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Abstract 

Bacteria present in drinking water distribution systems play an important role for the resulting drinking 

water quality. Mainly biofilms can cause significant problems to the drinking water industry as they can 

be a potential source of bacterial contamination, affecting taste and odour, and can promote corrosion 

of pipe materials. Good knowledge of the behaviour of biofilms is thus of major importance. In addition, 

since sampling biofilms on the inner surface of a drinking water system is difficult, it could be relevant 

to find a relation between biofilm cells and outflowing planktonic cells in the bulk water. In this master 

thesis, the applicability of flow cytometry, as a fast and reliable technique, to examine biofilm 

development, was investigated. In addition, potential relations between biofilm and bulk water under 

different conditions were examined. Experiments were done in cooperation with the drinking water 

company Pidpa, in Antwerp. 

A first important influence on the bacterial growth in the water, was the origin of the drinking water. 

This was confirmed by a biofilm batch test with water samples of different regions in Antwerp, provided 

by Pidpa. Secondly, bacterial growth was influenced by the substrate surface material in the drinking 

water systems. According to the flow cytometric results from the performed batch experiments, higher 

biofilm growth was found on polymeric materials such as PVC and CPVC compared to metallic materials, 

cast iron and copper. In addition, a pipe experiment was performed with six different materials during 

a period of 68 days and with 15 minutes of flushing a day. Cell counts and phenotypic diversity of both 

biofilm and bulk phase varied over time, whereby relations between bulk and biofilm were not clearly 

observed. Based on our results, it seemed that the plastic materials and especially, UPVC, are most 

suitable for transporting drinking water, since the bulk water was least influenced by the bacterial 

community. 

The behaviour and influence of a typical drinking water contaminant Enterobacter amnigenus, which 

was provided by Pidpa, on the bacterial growth in a batch test was investigated. Several influences, 

such as piping material, water refreshing, available bacterial population and disinfection were 

examined. Our results showed that the growth of the contaminant was suppressed by the presence of 

the aquatic microbial community. Finally, the influence of temperature, on the biofilm development on 

UPVC coupons, was examined during a batch test of four weeks. Higher biofilm growth was found in 

4°C compared to 28°C and was potentially due to a decreasing hydrophobicity at lower temperatures, 

increasing the affinity for bacterial cells to create biofilms on the hydrophobic nature of UPVC. 

Overall, it could be concluded that the origin of the water, piping material, temperature and available 

microbial population have an important impact on the bacterial growth in DWDS. However, since the 

performed experiments in this study were limited in time, conditions were considered far from stable 

as normally several months to years are need to obtain stable mature biofilms. 



 
 

Samenvatting 

Bacteriën aanwezig in drinkwater distributiesystemen (DWDS) hebben een belangrijke invloed op de 

resulterende drinkwaterkwaliteit. Voornamelijk biofilms vormen een belangrijk probleem voor de 

drinkwaterindustrie, aangezien ze een bron van potentiële contaminatie zijn, een invloed kunnen hebben 

op de smaak en de geur van het water en corrosie van buisoppervlakken kunnen bevorderen. Het is daarom 

zeer belangrijk een goede kennis te hebben van het gedrag van biofilms in drinkwatersystemen. Bovendien, 

aangezien het samplen van biofilms binnenin een drinkwater netwerk moeilijk is, is het relevant om een 

relatie te vinden tussen biofilm en planktonische cellen in het bulk water. In deze master thesis werd de 

toepasbaarheid van flow cytometrie, als een snelle en betrouwbare techniek om biofilmontwikkeling te 

evalueren, onderzocht. Daarnaast werden potentiële relaties tussen de biofilms en het bulk water onder 

verschillende condities onderzocht. Experimenten werden uitgevoerd in samenwerking met Pidpa, een 

drinkwaterbedrijf in Antwerpen.  

Een eerste belangrijke invloed op de bacteriële groei, was de oorsprong van het water. Dit werd bevestigd 

door een biofilm batch test met waterstalen uit verschillende regio’s in Antwerpen. Daarnaast werd de 

bacteriële ontwikkeling duidelijk beïnvloed door het gebruikte materiaal in de drinkwater systemen. Uit de 

resultaten van de uitgevoerde batch experimenten, werd hogere biofilmgroei gevonden op polymerische 

materialen, zoals PVC en CPVC vergeleken met metallische materialen, zoals koper en ijzer. Ook werd een 

experiment uitgevoerd met leidingen, uit zes verschillende materialen, gedurende een periode van 68 

dagen en met een dagelijkse flushing van 15 minuten. De celaantallen en waarden voor de fenotypische 

diversiteit varieerden doorheen de tijd, waarbij geen duidelijk verband te zien was tussen biofilm en bulk 

water. Op basis van onze resultaten, bleek dat plastic materialen, voornamelijk UPVC, het meest geschikt 

zijn voor drinkwatertransport, aangezien het bulk water het minst beïnvloed werd door de bacteriële 

populatie. Vervolgens werd het gedrag van een typische drinkwater contaminant, Enterobacter amnigenus, 

verkregen door Pidpa, op de bacteriële groei geëvalueerd. Verschillende invloeden, zoals type materiaal, 

waterverversing, beschikbare bacteriële populatie en desinfectie werden onderzocht in een batch test. De 

resultaten toonden aan dat de groei van de contaminant onderdrukt werd door de aanwezige microbiële 

gemeenschap. Als laatste, werd de invloed van temperatuur op de biofilmontwikkeling op UPVC coupons 

onderzocht aan de hand van een batch test van vier weken. Hogere biofilmgroei werd gevonden in 4°C in 

vergelijking met 28°C en is mogelijks te wijten aan een dalende hydrofobiciteit bij lagere temperaturen, wat 

de affiniteit van de bacteriën om biofilms te vormen op de hydrofobe oppervlakte van UPVC verhoogde.  

In het algemeen konden we besluiten dat de oorsprong van het water, het materiaal van de buizen, de 

temperatuur en de beschikbare bacteriën, een belangrijke impact hebben op de bacteriële groei in DWDS. 

Echter, in deze studie waren de experimenten gelimiteerd in de tijd en werden de condities als onstabiel 

beschouwd, aangezien normaal enkele maanden tot jaren nodig zijn om stabiele, mature biofilms te 

verkrijgen.  
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1 LITERATURE STUDY 

1.1  Introduction 

Good quality of drinking water is a basic human right. Therefore, a good insight in the ecology of 

drinking water distribution systems (DWDS) is important to obtain knowledge of the water quality and 

detect potential problems. Today, little is known about the microbial community and their physiologic 

state in the DWDS under different operational conditions. It is thus difficult to predict and prevent the 

distribution of pathogens and the evolution of biofouling on pipe surfaces of the distribution systems. 

In the DWDS, bacteria are either planktonic or associated to a biofilm. The microbial distribution is 

unequal for both as an estimated 95% of the total biomass are biofilms attached on pipe walls (Liu et 

al. 2016) while only 5% of the biomass is planktonic. The biofilms cause a significant problem to the 

drinking water industry as they are a potential source of bacterial contamination which affects the 

taste and odour of drinking water. Moreover, biofilms can promote corrosion of pipes and the decay 

of residual disinfectants (Liu et al. 2016). There are many parameters that influence the biofilm ecology 

such as temperature fluctuations, type of pipe material, flow rate, pH etc. A proper monitoring and 

knowledge of the influence of these parameters is of major importance to guarantee good drinking 

water quality.  
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1.2  Drinking water quality management 

About 71% of the earth's surface is covered with water, but only 2.5% of this is fresh water, which 

equals 35 million km³ (Hans 2014). Only very little of this fresh water is accessible for human use as 

more than two-third (68.7%) is frozen in glaciers and difficult to use (Hans 2014). Water is an essential 

resource required for sustaining life and livelihoods. Agriculture, industry and domestic sectors are the 

biggest water consumers on earth. Recycling and purification of water is thus of great importance for 

public health and industrial and environmental quality requirements. Unfortunately purification of 

water is not always correctly followed up or implemented: about 80% of the used water worldwide is 

not collected or treated (Nelleman et al. 2010). Especially in developing countries, millions of people 

die annually as a result of inadequate purified water supply, bad sanitation and hygiene (Nelleman et 

al. 2010). Even when an equipped drinking water distribution system is provided, a good monitoring 

of the distribution system is important (Gorchev et al. 2011).  

