for drinking
water treatment plant B (DWTP B), untreated (raw) water (RW), the first
ozonation (1. Oz), rapid sand filtration (RSF), the second ozonation (2. Oz),
granular activated carbon filtration (GAC), and chlorination (Cl); for the waste-
water treatment plant (WWTP), biological wastewater treatment (Bio), ozona-
tion (Oz), slow sand filtration (SSF); for ozonated river water, untreated (raw)
water (RW) and oxidation (degree of oxidation) (mg � min/liter) (ct 1 to 10).

c DOC, dissolved organic carbon. The standard deviation for DOC measure-
ments was always �5%.

d AOC, assimilable organic carbon. The means � standard deviations are
shown.
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unchlorinated tap water (Dübendorf, Switzerland). The same community was

used for all experiments.

DOC determination. The total organic carbon (TOC) was measured based on

the combustion catalytic oxidation/nondispersive infrared analysis (NDIR)

method (TOC-V CPH; Shimadzu, Duisburg, Germany). Before analysis, samples

were filtered (prewashed 0.2-�m Millex syringe filter [Millipore, Billerica, MA]),

and the TOC was then referred to as DOC.

Data analysis and presentation. (i) “Growth potential”: net growth of patho-

gens. The growth potential in a water sample was measured as the final cell

concentration in stationary phase. A minimum increase of 1 � 103 cells ml�1 was

required for a result to be judged positive. The presented results are expressed

as net growth where the inoculum cell concentration was subtracted from the

final cell concentrations of individual water samples.

(ii) “AOC quality”: fraction of consumed AOC by the individual pathogens.

AOC assays normally estimate the amount of AOC from the concentrations of

cells produced. However, cells of the pathogenic bacteria used in this study are

considerably larger than those of a bacterial community (15, 35). Hence, relating

only the final cell concentration of the different pathogens to that of the bacterial

community used for AOC determination (see below) would underestimate the

growth of the pathogens (thus also AOC consumption) relative to the bacterial

community. Multiplying the average cell volume (�m3 cell�1) derived from flow

cytometric analysis with the final cell concentration yielded the estimated total

biovolume (�m3) for individual cultures (15). We then calculated the percentage

of AOC available for the pathogens by dividing the estimated total biovolume of

each pathogen with the estimated total biovolume of the bacterial community

used for AOC determination. Where the obtained value exceeded 100% (4 out

of 59 samples), we display this point as 100% in the figures.

Statistics. Correlations were derived from linear regression analysis and are

expressed as R2 values. A correlation was regarded as significant when the P

value was below 0.01. All correlations shown in Table 2 are also displayed as

figures (Fig. S2 to S4) in the supplemental material.

RESULTS

We modified an existing AOC assay (11) to assess the
growth potential of selected pathogenic bacteria in any water
sample (Fig. 1). In this bioassay, a water sample is tested with
respect to (i) the net growth of a pathogenic bacterium, mea-
sured as an increase in cell concentration, representing the
“growth potential,” and (ii) the fraction of AOC consumed by
a pathogen, representing the “AOC quality.” With respect to
the latter, “AOC quality” is not a compositional analysis of
individual AOC compounds but an expression of the accessi-
bility of AOC for a specific organism.

General overview of all data. We analyzed 19 water samples
from different locations. The DOC and AOC concentrations of
the different samples varied considerably, ranging between
0.73 and 33.6 mg liter�1 of DOC and 37 to 5,497 �g liter�1 of
AOC, respectively (Table 1), with AOC accounting for 0.7% to

up to 22% of the DOC. Overall, no significant correlation
(R2

� 0.08; P � 0.29; see Fig. S1 in the supplemental material)
between AOC and DOC was observed, which reaffirms that
mere DOC analysis is insufficient evidence of the general
growth potential of a water sample. Looking at all results in
general, the growth potential of E. coli O157 ranged from 0 to
2.87 � 106 cells ml�1 and the growth potential for V. cholerae

ranged from 0 to 1.35 � 107 cells ml�1, whereas P. aeruginosa

grew in all samples tested and its growth potential varied from
4 � 103 to 2.3 � 106 cells ml�1 (Fig. 2 to 5). There was no
significant correlation (P value always higher than 0.01) be-
tween DOC concentration and net growth of the pure cultures
(Table 2; see Fig. S2 in the supplemental material), whereas
the concentration of AOC, reflecting the fraction of nutrients
readily available for heterotrophic growth, could explain the
growth of the different pathogens better (Table 2; see Fig. S3
in the supplemental material). The correlations (R2) between
the growth potential and AOC ranged from 0.51 for P. aerugi-

nosa up to 0.88 for V. cholerae (Table 2; see Fig. S3 in the
supplemental material). From this, one can conclude that in
general, elevated concentrations of AOC also support en-
hanced pathogen growth.

