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ABSTRACT

The provision of safe drinking water (DW) is a tppority issue in any civilized
society. Safe DW is a basic need to human develnprhealth and well-being. The main
challenge to the DW industry is to deliver a pradtitat is microbiologically and
chemically safe, aesthetically pleasing and adeqguatjuantity and delivery pressure.
Normally, the water that leaves a treatment stalias quality, but its quality decreases
along the travel in the drinking water distributispstems (DWDS). Water industries and
governments over the world are working togetheroider to improve DW quality
through the effective treatment, monitoring of giisysicochemical and microbiological
properties, and the design and the operational gement of the distribution networks.
Although DW is strictly monitored in developed ctes, waterborne outbreaks are still
being reported due to microbial contamination. Bia$ contribute notoriously to these
events, creating a protective and nutritional nesierfor pathogens growth and survival.
Nevertheless, the dynamics of microbial growth W Detworks is very complex, as a
large number of interacting processes (physicoct&naind biological) are involved. DW
biofilms constitute one of the major microbial pieins in DWDS that most contributes
to the deterioration of water quality. Although filim elimination from DWDS is almost
impossible, several aspects can be manipulateddardo prevent and control their
growth. This book chapter provides a contributionbetter understand the important
biological and ecological mechanisms involved iofiin formation in DWDS, with
intent to control and prevent their formation, nder to improve DW quality that reaches
to consumer’s tap.
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INTRODUCTION

The main goal of water companies is to deliver doheconsumer microbiological safe
drinking water (DW), adequate in quantity and defywpressure and acceptable in terms of
taste, odour and appearance. Studies in a fulkksdahking water distribution system
(DWDS) indicated that most bacteria derived frora biofilm of pipeline surfaces. DWDS
are known to harbour biofilms, even in the presafaedisinfectant. Biofilms are constituted
by a microbial community adapted to conditions @fvInutrient concentration and high
disinfectant levels. The presence of biofims in D®/ constitutes one of the currently
recognized hazards affecting the microbiologicalliqy of DW and may lead to a number of
unwanted effects on the quality of the distributeter [1]. Microbial growth may affect the
turbidity, taste, odour and colour of the watemtdbute to the increase of the amount of cells
in the bulk phase, promote the deterioration ofaffietpipes, induce a disinfectant demand
and therefore promote disinfectant decay in thé&ibigion system [2]. Also, biofilms can
constitute a reservoir of pathogenic microorganjsmbich are responsible for several
waterborne diseases [1, 3-4].

The development of biofilms in DWDS is influenceg beveral factors, including
microbial quality of intake water, concentrationtbbdegradable organic matter, amount of
available nutrients, sediment accumulation, comaéinh of residual disinfectants, water
residence time, environmental factors (pH, tempeeaand turbidity of the water), design of
network (presence of dead ends, diameter of pigegjrodynamics (shear stress at the
biofilm-liquid interface), characteristics of matdr covering the distribution pipes
(composition, porosity, roughness) and their corat@n state [2]. Recent studies into the
microbial ecology and population dynamics of DWD8&vér found that other important
mechanisms play a determinant role in DWDS biofibrmation and on their resistance to
disinfectants. Those include the microbial diversitterspecies interactions, autoaggregation
and coaggregation, presence/release of microbiabbultes and molecules (cell-cell
signalling), and transfer of genetic material [Hpwever, the role of those mechanisms in
DWDS biofilm formation remains poorly understoodhelTpurpose of this book chapter is to
provide new and relevant information on the role amechanisms (physicochemical and
biological) of biofilm formation in DWDS.

BIOFILMSIN DRINKING WATER DISTRIBUTION SYSTEMS

Biofilms. Definition and their I mpact

In general, a biofilm can be defined as a commumifymicroorganisms that is
irreversibly attached to a biotic or abiotic sudaand that is enclosed in a matrix of
exopolymeric products [5-6]. DW biofilms, partictig are composed by complex microbial
communities functionally organized and embedded igelatinous matrix of extracellular
polymers excreted by microorganisms (Figure la)rderllular polymers also known as
extracellular polymeric substances (EPS) are theskibstances keeping biofilm organisms
together, gluing them to the surface and provigingtection against agents of stress. Any
inorganic particle passing nearby (e.g. corrosioodpcts, clays, sand, etc.) may also be
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incorporated in the biofilms (Figure 1b) increasitsg‘mechanical strength” [7-8]. According
to Characklis and Marshall [9], bacteria are gdhedominant in whatever biofilm due to
their high growth rates, small size, adaptationac#jes and the ability to produce EPS.
However, virus, protozoa, fungi and algae may als@resent in DW biofilms as reported by
several authors [10-14].

) o (8)

Figure 1. (a) Scanning electron microscopy (SEMjtphmicrographs of 24 hours old biofilms formed
by the opportunistic Gram-negatiBerrkholderia cepacidisolated from laboratorial DWDS)
evidencing the presence of an extracellular poljerraatrix (x 15000 magnification; bar = 2 um). (b)
Ductile iron pipe section from a DWDS with biofilamd high amounts of corrosion products. This
section of DWDS was obtained as result of a pigakin the DWDS.

Biofiims are well organized structures where micgamisms are protected from
environmental stress and allow complex interactemmeng different species, i.e. antagonistic
or synergistic relationships [15-18]. In biofilnthe way that cells communicate and organize
in a social community is controlled by the secretaf signalling molecules in a process
called “gquorum sensing”. This promotes communicati®etween cells and regulates the
relationship between cells resulting in a groupdwébur instead of an individual performance
[19-21].

Relevance of Biofilmsin Water Industry

The biofilms in DWDS, also designated as biofouliage a well-recognized problem in
water industry. Biofouling, in general, refers ke tundesirable accumulation of biotic matter
on a surface. It has been shown to be of consiterglgienic, operational and economical
relevance, not only in DWDS but also in other pedfwater supply systems [1].