1.2.1 Drinking water production in Europe  

Drinking water can be produced from different natural sources. The most common raw water sources 

in Europe are groundwater and surface water, with a contribution of respectively 50% and 45% of the 

total amount of raw sources used for drinking water production (van der Hoek et al. 2014). There are 

different kind of treatment schemes for both water sources: conventional treatment, advanced 

treatment and conventional treatment in combination with advanced treatment (van der Hoek et al. 

2014). 

Groundwater 

Groundwater is located in the saturated zone of the soil in water-bearing layers, called aquifers (Davie 

2008). These layers can contain different rock fractures and materials such as gravel, sand and silt 

through which the water can easily move. This groundwater can be extracted from the soil by different 

methods and used treated or untreated. About 71% of the drinking water produced from groundwater 

is not treated or treated with a conventional system, such as aeration or rapid sand filtration. About 

15% is treated in an advanced way based on, for example activated carbon filtration, advanced 

oxidation processes (AOP) and membrane technologies. The remainder is treated by a conventional 

system, followed by an advanced treatment process (van der Hoek et al. 2014). Groundwater is 

generally less vulnerable to pollution and using it as drinking water source is often cheaper and more 

convenient than surface water (Hiscock 2005). However, because of increasing population numbers, 

enlarged irrigation areas for agriculture, fast-growing industry and economic development, the 

demand of water is continuously increasing. If groundwater abstracting exceeds natural groundwater 

recharge for a long time, overexploitation or persistent groundwater depletion can occur (Wada et al. 

2010).  
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Surface water  

Surface water is defined as any water that is open to the atmosphere and subjected to runoff from the 

land, such as lakes, streams, rivers and ponds. About 47% of the drinking water produced from surface 

water in Europe is not treated or treated only by a conventional system, such as coagulation, 

sedimentation and filtration processes (van der Hoek et al. 2014). This value is much lower than for 

groundwater, because surface water can contain microorganisms, such as bacteria, viruses and 

parasites, that can cause different kind of diseases (Water in the West 2013). Therefore it is advised to 

involve advanced treatment technologies to remove anything unwanted, but this increases the cost of 

using this drinking water source (Water in the West 2013). An advantage of using surface water as 

drinking water source is that it may not have a restricted capacity. 

Treatment technologies 

There exist various methods of water treatment to provide safe drinking water. The most commonly 

used methods include chemical processes such as coagulation and flocculation, physical processes 

such as filtration and sedimentation, and biological processes such as slow sand filtration or biologically 

activated carbon (Frieden 2015). These methods are mostly combined as different steps in the 

advanced treatment of water. An example of the most common steps in water treatment used by 

community water systems is given in Figure 1.1.  

 

Figure 1.1 – Overview of the most common steps in water treatment: coagulation, flocculation, sedimentation 
and filtration with an additional disinfection step (own work, based on Frieden 2015). 

Coagulation and flocculation are generally the first steps in water treatment. Coagulation is a chemical 

process where inorganic coagulants, such as aluminium and/or iron salts are added to the water 

(Matilainen et al. 2010). The positive charge of these chemicals neutralises the negative charge of dirt 

and several dissolved particles in the water (Frieden 2015). Therefore, the particles bind with the 

chemicals, collide with each other and form larger aggregates or flocs in the flocculation process. The 

aggregates, that have been formed during the first two steps, are then allowed to settle from the water 

in the process. This is a physical process, called sedimentation. It is based on gravity: due to their 

weight, the flocs settle to the bottom of the sedimentation tank. They are collected at the bottom tank 

from where they must be removed regularly (Schutte et al. 2006). The clean water obtained after 

sedimentation will then be filtrated in order to remove suspended dissolved particles, such as dust, 

parasites, bacteria, viruses, and chemicals (Frieden 2015). Filtration is a physical-chemical process 
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which consists of two steps. During the first step, the particles are transported to the filter media and 

in a second stage, the particles attach, or undesired particles are retained by the media (Culp et al. 

1986). Filters can be classified according to the flow (pressure and gravity filters), based on the media 

that is used (sand, gravel etc.) or based on the flow rate (rapid or slow filters) (Schutte et al. 2006).  

After filtration, a disinfectant may be added to the water in order to kill any remaining parasites, 

bacteria and viruses (Frieden 2015). In about 88% of the drinking water production, disinfection 

methods such as, chlorine or chloramine addition, ozonisation, UV irradiation, or a combination of the 

previous methods is applied (van der Hoek et al. 2014). Disinfection based on chlorine products 

(chlorine, hypochlorite, chlorine dioxide, chloramine) is mostly used. Chlorine is not only used as a 

primary disinfectant in drinking water treatment, but also to provide a disinfectant residual in order to 

preserve the water quality in the distribution system, where the chlorine is in contact with the water 

for much longer than during treatment (EPA 2011). In developing countries the use of disinfection in 

the water has already been responsible for the improvement of the general public health, as it reduces 

the amount of illnesses caused by drinking water. But on the other hand, many of these disinfectant 

chemicals are overdosed or used inappropriately, resulting in the formation of disinfection by-products 

(EPA 2011). These by-products are formed when disinfection chemicals react with organic or inorganic 

compounds present in the water and can possibly cause adverse health effects to exposed humans. 

1.2.2 Drinking water in Belgium: Pidpa 

Pidpa, which stands for Provincial Intercommunal Drinking water society of the Province of Antwerp, 

is one of the biggest Flemish water companies in Belgium and is responsible for the supply of pure 

drinking water for more than 500 000 customers in the Province of Antwerp (Pidpa 2013). Daily, they 

purify more than 175 million litres of groundwater to drinking water and deliver it to houses without 

quality loss. The drinking water distribution network exists of 60 water towers and more than 12 866 

kilometres of pipelines. There are 11 water production centres which deliver drinking water to about 

the major part of the province of Antwerp (Figure 1.2). Besides drinking water, the company is also 

active in the management of sewages, advice service, scientific and technological research, customer 

service and the protection of natural resources. 

The drinking water delivered by Pidpa, is produced from ground water. After pumping up the ground 

water, aeration is applied. By adding oxygen to the water, undesired gasses such as CO2 and H2S can 

escape and Fe2+ can be oxidised into Fe3+. Afterwards, the water is introduced at the bottom of a 

decanter, where coagulation and flocculation can take place (Pidpa 2013). In the decanter, the forming 

flocs and the water are separated from each other by gravity. The last step is a filtration step by the 

use of a sand filter. The solids still present in the water are retained by the filter grains and remain in 

the sand. The obtained purified water is stored in underground reservoirs, of which the water level is 

monitored by automatic level meters to ensure sufficient present drinking water. After production and 
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storage, the water is send to distribution systems by high-pressure pumps (Pidpa 2013). These pumps 

provide the water towers with drinking water or send it immediately to the users. The water towers 

provide thus a stock of water for the consumers but are also used to compensate pressure fluctuations 

and peak consumption. A water tower consists of a reservoir with a supply pipe, which fills the 

reservoir at the top and a pipe at the bottom to distribute the water to the consumers. The working 

principle is based on height differences resulting from the natural law of gravity.   