However, it was only partly possible to predict the growth
potential of the individual pathogens using the concentration
of AOC. The data scattering along the regression lines was
considerable, with notable outliers (see Fig. S3 in the supple-
mental material). Furthermore, correlations (R2) between the

FIG. 1. Schematic overview of the developed assay investigating the growth potential of pathogenic bacteria in different water samples.
Abbreviations: FCM, flow cytometric measurement.

TABLE 2. Correlation (R2) between the growth potential of the
individual pathogens and the DOC and AOC concentration

for the 19 water samples analyzed in this studya

Parameter or
pathogen

R2 value for:

P. aeruginosa V. cholerae E. coli O157

DOC 0.03 0.12 0.24
AOC 0.51* 0.88* 0.55*
E. coli O157 0.47* 0.42*
V. cholerae 0.29
P. aeruginosa

a Due to the very high concentration of assimilable organic carbon (AOC) and
dissolved organic carbon (DOC), the results for raw wastewater were not in-
cluded in the calculation of correlations. The correlations shown here are also
shown in Fig. S2 to S4 in the supplemental material. Significant correlations (P �

0.01) are indicated by an asterisk.
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pure cultures with each other were poor, ranging from only
0.29 (V. cholerae versus P. aeruginosa) to 0.47 (E. coli O157
versus P. aeruginosa) (Table 2; see Fig. S4 in the supplemental
material), and the pathogen displaying the highest growth po-
tential was different for different samples. The three pathogens
never grew to the same concentration in any water sample, and
the relative ratio of the cultures to each other was unique in
each sample (Fig. 2 to 5). Additionally, we also investigated the
“quality” of AOC in the different water samples by estimating
the fraction of AOC consumed by a pathogen. For E. coli O157
and V. cholerae, the values obtained ranged from 1% up to
100%, whereas P. aeruginosa consumed between 7% and 71%
(see Fig. S5 in the supplemental material). This further illus-
trates the differing accessibility of AOC for pathogen growth.
All these results imply that the pathogens responded dissimi-
larly in the different waters tested and that not only the con-
centration but also the “quality” of AOC are key factors con-
trolling their growth.

PGP in water samples from drinking water treatment plant

A. The treatment train of drinking water treatment plant A is
composed of two sequential ozonation-biofiltration steps (Fig.
2). Overall, the PGP in water samples from this plant was very
low, as were AOC concentrations. Growth of V. cholerae was
detected only in the raw water samples, and no other water
sample allowed proliferation of this pathogen, whereas E. coli

O157 grew only in the water sample collected after the first
ozonation treatment (Fig. 2A). In contrast, P. aeruginosa mul-
tiplied in all samples. The two ozonation steps resulted in
increased growth of P. aeruginosa, whereas the growth poten-
tial of this pathogen was markedly decreased after slow sand
filtration and very low (net growth of only 4 � 103 cells ml�1)
in the finished water. We observed a similar pattern for the
AOC concentration (Table 1). The estimated fraction of AOC
consumed by P. aeruginosa was, however, always below 20%,
and hence, only a small fraction of the AOC was always avail-
able for the pathogen (Fig. 2B).