Many problems in DWDS are microbial in nature, utthg biofilm growth, nitrification,
microbially-mediated corrosion and the occurrenoe persistence of pathogens [22-26].
Biofilms are suspected to be the primary sourcenmiroorganisms in DWDS that are fed
with treated water and have no pipeline breach&s aae of particular concern in older
DWDS [27-28]. Flemminget al.[29] estimated that 95% of the overall biomasatiached to
pipe walls, while only 5% is in the water phaseef#iore, the microbial growth in biofilms is
highly relevant for water quality since they mayedily affect cell density in the bulk phase.
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By adopting this sessile mode of life, biofilm-erdded microorganisms enjoy a number
of advantages over their planktonic counterpargsnely: the ability to excrete the EPS
matrix to capture and concentrate nutrients; rascet to a number of removal strategies such
as antimicrobial and antifouling agents as welkhsar stress conditions; the possibility of
metabolic interactions between bacteria with déférphysiological requirements; bacterial
communication through excreted signalling molecided the potential for dispersion via
detachment, maintaining a persistent bacterial ceouypopulation that is resistant to
antimicrobial agents, while at the same time engblcontinuous shedding to promote
bacterial spread [1].

The current knowledge of the structure and acsisitin biofilm communities is still
limited, because analysis of microbial physiology @enetics have been largely confined to
studies of microorganisms from few lineages for alhtultivation conditions have been
determined and for some process conditions, noticking real environments. The dynamics
of the microbial growth in DW networks is very colexy as a large number of interacting
processes are involved. DW pipes inner-surfacesirarariably colonized by biofilms,
regardless of the presence of a residual disinfecha addition to the possibility of causing
corrosion, taste and odour problems, biofilms adnthe microbiological contents of the
distributed water and are a potential source ohqmens [30-31]. The interaction of
pathogens with other biofilm microorganisms hasnbaeorinciple of concern in man-made
water systems, particularly DWDS. In fact, biofilf@med within potable-water systems
contain bacterial pathogens such laspneumophilaand coliforms of intestinal and non-
intestinal origin [28,32-33]. Furthermore, protozase commonly found within DWDS
biofilms and have been associated with pathogesigtence and invasiveness [34-35].
Despite Paymenet al. [36] in their work did not find any relationshipetween biofilm
presence in DWDS and occurrence of disease, ibbas proved that pathogens such.as
pneumophila Mycobacterium spp., P. aeruginosa Klebsiella spp., Burkholderia spp.,
Giardia andCryptosporidiumamong others (Table 1), are transmitted by comiaied water
and biofilms are a good candidate as they canset jgrotective niche for their survival in
DW as shown by several authors [31, 37-38]. Theswoption of contaminated DW can
cause a wide range of diseases and health-relatdglems in all people or in more
susceptible groups like infants, young childrerdedly or sick or immune-compromised
people. Waterborne diseases are any illness cdnyséd utilization of DW contaminated by
human or animal faeces, which contain pathogenazaarganisms, or by chemical products.
Waterborne pathogens are disease-causing bagbesi@zoa, virus and helminths that are
transmitted to people when they consume untreatédadequately treated water. A list of
the most relevant agents can be found in Tabléthese pathogenic microorganisms are not
removed by disinfection and reach the consumepstteey may cause outbreaks of disease
within the community. The occurrence of outbreaksvaterborne diseases is not limited to
developing countries; affluent countries are alfectéed [39-42]. Such findings demonstrate
the essential role of an efficient disinfectionrpta control microorganisms in the bulk phase
and their biofilms in order to provide high quali}V [1].



Table 1. Pathogens associated to water bor ne diseases

Bacteria Protozoa Viruses Helminths
Acinetobactespp. Acanthamoeba castellani Adenovirus Ascaris lumbricoides
Aeromonaspp. Balantidium coli Astrovirus Dracunculus medinensis

Burkholderia pseudomallei
Campylobacter coli

Escherichia colpathogenic

E. colienterohaemorrhagic
Francisella tularensis
Helicobacter pylori
Klebsiellaspp.

Legionella pneumophila
Leptospiraspp.

Mycobacteriunspp. (now-
tubercolous)

Pseudomonas aeruginosa
Salmonella typhi
Salmonella paratyphi
Salmonellaspp.
Shigellaspp.
Staphylococcus aureus

Blastocystis hominis
Cryptosporidium parvum

Cyclospora cayetanensis

Entamoeba histolytica
Giardia duodenalis
Giardia intestinalis
Giardia lamblia
Microsporidia
Naegleria fowleri

Sarcocytisspp.

Toxoplasma gondii

Coxsackie virus A
Coxsackie virus B

Echovirus

Enterovirus
Hepatite A virus
Hepatite E virus
Norovirus
Poliovirus
Rotavirus

Sapovirus

Fasciolaspp.

Schistosomapp

Free-living nematodes othe
thanDracunculus medinensis



Table 1. Pathogens associated to water bor ne diseases

Bacteria Protozoa Viruses Helminths

Toxic cyanobacteria
Tsukamurellaspp.
Vibrio cholera
Yersinia enterocolitica

[1, 33, 235-236]
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Biofilm Formation: Physical, Chemical and Biological Processes

The biofilm formation mechanisms were already dbsdr extensively, there are several
excellent comprehensive reviews on this topic [8B-#here are a number of mechanisms by
which numbers of microbial species are able to cmtwecloser contact with a surface, attach
firmly to it, promote cell-cell interactions andogv as a complex structure [47]. Biofilm
formation is a dynamic process and comprises aeseguof steps. Currently, processes
governing biofilm formation that have been idestfiinclude the following steps (Figure 2)
[47, 49]:

1) preconditioning of the adhesion surface either lagromolecules present in the bulk
liquid or intentionally coated on the surface;

2) Transport of planktonic cells from the bulk liqua@the surface;

3) Adsorption of cells at the surface;

4) Desorption of reversibly adsorbed cells;

5) Irreversible adsorption of bacterial cells at das;

6) Production of cell-cell signalling molecules;

7) Transport of substrates to and within the biofilm;

8) Substrate metabolism by the biofilm-bound cells aaadsport of products out of the
biofilm. These processes are accompanied by caitgr, replication, and production
of EPS;

9) Biofilm removal by detachment or sloughing.
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Adapted from Simdest al. [49].