 

 

 

Figure 1.2 – Overview of the Water Production Centres (WPC) of drinking water company Pidpa in the province 
of Antwerp. The red numbers indicate the amount of delivering areas of the corresponding WPC. In the West 
and South-West of Antwerp, the drinking water is (partially) delivered by the Water-Link, previously called the 
‘Antwerpse Waterwerken’ (AWW) (Pidpa 2013). 
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1.2.3 Legislation of drinking water 

Despite the fact that drinking water is a basic need for every human on earth and that water may 

contain harmful components, there are no globally recognised and accepted international standards 

for drinking water (Shmueli 1999). In 1998, the Drinking Water Directive was introduced in Europe and 

concerns the quality of drinking water intended for human consumption. Their objective is to protect 

overall human health from contamination by ensuring that water intended for consumption is 

wholesome and clean (EU 1998). The directive applies to all distribution systems serving more than 50 

people or supplying more than 10 m³ per day, or less if the water is supplied as part of an economical 

activity. Furthermore, drinking water from tankers, in bottles or containers and water used in the food-

processing industry is taking into account. In order to meet the quality of the drinking water, a total of 

48 microbiological, chemical and indicator parameters must be monitored and tested regularly. 

Regarding the microbiological standards, the member states of the European Union must ensure that 

drinking water is free from any microorganisms and parasites and from any substances which, in 

numbers or concentrations, constitute a potential danger to human health. In general, the guidelines 

of the World Health Organization (WHO) are used as a scientific basis for the quality standards of 

drinking water (EU 1998). 

Specific in Belgium, a Royal Decree on drinking water was established on January the 14th of 2002 and 

was published on 28th of February in a Belgian national official journal (Aelvoet and Koning der Belgen 

2002). The decree concerns the water intended for human consumption, which means all the water 

which is untreated or, after treatment, is directly used for consumption or for the production of food 

products which will be traded. The latter concerns both packed or unpacked products, with the 

exception of natural mineral water. The Royal Decree contains minimum requirements for drinking 

water, concerning the microbiological and chemical parameters. The most important microbiological 

requirements are for the indicator bacteria Escherichia coli (E. coli) and Enterococcus, which need to 

be absent in 100 mL of drinking water. To ensure the requirements of the decree, samples have to be 

taken which are representative of the consumed water during the whole year, and the requirements 

mentioned in the Royal Degree have to be checked.  

In the United States, the United States Environmental Protection Agency (EPA) establish standards as 

required by the Safe Drinking Water Act (Water in the West 2013). For countries without a legislative 

framework for drinking water quality standards, the guidelines of the WHO serve as a basis to apply. 

China, on the other hand, performed its own drinking water standard in 2002 by the Ministry of 

Environmental Protection (Liu 2015). But most of these standards are just meant as guidelines and are 

not legally binding. Only in the European Union and the United States, the drinking water quality 

standards are regulations and have a legal basis. Therefore, the latter regions are providing more 

stricter and clearer values to follow than for example China. 
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1.2.4 Microbial life in drinking water distribution systems (DWDS) 

Quite some microorganisms can be present in drinking water distribution systems. In general, a 

distinction can be made between three spatial locations for bacteria: the bulk water phase, the biofilms 

formed on the pipe surfaces and the sediments formed as a result of particle deposition (Prest et al. 

2016). The presence of bacteria in the water itself is not an issue as long as no pathogenic organisms 

are present. Even more, there can be quite some bacteria present in drinking water (10³ to 106 cells 

mL-1) without observed consequences on human health (Hammes et al. 2007). However, unwanted or 

excessive bacterial growth can cause deterioration of microbial water quality during storage and 

transport through DMDS (Prest et al. 2016). Firstly, uncontrolled growth can lead to hygienic problems 

as opportunistic pathogens, such as Pseudomonas aeruginosa, Legionella pneumophila, Mycobacteria, 

Aeromonas hydrophila, Klebsiella pneumoniae, and Campylobacter have the capacity to grow at low 

nutrient concentrations in DWDS (Wang et al. 2013). In Europe, 86 drinking water disease outbreaks 

were reported in the period from 1990 until 2005. About 19 of these outbreaks were identified as 

being caused at distribution level (Risebro et al. 2007). However, the majority of these outbreaks were 

caused by external outbreaks at the consumer level, while only four outbreaks were caused by 

microbiological problems in the distribution system itself. To keep these problems under control, it is 

important to detect and evaluate possible pathogens in drinking water. Therefore, indicator organisms 

are used to assess the presence of pathogens (Grabow 1996). In the Drinking Water Directive and, as 

mentioned before in the Royal Decree of 14th January of 2002, E. Coli and Enterococcus are used as 

indicator organisms for faecal contamination and need to be absent in 100 mL of drinking water (EU 

1998). These indicator organisms only indicate that pathogens may be present, but there is no direct 

correlation between the amount of any indicator and pathogens in the water (Ashbolt et al. 2014). 

In addition to hygienic problems, aesthetic problems can occur during transport of drinking water due 

to bacterial growth. Taste, odour and colour represent up to 80% of the consumer complaints to water 

utilities (Prest et al. 2016). Water can become turbid or discoloured through the occurrence of particles 

in suspension. These particles can originate from the excessive growth of non-pathogenic 

microorganisms in DWDS, attached to sediments or biofilms and can suspend in the water, causing a 

yellowish colour to the water. Additionally, red or black coloured water can occur due to iron particles 

or manganese precipitates. Iron particles can originate from corrosion reactions of iron pipes in the 

distribution systems (Sun et al. 2014), while manganese deposits are produced by manganese oxidizing 

and reducing organisms in the water (Sly et al. 1990). Furthermore, specific bacteria are able to 

produce molecules affecting water taste and odour. Typical examples are bacteria from actinomycetes 

group, which are responsible for an earthy taste of the water, by producing an organic compound 

geosmin (Prest et al. 2016). Sulfate reducing or oxidizing bacteria can be responsible for a sulfur-based 

odour of the water. 
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Thirdly, uncontrolled growth of bacteria during distribution systems can lead to operational problems 

(Prest et al. 2016). When bacteria grow to high numbers in the form of a biofilm, they can cause 

problems such as fouling of concrete pipes or corrosion of cast iron pipes as shown in Figure 1.3. (Sun 

et al. 2014). Another common problem, is that biofilms in DWDS can promote the decay of residual 

disinfectants (Liu et al. 2016). Therefore, growth of biofilms necessitates higher levels of disinfectants 

in order to improve the outflowing drinking water, but this can have a negative impact on the chemical 

and aesthetically outcome of the drinking water quality. 

 

Figure 1.3 – Example of a corroded iron pipe (Left) in comparison with the original state of the pipe (Right). 
Corrosion is a typical phenomenon in drinking water distribution systems made of iron, due to the water scour 
and/or the bacterial growth on the surface of the metallic material (Arstad 2015).  

1.2.5 Construction materials of DWDS 

In general, the most common materials used for DWDS are: galvanised steel, cast iron, copper, 

polyvinylchloride (PVC), unplasticised polyvinylchloride (UPVC), chlorinated polyvinylchloride (CPVC), 

polybutylene (PB) and polyethylene (PE) (WHO 2006).  

Metallic materials  

Metallic materials have been used to transport drinking water for quite a long time all over the world. 

In the past, lead was one of the most common materials for DWDS. Since 1970, the use of lead has 

been prohibited across Europe because of observed human health risks (DWI 2015). However, it can 

be possible that parts of drinking water pipes in the underground are still made of lead in older 

facilities. Besides, also iron-like materials have long been the traditional piping material in the 

plumbing industry for the transfer of water and wastewater. Galvanised steel is obtained by immersing 

iron in molten zinc after pre-treatment cleaning, which provides a reasonable level of internal and 

external protection (WHO 2006). Galvanised piping is still used in many practices around the world 

because of its low cost compared to other materials, but its popularity is declining (Noble 2013). There 

are several limitations on how and where to use galvanised steel. If the water, especially when it is 

heated, removes the protective zinc layer, only the carbon steel underneath remains, making the pipe 

vulnerable for damage (Noble 2013). Cast iron is iron that has been heated until it liquefies and then 

poured into a mould to solidify. Most cast irons contain 2.5-4% carbon, 1-3% silicon and the remainder 
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is iron (Campbell 2008). Problems with the use of iron-like materials, such as corrosion and aesthetical 

problems, are greater when the water flow is slower or more static for longer periods of time because 

of rust discoloration due to internal corrosion.  

