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Abstract

The impact of biofilms present in water distribution systems on'the microbial quality of potable water is reported in this review,
The issues covered include the composition of bioflims, factors governing their formation and the effect and significance of
biofiims on the microbial quality of drinking water. The review addresses the main factors governing the formation of biofifms such
asthe types of disinfectants and residual concentrations, Tesistance of bacteria to disinfectants, the influence of piping material and
the effect of temperature. Methods for the enumeration of bacteria in biofilms a5 well as emerging technologies for in situ
monitoring of biofilms are discussed. Suggested control measures for managing and contrelling the problem of biofilm formation
in potable water distribution systems to ensure potable water of an acceptable microbiological quality are dealt with.

Introduction

Deterioration of drinking-water quality during storage or in distri
bution systems remains one of the major difficultics expetienced
by potable water suppliers. It is an established fact that the distri-
bution system is often vital in determining the final quality of
potable water. Pathogenic and toxigenic microbiological agents in
drinking water have long been known to cause disease and death in
consumers {Craun, 1986). The health risks associated with these
pathogens range from viral and bacterial gastroenteric diseases to
infections such as hepatitis A and giardiasis, The Internations!
Dainking Water Supply and Sanitation Decade (1981 to 1990) was
preaccupied with the construction and expansion of water supplies,
and it is only in its latter part that more attention was given to the
investigation, protcction and control of the instatiations which
supply drinking water (Lloyd and Bartram, 1991).
While water produced in the trestment plant may be of high
biological quality, the treated water may be subject to condi-
tions in the distribution networl that adversely affect it. The
reasons why bacterial numbers increase during distribution are
not yet fully understood but two of the main factors have been
studied in detdil:

«  The first factor is usuaily referred to as mechanical failure.
Bacteria can be introduced into the distribution network from
external sources by a number of means such as open reservoirs,
breakages dueto new pipeline construction that may disturb the
existing distribution system, mains breaks (which may become
ar increasing problem as the distribution system ages) and the
reduction of the water flow pressure in the system resulting in
back siphonage (Rossie, 1975).

= The second factor refers to the situation where the increase of
bacteria is due to internal regrowth or aftergrowth of bacteria
and the associated formation of bioflims. Several investigators
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have shown that the multiplication of micro-organisms in
bicfilms aiong the distribution systems resulls in the deterio-
ration of the bacteriological quality of drinking water, the
development of odour or colour as wel! as the atceleration of
the phenomenon of corrosion within the pipework (Nagy and
Olson, 1985). '

Biofilm on surfaces oxposed o drinking water in distribution
systems may well be the main source of planktonic bacteria since
upto 1 000 sessile micro-organisms may be present for sach plank-
tonic celi which is detected. The occurrence of biofiims or encrus-
tations that harbour various types of micro-organisms has been
described oxtensively (Van der Kooij and Zoetemann, 1978;
LeChevallier et al., 1987). The most alarming resuits are the
presence and multiptication of pathogenic and opporturistic patho-
gens such as Psendomonas, Myeobacter, Campylobacter, Kleb-
stella, Aeromonas, Legionella spp., Helicobacter pylori and Sal-
monella typhimurium occurring within the biofilms (Engel et al,,
1980; Wadowsky ct al,, 1982; Burke et al., 1984; Armon et al,
1997; Mackey et al., 1998},

This review will focus on biofilms in water distributien net-
warks and will cover issues such as biofilm composition, factors
affecting the formation ofbiofilms, techniques for the investigation
of biofiltns in distribution systems as well as the deterioration of
the water quality and the associated health risks, Suggested meas-
ures for controtling the problem of bactetial regrowth or biofilm
formation in potable water distribution systems will be presented.

The nature of biofilms in water distribution
systems

The process contributing to the increase in microbial numbers, not
related to mechanical fatlure, berween the point of entry into the
distribution systern and the final point of consumption is described
by the terms “regrowth”, “aftergrowth” and “breakthrough”, The
termt regrowth is used when bacteria injured during the treatment
process start to multiply after recovering from a form of reversible
injury. The term aftergrowth consequently denotes growth of
micro-organisms native to a water distribution system and the ferm
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broakthrough refers f an increase in bacterial numbers in the
distribution system after viable bacteria have passed through the
disinfection process (Van der Wende and Characklis, 1990),

The term “biofilm” ‘is used to describe a layer of micro-
organisms in an aquatic environment held together in a polymetric
matrix, altached to a substratum such as pipes, tibercules or
sediment deposits. Attachment is 2 first step in the process of
microbial colonisation of any surface and may initially limit the
rate of the process (Escher and Characklis, 1988). Biofilm devel-
opment is aresult of success ful attachment and subsequent growth
of micro-organisms on a surface. Under suitable conditions a
biofiim develops, initially through the accumulation of crganic
matter on the metal surface, which is then colonised by bacteria
(Wolfaardt and Archibald 1990). Bacteria subsequently devciop

into 2 consortium of speeics within tho polysaccharide mairix
which imparts the slimy sature to the biofiim.