Figure 2. Processes governing DW biofilm formatil): Preconditioning the pipe surface by
macromolecules (organic and inorganic) presertiénttater; (2) Transport of planktonic cells from
water to pipe surface; (3) Adsorption of cellste pipe surface; (4) Desorption of reversibly abledr
cells; (5) Irreversible adsorption of cells; (6pBuction of QS molecules; (7) Transport of subsgab
and within the biofilm; (8) Substrate metabolismtbg biofilm-bound cells and transport of products
out of the biofilm, accompanied by cell growth, lfeation, and production of EPS; (9) Biofilm
removal by detachment or sloughing.
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Conditioning Film

The first step in biofilm formation (step 1) is theeconditioning of the adhesion surface.
The conditioning film is a thin layer of organic faoules and ions covering the adhesion
surface that is formed before any microorganisriachtto the surface. These molecules may
adhere to the surfaces by physical or chemicalratien. Physical adsorption is generally a
reversible process in which one monolayer is fornieeblving nonspecific bonds (London
and van der Waals forces). In chemical adsorptsawveral adsorbed molecular layers are
formed involving specific chemical bonds (electatist, covalent and hydrogen bonds),
dipole interactions, and hydrophobic interactiof8]] The strength of biofilm adhesion is
largely dependent on the cohesion of the conditigiais observed by several authors [51-52].

Adhesion

Steps between 2 and 5 correspond to the effectifeesion of microorganisms to
surfaces. This is started by the transport of nhiedocells to the adhesion surface either by
fluid dynamics, gravitational forces and Browniantian, or by migration through active cell
motility (e.g. flagella). Also, the surface eledtatic charge and hydrophobic interactions
affect this approaching and the adhesion proces®nWhe cells approach the surface they
can interact with each other by the establishménbmg and short/intermediate distance
forces. The long distance forces are describedhbyDerjaguin-Landau-Verwey-Overbeek
(DLVO) theory and comprise the attractive forcesyan der Waals and the repulsive forces
of the electrostatic double-layer. The short/intediate distance forces include hydrophobic
interactions, hydrophobic pressure, steric for8sn repulsion forces and polymer bridges
[53-54]. In equilibrium, when favourable, this résun the adhesion of microorganisms.

Biofilm Growth and Maturation

After cellular adhesion to surfaces, the growth araduration are the following stages of
biofilm formation (steps 6-9). The attached micgaisms start growing, they form
microcolonies, excreting organic polymers and dtittig the formation of the biofilm matrix.
Exopolysaccharide synthesis has been shown to hworiamt for the formation of
microcolonies [55-56]. As biofilm thickness increastransport of nutrients from the external
liquid media to the inner layers of biofilm andrisport of excreted metabolites in the
opposite direction are important for biofilm maiméamce. Throughout the phase of biofilm
growth, bacteria detachment events occur althoaghlower extent compared to the growth
rate. In the maturation phase, there is the dewatop of a complex and organized consortia
of microorganisms embedded in an organic matrix gnatects the microorganisms inside
from stress factors. It is in this stage that nocganisms produce large amounts of EPS. The
structure of a mature biofilm depends on the mialobomposition, EPS production, the
nutrient availability, hydrodynamic conditions ateiperature. In a mature biofilm several
processes may occur simultaneously: bacteria dsch into water, attachment of
planktonic bacteria, growth and death. However,this stage these processes are at
equilibrium and the number of attached cells peit sorface area is constant in time,
although with periodic fluctuations [57-58]. At shiphase, the biofilm should reach the
highest thickness that is essentially dependentthen hydrodynamic conditions, mass
transport and biofilm cohesion.
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Detachment

The last phase of biofilm formation (step 9) is tthetachment of cells and other
components from the biofilm. Hydraulic shear strpssvoked by high flow velocities can
lead to detachment of bacteria and biofilm aggegdésioughing), with higher detachment
rates at increasing shear [59]. Detachment ocauestal different mechanisms: erosion (the
continuous release of single cells or small clsstércells), sloughing (the rapid detachment
of large portions of the biofilm), abrasion (callis of solid particles with the biofilm), and
predator grazing. Erosion and sloughing can résuit biofilm-associated processes, such as
enzyme production [60-61], the excretion of certaignalling molecules [62], cell-cycle-
mediated events [63-64], and the excretion of serfanodified products (surfactants) by
certain bacteria [65], or from external factorsteas shear forces [64,66], variations in the
nutrient concentration [67], chemical change in ERB to the presence of chelating agents
(C&™") that will reduce the cohesive strength of thacted cells [68], abrasion, and predator
grazing [69].