PGP in water samples from drinking water treatment plant

B. The treatment train of the second drinking water treatment
plant is similar to that of plant A and includes two sequential
ozonation-biofiltration steps as well (Fig. 3). However, it in-
cludes no slow sand filtration step, and the finished water is
chlorinated at the end of the treatment as a final disinfection
step. The water quality was, however, distinctly different in
comparison to plant A: DOC and AOC concentrations were
considerably higher, as was the growth for all three pathogens
(Table 1 and Fig. 3A). The growth potential of E. coli O157
and of P. aeruginosa displayed the same trend, i.e., more
growth in the samples after ozonation, followed by a decline in
the growth potential after biofiltration. Interestingly, although
the total AOC concentration decreased considerably through
the treatment process, the growth potential of E. coli O157 and
of P. aeruginosa in samples of the finished water (2.27 � 105

cells ml�1 and 1.39 � 105 cells ml�1, respectively) were similar
to those observed in the raw water (2.81 � 105 cells ml�1 and
1.21 � 105 cells ml�1, respectively). This observation is also
illustrated in Fig. 3B, where the accessed fraction of AOC for
the pathogens increased during the water treatment steps and
displayed very high values, i.e., 94% for E. coli O157 and 71%
for P. aeruginosa in the finished water. V. cholerae displayed a
distinctly different pattern. After a slight increase in growth

after the first ozonation step, its growth potential sharply de-
creased after rapid sand filtration and second ozonation. Fi-
nally, only a little growth potential of V. cholerae was detected
in the finished water (Fig. 3A).

PGP in water samples from a wastewater treatment plant.

In the wastewater treatment plant, the effluent of the conven-
tional biological treatment is subjected to additional treatment
consisting of a combined ozonation-biofiltration step before it
is finally fed into a river. For all three pathogens, the raw
wastewater, which contained a high AOC concentration (5.5
mg liter�1), promoted the highest growth of all waters tested in
this study (Fig. 4A). In samples after biological treatment, the
growth potential was reduced by 93% for E. coli O157 and by
98% for V. cholerae and P. aeruginosa. The following ozona-
tion-biofiltration step resulted in a similar pattern as observed
in the two drinking water treatment plants, i.e., ozonation

FIG. 2. Growth of the three pathogens, E. coli O157 (white
squares), V. cholerae (black circles), and P. aeruginosa (gray triangles),
in water samples taken after the individual treatment steps from drink-
ing water treatment plant A. The growth potential, i.e., net grown cells
(A), as well as the fraction of estimated consumed assimilable organic
carbon (AOC) for each pathogen (B) are shown. The samples or
treatment steps are shown in order from left to right as follows: RW,
untreated (raw) water; 1. Oz, the first ozonation; RSF, rapid sand
filtration; 2. Oz, the second ozonation; GAC � SSF, granular activated
carbon filtration and slow sand filtration. The error bars indicate the
standard deviations for three replicate samples.
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generated AOC and led to an increased growth potential of E.

coli O157 and P. aeruginosa, which was followed by reduced
growth after biofiltration (Fig. 4A). In this case, the growth
potential of V. cholerae displayed a pattern similar to that of the
two other pathogens during treatment. The estimated AOC con-
sumption differed distinctly between the individual pure cultures;
the data suggest that V. cholerae consumed the most AOC, fol-
lowed by E. coli O157 and P. aeruginosa (Fig. 4B).

PGP in ozonated river water. Ozonation is a key step in the
water treatment plants studied above. Since it is a common
method to treat water of different types, we investigated the
effect of ozonation on the growth of the three pathogens in
detail. As observed before (Fig. 2A, 3A, and 4A), the AOC
concentration increased with increasing ozone exposure, and
the growth potential of E. coli O157 and of P. aeruginosa was

also positively affected by ozonation; both pathogens produced
around three times more cells in the most oxidized water (ct �

10) compared to untreated river water (Fig. 5A). However, the
estimated AOC consumption of the two pathogens showed a
decrease with increasing oxidation, suggesting that the nutrient
availability for the pathogens was considerably altered during
the treatment (Fig. 5B). The data presented in Fig. 3 and 4
indicate that V. cholerae followed a pattern different from those of
the other pathogens when it was grown in oxidized water. Also in
this experiment, the growth potential of this pathogen was hardly
affected by the oxidation treatment (Fig. 5A).

DISCUSSION

Despite the holistic approaches of modern day risk assess-
ment, growth of pathogenic bacteria is only vaguely considered
(23). This risk component is usually restricted to tables group-

FIG. 4. Growth of the three pathogens, E. coli O157 (white
squares), V. cholerae (black circles), and P. aeruginosa (gray triangles),
in samples taken after the individual treatment steps from a wastewa-
ter water treatment plant. The growth potential, i.e., net grown cells
(A), as well as the fraction of estimated consumed assimilable organic
carbon (AOC) for each pathogen (B) are shown. The samples or
treatment steps are shown in order from left to right as follows: RW,
untreated (raw) water; Bio, biological treatment; Oz, ozonation; SSF,
slow sand filtration. The error bars indicate the standard deviations for
three replicate samples.