The matrix consists of organic polymers that are produced and
excreted by the biofilm micro-organisms and are reforred to as
extracellular polymetric substances (EPS). The chemical structute
of the EPS varies among different types of organisms and is also
dependent on environmental conditions, The formation of
glycocalyx has been reported to be critical for cells to attach to
exposed surfaces and survive shear forces (Ridgway and Olson,
1981). Moreover, cellswhich are continually intimately associated
with interior walls of water mains may be loss susceptible to
chemical disinfection processes due to boundary layer effects and
the secretion of extraceilular coatings (Baylis, 1930). As a result,
the extent to which microbes become associated with the inner
surfaces of pipes or with suspended particulate matter within the
watercolumn could significantly enhance their survival and regrowth
potential in distribution lines and reservoirs (Ridgway and Olson,
1981).

Biofilms are sometimes formed as continuous, eventy distrib-
uted layers but are often quite patchy in appearance. As the slime
layer thickens, micro-environmentat changes take place within the
biofilm as a result of the activities of the bacteria. Biofilms in water

-distribution systems are thin, reaching maximum thicknesses of
perfiaps a few hundred micrometers. In addition, the film often
containg organie or inorganic debris from external sources. inor-
ganic particles may result from the adsorption of silt and sediment
and the preeipitation of inorganic saits or corrosion products (Van
der Wende and Characklis, 1990}, .

Factors contributing to biofiim formation in
potable water distribution systems

The small number of bacteria which can survive the water treat-
ment process or bacteria already preseat in the distribution system
provide a seed which wili multipty in the distribution system given
the right conditions for growth. ‘Fhe conditions which wili enhance
growth include factors such as the disinfectants used and the
maintenance of a residual concentration in the system, the resist-
ance of micro-organisms to disinfectants, the nature and concentra-
tion of biodegradable compounds in the treated drinking water, the
kind of piping material used in the systern as well as the water
tempoerature. :

Ineffective disinfectants

When used at theappropriate concentrations disinfectants are quite
cffective in the removal of micro-organisms but they may, how-
ever, also enhance the formation of easily biodegradable organic
substances which can be utilised by micro-organisms as an energy
source and promote biofilm formation in distribution systems
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{Gilbert 1988; Van der Kooij, 1999). Gibbs and his co-workers
(1990} observed a quick reduction in bacterial numbers after
booster chlorination, butregrowth occurred after the rapid decrease
of residual chioring in the distribution system. LeChevallier et al.
(1980) noted that dead-end distribution lines in which no free
residual chlorine could be detected contained 23 times the number
of standard platecount (SPC) compared with distribution lines with
a free chlorine residual, It is wcl known that chlorine can be
consumed in the water phage and at the distribution system pipe
walls (Vasconcelos et al,, 1996). In the water phage, chlorine js
generally consumed by reaction with ammonia (absent normally in
drinking water), iron and organic compound (Lu et al., 1999). As
demonstrated by Kiéns and Lévi {1996), in the distribution system
chlorine disappears due to interactions with deposits, corrosion and
biomess 8L i nner pipe walls and the chiorine decay kinetic
depends on the pipe materials and hydraulic conditions (age,
diameter, water velocity ete), Lu et al. (1999) found that fixed
biomass chiorine demand in water distribution systems depends on
the incubation time and test water guality. According to the authors,
the most important parameter to predict the biomass chlorine
consumptiveisthe biodegradabledissolved organiccarbon {BDOC),
Certain disinfectants ray have properties more conducive o
controliing biofilm populations, Less reactive, more persistent
compounds, such as chloramine, maintain 2 higher disinfectant
residual throughout the distribution system and may penetrate the
biofilm more effectively, and thus control biofilm organisms better
than free chlorine (Van der Wende and Characklis, 1990). Momba
(1997) reported that biofilm regrowth was limited in laboratory-
scale units during the presence of disinfectant residuals, In this
study residual concentrations for monochioramine and hydrogen
peroxide could be maintained for a jonger period of time and these
two disinfectants were found to be more effective in controlling the
regrowth of biofiims in laboratory-scale units than any of the other
disinfectants (chiorine, ozone and UV) used during the study,

Resistance of bacterla to disinfectants

It has been shown that some bacteria can survive and multiply
despite the presence of measurable concentrations of disinfectants
in the distribution system due to the possible development of
resistance towards these compounds (Ridgway and Olson, 1982;
Olivierietal., 1985; LeChevatlicretal.,, 1988a), Biofilm celis were
found to be fess susceptible to disinfectants than planktonic cells.