Biofilm Structure and Composition

The knowledge of biofilm structure allows a betterderstanding of how developing
biofilms are influenced by the surrounding envir@mhand enables better interpretation of
biofilm processes. Over time there has been a shifierception of the structure of microbial
biofilms from that of a homogenous layer of cells @ slime matrix to a much more
heterogeneous arrangement. So, several structavesbeen proposed as biofilm visualizing
techniques were improved through the years. Tise $implifying assumption that probably
extended through the 1980's well into the followiigcade was that a biofilm could be
represented as a simple planar structure, lardelyh a relatively constant thickness [70].
In the meantime episcopic differential interfererammntrast microscope was developed by
Keevil and Walker [71] and the heterogeneous mosaicel was proposed for biofilms
growing on the inner surfaces of DWDS. These rebess discerned stacks consisting of
microcolonies of bacteria held together by EPS appearing as columns surrounded by a
liquid phase in which grazing protozoa could beelined. Below the stacks there was a layer
of cells about 5 um thick attached to the substnaflhese types of structures led Bill Keevil
to name this the “heterogeneous mosaic model”. Herobiofilm structure was proposed by
Costerton and co-workers [72-75]. When working witver biofilms supplemented with
nutrients, these researchers observed a heteragesgacture composed of mushrooms with
the stalk narrower than the upper surface parts,vihole being penetrated by channels
allowing the transportation of water, nutrients ametabolites.

According to Wimpenny and Colasanti [76], who pregd a unifying hypothesis for the
microbial biofilm structure based on simple andomdton model, all these conceptual
structure models were correct since the final stinecwas largely dependent on the resource
concentration. Thus, the first type was dense ivelgt uniform biofilm found in habitats
where the nutrient levels are generally high (Bag.numan mouth), or periodically extremely
high. The second type appeared in water distributgystems where the substrate
concentration is very low. The third type was gated in the laboratory using media
containing significant nutrient concentration [7Hpwever, there are reports that indicate the
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presence of channels in dental plaque biofilms B8] describe a dense flat biofilm formed
under conditions of phosphate starvation [79].

The biofilm structure can be determined by a gueaiety of environmental parameters
(hydrodynamics, nutrient composition, temperatund @H) that, consequently, affect the
density, porosity and thickness [76,80-81]. Mostiemmental biofilms are heterogeneous
microbial communities that have different behavioulepending on the conditions (e.g.
exopolymers) and the interactions with each otkay. (chemotaxis, metabolic interactions),
hence forming unique biofilms where all resouragd @nergies are optimized.

The structure of DW biofilms on the pipe surfacesimot follow a standard rule: they
may cover the entire inner surface [82-84] or benfed by dispersal aggregates [71]. The
surface coverage degree depend of many factors,asuthe type of microorganisms, biofilm
age, hydrodynamic conditions, presence of inorgpaiticles, nutrients and temperature.

As result of the application of advanced microscopych as confocal laser scanning
microscopy and episcopic differential interferencentrast microscopy, molecular and
electrochemical high-resolution methods have prdidinsights into the structural
organization and function of biofilm communitiehérefore, a mature biofilm is seen as very
heterogeneous arrangement, consisting of micromsdoof bacterial cells encased in EPS
matrix separated by water channels [44,85]. Buboalith some structural attributes can
generally be considered universal, every microb@hmunity is unique [86]. This is due to
the fact that a biofilm structure can be influenbgdseveral conditions, such as surface and
interface properties, nutrient availability, the cnobial community composition, and
hydrodynamics, making the exact structure of amyfilm probably a sole feature of the
environment in which it develops [87-89]. The watdrannels that separated the matrix
enclosed microcolonies are vital for biofilm maimece, providing a nutrient flow system
inside it [44], that delivers nutrients deep witlire complex community [90] and allows the
exchange of metabolic products with the bulk fliaiger [91].

Concerning the biofilm composition, water is coresatl to be the major component of
the biofilm, representing from 70 to 99% while ki occupy only between 10 and 50% of
the total volume of biofilm [92-94]. EPS, the majoomponent of biofilm matrix, are
considered the organic substances excreted byhattamicroorganisms, account for 50 to
90% of the total organic carbon of biofilms [95]daare important keys for the biofilm start-
up [94,96]. Their composition and amount are alsghlii influenced by the type of
microorganisms and environmental conditions suchnasients, temperature, pH and
hydrodynamics. For example, the excess of availahibon and the limitation of other
nutrients (nitrogen and phosphate), promote exaaalyarides synthesis [80,96]. The EPS
determine the structural and functional integritly roicrobial biofilms, and contribute
significantly to the organization of the biofilm reonunity [97]. EPS are involved in the
formation and maintenance of a 3-dimensional, igel-highly hydrated and locally charged
biofilm matrix, in which the microorganisms are raar less immobilized.

Besides polysaccharides, proteins, nucleic acigshospholipids, non-cellular materials
such as mineral crystals, corrosion products ocodloomponents, may also be found in the
biofilm matrix [82]. The biofilm matrix (composedykall inorganic and organic substances
surrounding the cells) has several functions. Funtiore, acting as the structural backbone,
biofilm matrix protects bacteria from being washedt, from mechanical shocks, from
toxic/lethal attacks by antibiotics [98], disinfext chemicals [92,99], UV radiation [100],
predators [71] and from desiccation [80,99,101]wadl promotes the storage of nutrients for
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intake during periods of limitation [102], the reten of extracellular enzymes [103], the
horizontal gene transfer [104], and the exchangggofalling molecules and metabolites [62].

Factor s Affecting Biofilm Growth in Drinking Water Distribution Systems

The attachment of microorganisms to surfaces aadstivsequent biofilm development
are very complex processes, affected by severadria@s previously stated. In DWDS these
include the nature and concentration of nutriesegliment accumulation, the type and
diversity of microorganisms present and their nticab interactions, concentration of free
residual disinfectants, environmental factors (idehg pH and temperature), water residence
time, hydrodynamics conditions, design of netwopkeéence of dead ends, diameter of
pipes), characteristics of the material coverirg distribution pipes and their age. However,
in real systems all these factors work togetheintioence biofilm accumulation. Thus, the
impact of some of them may be insignificant compansdéth the impact of others and must
therefore be considered carefully for each systBaring the last decades an extensive
research has been done in this topic which resiftexd several published reports on the
effects of diverse factors in DW biofilm formatifit05-111]. The main factors will be briefly
described.

