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In drinking water distribution systems, three groups of living organisms are usually found in the
biofilm and circulating water; heterotrophic bacteria, free-living protozoa, and macro-
invertebrates. Indirect evidence suggests that protozoa grazing in distribution systeins can
partially eliminate biomass production and accidental microbiological pellution.

Introduction

Drinking water distribution systems are constantly exposed to an inflow of biodegradable
organic substances and foreign microorganisms (bacteria, fungi, protozoa, etc.) not only from
water freatment plants, but also from reservoirs and through accidents occurring on the
distribution networks (burst pipes, repairs and cross-connections). Some of these
microorganisms  (particularly heterotrophic bacteria) easily adapt to this oligotrophic
environment and can colonize the whole system even when chlorine is used as a residual
disinfectant. They eventually form a stable ecosystem that is almost impossible to eradicate
{Maul et al. 1991; Sibille er al. 1995), The highest density of microorganisms is found on the
surfaces of structural materials in the form of more or less dispersed microcolonies (biofilm)
mixed with corrosion products and inorganic precipitates (Block ez al. 1997). Accumulation at
this level is explained by the transport of bacteria and nutrents to the surface and bacterial
adhesion (Bryers 1987), the multiplication of attached bacteria, a nutritional advantage for fixed
bacteria (compared with waterborne bacteria), and limited diffusion of residual oxidant through
the boundary laver at the water/material interface (Fig. 1). In pipes <10 cm diameter, there are
on average 50 to 100 times more fixed bacteria than planktonic bacteria (i.e. suspended in
water).

The purpose of this short bibliographic review is twofold: on the one hand to briefly recall the
biological diversity found in drinking water distribution systems and the trophic interactions
between the different species, and on the other hand to analyze the important role played by
protozoan grazing in removing a large proportion of the microbial biomass produced in the
systems.

Biodiversity and the food chain

In water distribution systerns, three groups of living organisms are normally found in the
biofilm and circulating water (Table 1): heterotrophic bacteria, free-living protozoa (amoebae,
ciliates and flagellates), and macroinvertebrates (rotifers, nematodes and microcrustaceans). A
very large number of bacterial species have been identified in distribution systems (see review
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Figure 1. Schematic representation of a longitudinal section through the pipe of a water distribution
system, showing bicfilm accumulated at the surface of the material within the boundary layer.
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Figure 2. Food chain in & water distribution sysiem (adapted from Mouchet & Pourriot 1992).
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by Dott 1983). These bacterial species seem to be as diverse as those found in natural systems,
since more microorganisms develop opportunistic strategies for occupying environments with
different temperatures, nuirients and toxins.

Bacterial biomass and organic debris represent the start of a complex food chain in which the
greatest consurners of aquatic bacteria are the smallest zooplankton members such as
microinvertebrate filter-feeders, phytophages and detritiphages (Fig. 2). They are considered to
be a key link between bacteria and the other food-chain components (Carrias ef al. 1994
Fenchel & Harrison 1976; Fenchel 1987; Porter 1984). The diagram in Figure 2 might be
somewhat sketchy. For example, Rogers ¢t al. (1994) remind us that amoebae consume bacteria
but that some of them (Lacrymaria) are predators of other protozoa. Moreover, the activity of
higher trophic levels has not yet been demonstrated in distribution systems and the issue of the
mass balance of organic matter in the systems has not been solved either. Lastly, seasonal
variations of the different trophic levels have been reported in drinking water reservoirs
(Amblard et al. 1996).

Table 1. Densities of some groups of free-living organisms in distribufion systems.
+++ indicates abundant.

Organisms Dengities Reference
Bacterial celis Biofilm: 105 to 108 cm-2 Block er al, 1997

Water: 103 to 107 cm-2
Protozoa 0.1 to 365 ml-! Rogers er al. 1994; Laurent 1995;

Servais et gl. 1993; Amblard ef al. 1996

Macroinvertebrates Biofilm: +++ Bodt 1984; Levy et al. 1984
(nematodes and Water: +++
microcrustaceans) {Aseftus: 1000 m-3)

Table 2. Some examples of identified free-living protozoa in the natural environment
and in drinking water distribution systems.

Systems Protozoa Reference

Soils Coelpoda steinii (a ciliate) Wright ef al 1995

Ground water Flageliates Sinclair et af. 1990, 1993

Surface water Colpoda inflata, Iriberr et al. 1995
Uronema sp. (ciliales)

Potabl ter H Hla, Naegleri ¢ al. 1960
dl%tg_ltﬁg t‘l,\';?l o stems artmannella, Naeglevia Chang ¢t a

Acanthamoeba, Hartmanello,  Jacquemin er af. 1974, 1981;

Naegleria Simitzis-Le Flohic 1976;
Simitzis & Jacquemin 1977

Bodo, Cochliopodium Black et al. 1993

Naegleria, Hartmanella,

Vanella

Hartmanella, Lacrymaria spp., Rogers et al. 1994
Virillifera

Bodo, Chilodonella, Monas, Amblard et al. 1996
Monosiga, naked amoebae

Activated sindge Ciliated protozoa Al-Shahwani & Horan 1991
(up to 30 species)
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Usually, protozoa have been detected and studied in aquatic systems either during episedes of
macroscopic pollution by macrocrganisms, or systematically in the 1960s and 1970s when the
first cases of meningeal encephalitis caused by amoebae in swimming pools were observed. The
most commonly encountered genera were Acanthamoeba, Hartmannella and Naegleria (Table
2). Overall, there has been little systematic, documented research on protozoa in distribution
water and biofilms.