FIG. 3. Growth of the three pathogens, E. coli O157 (white
squares), V. cholerae (black circles), and P. aeruginosa (gray triangles),
in samples taken after the individual treatment steps from drinking
water treatment plant B. The growth potential, i.e., net grown cells
(A), as well as the fraction of estimated consumed assimilable organic
carbon (AOC) for each pathogen (B) are shown. The samples or
treatment steps are shown in order from left to right as follows: RW,
untreated (raw) water; 1.Oz, the first ozonation; RSF, rapid sand
filtration; 2.Oz, the second ozonation; GAC, granular activated carbon
filtration; Cl, chlorination. The error bars indicate the standard devi-
ations for three replicate samples.
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ing pathogens into those that may grow in water and those that
do not (39). The neglect of pathogen growth in risk assessment
can partly be explained by the limited knowledge of the factors
governing their growth (35). It has, however, been shown pre-
viously that pathogenic bacteria, including enteric pathogens,
can grow at low nutrient concentrations in waters used for
drinking or personal hygiene (3, 17, 29, 30, 34, 35). This war-
rants further investigation on this topic, and we have, there-
fore, developed a bioassay specifically assessing the pathogen
growth potential (PGP) in water.

Nearly all treatment processes affect the carbon pool of
water with respect to both concentration and composition.
Despite exciting recent advances in DOC fractionation (8), an
accurate and quantitative method for the determination of all
individual carbon compounds in natural waters and in partic-
ular of those available for certain bacterial strains, such as
pathogens, is not available. Thus, an analysis of the PGP in
water as presented here provides researchers and water utili-
ties with an additional decision making tool for optimum de-
sign and operation of water treatment systems in order to

minimize the risk of pathogen growth. For example, ozonation
is used in (drinking) water treatment for the oxidation of mi-
cropollutants and for disinfection (7, 36, 37). It is commonly
known that oxidation processes generate AOC and BDOC,
thus increasing the overall bacterial growth potential of a water
(12, 13, 36) (Table 1). This increase in AOC also enhanced the
growth potential of E. coli O157 and P. aeruginosa after ozo-
nation (Fig. 2, 3, 4, and 5), albeit to a different extent in
different waters. Ozonation is, however, an effective disinfec-
tion step against pathogenic bacteria (16, 37), and our work
should not be understood as a suggestion to omit this process
to improve treatment efficiency and lower the risk of pathogen
growth. Rather, the presented PGP assay can be used to char-
acterize and optimize the ozonation or subsequent processes in
terms of the trade-off between maximum disinfection and min-
imum formation of AOC available for pathogens. Moreover, to
reduce the risk of pathogen growth, our results suggest that a
biofiltration step should always directly follow this oxidation
step, as done in the treatment trains analyzed here and also
described previously (5, 28). All biofiltration steps analyzed in
this study (biological wastewater treatment, rapid sand filtra-
tion, granular activated carbon filtration, and slow sand filtra-
tion) reduced AOC concentrations and the growth potential of
E. coli O157 and P. aeruginosa. The PGP assay can, therefore,
be used to evaluate, optimize, and compare different biofilter
systems. Interestingly, V. cholerae often responded uniquely in
samples collected after oxidation steps. It appears that during
oxidation the quality of carbonaceous compounds in the water
is altered in such a way that the potential risk for growth of this
pathogen is in fact reduced, although the concentration of
AOC increases (Fig. 2, 3, and 5). This illustrates the necessity
of testing the growth potential for different pathogens sepa-
rately. Another good example demonstrating the advantage of
individual testing is drinking water treatment plant B (Fig. 3).
Although a low concentration of AOC (75 �g liter�1) was
recorded in the finished water, the growth potential of E. coli

O157 and of P. aeruginosa was disproportionally high. The
supporting data presented in Fig. 3B suggest that the quality of
AOC was favoring the growth of these two pathogens. Inter-
estingly, a previous study demonstrated that E. coli can indeed
grow in biofilms of this particular drinking water treatment
system, contributing up to 0.1% of the total bacterial popula-
tion (17).