For many bacteria, the sensitivity to disinfectants is also lower
after nutrient limitation (Pyle and McFeters, 1989; Matin and
Harakeh, 1994; Stewart and Olson, 1992a). Limitation or depletion
of nutrients affeets cell surface properties and membrane functions
such as proton motive force (Brown et al., 1990) which may be
involved in resistance mechanisms, Changes in the content and
composition ef lipids, lipopolysaccharides, purines and cations in
the outer and cytoplasmic membrane may be related to susceptibil-
ity changes of gram-negative bacteria. The type of carbos soutce
may also influence cell physiology and preservative sensibility,
Al-Hiti and Gilbert (1980) found that Pseudomonas aerogina
required three times more phosphate when glycerol was replaced
by sodium citratc as the sole carbon source. [n this study, the
greatest chanpes in sensitivity towards disinfectants were observed
for cultures grown on z different carbon source rather thar deple-
tion of carbon, nitrogen or phosphate sources. )

Bacterial survival following chlorination has been observed in
watcr in the presence of supposedly adequate residual concentra.
tion of disinfectant residual (Mathieu et al., 1992; Momba, 1997).
Experience has shown that maintenance of a chlotine residual
cannat be relied on to totally prevent bactetial occurrences, It has
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also been suggested that chlorine-resistant bacteria may arise as a
result of chlorination (Ridgway and Olson, 1982; Leyval et al,,
1984), although other investigators found no evidence for this
(Haas and Momison, 1981). Chlorine has been the most widely
recognised cause of injury to coliform bacteria in drinking water
{Camper and McFeters, 1979) although other biocides and factors
such as low concentrations of metals {e.g. copper and zing),
teraperature extremes and interaction with other bacteria (LeChe-
vallieretal,, 1988a) may also contribute. Both the chlorine and the
time of exposure have been shown to influence the degree of injury
incoliform organisms (McFeters and Camper, 1983). McFeters et
al, (1986} found that enteropathogenic and indicator bacteria
become injured in drinking water with exposure to sublethal levels
of various biological, chemical and physical substances.

Other factors influencing resistance to halogen disinfectants
may include cell aggregation, surface adhesion, spore formation
and protective capsules (Pyle and MeFeters, 1989). Attachment
has been shown to be a major factor in resistance to disinfection
{Lechevallier et al., 1988a), potentially protecting attached cells
fromachlorine residual (Camper etal., 1999), Attached cells could
serve as a reservoir for subsequent spread through the system,
following detachment or biofilm sioughing caused by changes in
nuttient, disinfectant, or hydrodynamic status (Camper et al,
1999). Experiments have shown that attachment of unencapsu-
lated Klebsiella preumoniato glass microscope slides afforded the
micro-organisms as much as a 150-fold increase in disinfection
resistance (LeChevallier et al., 1988a). The age of the biofilm,
bacterial encapsulation and previous growth conditions {e.g. growth
medium and growth temperature} increased chlorine resistance
from two- to terfoid (LeChevallier et al., 1988a). The cheice of
disinfectant residual also influenced the type of resistance mecha-
nisms. LeChevailier et al, (1988a) found that disinfection by free
chlorine was affected by surfaces, age of the biofilm, encapsulation
amd nutrient effects, whereas disinfection by monochloramine was
only affected by surfaces. This research showed that these resist-
ance mechanisms were multiplicative (¢.g. the resistanice provided
by one mechanism couid be multiptied by the rosistance provided
by & second). '

Atpresent, little quantitative information isavailableregarding
resistance mechanisms of bacterial regrowth to other biocides.
Experiments with ozone have shown thatozone may lso react with
organic material in scurce water to form nutrients that allow
regrowth in the distribution system and increase the growth of
biofilm on internal surfaces of distribution pipes (Clark et al.,
1994). After studying various combinations of ozone, chlorination
and chloramination, Clark etal. (1994) reported that micro-organ-
isms increased as the dissolved organic carbon (DOC) decreased,
providing a nutrient source {or this biological growth. Luad and
Ormerod (1995} reported the microbial regrowth after the action on
water of three oxidative disinfection processes {chiorination, UV
irradiation and ozonation). This study peints out that the greatest
biomass production was found from the ezonated water character-
ised by s high BOD level. 1t is well known that ozonation of water
containing complex organic matter feads to the production of low-
molecular organic substances which are easily bic-assimilable, as
noted by Lefebvre (1994),