Copper tubes on the other hand, are extremely flexible and smaller in diameter than the equivalent 

iron systems. Corrosion can also cause problems, but mostly to a lesser degree than for iron (WHO 

2006). In contact with most drinking water supplies, copper is able to develop a virtually protective 

layer of copper oxides and carbonates on the inside of the pipe. This layer limits the amount of copper 

that can dissolve in the water and ensures that the amount stays below the maximum of 2 mg/L, as 

mentioned in the Drinking Water Directive (Oliphant 2010). Copper pipes are particularly useful for 

hot water supply systems. In this case, heat loss can become an issue, mainly when no adequate 

insulation is provided (WHO 2006). In general, metallic plumbing is mainly accepted for outdoor use, 

but, because of its high mass and inflexibility, the material is not applicable for internal water plumbing.  

Non-metallic materials 

Different kind of non-metallic materials are applied in DWDS. A widely used material is 

polyvinylchloride (PVC). PVC is produced by polymerization of the monomer vinyl chloride and a 

subsequently conversion with additives (Cadogan et al. 2000). Different additives can be used, such as 

heat stabilisers, UV stabilisers, plasticisers, biocides, pigments, thermal modifiers, etc. Pipes made of 

PVC are non-corrosive, extremely light and therefore easy to handle and transport. However, there 

are also disadvantages: PVC is susceptible to physical damage if used above ground and can become 

brittle when exposing to ultraviolet light (WHO 2006). Because of its size, PVC is rarely used for 

domestic buildings, but rather for drainage applications for waste or soil water. Another critical point, 

is that pipes made of PVC will soften and deform if they are exposed to a higher temperature than 

65°C (WHO 2006).  

PVC can be modified in different forms, such as chlorinated polyvinylchloride (CPVC) and unplasticised 

polyvinylchloride (UPVC). CPVC is produced in the same way as PVC, but with an additional chlorination 

step (WHO 2006). Because of this extra step, pipes of CPVC have a higher flexibility and can withstand 

higher temperatures than the standard PVC pipes. Moreover, CPVC is more suitable for transporting 

drinking water and due to its smooth internal surface, CPVC pipes are able to transport water for long 

distances without problems of pressure loss, pitting or scaling (Forbes 2002). When comparing PVC 

and CPVC in practice, it is seen that PVC is used in a wide number of applications, while CPVC is mostly 

used for hot and cold water distribution, as well as for industrial applications. Another variant is UPVC, 

which exists of 57% chlorine and 43% ethylene (Elsek group 2016). UPVC is free of plasticisers and is 

thus 100% PVC. It is very resistant to chemical erosion and has smooth inner walls that can help forcing 

water flows. Similar to CPVC, UPVC can also be used in a wide range of temperatures and operating 

pressures.  
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Another suitable non-metallic material for the transportation of drinking water is polybutylene (PB). It 

is a light, flexible material and easily to handle and install. This kind of material was popular in the 

1980s, but later on, it was banned due to problems with leaks resulting in damage in many houses 

(WHO 2006). It is believed that certain oxidants present in drinking water supplies, such as chlorine, 

can react with PB piping whereby they become brittle and flaky (Pumbling express 2003). Micro-

fractures can be formed, the system becomes weak and problems with leaks can occur. In addition, 

polyethylene (PE) is a type of material that is used a lot today. It is a very light and flexible material. 

There exist different types of PE: high (HDPE), medium (MDPE) and low density polyethylene (LDPE) 

(WHO 2006). HDPE is mainly used for drainage systems as it can tolerate higher temperature 

discharges than PVC. MDPE is more flexible than HDPE, has thinner walls and is capable to withstand 

higher internal pressures. It is the preferred material for long-distance transport of drinking water 

(WHO 2006). LDPE is not suitable for drinking water distribution because of its low pressure rating and 

its ability to leak. This material is more suitable for the irrigation industry where operating pressures 

are very low and low cost is required.   

1.3 Biofilms 

Microorganisms can form groups and attach to surfaces by formation of a biofilm. Biofilms are held 

together by a ‘glue’, the glycocalyx, which is a complex of extracellular polysaccharides of bacterial 

origin and trapped exogenous substances from the local environment, such as nucleic acids, proteins, 

nutrients, minerals, etc. (Dunne 2002). The surfaces can be living or inanimate and may take different 

forms, including soils on earth and those found in aquatic systems (Donlan 2001). The microorganisms 

irreversibly attach to the surface and produce extracellular polymeric substances (EPS) facilitating the 

attachment and matrix formation. This production leads to an alteration in phenotype and therefore 

a change in growth rate and gene transcription (Donlan 2001). The formation of a biofilm protects the 

inner microorganisms from the outside world with barriers against the penetration of antibiotics, 

biocides, oxygen, etc. (Sauer et al. 2007). Also their slow growth, which leads to an increased resistance 

to chemical challenge, and adaptive stress responses, creates an excellent protection from the outside. 

Throughout the biofilms there are distributed water channels allowing the exchange of nutrients, 

waste products and metabolites.  

1.3.1 Formation 

Bacteria start to form biofilms whenever they experience environmental conditions that trigger the 

transition to life on a surface (Toole et al. 2000). These conditions or signals can vary among organisms. 

Some bacteria, like some Pseudomonas, will form biofilms under almost any growth condition, while 

other bacteria, for example some E. coli strains, only make biofilms in low-nutrient media. Other 

factors, such as temperature, pH, oxygen etc. can also influence biofilm formation (Toole et al. 2000). 

In general, biofilm cell density can vary significantly with cell numbers in the range of 104 to 108 
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cells/cm² (Prest et al. 2016). The biofilm formation process is represented in Figure 1.4. First, a 

conditioning layer is created on a surface on which the biofilm can form. This layer can exist of different 

particles, either organic or inorganic, present in the bulk liquid that settle by gravitational force onto 

the substrate (Garrett et al. 2008). The conditioning layer modifies the substrate surface and facilitates 

the accessibility for the bacteria.  

 

Figure 1.4 – Visualisation of the different steps in biofilm formation: Reversible or initial attachment (1), 

Irreversible attachment (2), Cell proliferation (3), Growth/maturation of the biofilm (4) and Dispersion (5) (Liu et 

al. 2016). 

The actual formation of a biofilm starts with the initial attachment of free-floating or planktonic 

microorganisms to the surface (Figure 1.4 - 1). The planktonic cells are transported from the bulk liquid 

to the conditioned surface by reversible adhesion (Garrett et al. 2008). Several variables influence the 

adhesion, such as available energy, temperature, pressure conditions and surface conditions. The 

physical forces mostly associated to bacterial adhesion include the van der Waals forces, steric 

interactions and electrostatic interactions, which are generally known as the DLVO forces, named after 

Derjaguin and Landau (1944), and Verwey and Overbeek (1948), who have originally formulated the 

DLVO or double layer theory (Garrett et al. 2008). After some time, a number of the reversibly 

adsorbed bacteria, remain immobilised to the surface and become irreversibly adsorbed (Figure 1.4 -

2). Parts of the bacteria, like the flagella, fimbriae or pili overcome the physical repulsive force of the 

double-layer. They make contact with the conditioning layer and stimulate chemical reactions such as 

oxidation and hydration, which reinforce the bacteria-surface bond (Garrett et al. 2008). Also, the 

hydrophobic and hydrophilic properties of the interacting surfaces strongly influence the microbial 

adhesion. It was shown that a higher hydrophobicity of the bacterial cell strongly facilitates microbial 

adhesion on both hydrophobic as hydrophilic support surfaces (Liu et al. 2004).  