Environmental Factors (pH and Temperature)

pH and temperature are considered two importanvfa@ffecting life by modifying the
electrostatic interactions between surfaces andromiganisms, microbial metabolism,
enzymatic activity, kinetics and equilibrium of ctians, and other properties (e.qg. diffusivity,
solubility) [2]. Also, pH and temperature affecketleffectiveness of disinfection. Chlorine
residuals present in DWDS are drastically reducderwtemperature increases and pH
decreases [2].

Disinfectant

Other important variable in biofilm formation isetltoncentration of disinfectant residual
in DWDS. The most used disinfectants are chlomgramines, chlorine dioxide, ozone and
UV radiation [112]. From all the disinfectants clite is by far the most widely used in
DWDS. Chemical disinfection and maintenance of gchéoresidual through the distribution
systems are almost worldwide strategy to preventtebal regrowth during water
transportation [113-115]. Even so, regrowth mayuooghen the chlorine residual decays
further down in the distribution system [116-11%ome studies have demonstrated that
chlorine is able to control biofilm formation by duécing the rate of biofilm growth,
promoting the biofilm detachment and decreasing #wdivity of microorganisms
[105,115,118-119]. However, the presence of resicliarine is also one of the stress factors
that leads to biofilm formation [120]. Nevertheleseme European countries notably the
Netherlands, Germany, Austria and Switzerland haken the approach of distributing high
quality DW without the use of residual chlorine.eTbontrol of microbial growth in these
countries is obtained through limitation of the rrarits essential for growth by more
appropriate DW treatments (sedimentation, filtmatidlVV disinfection, ozone, peroxide), i.e.
by the production of biologically stable DW [1].
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Hydrodynamics

The hydrodynamic conditions in DWDS are variablée3e conditions alternate from
laminar to turbulent flow, but stagnant waters alstcur in places where the water
consumption is low, as well as in reservoirs anddmgs. The flow velocity may cause
different effects on biofilm accumulation and détaent [96]. Nutrient transport rates within
the biofilm increase with the flow velocity until maximum value is reached, and then
decrease as the velocity is further increased. Fhissport rate promotes bacterial growth
within the biofilm. On the other hand, the biofildensity and detachment increase with the
flow velocity [96]. As result of wide research offfeets of flow velocity on biofilm
accumulation controversial results were obtaineglvefal authors observed that biofilm
formation increases with flow velocity [111,121-12&hile others achieved the opposite
effect [124-126]. A mechanistic explanation abdwg effects of hydrodynamics on biofilm
growth was given by several studies on the biofittabolism [127-128]. Higher flow
velocities increase the cellular hydrophobicity amtl promote cell aggregation and hence
biofilm accumulation.

Nutrients

Generally, DWDS are considered oligotrophic envinents (with low contents of
nutrients like carbon, nitrogen and phosphorous)wvéler, the increase of nutrients in water
promotes biofilm formation. Studies have shown asitp@ relationship between the
concentration of nutrients in DW and bacterial osgh in DWDS [129-130]. Several studies
from the DWDS around the world observed that tlganic carbon content was the limiting
nutrient. An increase in this nutrient promotedtbea regrowth: in Australia [116], France
[131-133], USA [27,134], Singapore [135], Spain §],3Netherlands [129] and in China
[137]. Battéet al. [132] observed that the addition of phosphorous wot affect the
accumulation of biofilm although phosphorous wa@dpencorporated in biofilm. Other
researchers observed that the limiting nutrient plassphorous in DWDS from Japan [138]
and Finland [139]. The detection of the limitingment in DWDS is very important since the
addition of phosphate based compounds has beengapo prevent pipe corrosion and the
bacterial regrowth [31,140-141]. The concentratibmutrients such as carbon/nitrogen ratio
is important to the production of extracellular yukrs and thus affects the adhesion of
microorganisms to surfaces [142].

Hydrodynamic conditions and nutrients are the twairmparameters that influence
biofilm growth in particular the structure, densityd thickness [76,81,143]. High shear stress
and nutrient limitations led to thin and dense ibigg that will have reduced internal nutrient
diffusion [144-145] and increased resistance toowah and cohesion [57,123,125,146].
Under low flow velocities and high nutrients corttethe biofilms grow quickly with a low
dense structure but with many pores, channels etdlgerances [147].

Materials

The variability of materials in DWDS is high. Forriye the majority of pipelines in DW
networks were made of iron-based or cement-basdeériada. More recently, polymeric
materials have been preferred, mainly polyvinylocidle (PVC), polyethylene (PE), because
they are easier to handle and implement. In faid,gossible to find all this types of materials
in the same DWDS. The influence of support mateidal biofilm growth is well documented
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in the literature [10,148-152]. However, thereti#f sontroversy about the effects of surface
materials on biofilm development when polymeric andtallic materials were compared.
Some reports demonstrated that DW biofilms grew tas polymeric materials than on iron
matrices [149-150,153-155]. This fact was attridute iron corrosion products that favour
biofilm protection from mechanical and chemicalestres. Other studies reported higher
biofilm formation on PVC and PE surfaces than olvayaized steel materials [148,151,156].
While, other works concluded that there was noiggmt difference in the colonization of
the investigated materials (stainless steel, PMCRIE) after decades of operation [157-159].
Lehtolaet al. [160] found that biofilms grew faster on PE tham eppper pipes, but such
differences could not be detected in older pipiygtems. The main characteristics of
materials that have been identified as importanbiofilm formation are the roughness and
the surface physicochemical properties (chemicampmsition, solid surface tension,
hydrophobicity and surface charge). Another aspethe leaching of volatile components
from pipe materials that can be metabolized byilbiomicroorganisms. van der Koagt al
[161] also observed that the polymeric materials contact with DW could release
biodegradable compounds, thus enhancing biofilrmédion. Moreover, corrosioresistance
of the materials may be another important factoenvbhoosing the material for the DWDS.
Corroded iron pipes may offer numerous bacteri@chiment sites and bacteria protection
from the effect of flow rate and of disinfectantsveell as may release undesirable products to
the water [150,162]. Also, the corrosion products/metain nutrients (such as, humic matter)
for subsequent utilization by biofilm bacteria [16Bhe corrosion on metallic surfaces may
be induced by the activity of physiologically disermicrobial species within the biofilms
[164].