Nature and concentration of biodegradable
compounds

Regrowth of micro-organisms in drinking water distribution sys-
tems is caused by the utilisation of biodegradable compounds
which arc ¢ither present in treated water or originate from materials
in contact with drinking water (Van der Kooij, 1999). Micro-
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organisms, therefore, can be characterised on the basis of the
compounds that they use as cncrgy requirement {inorganic or
organic hydrogen), carbon requirement (inorganic or organic car-
bon} and the kind of hydrogen acceptor (oxygen, nitrate, sulphate,
carbon dioxide, or organic C). Heterotrophic micro-organisms
mainly contribute to the high bacterial counts detected in distribu-
tion systems. These organisms use organic carbon compounds as
a C-source and energy source and mast of them use oxygen 2s a
hydroger acceptor. Approximately 50% of the absorbed organic
carbon is converted into CO, (dissimilation) to satisfy the energy
requircments of the cells and 50% are used for the new cellular
matertal (assimilation). The compounds of C, N, and P are then
required in anapproximateratio of C;N:P=100:10: 1. In general,
compounds that may serve as a source of N are present in concen-
trations varying from a few tenths of 2 milligram to a fow milli-
grams of N {mostly in the form of niteate) per litre, and phosphates
are present in concentrations between a few tenths of a microgram
and a few hundred micrograms of P #(Van der Koo et al., 1982).

Total organic carbon (TOC) has not been found to be a good
predictor of bacterial regrowth{Rizet etal., 1982} because the ratio
of organic murients (o TOC is not & constant (Van der Kooij etal.,
1982; Hascodt et al,, 1986}, In most enviropmenis, only a small
fraction of dissoived organic carbon is actually susceptible to
microbial attack, the rest consisting of refractory organic comn-
pounds, generally called “humic substances”, which-are not avail-
able for bacterial growth (Ogura, 1977).

Biodegradable organic matter can be broken down into two
separate constituents both of'which can be determined: BBOC and
assimitable organic carbon (AOC). BDOC can be defined as the
fraction of the dissolved orpanic earbon {DOC) which can be
metabolised by bacteria with aperiod of a few days to 2 few months
(Servais et ¢l,, 1989). The degree of bacterial regrowth is deter-
mined by the overail content of biodegtadable organic carbon
present in the waler and is largely determined by the origin of the
drinking water produced, [thasbeen reported that water from lakes
and reservoirs containg a much higher concentration of DOC than
groundwater (Bernhardt and Classen, 1993). According to Bemharde
and Withems (£985), treated water containing a DOC concontra-
tion of below 1 mg.f' is not prone to regrowth. Joret et al.(1991)
reported that E. coli, Klebsiella pneumonia and Enterobacter
clnacae can regrow in river water samples witha 3.2 mg-&* initial
DOC and a 1.4 mg&! initial BDOC, but are unable to mutltiply in
finished water samples with initial DOCs of 0.4 mg-¢* and 0. 8 mg £
land BDOCs of <0.1 and 0.1 mg¢! respectively.

AOC can be determined as the fraction of the biodegradable
organic carbon that can be converted into new celiular material
{assimilation). Thiscan therefore give anindication ofthe regrowth
potential of a water sample (Van der Kooij et al., 1982), but only
measures the carbon that is converted to biomass. The concentra-
tion of easily assimilable organic carbon compounds is usually a
smati part of the DOC concentration, particularly when the water
has been exposed to biological pracesses for & long time, e.g.
groundwater (Van der Kocij et al., 1982). Van der Kooij (1992)
regards & conceniration of AQC in drinking water of 10 g ace-
tate-C equivalent-t’ or less as an acceptable concentration. Atsuch
jow concentrations, heterotrophic bacteria will not reproduce in
drinking water. Under these conditions, the number of bacteria
remains below 100 CFUme. In drinking water such characteris-
tics can beregarded as “biologically stable” (Van der Kooij, 1992).

An experimental study performed by Van der Kooij (1999) on
the potential for biofilm development in drinking-water distribu-
tion systems revealed a relationship between AOC uptake and
biofilm formation. An AOC flux of 15.5 mg Cm*d" corresponded
with an increase in biofilm density of 1.9 x 167 cfuem™d!,
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Similarly,an AOC value 0f0.375 mg C-m?-d"* gaveadaily increase
of 4.5 x 10® ofurem®, These calculations indicated that AOC re-
duction as observed in distribution systems has a significant effect
on biofilm formation in drinking water distribution systems. [t is
also important to note that the AOC concentrations are in the range
of gt and thus low substrate concentrations are sufficient for
biofilm accumulation in distribution systems (Van der Kooij,
1999},

Plumbing materials

Pipe materials for water supply and distribution can generally be
classified into one of tiree generic types, e, comentitious, metallic
or plestic. A wide range of pressure pipe materials is available
within these categories, and such materials are used in varving
proportions in countries throughout the wotld, Over the years,
maty types of material have been used in the construction of water
distribution networks, and often material indigenous to the area has
been used. Presently material such as concrete, cast iron, steel and
plastic is utilised.