After attachment to the surface, the bacteria undergo further adaptation and the biofilm maturation 

begins. The stationary cells divide and the daughter cells are spreading to form clusters (Figure 1.4 - 3) 
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(Garrett et al. 2008). After a while, these interactions lead to the formation of mushroom-like 

structures in the developing biofilms (Figure 1.4 - 4). These structures allow the passage of nutrients 

to the bacteria deep in the biofilms. Research showed a wide variation in the composition of microbial 

communities of drinking water biofilms.   

The growth of the biofilms is characterised by an initial lag phase followed by a rapid increase in 

population, which is called the exponential growth phase. This fast growth causes an enormous uptake 

of nutrients from the bulk fluid and substrate surface (Garrett et al. 2008). At this stage, the physical 

and chemical reactions, that stimulated the bacteria-surface bond in the initial attachment, stop and 

the biological processes begin to dominate in the formation process. At some point the biofilm reaches 

a critical mass, and a dynamic equilibrium is reached (Dunne 2002). At this point, the outermost layer 

of the biofilm, furthest from the surface, begins to generate planktonic organisms. These organisms 

are free to escape and can colonise other surfaces nearby, which is called the dispersion step (Figure 

1.4 - 5). The cells most close to the surface become dormant or die because of a lack of nutrients, 

decreased pH or an accumulation of toxic metabolites (Dunne 2002). Some studies suggests that the 

primary development, maturation and the final breakdown of a biofilm might be regulated by a 

mechanism of cell-to-cell communication, called quorum sensing (QS) (Solano et al. 2014). QS allows 

bacteria to recognise the population density by measuring the accumulation of a specific signalling 

molecule. Only when the population density of the bacteria is high enough, the accumulation of the 

molecule is sufficient to activate the specific response. One of the best described quorum-sensing 

signalling molecules in bacteria are the acylated-homoserine lactones (AHLs) present in many Gram-

negative species (S. Liu et al. 2016; Davies et al. 1998). 

1.3.2 Surface effects 

The properties of the surface may have a significant influence on the rate and extent of attachment of 

microorganisms. In general, the rougher and more hydrophobic the surface material, the better and 

faster bacteria will develop (Donlan 2002). The reason for this is that on rough material, shear forces 

are diminished and the surface area is higher. A few investigators showed that microorganisms attach 

faster to hydrophobic surfaces such as teflon and other plastics then to more hydrophilic materials as 

glass or metals (Pringle et al. 1983; Fletcher et al. 1979; Bendinger et al. 1993). Although the results of 

these studies were later questioned because of contradictory results. The critic was that there is no 

standardised method for determining surface hydrophobicity. It is possible that a certain hydrophobic 

interaction occurs between the cell surface of the bacteria and the substrate surface that enables the 

cell to overcome the repulsive forces within a certain small distance from the surface and can 

accomplish an irreversibly attachment. One common feature of biofilm environments, is that they are 

continuously or periodically saturated with water. A material exposed in an aqueous medium will 

inevitably and almost immediately being conditioned or coated with polymers originating from the 
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aqueous medium. Chemical modification of the surface directly takes place and affects the rate of 

microbial attachment (Donlan 2002). 

Besides, the choice of pipe material can have a significant effect on biofilm development in DWDS (Liu 

et al. 2016). As mentioned before, there are several materials that can be used for the construction of 

DWDS. Polymeric pipes, such as PVC and HDPE, may be a source of biodegradable volatile organic 

compounds (VOCs) in drinking water, due to the migration of components from the plastic material 

such as additives and degradation products as well as oxidation by-products of the polymer (Skjevrak 

et al. 2003). This not only affects the quality of the water, but it has also been shown that 

microorganisms can proliferate by metabolizing small molecular weight plasticisers which promotes 

the biofilm growth on the pipe surfaces (Kilb et al. 2003). However, other studies observed less growth 

and microbial diversity on polymeric pipes compared with corrosion-prone material, such as copper 

and cast iron (Kerr et al. 1999). The reason is that corroded pipes are less smooth and more pitted in 

contrast to materials as PVC. Corrosion-prone material can thus protect biofilms from physical 

perturbation or chemical disinfection. Moreover, they can promote microbial attachment and 

colonization due to a higher surface area (Niquette et al. 2000). Besides, solid and dissolved iron 

corrosion products can support the growth of biofilm-forming bacteria, such as Pseudomonas 

aeruginosa, Pseudomonas fluorescens, some members of the Bacillus spp., which are iron-reducing 

bacteria and some members of Gallionella spp., which are iron-oxidizing bacteria. Other studies 

showed that corrosion products can react with disinfectants and are able to deplete the disinfectant 

residuals near the pipe surfaces (Zhang et al. 2008). The right choice of pipe material in DWDS is 

therefore important to have a better management of biofilm development. Generally, most studies 

say that corrosion-prone materials, such as cast iron should be better avoided due to their biofilm 

growth promoting effects and the depletion of disinfectant residuals, but there are no general defining 

directives for the use of pipe materials.  

1.3.3 Bacterial effects and interactions 

Also the morphology of bacteria can have an influence, for example the presence of flagella, fimbriae 

or pili can have an impact on the rate of attachment phase in the biofilm formation (Toole et al. 2000). 

In addition, the interactions between the bacteria in bulk, biofilm and sediment can affect the biofilm 

growth on the pipe surfaces (Prest et al. 2016). In literature, biofilms are mostly considered as 

containing the largest fraction (up to 95%) of bacterial cells in drinking water. A recent study had shown 

that about 98% of the drinking water bacteria are found in both biofilm and sediment, of which 60 to 

90% were situated in the sediment phase (Liu et al. 2014). It was first assumed that the majority of 

bulk water bacteria originate from biofilm detachment from the pipe surfaces (LeChevallier et al. 

1987). However, this hypothesis was later challenged, because a study showed that higher bacterial 

activity and growth rates were found in bulk water than in biofilm (Boe-Hansen et al. 2002). Recently, 

it was demonstrated that there is quite some difference between the bacterial compositions in bulk 
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water and biofilm (Liu et al. 2014). From these observations, it was suggested that bulk water bacteria 

function as a seed bank for biofilms and sediments, whereafter each phase develops its own bacterial 

community depending on specific conditions (Liu et al. 2014; Henne et al. 2012). The interactions 

between bacteria in water, sediment and bulk are still unclear. Detachment of biofilms would arguably 

contribute to bacterial cell concentrations and community composition in the bulk water and there 

would be a competition between two phases for available nutrients. Consequently, the role and 

interactions between bulk water, biofilms, and sediments should thus be taken into account when 

considering the quality of drinking water in DWDS (Prest et al. 2016). 

1.3.4 Other external influencing factors 

Organic and inorganic matter 

Organic material in DWDS is important as bacteria need it to grow and as fuel for biofilm formation 

(Liu et al. 2016). Microorganisms metabolise biodegradable organic matter (BOM) as energy source, 

which is called dissimilation and for the production of cellular material, named assimilation. Studies 

showed that some types of organic matter (OM), such as unsaturated aliphatic compounds, are more 

bioavailable for bacteria than other compounds, such as more hydrophilic aromatic compounds. 

Therefore, different water treatment processes, such as UV radiation, ozonation and oxidative drinking 

water treatments have been suggested to increase the bioavailability of OM in DWDS due to the 

alteration of the chemical structures of the organic molecules during these processes (Liu et al. 2016). 

A reduction of BOM, before the water enters the distribution system, is therefore needed in order to 

control the biofilm growth and development. This can typically be done by biological filtration or 

membrane filtration. Also inorganic nutrients, such as phosphorus and nitrogen can have an impact on 

biofilm growth (Liu et al. 2016). Phosphorus is very important for the biofilm growth, especially for the 

formation of high energy compounds such as adenosine triphosphate (ATP) as a building block in DNA 

and RNA. Changes in biofilm structure and microbial community have been reported by following up 

phosphate addition in drinking water (Li et al. 2010). It was found that adding phosphate to highly 

corroded distribution systems is unfavourable for biofilm development. This can be explained be the 

fact that phosphate modifies the properties of iron corrosion products reducing their bioavailability 

and making them less favourable for microbial colonization (Appenzeller et al. 2002). Also nitrogen 

influences the biofilm development, as many biofilm forming microorganisms are autotrophic, 

nitrifying bacteria (Liu et al. 2016). Moreover, some metals such as iron and copper are also known to 

affect the biofilm development in DWDS. Iron is essential for almost all bacterial growth and 

development in the water, but too high concentration can be toxic for the cells. Copper, on the other 

hand seems to enhance the bacterial aggregation at toxic levels, which can be considered as a 

protective response to stress (Beeton et al. 2014). Hence, it is clear that biofilm growth in DWDS can 

be controlled by the removal of BOM and by limiting the amount of organic nutrients, such as 

phosphorus and nitrogen, in the bulk water. 