Microorganisms

The physiological state and the type of microorgiusi present in the bulk water will
affect the attachment process, since each micrommahas different surface properties,
extracellular appendages and abilities to produe8.ECell surface hydrophobicity and the
presence of extracellular filamentous appendages influence the rate and the extent of
microbial attachment. The hydrophobicity of thd sefface is important in adhesion because
hydrophobic interactions tend to increase withititeeease in the non-polar nature of one or
both surfaces involved,e., the microbial cell and the adhesion surface [82jcdkding to
Drenkard and Ausubel [165], the ability of bacteidaattach to each other and to surfaces
depends in part on the interaction of hydrophobimdins.

Many microorganisms produce extracellular filamestoappendages. These may,
therefore, play a role in the attachment procesdadt, their radius of interaction with the
surface is far lower than that of the cell itsélfnumber of such structures are known to exist
- flagella, pili or fimbrag prothecae stalks and holdfast [166]. These structures are
responsible for motility, involved in the cell-sace interactions and adhesiveness [8]. EPS
produced by microorganisms are responsible foribgndells and other particulate materials
together (cohesion) and to the surface (adhesBM1§7-168]. The general composition of
bacterial EPS comprises polysaccharides, proteundgic acids, lipids, phospholipids, and
humic substances [80,169-170]. According to Tsunedaal. [171], proteins and
polysaccharides account for 75-89% of the biofilmSEcomposition, indicating that they are
the major components. The type of microorganisnustha interactions established between
them has an important role in the biofilm dynamitse protozoa in DWDS are considered
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the major organisms responsible for bacterial ggaaivhich has been shown to limit biofilm
accumulation [13,121,172-175]. However, in contrastpredation, association of several
pathogenic bacteria to protozoa is a well recoghiphenomenon that promotes high
resistance against disinfectants and increasehehth risk events [13,157,172-173,175-
176].

Sediment Accumulation

Sediment can consist of either organic matter,utfioly micro-organisms, or insoluble
material, mainly iron and manganese. Significantcrobial activity may occur in
accumulated sediments. Organic and inorganic jestican also accumulate in low-flow
areas or dead-ends of the DWDS, and enhance matmntiivity by providing protection and
nutrients [177]. Biofilms that slough can accumeilat the periphery of distribution systems
leading to sediment accumulation and the prolifenatof some microorganisms [178].
Sediment accumulation may also lead to decreadesiofectant residual in water. There are
inorganic particles, like sand, that will promate terosion of biofilm while others, like clay,
may result in thicker and stronger biofilms [7,179]

MECHANISMSOF BIOFILM FORMATION IN DRINKING WATER
DISTRIBUTION SYSTEMS

The understanding of the mechanisms of microbiaignt in DWDS like the microbial
ecology, specific mechanisms of adhesion, intra amdrspecies interactions and the
production of signalling and other metabolite males, will continue to provide needed
insights to help resolving public health concerssoagiated with biofilm formation on these
systems. The standard methods of disinfection arefficient in DWDS biofilm control [1].
Recent findings into the microbial ecology of disition systems have found that pathogenic
resistance to chlorination is affected by microbdammunity diversity and interspecies
relationships [175].

Microbial Community Diversity

A DWDS provides a habitat for microorganisms, wharte sustained by organic and
inorganic nutrients present on the pipe and incthreveyed water [180]. According to Berry
et al.[175] an understanding of the microbial ecologytaf distribution system is necessary
to design innovative and effective control stragsghat will ensure safe and high quality DW
to the consumer.

In general, heterotrophic plate counts (HPC) aredu® assess the overall bacterial
quality of DW [181]. However, the majority of badtd cells in natural communities are
either non-cultivable by current cultivation metsodr are present in a viable but non-
cultivable (VBNC) state [182]. So, such methods amew known to significantly
underestimate the total number of bacteria in DW].[3hus, the real composition and
dynamics of bacterial communities in DWDS are fanf being assessed and understood in
detail.
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The biodiversity of bacterial population in DW Hiofs is still poorly understood, but
biomolecular tools bring new light on populationmgmosition and dynamics [183-190].
Through these molecular approachd¥oteobacteria particularly of the classes:-
proteobacteriaf-proteobacteria,y-proteobacteria and-proteobacteria have been found to
predominate in chlorinated DW [188,190-191].

The microbial composition of DWDS communities ifluenced by several factors and
reflects the microflora characteristics of the raater source [190]. Previous research has
shown that distribution system pipe material, terapge, the level of organic carbon
available, velocity of water and the disinfectased in a system are among the factors that
may impact the growth and community structure of DS\Vbiofilms [106,108,121,188,192]
According to Williams et al. [188], following exposure to either free chlorirend
monochloramineg-proteobacteriawas the predominant phylogenetic group observetién
treated distribution water, suggesting that thesgamisms are well suited to survive in
potable water supplies. Converseliyproteobacteriawere found to be more abundant in
chloraminated water than in chlorinated water. iother study, Emtiazt al. [25] revealed
that s-proteobacteriawere also abundant in biofilms of non-chlorinai@d/. These studies
indicate that microbial community diversity is ingbad by the disinfection strategy. There is
also evidence that diversity can affect disinfattefficacy and pathogen survival [175].
Simoeset al. [193] provide experimental evidences on the rdléhe microbial diversity of
DW-isolated bacteria biofilms in their resistancechlorine disinfection.