1t is well known that there is a direct relationship between the
material used for the construction of potable water distribution
systems and the quality of water (Rogers et al,, 1994). Biofilm
formation is usually cncouraged on the surface of a plumbing
material if that material is able to supply the required nutrients for
bacterial growih. In countries such as the United Kingdem, the
influence of piping material is examined according to British
Standard BS6920 before their use is penmitted (Anon, 1988). This
ensures that the material does not contribule (o poor water quality
by producing unacceptabie tastes ar odours, releasing chemicals or
encouraging microbial growth. There are a number of examples of
how different materials encourage the growth of different micro-
organismsin biofilns. The hydrophobic-hydrophilic nature of the
surface is known to affect the attachment of aquatic bacterial
species to surfaces (Fletcher and Marshall, 1982). Experiments
have shows that most pipe surfaces in distribution systems could
contain biofitms with bacteris] densities as high as 107 bacteria-cm®
(Olson, 1982).

The involvement of micro-organisms in the deoterioration of
concrete has been considered for a number of years, but only
recently have attempts been made to understand the basis of
microbially mediated decay of concrete. Morcover, the major
portion of the work carried out to date on biofilm formation on
conerete and biodeterioration of concrete pipes has been conducted
on sewage systems, in marine environments (Kuipa and Baker,
1990} as weli as with underground concrete structures (Tazawa et
at., 1994). The process is believed to be a complex one involving
several different groups of micro-organisms such as anaerobic
sulphate-reducing bacteria (Kulpa and Baker, 1990; Poulton and
Nixon, 1992).

Historically, mild steel protected with thin-film organic coat-
ings has been used as the material for fabrication of pipework in
industriaj water systems, Research work carried out by Poutton
and Nixon (1992) reported that uniform microbial attachment
accurred on mild stcel, epoxy-coated mild steel, mortar and con-
orete although no deleterious offect on the conerete and mortar
wasnoted. An investigation performed by Momba (1997) showed
that the cement coupons had much lower viable bacteria in the
initial treated watcrs than the stainless steel coupons, The relative
difference between the two piping materials diminished with a
prolonged exposure time.

Copper has also been used as piping material for distribution
systems. Scanning electron microscopy (SEM) has revealed two
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distinct layers; a layer of extracelinlar polymeric substance in
direct contact with the copper and a second layer consisting of
bacteria which were not embedded in the extracellular polymeric
substance, in the direction of the luminary. Some of the micro-
organisms of this layer showed heles. Bacteria in direct contact
with a disinfection solution showed a rough thick end-surface
indicating the existence of capsute substances (Exner etal., 1983).

From the 1950s, synthetic materials were used in the construc-
tion of potable water distribution systems. Poiyethylene (PE) and
polybutylene (PB) have been adapted for use as pipe and tubing
material for fluid conveyance (Crowson and Chambers, 1985).
Because of their many advantageous properties, such as resistance
to chemicals and corrosion, clectrical non-conductivity, competi-
tive cost, flexibility and ease of handling, storage and installation,
these piping materials have gained widespread acceptance and use
within the water industry (Crowson and Chumbers, 1985). Despite
their many advantages, they alse contzibute to biofilm formation in
drinking water, A recent study performed by Lu et al. (1999)
demonstrated a relationship between the piping materials and the
¢hlorine demand of biofilms in water disiribution systems. The
authors stipulate that, in a distribution network, the classification of
parameters which consume chlorine needs to consider separately
synthetic pipes and metallic pipes, In the first case, most of the
chlorine is consumed by deposits, water and biomass. For example
for 2 250 mm diameter synthetic pipe, total chlorine consumption
in 2 his equal to 0.22 mg-¢' whereas for a cast-iron pipe, chlorine
consumption after 2 b is equal to 0.50 mg-¢”, In this case, biomass
chlorine dernand becomes negligible, and chlorine is principally
consummed by the material, deposits ard then water. To centrel
material corrosion and then chlorine demand, the authors suggest
a replacement of gray cast-iron pipes by cement-lined ductile cast
iron. It is also imperant to minimise the organic matter level in
water in order to reduce chlorination by-product formation and, at
the same time, to decrease chlorine demand duc to biomass and the
water itself (Lu et al., 1999).