In this study, we used the three pathogenic bacteria tested
previously for their growth properties at low nutrient concen-
tration (34, 35). However, the PGP assay is not restricted to
these organisms but is essentially applicable to any bacterium
of interest. For example, Rice et al. (25) used a similar ap-
proach to analyze coliform growth in water samples. However,
for some heterotrophic bacterial species, there are factors
other than the availability of AOC that affect their growth
potential. For example, Legionella pneumophila requires cys-
teine and iron for proliferation (6); such specific physiological
properties should thus be considered when designing a PGP
assay and interpreting the results.

Several other factors also determine the growth of patho-
genic bacteria in water, along with nutrient availability. Inte-
gration of the developed PGP assay into a bigger framework of
pathogen growth in water is outlined in Fig. 6. In this flow chart
or scheme, we identified three main levels to be considered,

FIG. 5. Growth of the three pathogens, E. coli O157 (white
squares), V. cholerae (black circles), and P. aeruginosa (gray triangles),
in river water exposed to ozone. The growth potential, i.e., net grown
cells (A), as well as the fraction of estimated consumed assimilable
organic carbon (AOC) for each pathogen (B) are shown. RW, un-
treated (raw) river water; ct 1 to ct 10, degree of oxidation (mg � min/
liter). Error bars indicate the standard deviations for three replicate
samples.
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namely: (i) the presence of pathogens, (ii) an environment
supporting their growth, and (iii) competition with the indig-
enous microbial flora for AOC. First, the starting concentra-
tion of the pathogen(s) present (or contaminating) has to be
known, since growth cannot occur in their absence. The second
level pertains to whether the physicochemical environment
allows growth. This information is obtained directly from the
results of the PGP assay. For example, in finished water sam-
ples from drinking water treatment plant A (Fig. 2), no growth
of E. coli O157 and V. cholerae was detected, and hence, their
growth potential can be considered zero. Moreover, the PGP
assay does not consider the possible presence of disinfection
residuals and in situ temperatures of the water. It is well doc-
umented that pathogens require a certain “minimum temper-
ature” for growth that is normally in the range between 10 and
20°C, depending on the bacterial species (24). Therefore, if the
PGP assay yields a positive result but the actual water temper-
ature is below the “minimum temperature” or disinfection
residuals are present at concentrations inhibiting bacterial pro-
liferation, the risk of growth is zero as well. If all three param-
eters (PGP assay, temperature, and disinfection residuals) al-
low for growth, a risk of pathogen multiplication in the system
is automatically given. In other words, if all requirements for
level two are fulfilled, then there is a risk of growth (Fig. 6). At
the third level, the extent of pathogen growth in a given water
sample is of interest. The results of the PGP assay can serve as
a first indication; the higher the growth potential, the more
growth can be expected. Since pathogens, however, normally
grow together with the indigenous bacterial flora, and not in
pure culture, the extent of their growth is strongly influenced
by competition for AOC (level three in Fig. 6). Competition is
a complex interplay controlled by several factors, such as the
concentrations of competing species, their stoichiometric and
kinetic properties, and several physicochemical parameters as
well as the nutrient supply dynamics (9, 10). Unfortunately, the
current state of knowledge on the mechanisms governing com-
petition of bacteria in natural waters is very limited. However,
new methods measuring bacteria at low cell concentrations at

a high throughput are rapidly providing new information that
are shifting existing paradigms regarding pathogen growth in
water (19, 34, 35). Such data combined with mathematical
modeling could be used in the future to estimate the actual
degree of pathogen growth in a given water sample and to
investigate potential risk scenarios of interest in silico.

Conclusions. A novel bioassay was developed to investigate
the potential of any water sample to support growth of patho-
genic microorganisms. The data from this study showed unique
growth behavior of the different pathogens in each water sam-
ple, relative to each sample and to each other. Furthermore,
AOC concentrations could explain their net growth only to
some extent, indicating that the quality/composition of AOC is
critical for pathogen growth. The developed pathogen growth
potential (PGP) assay can be used as a screening tool comple-
mentary to conventional AOC assays in order to compare
different water samples or treatment steps. The results of the
PGP assay can also be incorporated into a multilevel concept
assessing the risk of pathogen growth in water.
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