In DWDS, Acinetobacter Aeromonas Alcaligenes ArthrobactefCorynebacterium
Bacillus Burkholderia  Citrobacter  Enterobacter Flavobacterium Klebsiella
Methylobacterium Moraxella, PseudomonasSerratig Staphylococcys Mycobacterium,
Sphingomonasand Xanthomonashave been the predominant bacterial genera detected
[175,194]. The Gram-negative are predominant over Gram-positive bacteria, and
Pseudomonaspecies are the most abundant bacterial orgamisupply systems, regardless
the water source.

In chloraminated systems several authors detectethomia- and nitrite-oxidazing
bacteria such ad\itrosomonasand Nitrobacter belonging to thes-proteobacteriaand a-
proteobacteriarespectively and the genh#rospira[22,189,195].

There are some published studies where no pathogeme detected in DWDS
[84,159,186]. According to Payment and RobertsoBOJ1 most of the microorganisms
developed in distribution network are harmless. Ewsv, this dominant non-pathogenic
bacterial populations should not be neglected, esitiey play a major role in biofilm
formation [27] and biofouling [196]. Also, the augtihonous microbial community may
promote the survival and growth of hygienicallyengint and potentially pathogenic bacteria
[197]. Nevertheless, other published studies deteseveral pathogens in DWDS such as:
potentially pathogenic mycobacteria were detectedvater samples collected in France
[198]; infectious enteroviruses and adenoviruse®wetected in water samples in urban sites
of Korea [199]; opportunistic pathogenb]ycobacterium sp., Legionella spp. andP.
aeruginosawere detected in biofiims and DW in Germany [2BEglicobacter spp. was
identified in biofilms [200];Aeromonasspp. have also been found in DWDS [201], and in
Russia and Bulgaria some water samples were paditivGiardia and Cryptosporidium
[202].
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Additionally, the autochthonous microflora coulds&in the growth of protozoa and
metazoa that are visible or may have adverse sffent the taste of the DW [190].
Filamentous fungi and microfungi were also obsemddWDS [14,203-204].

Microbial | nteractions

Under natural conditions, true monospecies biofiens rare and in most natural and
industrial environments, such as DWDS, biofilms eoenplex communities. Diversity in
microbial communities leads to a variety of complebationships involving interspecies and
intraspecies interactions. Interactions among biattspecies may have a profound influence
on the initial stages of biofilm formation and demnent.

The ecology of a biofilm is a complex function ofepailing growth conditions,
hydrodynamic forces, presence of microbial meta®land molecules (cell-to-cell signalling
communications) excreted by the microorganismsdordinant microbial inhabitants in the
biofilm [47]. Bacteria have the ability to signahdhsense the state of population density in
order to change physiological needs under diffegeatvth conditions. This phenomenon is
commonly called quorum-sensing (QS) [205]. Themfd®S is a strategy of cell-to-cell
communication benefiting the biofilm community bgntrolling unnecessary overpopulation
and competition for nutrients [206]. QS has beemalsstrated to play a role in cell
attachment and detachment from biofilms [20,82].ctBaa are considered colonial
microorganisms by nature and exploit elaborateesystof intercellular interactions and
communications to facilitate their adaptation tcamiing environments [8,207-209]. The
successful adaptation of bacteria to changing ahtanditions is dependent on their ability
to sense and respond to the external environmehtremdulate gene expression accordingly
[20].

Surfaces provide a niche that promotes the eveolubiocomplex interactions between
bacterial cells. Once cells are firmly bound, thvity of the community is dependent on the
metabolism and growth of each member species uhmel surface conditions. Such
metabolic activities can include substrate consionptellular growth and replication, and
synthesis of extracellular polymeric substance$ [Bffe biological complexity of a system is
defined by intra as well as interpopulation celh&adour. The metabolic activities of those
microorganisms that become associated with a wurtause these interfacial chemical
gradients to evolve over time and space, creaiimglitons not normally encountered in the
bulk agueous phase [210].

The microbial heterogeneity found in DW and thesetice of interspecies relationships
can provide improved strategies for microbial gtowebntrol [193,211]. Competition for
substrate is considered to be one of the majorudeolry driving forces in the microbial
world, and experimental data obtained in laboratoonditions showed how different
microorganisms may effectively outcompete othersabse of better utilization of a given
energy source [16,212]. Central to the structuneyposition and function of any community
is a complex set of interactions. For instance,ddaet al. [213] found that spatial structure
was the key environmental factor fBr putidaKT2440 andAcinetobactersp. strain C6 to
establish a structured community for interspeai¢sractions. Previously, Mgllat al. [212]
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showed the metabolic synergy betwéerputidaandAcinetobacteisp. community members
when biodegrading toluene and related aromatic comgs. There is evidence that biofilm
community diversity can affect disinfection effigaand pathogen survival within biofilms
[214].

Most of the research into interspecies interactioithin biofilms has focused on the
beneficial aspects of these relationships. Howenarall interactions will be beneficial, since
antagonistic interactions may play an importanterah the development of microbial
communities. The production of antimicrobial moliesy including toxins, bacteriolytic
enzymes, antibiotics and bacteriocins seems to gpenaric phenomenon for most bacteria
[215-216]. Table 2 shows relevant interactions tbior several multispecies biofilms from
diverse environments.