New piastic pipe matcrials, for example unplasticised polyvi-
ny! chlodde (4PVC) and medium density polycthylene (MDPE),
are currently replacing the much older cast-iron pipes in water
distribution systems. Although their biofilm forming potential has
not fully beens investigated, it well known that any new material
should not support greater amount of biofilm than existing ones.
Comparing uPVC and MDPE to cast-iran pipes, Keer et al, (1599)
found that the number of bacteria on each material increased
exponentially between 0 and 11 d when the biofilm viable count
remained constant. The mean doubling times of the hetercirophic
popuiation on the materials during the exponential phase was 13.2
# for cast iron and 15.6 h for MDPE and uPVC. This investigation
concluded that MDPE and uPVC supported the lowest numbers of
bacteria in a steady biofilm in the short term (21 &) and over a long
term (7 months). The diversity of heterotrophic bacteria was
greatest on cast iron.

Temperature

The ability of bacteria to grow and survive over a wide range of
temperatures has been demonstrated. LeChevallier et al. (1980)
noted that several frends were apparent in the seasenal distribution
and species diversity of the SPC population present in distribution
water. For example, there was greater spacies diversity in the
warmer period than during the cald winter months. After incorpo-
rating L. preumoniainto both the pianktonic and biofilm phases of
the modet systern at 20, 40 and 50°C, Rogers etal. (1994) noted the
averall trend of growth wasrelated to temperaturc as well as piping
materiat.

Available on website http:/fwww.wre.org.za



Pfopagation, enumeration and monitoring of
bioflilm bacteria in water distribution systems

Propagation devices

Studies have been directed at monitoring adiesion processes,
biofilm formation and the subscquent advantages of this mode of
growth. The following devices have been designed for the in situ
development of sessile microbial populations in water distribution
systems. A number of devices have been deseribed in fiterature for
the in situ development of biofilms in water distribution systems.
One of the first devices used was the Robbins device (Costerton and
Robbins, 1980). It consists of & cylinder which allows it to bo
inserted directly into a pipe or 2 bypass system. The surface of the
remaovable metal stads forms an integral part of the metal surface
available for colonisation. A variation is the Chemostat-coupied
modified Robbins device which provides a large number of sample
surfaces for monitoring both the formation and control of binfitms
aver extended periods of time {Jass et al, 1995). Another device is
the Pedersen dovice which consists of micrascope slides fitted into
acrylic plasticholders, [t was developedin orderto study smicrobial
biofilms in flowing-water systems with special reference to the
flow conditions in electrochomical concentration cells (Pedersen,
1982). Biofiims propagated in this menner arg mostly used to
quantify the bacteria present.

Enumeration techniques

Apart trom the classical enumeration methods which rely on the
culturing of organisms, other techniques have alse been used to
enumerate bacteria present in bioflims. Epifiuerescence direct
counting is one of the important methods for the evaluation of
bacteriat counts in natural waters as well as in biofilms, Early
studies were done with acridinc orange [3,6-bis {dimethyiamino)
acridium chloride], but this flucrescent dye was replaced by 4', 6-
diamidino-2-phenylindole (DAPI), which hus more stable fluores-
cence (Porter and  Feig, 1980). The DAPI is believed to be very
specific for DNA and it is thus used to count total (including
nonviable and viable but nonculturable) bacteria in water (Porter
and Feig, 1980} Theuse of other fluorochromes with epiflucrescent
microscopy for the cnumeration, or deterrnination of viability er
activity of bacteriz [n biofiims has also becn described by a number
of investigators (Newby, 1991; Patterson et al., 1991; Rodriguez
et al,, 1992; Yu and McFeters, 1994). One of the disadvantages of
direct microscopic techniques is the lack of sensitivity. They
tequire at least 10° organisms per mé in small samples for reliable
detection {Mittelman, 1995). Another factor is that the type (s} of
bacteria involved in the contamination are not readity determined
with the microscopy examination. To overcome this problem
fluorescent in situ hybridisation (FISH) could be used. In this
technique fluorescent-labelled probes arc used to identify specific
microbes within biofilms.

Physialogical stains are alse ofter used in conjunction with
total cell stains to determine the active portion of a population . Yu
and McFeters (1994) found that 5-cyano-2,3-ditoly! tetrazolium
eitloride {CTC) and thodamine 123 (RE: 123) were effective indi-
cators of metabolically active cells in biofilms, although other
investigators reported a tack of sensitivity with €TC in chlorinated
biofitms (Morin and Camper, 1997).

Confocal microscopy has been used extensively for observa-
tion of planktonic bacteria, disrupted biofiims and intact biofthms.
This technique has some advantages over epifluorescence micro-
scopy although it is also limited to excitation at specific wave-

Available on website httpi//www.wreorg.za

fength, e.g, 2 Kr-Ar-laser excites at 4888, 568 and 647 nm (Camper
et al., 1999). Confocal microscopes are linked to computer image
analysis capabilities. Images obtained from the separate excitation
wavelengths can be compiled and enhanced. Moreover, objects on
the slide can be optically sectioned in the z-plane, which means that
thick objects (like biofilms) that cannot be brought into focus in
their entirety by epifiuorescence can be visualised after reconstruc-
tion of the individual thin-section confocal images (Camper ctal,
1999).