Activity of free-living non-pathogenic protozoa in water distribution systems

The activity of free-living protozoa in their natural environment has been extensively studied
(see Finlay 1997, this volume}. Photographs and movie-film recordings of biofilm on sections
of materials immersed in drinking water have made it possible to closely observe protozoa
grazing on free-living and/or fixed bacteria (Fig. 3) in distribution systems (Pedersen 1990;
Rogers er al. 1994), but the activity of protozoa consuming bacteria (clearance = ingestion rate
divided by the number of protozoa) under these conditions has never been published. There is
no reason to believe, however, that what we know of protozoa in natural waters could not be
applied to protozoa in water distribution systems.

Bacterial clearance by protozoa varies greatly, depending on the sysiem studied: for example,
the numbers of bacteria cleared howly per protozoon were 10 to 600 in wastewater and
activated sludge (review by Ratsak ez al. 1996), and 30 to 100 (Menon et gl. 1994) and 5 to 80
(Iriberri e al. 1994) in river water.

This strong activity explains why 80% of foreign bacteria in surface water (Carrias er al
1994:; Menon ef al. 1994), 10 to 90% of river-water bacteria (Iriberri ef al. 1994, 1995) and 21%
of the biomass produced in activated carbon filters from drinking water plants (Servais ef al.
1991), are removed by grazing. The findings of Iriberti e al. (1994} also show that there is an
identical amount of grazing for both foreign and native microorganisms in river water, thus
indirectly suggesting that protozea can partially eliminate accidental microbiological pollution
in distribution systems.

All of the evidence on distribution systems is indirect. Two examples are given below.,

The first example concerns the relationship between the total number of bacteria (expressed
as acridine orange direct count, AODC) and protozoa in water from different French distribut-
ion gsystems, published by Servais er al. (1995) (Fig. 4). The highest bacterial densities corres-
pond with the largest numbers of protozoa. On the other hand, very few protozoa are found if
bacterial concentrations are lower than 107 11, thereby backing up the notion that for maximum
activity, some protozoa need an optimal bacterial density (see review by Ratsak ef al. 1996).

The second example concerns the ability of an Escherichia coli strain to multiply and survive
in drinking water distribution systems. We have already shown that a small fraction of an E.
coli colony seeded in an experimental system can grow and ternporarily colonize it (Block et al.
1995; Fass ef al. 1996). The intensity of this colonization varies with the energy resources in the
system, which depend on the quality of the water introduced in the system (water coming from
a granular activated carbon filter versus nanofiltered water).

The characteristics of two systems tested are compared in Table 3. When E. coli were seeded
in either system, growth was faster and more intense in the system supplied with nanofiltered
water (Fig. 5). This difference cannot be explained directly as there were low, non-measurable
biodegradable organic matter concentrations, and a native active bacterial flora was always
present. The findings of this research were completely unexpected and have been confirtned
several times. They could be explained by a lower density of protozoa in the system supplied
with nanofiltered water and thus the grazer population would not be able to consume this wave
of introduced microorganisms.
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Figure 3. Description of potential interactions between organic matter, bacteria, protozoa and chlorine in
main distribution systems.
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Figure 4. Average abundance of protozoa plotted against average abundance of free bacteria. (From
Servais ef al, 1995, with permission).
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Figure 5. Toial counts of Escherichia coli in two networks (loops Al) supplied with water filtered
through granular activated carbon (GAC) or a nanofilter.

Table 3. Average characteristics of iwo networks fed with waier filtered through granular activated carbon (GAC) or
a nancfilter, at quasi steady-state (hydraulic residence time 12 h; temperature 20°C) before single injections with a
suspension of Escherichia coli.

Network Total numbers of bacteria
(DAPL coumting) Chlorine DOC Protozoa

(no. 1-1) (no. crr?} {mg Cl> 1-1) (mg C 1-n

GAC water 66x 106 4.2 x 106 0 i.7 ?
(1% viable) (3% viable) (BDOC: 0.4)

Nanofiltered water 4.5 x 105 46x 106 1] 0.3 ?
{0.02% viable) (2% viable) (BDOC: not measureable)

Conclusions

The systematic detection of bacterial biomass and protozoa in drinking water distribution
systems shows the constant rpaintenance of a well diversified microbial ecosystem that remains
stable even when disinfectants are added, as already observed in swimming pools (Rivera ef al.
1993) which are generally more heavily chlorinated than drinking water systems.

No research seems to have been done on either the trophic chain or activity of protozoa in
drinking water distribution systems. Conversely, free-living protozoa and macroinveriebrates
have often been accused of protecting bacteria from the action of disinfectants, by accumulating
them in the digestive tract and vacuoles (Levy er al. 1984; King er al. 1988; Shotts & Wooley
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1990; Barker ef al. 1992). However, it is also important to recognize the potential ability of
these organisms to remove a high proportion of the biomass introduced and produced in
distribution systems.

Several questions must be answered before we can consider using the biocontrel and
biocleaning properties of protozoa for controlling the quantities of bacteria in water distribution
systems. How many types of amoebae, ciliates and flagellates occur and what densities of
protozoa are found in distribution systems? What is the balance between predators and prey?
What are the effects of hydraulic discontinnities and biomass type on the activities of the
protozoa? Does chlorination (or use of other disinfectanis) of distribution systems partially and
temporarily destroy this trophic link?

This short review is based on the work conducted within the framework of the Biofilm research
programme (Nan.C.LE., GIP Stelor, C.GE., S.ED.LF., Anjou-Recherche, Pont-d-Mousson S.A.,
USEPA.,ONEP).
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