LITERATURE STUDY 

 

15 
 

Temperature fluctuations 

Even though DWDS are commonly situated underground, they are often subjected to temperature 

fluctuations, mainly in multi-seasonal regions (Liu et al. 2016). Such temperature effects can have a 

significant influence on the initial cell-to-cell surface attachment and the subsequent formation of 

drinking water biofilms. Temperature can affect the expression of many genes that can result in 

changes in the microbial ability to make EPS and the modification of the cell surface hydrophobicity, 

leading to an alteration in the ability of bacteria to attach on particular substrates. Most 

microorganisms tend to form biofilms at a lesser degree at lower temperatures (Chavant et al. 2002). 

This is due to the prolonged lag phase, the amount of time before cells start to proliferate and because 

of the reduced growth rate of the bacteria at sub-optimal temperatures. However, in general an 

increase in temperature leads to a higher degradation of disinfectants, which thus increases the 

demand of additional disinfectants (Powell et al. 2000). Temperature changes can also affect the 

bacterial community composition in drinking water, by providing competitive advantages to specific 

bacterial species in defined temperature ranges, including pathogenic species (Prest et al. 2016).  

pH adjustments  

Drinking water pH is an important factor as it is often used to facilitate water treatment processes (Liu 

et al. 2016). The pH can be adjusted to minimise the decay of certain disinfectants or to control 

corrosion reactions. In general the pH effect on bacterial attachment and biofilm formation is organism 

dependent. At around a pH of 7, many biofilm-forming bacteria will have a net negative charge due to 

the present anionic groups on their cell surfaces (Palmer et al. 2007). The effect is that electrostatic 

repulsion can take place when the bacteria interact with negatively-charged pipe surfaces (Van 

Loosdrecht et al. 1989). However, due to the optimal growth of nitrifying bacteria at pH 7-8, 

nitrification can take place and pH will decrease allowing formation of protons. The latter can reduce 

the bacteria-to-surface electrostatic repulsion due to the neutralisation of negative charges, resulting 

in a higher potential for bacterial attachment to surfaces (S. Liu et al. 2016). In general, a neutral to 

high pH is thus favourable for biofilm formation. But even below a pH of 7, biofilms can still form 

because of an enhanced degradation of disinfectants, as well as a change in the net charge of pipe 

surfaces making them more prone to bacterial attachment. 

Flow rate variation 

Since DWDS are very long, it is obvious that the hydrodynamic conditions vary between different 

locations alternating from laminar to turbulent. Flowing water affects biofilm development, which 

gives rise to structurally unique biofilm growth depending on the flow rate (Liu et al. 2016). During the 

initial cell adhesion and the first formation stages, it has been reported that high flow rates facilitate 

the transport of bacteria of the bulk water and enhance the contact with the surfaces (Boks et al. 

2008). Later on, high shear force have been shown to boost the EPS production and enhance the cell-

to-surface attachment. Moreover, the nutrient transport rate from bulk water into the biofilm 
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increases with the flow rate and stimulates the growth. The type of pipe material has an influence on 

this: enhanced growth rate was observed more on polymeric-based pipes compared to copper (Lehtola 

et al. 2006). Turbulent flow and a higher shear stress promote the growth of thinner, more dense and 

less porous biofilms. In addition, higher flow rates contribute to a better detachment of mature 

biofilms due to a higher shear force on the outer layers of the microbial communities (Moreira et al. 

2013). On the other hand, at a low flow rate, both nutrient transport and shear effects are minimised, 

which causes more loosely attached and porous biofilms. Knowledge of the biofilm formation under 

different flow characteristics is thus an important factor for selecting a suitable strategy for biofilm 

control in DWDS. 

1.4 Flow cytometry 

Flow cytometry (FC) is a laser-based technology used to analyse multiple physical characteristics of 

particles in a fluid, usually cells, as they pass through a beam of light (BD Biosciences 2000). A flow 

cytometer is capable of measuring up to 20 cell characteristics for up to millions of single cells per 

sample (Bashashati et al. 2009). FC can be used to provide a variety of information of cell parameters 

of interest such as surface-structure, membrane permeability, pH, DNA/RNA content etc. (Alberghina 

et al. 2010). These parameters are determined using an optical-to-electronic coupling system that 

records how the induced cell scatters laser light and emits fluorescence (BD Biosciences 2000).  

Flow cytometry was developed during the 1960s. The first commercial instruments came out in 1970 

and were used in the medical field by biologists and immunologists (Steen 2000). Microbiologist only 

discovered this tool in the late 1970s. The attractions to use FC in comparison with other techniques, 

include rapid analysis, increased accuracy, capacity for single cell measurements, generation of 

multiple parameters and the relative ease to obtain statistically relevant data sets (Wang et al. 2010).  

1.4.1 Theoretical operation  

A flow cytometer contains three main subsequent systems: the fluidics, optics and electronics (BD 

Biosciences 2000). A schematic overview of a flow cytometer is given in Figure 1.5. Inside the flow 

cytometer, the sample in suspension is first transported through the fluidics system. The suspension is 

hydrodynamically drawn into a stream created by a surrounding sheath of isotonic fluid creating a 

laminar flow. The cells pass through a nozzle and are therefore allowed to pass individually through an 

interrogation point. At this point, a beam of monochromatic light originating from the laser intersects 

the cells (Brown et al. 2000). The resulting emitting light is given off in all directions and is collected via 

optics which direct the light to a series of filters and dichromatic mirrors. The latter select particular 

wavelength bands and multiple photomultiplier tubes (PMTs) detect the light signals. Different 

detectors are used: a forward angle light scatter detector (FSC), a side scatter detector (SSC) and three 

fluorescence emission detectors (FL-1, FL-2 and FL-3). The signals are send from the detectors to an 
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analogue-to-digital converter (ADC), which convert them to a digital form and makes them appropriate 

for analysis and display on a computer screen (Brown et al. 2000). 

 

Figure 1.5 – Schematic overview of a flow cytometer showing how a single cell suspension is focussed with the 
sheath fluid to intersect the laser and how the emitted light is collected by the optics, detected by the 
photomultipliers and converted to digital signals to display on the computer screen (own work, based on Brown 
et al. 2000).  