On-ine monitoring techniques

A number of monitoring techniques have been developed which
allow for the non-destructive in situ qualitative monitoring of
hinfilms. Onco immersed into 2 water system. biofilms will
develop not only on the walls butalse on the tip of an optical fibre.
The crucial part of the sensor is the probe head which incorporates
the optical fibre tip. Lightis transmitted to a well-defined measur-
ing arca on the surface of the probe 1o which the biofilm hes
attached and reflected light is used as a measure of biofilm
formation (Cloete, 1997). Commercial furbidity measurement de-
vices using the same principle to determine the rate of biofilm
formation on the detector window could be used. Fourier transfor-
mation infrared spectrometry allows the detection of bacterial
biofilms as they form of: a crystal of zinc selenite or germanium
(Michols et al,, 1985). The amide stretching of the proteins and
ether stretch of the carbohydrates are clearly detectable when
bacteria attach to surfaces, This non-destructive technique holds
promise a5 an on-line monitoring (ool for bacterial colonisation in
purified water systems,

Other technigues which have aisa been used include the usc of
fiuorometry for on-line monitoring of biofilm development (Khoury
et al,, 1992) and electrachemical monitoring such as impedance
spectroscopy (Dowling etal., 1988) and vibrating quartz erystal
microbalance (QUM) technology (Nivens et al., 1993b).

Significance and public health concerns
associated with biofilms ‘

The microbial composition of potable water reflects the microflora
characteristics of the raw water source. These may be broadly
classified inte four groups: bacteria, viruses, protozoa and fungi.
Biofilm serves as a focal point where bacteria and other micro-
organisms interact. A large variety of differont heterotrophic
bacteria have been isolated from the biofiimboth inchlorinated and
ron-disinfected water distribution systems (Colbourneetal., 1988).
The presence of E. coli, Psendomonas Aeromonas, Artrobacter,
Caulobacter, Klebsiella Bacillus, Enterobacter, Citrobacter,
Acinetobacter, Prosthescomicrobium, Alealigenes, Serratior and
Actinolegionella has been reported (Van der Kooij and Zoetemann,
1978; Ridgwayand Oison, 1981; Olson, 1982; Clivierietal., 1985,
Herson etal,, 1987; Schindlerand Metz, 1991). Althoughnesingle
medium, temperature, or choice of incubation time will ensure
recovery of all organisms present in water, sciected members of the
bacterial popuiation can be measured accurately and their numbers
can be related to waler treatment efficiency and quality deteriora-
tion in the distribution system. According to Brazos and O"Connor
(1989}, bacteria originating from the source water or their succes-
sor cells (regrowth bacteria) present in the biofilm, made a much
greater contribution to the planktonic population of the distributed
water than bacteria originating from afiergrowth.

Potable water of good bacteriological quality is generally
regarded as that containing less than one total coliform per 100 m¢
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of water sample. Although the detection of cojiform bacteria is the
primary concern, atiention shouid also bedirccted towards control-
ling the general bacteria population as many of the heterotrophic
bacteria isotated from distribution systems have been related to
secondary opportunistic pathogens in humans. Attachment of
pathogenic bacteria such as Pseudomonas, Mycobacter, Kleb-
siella, Aeromonas, Legionella spp., Yersinia enterocolitica, Sal-
monella typhimurium and ¢nterotoxigenic £. coli to surface in
water distribution systems has been noted (Engel et al,, 1980;
Wadowsky ct al., 1982; Burke ¢t al,, 1984; Camper ct al,, 1985).
Receatly therc have also been reports of the survival of
Campylobacter spp., Heficobacter pylori and Cryprosporidium
parvum in biofilms (Armon et al., 1997, Buswell et al,, 1998;
MacKay ctal.,, 1998). Not enly have bacterial cells and protozoan
¢vsts been identified in water distribution systems in both the water
phage and the biofilms, but also veast, fungi and algae (Sibile,
1998). Although the majority efthese organisms are not pathegens,
nevertheless potentialiy pathogenic bacteria (Leglonella, ...), fae-
cal bacteria (coliforms, E. coli), and pathogen protozoan cysts
{Giardia intestinalis, Cryptosporidium parvwm...) can transitorily
find favourabie conditions for their proliferation in the networks
(Sibile, 1998).