Table 2. Relevant inter speciesinteractionsin biofilm communities

!nterspgmes Strains Reference
interactions
Marine epiphytic bacter [237]
Enteric bacteria [216]
Antagonism Marine pelagic bacteria [238]
DW-isolated bacteria [18]
Bacillus cereu$’seudomonas fluorescens [239]
Pseudomonasp. strain G¥Pseudomonas putida
DMP1 [240]
Commensalism  Acinetobactesp.Pseudomonas putida [16]
Lactococcus lactissp.cremorigPseudomonas [241]
fluorescens
Acinetobacter p./Pseudomonas puti [16]
Klebsiella oxytocBurkolderia cepacia [242]
Competition
Marine epiphytic bacteria [17]

Denitrifying bacteria [243]
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Soil bacteria [244]

Oral bacteria [245]
Mutualism
(protocooperation Marine epiphytic bacteria [214]
and symbiose)

E. coliPHL565/P. putidaMT2; E. coli [246]

PHL565/environmentdt. colifrom DWDS

DWe-isolated bacteria [18]

Pseudomonasp.;Corynebacteriunsp.;Candidasp.;

Schizosaccharomycsp.; Saccharomycesp.; [247]
Neutralism Schizosaccharomycep.

DWe-isolated bacteria [18]

Coaggregation

Coaggregation, the specific recognition and adreereyi genetically distinct bacteria to
one another, occurs in a variety of ecosystems-pPAB] and was first demonstrated for
bacteria from dental plaque [220], where both geeeric and intrageneric coaggregation
occurs [221]. However, coaggregation is a widegsprpaenomenon that has now been
observed amongst bacteria from other biofilm comitremin several diverse habitats. Few
reports on the coaggregation abilities of freshwaiefilm bacteria have been published
[219,222-225], and it has been suggested that cegation may also mediate the sequential
integration of species of bacteria into freshwatefilms [226-227].

This mechanism of adhesion is highly specific asdhought to have a role in the
development of multispecies biofilms in many diffiet environments [221,228-231] and is
now recognized as a mechanism for allowing spe@#fsociation between collaborating
bacterial species. Aggregation conveys advantagesid¢roorganisms including transfer of
chemical signals, exchange of genetic informatmotection from adverse environmental
conditions, metabolic cooperation between diffespucies, as well as cell differentiation in
some populations [232]. Coaggregation interactamdribute to the development of biofilms
by two routes. The first route is by single celissuspension specifically recognizing and
adhering to genetically distinct cells in the deypéhg biofilm. The second is by the prior
coaggregation in suspension of secondary colonfpicsved by the subsequent adhesion of
this coaggregate to the developing biofilm [228].bloth cases, bacterial cells in suspension
specifically adhere to biofilm cells in a proces®Wwn as coadhesion [51,233].

Coaggregation between pairs of freshwater bacierigypically mediated by protein
“adhesion” on one cell type and a complementarglsaide “receptor” on the other. These
protein-saccharide interactions can be blockedheyaddition of simple sugars [222,229-
230]. Thus, the mechanism mediating adhesion betweaggregating pairs in freshwater
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biofilm bacteria is very similar to the one verdia oral bacteria. The coaggregation between
freshwater bacteria is growth-phase-dependentepedds on cells being in the optimum
physiological state for coaggregation and it is mézed when both partner bacteria are in
stationary phase. Maximum expression of coaggregagenerates clearly visible flocs of
cells in mixtures of the two types of cells [22Gjdais maintained for up to 48 h into
stationary phase, depending on the coaggregatiirg Pplae ability to coaggregate then
decreases and eventually is lost completely [ZPI3§ optimum coaggregation between a pair
might be dependent upon a change in coaggregabidity af one or both partner bacteria.
Moreover, and as suggested by Malilal.[218], bacterial cell surface properties, namhbly t
hydrophobicity, are other factor thought to playimportant role in coaggregation, as well as
in cell-substratum interactions. Recently, Mgt al. [234] studied the influence of some
physicochemical parameters (ionic strength, pHptmature, and viscosity) on coaggregation
ability between the freshwater bacteria. These ipbghemical factors are important to
consider when developing buffers to detect coagdieg in freshwater environments as well
as when the intent is to develop novel approaahesntrol freshwater biofilm formation by
blocking bacterial coaggregation.

Studies on freshwater biofilm bacteria have alsmatestrated that coaggregation often
occurs between bacteria that are taxonomicallyadis{intergeneric coaggregation) and
occasionally between strains belonging to the sapexies (intraspecies coaggregation)
[222,224]. Intergeneric coaggregation is commonwbeh oral bacteria [228], but
intraspecies coaggregation has not yet been rdfdreéween oral plaque bacteria. Thus,
intraspecies coaggregation may well be a charatitethat is unique to freshwater biofilm
bacteria.

SimBeset al. [230] investigated the intergeneric coaggregatidnlity among DW-
isolated bacteria and the role of this specific na@ism in multispecies biofilm formation.
This is the first report demonstrating that calcoaceticusas a bridging function in DW
biofilm formation. This bacterium may facilitategttassociation of the other species that do
not coaggregate directly with each other, incrapsthe opportunity for metabolic
cooperation. Other report by Min and Rickard [2aIdo explores the role of coaggregation
by freshwater bacteria in dual biofilm formatiorhéBe authors concluded that coaggregation
promotes biofilm integration by facilitating attawbnt to partner species and likely
contributes to the expansion of coaggregat#ig natatoria populations in dual-species
biofilms through competitive interactions. Theseidsts raise the question of whether
freshwater bridging organisms suchfasalcoaceticugndS. natatoriacan aid the retention
of microbial pathogens or if the ability to coagggee with many species (i.e. bridge) is a
mechanism to outcompete other species in freshwaiktispecies biofilms.

Bacteria are affected by the environment they liveand the variety of other species
present. Coaggregation can take the form of intiger or multigeneric interactions, a
combination of which contributes to the overallusture and diversity of bacterial
community in freshwater biofilms. The specific mantsm for this remains unknown, but a
more complete picture of microbial community divgrand interspecies relationships should
facilitate a better understanding of disinfecti@sistance phenomena and will provide new
data to design innovative and effective contrahtsigies that will guarantee microbial safe
and high quality DW.
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