Since the cell suspension sample can contain a lot of abiotic particles, such as crystals and dust, which 

induce light scattering, it is important to label the cells of interest with fluorescent molecules (Wang 

et al. 2010). Fluorescent dyes may bind or intercalate with different cellular components such as DNA 

or RNA. When the labelled cells pass through a light source, the fluorescent molecules, fluorochromes, 

are excited to a higher energy state. When returning to their resting states, light will be emitted at 

higher wavelengths. The use of multiple fluorochromes, each with similar excitation wavelengths and 

different emission wavelengths (or “colours”), allows to measure several cell properties 

simultaneously (Brown et al. 2000). Fluorochromes can be classified according to their mechanisms of 

action. A first group is those whose fluorescence increases by binding to specific cell compounds such 

as proteins (e.g. fluorescein isothiocyanate, FITC) or nucleic acids (e.g. SYBR Green (SG) and propidium 

iodide (PI)). A Second group includes fluorochromes whose fluorescence depends on cellular 

physiological parameters, such as pH (e.g. carboxyfluorescein diacetate, cFDA and a lot of variants) and 

membrane potential (e.g. dibutylbarbituric acids, BOX). For the last group, the fluorescence depends 

on enzymatic activity components (fluorogenic substrates) such as peroxidases and peptidases (e.g. 

cFDA and variants on it) (Álvarez-Barrientos et al. 2000). Besides this, bacterial strains tagged with auto 

fluorescent proteins, such as Green Fluorescent Protein (GFP), can be directly detected by flow 

cytometry without prior staining of the cells (Telford et al. 2012).  
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1.4.2 Data analysis of flow cytometric data 

Despite the high popularity of flow cytometry, there is one main disadvantage: the analysis and 

interpretation of the flow cytometry patterns (De Roy et al. 2012). The more flow cytometric patterns 

are taken into account, the harder the analysis of the results. Three parameters are still possible to 

visualise on a 3D plot, but higher dimensions are not possible to visualise. In the last decade, a lot of 

literature was published toward automatic algorithms for FC data analysis (Bashashati et al. 2009). In 

general, the procedure for FC data analysis can be divided in two parts. First part includes pre-

processing and feature extraction from the multivariate distribution obtained by the different FC 

variables, which means that an outlier removal and automatic gating is performed. A gate is a 

numerical and graphical boundary that selects a part of the cell population (BD Biosciences 2000). The 

second part, includes the interpretation: flow cytometric profiles from multiple samples are compared 

and classified. For the latter, clustering and classification methods are often used. In addition, 

procedures for fingerprinting and gating can be applied, such as algorithms that automatically extract 

relevant features from a multivariate FC distribution (Luta 2011). The interpretation based on the 

extracted relevant features is mostly done manually (Bashashati et al. 2009).  

An interesting method for analysis of flow cytometric is called Cytometric Fingerprinting (CF). 

Fingerprints provide an efficient representation of high-dimensional cytometric data and facilitates 

quantitative comparison among samples. An example of an algorithm to derive fingerprints from a 

multivariate FC distribution, is the probability binning (PB) algorithm (Rogers et al. 2008). At the first 

level of this algorithm, the population is divided into two bins. Thereafter, each of the two “parent” 

bins are divided into two “daughter” bins, and so on. The final amount of bins is determined by the 

amount of subdivisions 𝑙, in such way that 𝑛𝑏𝑖𝑛 = 2𝑙. To provide an efficient representation of the 

structure in the multivariate FC data space, the algorithm constructs the bins is such way that they 

contain about the same amount of cells from the FC samples that were used to build the PB model (De 

Roy et al. 2012). The obtained PB model is then applied to each individual sample, which results in a 

feature vector containing counts for each bin in the model. The latter is what is called a fingerprint, 

represented in Figure 1.6.  

Fingerprints discretises thus the microbial community in operational phenotypic states of equal size, 

called bins, and assign to each of this bin a value corresponding with its probability having this 

phenotype (Props et al. 2016). In general fingerprints are seen as sample matrices containing the 

relative abundance of all species and are further used to calculate alpha diversity (within-sample 

diversity) metrics, called the Hill numbers, given in Table 1.1 (Hill 1973). Depending on the Hill order 

(q: from 0 to 2), this numbers take into account both evenness and richness of the microbial 

community. When the Hill order (q) is 0, only the observed richness is considered, while for an order 

q >1, more importance is attached to the individual abundances of the species, which is the evenness 

component. 
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Figure 1.6 – Visualisation of the described pipeline for flow cytometric analysis including a nucleic acid staining 
and flow cytometric measurement. First, data extraction was performed (a), then data was denoised based on 
gating on the fluorescence channels (b) and the probability binning algorithm was performed (c) with resulting 
diversity calculation, so called ‘phenotypic diversity’ (Props et al. 2016).  

 

Table 1.1 – Equations for the Hill numbers used to estimate the alpha diversity from flow cytometric data, with 
pi the relative abundance or density value of bin 𝑙 and 𝑆 the number of bins or therefore the number of species 
(Hill 1973). 

Hill Order (q) Diversity metric (Dq) 

0 𝐷0 = 𝑆 

1 𝐷1 =  𝑒− ∑ 𝑝𝑖ln (𝑝𝑖)𝑆
𝑖=1  

2 
𝐷2 =  

1

∑ 𝑝𝑖
2𝑆

𝑖=1
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1.5 Objectives 

As stated in the literature study, biofilms can cause problems to drinking water quality during 

transportation of the water. The objective of this study is to assess the growth in drinking water 

distribution systems by flow cytometry. A first objective is to evaluate whether flow cytometry can be 

used to quantify biofilm growth. Moreover, the biofilm growth on different substrate surface materials 

(plastic and metallic materials) will be assessed and compared between different lab set-ups. During a 

continuous flow test, biofilm and bulk water can be compared and possible relations in cell count and 

phenotypic diversity can be evaluated. Besides, the behaviour of a typical drinking water contaminant 

Enterobacter amnigenus will be investigated in both biofilms and bulk waters by the use of different 

surface materials. The influence of disinfection and presence of microbial community on this specific 

contaminant can have an important role and will be examined. Other external influences, such as 

temperature can affect biofilms in drinking water distribution systems. Temperature influence will 

therefore be briefly examined. Eventually, the long-term objective of this study is to characterise the 

present microbial communities and compare this between biofilm and bulk water.  
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2 MATERIALS AND METHODS 

2.1 Biofilm batch test 1 – Without water refreshing 

Experimental set-up 

Water samples from six different water production centres (WPC) in the province Antwerp were 

collected by drinking water company Pidpa (Antwerpen, Belgium). The regions were selected based on 

their treatment method and typical problems as summarised in Table 2.1. The intact and total cell 

concentrations were determined by flow cytometry with the protocol described by Prest et al. 2013 

and will be discussed later on in more detail.  

The waters of the six regions of Antwerp were used for a biofilm batch test. This was done in glass 

vials, as shown in Figure 2.1. First, vials were made free of assimilable organic carbon according to a 

previously described method (Charnock et al. 2000). Briefly, vials and screw caps were washed once 

with detergent and once without, rinsed three times with milli-Q water, soaked overnight in 0.2 M HCl 

and again rinsed three times with milli-Q water. The glass vials were covered with aluminium foil and 

heated to 550°C in a muffle oven for 6 hours to remove all trace organics. The screw caps were soaked 

in a 10% sodium persulfate solution at 60°C for at least one hour, rinsed three times with milli-Q water 

and finally air-dried. The AOC free made vials were filled with 15 mL of the different waters and 

coupons of PVC, CPVC, cast iron and copper (with a radius of 1.27 cm and a height of 0.3 cm) were 

added. One coupon per vial was added and for each sample quadruplicates were prepared (Figure 2.1). 

The vials were incubated at 21°C on a shaker (90 rpm) for four weeks. 

Table 2.1 – Overview of the waters of different regions in Antwerp with the specific characteristics, the intact 
and total cell concentrations as determined by flow cytometry. Data was provided by Pidpa (Antwerpen, 
Belgium).  

 

Region Characteristics of the water Intact cell 

count 

per mL (log) 

Total cell 

count  

per mL (log) 

Grobbendonk No specific problems 4.2 5.1 

Mol No specific problems, biological stable water, no use of 

chlorine 

4.4 4.4 

Oud-

Turnhout 

Problem region because of occurrence of coliforms and 

Aeromonas in distribution system 

4.5 5.2 

Brasschaat Region were the water is softened 4.5 5.0 

Essen Problem region because of occurrence of Enterobacter 

amnigenus 

4.8 5.2 

Kapellen  Problem region because of occurrence of Enterobacter 

amnigenus. This WPC is receiving a lot water of WPC Essen. 

4.1 4.9 
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Figure 2.1 – Schematic overview of the set-up of Biofilm batch test 1 without water refreshing. Waters of six 
different regions of Antwerp were used, in combination with four different materials and blanks. Of each sample 
quadruplicates were prepared.  