Control strategies ..
Amongst the various treatment barriers between the consumer and
water-borne diseases, disintection occupies 2 key position, as it is
indispensable for the prevention of water-bore infections dis-
eases, Disinfection of drinking water can be regurded as the single
most significantpublic heath measwure ofthis century. Thedestrac-
tien of pathogens in drinking water has dramatically reduced the
incidence of water-bome diseases in all industrialised eountries.
The firal disinfection step in the treatment of drinking water is
introduced fo remove bacteria or other micro-organisms which
escape prior treatment processcs. Oxidative disinfectants ¢.g.
chiorine, chloramine, ozonce or hydrogen peroxide are most com-
monly used, ’

Increased awarencss of the magnitude of water-bome discases
suggests that new and improved strategies are needed to reduce the
health risk from microbes in drinking water. The approach by the
water treatment industry to provide safe drinking water and prevent
outbreaks of watcs-borne disease should bebased on the concept of
muitiple barriers. This includes the protection of surface and
groundwater quality at ifs source, multipic treatment technologies
applied at the utility {(including coagulation, flocculation, sedimen-
tation, filtration and disinfection) as well as the management of the
distribution systems. Factors contributing to biofilm formation
should be controlled. Efforts should be made to utilise materials in
the network which will suppress the attachment of bacteria as well
as controlling the AGC levels.

Incecasing or modifying present conventional treatment prac-
tices, especially disinfection, is likely to reduce such health risks.
As mentioned previously, the maintenance of a chiorine residual
cannot totally be relied on to prevent bacterial occurtences. Bacte-
rial survival following chlorination has been reported even in the
presence of supposedly adequate residual concentration of chlorine
(Mathicu et sl., 1992, Momba ¢t al., 1998). Resedrchers have
shown that less reactive, more persistent, monochloramine main-
tained a longer disinfectant residual throughout the distribution
systems and could penctrate the biofilm mere effectively, resuiting
inbetter control of biofilm formation than ree chlorine (LeChevallier
et al, 1990; Van der Wende and Characklis, 1990). A study
performed by Momba (1997) showed that the maintenance of
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disinfectant residual in potable water could not be relied on to
prevenl bacterial adiesion on stainless steel coupons, coment
coupons and glass surfaces. Even in the presence of significant
residual disinfectant concentrations of 12.5 to 19.0 my-¢* hydrogen
peroxide, 0.8 to! mg-£! monochioramine and 0.2 to 0.5 mgt frec
chlorine, bactera were detected on the coupons. In the absence of
a disinfectant residual concentration, 2 high increase in biofilm
micro-organisms was detected, whereas a low increase was ro-
corded in the presence of the residual concentrations, Simitar to the
other studies mentioned, monochloramine and hydrogen peroxide
were found to be much more effective in controlling the growth of
biofilm in laboratory-scale units.

Conclusions

The formation of biofilms associated with events of regrowth of
aftergrowth in water distribution systemsis one of the niain reasons
for the deterioration of the bacteriological quality. It has been
established that for cach planktonic bacterium detected there might
be close to a 1 000 organisms present in the biofilm. Biofilms
consist mainly of a consortium of species entrapped within a poly-
saccharide mairix.

Typical facters which may enhance biefilm formation are
efficiency of the type of disinfectants used and the ability to
maintain adequate residual concentrations, the nature and concen-
tration of biodegradable compounds in the drinking water, the
nature of the materials used for the consteuction of the drinking-
water distribution systems as wel as provailing water temperature.
The management of all these factors is impaortant for the control of
bicfilms to ensure compliance with bacteriological quality stand-
ards of the drinking water

Although the detection of coliform and faccal coliforms bacte-
ria is the priznary concern, attention should also be directed towards
controtling the general bacterial population as many of the hetero-
trophic bacteria present in biofilms have been relegated to second-
ary opportunistic pathogens in humans. Apart from the presence of
the heterotrophic organisms detected in biofilms, a number of
pathogenic and toxigenic microbiclogical agents have been de-
tected in biofibms. The heaith risks associated with these pathogens
range from viral and bacterial gastro-cateric diseases to infections
such as hepatitis A and giardiasis. Recently there have also been
reports of the survival of Campylobacter spp., Helicobacter pylori
and Cryptosporidium parvim in biofilms. '

Measures suggested for the control of biofilm formation in-
clude the use of less reactive, more persistent, monochloraming or
hydrogen peroxide which maintained a longer disinfectant residual
theoughout the distribution system. The disinfectants can alse
penetrate the biofiim more effectively, resulting inbetter controt of
biofilm formation than the more reactive disinfectants such as frec
chiorine. To ensure adequate protection chlorine might be used for
the final disinfection stage during water treatment and this will be
foliowed by the use of monochloramine to ensure a persistent
concentration disinfectant residual throughout the distribution
system.
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