Biofilm treatment 

After four weeks, bulk waters and materials were separated: the coupons were transferred to falcon 

tubes containing 50 mL milli-Q water. In order to release the biofilms from the materials, the solutions 

were sonicated by the use of a Branson Sonifier 250 with a frequency of about 20 kHz and an output 

power of 200 Watt. For one region, Kapellen: a sonication time series was set up for one sample of 

each material: 0 – 20 – 40 – 60 – 80 – 100 – 120 – 140 – 160 – 180 – 200 – 220 – 240 – 260 – 280 – 300 

seconds. Most optimal sonication time was selected based on the number of cells detected by flow 

cytometry and extrapolated to other regions.  

Flow cytometric analysis  

The bulk and biofilm samples were analysed separately by use of the flow cytometer Accuri™ C6 Plus 

(BD Biosciences, Belgium). The bulk samples were diluted in milli-Q water until 200-2000 events/s were 

obtained. Both biofilm and bulk samples were stained with a 1% staining solution SG and SGPI 

(respectively 50 times and 100 times diluted in 0.22 µm-filtered dimethyl sulfoxide) and were 

performed with an incubation time of 13 minutes in the dark at 37°C (Prest et al. 2013). For SG staining, 

filtered samples (0.22 µm filtered) were added as background control. For SGPI stained samples, both 

filtered and heat-killed samples were added. Heat killed samples were prepared by incubating samples 

for minimum 30 minutes at a temperature > 70°C and were used to identify damaged cells from intact 

cells, as PI only enters the cells with a damaged or permeabilised membrane. The filters for the 
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photomultiplier detectors used during the flow cytometric measurements were the filter 533 nm with 

a bandpass of 30 nm (detector name FL1-H) and the 670 nm long pass (LP) filter (detector name FL3-

H).  

Data analyis 

Data were extracted from the Accuri C6 Csampler software (version 1.0.264.21, BD Biosciences, 

Belgium) under the Flow Cytometric Standard (FCS) format and imported into RStudio by using the 

flowCore package (version 1.34.10) (Ellis et al. 2015). Background and instrument noise were removed 

by the use of a manual gating strategy applied on the primary fluorescent channels (FL1-H and FL3-H 

detectors) based on SG and/or SGPI stained samples and the controls (filtered and heat killed samples) 

as shown in Figure 2.2.  

 

Figure 2.2 – Example of the manual gating strategy applied based on SGPI staining. The background is determined 
by the use of a filtered sample (green gate). The gate of the damaged or permeabilised cells is determined by the 
use of a heat killed sample (red gate) and intact cells are located in the lower right of the fingerprints (blue gate). 
For SG staining, a similar strategy is followed based on filtered samples to distinguish background from cells. 

Next, data were log transformed and normalised by dividing all values by the maximum fluorescence 

intensity. Subsequently, a single-step discretisation (‘probability binning’) and Gaussian bivariate 

density estimation was performed as discussed in 1.4.2. This was done on the selected parameters 

(FL1-H, FL3-H, FSC-H and SSC-H) using the KernSmooth package (Wand 2015). A binning grid of 128 x 

128 was fixed for each bivariate density estimation (Koch et al. 2013). All the bivariate density 

estimations were normalised to the [0, 1] interval and concatenated to a one-dimensional feature 

vector, which we refer to as the phenotypic fingerprint (Props et al. 2016). Cell counts were extracted 

from the related fingerprints of both biofilm and bulk samples. A one-sample t-test was performed 

between cell counts of replicates of both sample types to evaluate the statistical significance. In 

addition, a two-sided t-test, to evaluate whether there is a statistical difference in cell counts between 

the different samples and materials, was done. 

The dissimilarities of the fingerprints were calculated using the quantitative Jaccard distance measure 

as implemented in the function vegdist from the vegan package version 2.3-0 (Oksanen 2015). The, 

Jaccard distance matrices were visualised as dendrograms based on an agglomerative clustering hclust 

with Ward’s minimum variance method (Ward.D2 from the hclust package). Hclust performs 
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hierarchical cluster analysis using the given Jaccard distance matrices. This is done, initially by assigning 

each object to its own cluster. The algorithm proceeds iteratively by at each stage joining the two most 

similar clusters until a single cluster is found. By using Ward’s minimum variance method, the total 

within-cluster variance is minimised. At each step of the iteration, the aim is to find the pair of clusters 

leading to a minimum increase in total within-cluster variance. This increase is measured as an 

Euclidian distance function. The final prepared dendrograms were visualised with the iToL online tool 

(Letunic and Bork 2016).  

Besides, Nonmetric Multidimensional Scaling (NMDS) was applied on the Jaccard distance matrices by 

using metaMDS from the vegan package version 2.3-0 (Oksanen 2015). MetaMDS calculates distances 

between the samples, typically with an Euclidean metric. The distances are regressed against the 

original Jaccard matrices and the predicted ordination distances for each pair of samples are 

calculated. The goodness of fit of the regression is measured by metaMDS based on the sum of squared 

differences between ordination-based distances and the distances predicted by the regression. This is 

repeated during an iteration, until the lowest stress value is found. The ordination scores were then 

visualised in a two-dimensional area. Confidence ellipses were visualised of the metallic and plastic 

materials in RStudio with a default confidence level of 0.95. The dissimilarities between the groups 

were tested using analysis of similarities (ANOSIM, 999 permutations). The resulted ANOSIM statistical 

R-values were based on the difference of mean ranks between and within the groups. Based on a p-

value, it can be decided whether the null hypothesis, which stated that the similarity between groups 

is greater or equal to the similarity within the groups, was rejected or not. 
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2.2 Biofilm batch test 2 – With water refreshing 

Experimental set-up 

The set-up of the second biofilm batch test was similar to the first experiment with the exception that 

one source of tap water was used and that bulk water was refreshed. For this test, ten different types 

of materials were used from different suppliers from Pidpa, given in Table 2.2. The AOC free made vials 

were filled with 15 mL tap water and the materials were added. The amount of replicates per material 

used in the experiment is given in Table 2.2. The samples were incubated for four weeks at 21°C on a 

shaker (90 rpm). The entire volume of the water was refreshed twice a week by new tap water.  

Table 2.2 – Overview of the different materials used in the biofilm batch test with water refreshing with an 
indication of the supplier company and the amount of replicates used in the experiment. 

Supplier Material 

 

Amount of 

replicates 

BioSurface Technologies Corp.  PVC, CPVC, Cast iron, Copper 4 

Pipelife Belgium N.V. UPVC, PE 4 

Kabelwerk Eupen AG UPVC, PE80, PE100, PE100-RC 2 

 

Biofilm treatment 

After four weeks, the bulk waters and materials were separated: the coupons were transferred to 

falcon tubes containing 50 mL milli-Q water. Sonication was done in the same way as Biofilm batch 

test 1. For one sample of each material a sonication time series was set up: 0 – 20 – 40 – 60 – 80 – 100 

– 120 – 140 – 160 – 180 – 200 – 220 seconds. Most optimal sonication time was selected based on the 

number of intact cells detected with flow cytometry and extrapolated for all samples.   

Flow cytometric + data analysis  

The flow cytometric analysis of the samples was done similar to previous test: the water removed 

twice a week and the biofilm samples, released by sonication after four weeks of incubation, were 

analysed by the flow cytometer Accuri™ C6 Plus according to the same protocol as Biofilm batch test 

1.  

Data analysis was done similarly to previous experiment. In addition, the phenotypic fingerprints were 

used to calculate alpha diversity. The alpha diversity (D2), as discussed in 1.4.2, was calculated for the 

samples and evaluated for the bulk waters over time. 
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2.3 Pipe experiment on biofilm growth 

Experimental set-up 

A pipe experiment was performed for biofilm development on different pipe surfaces. Six different 

pipes: iron, copper, PE, PVC, CPVC and UPVC were connected with an automatic water distributor 

(Gardena Art. 1197) which was connected by a controller (Gardena Art. 1864). The pipes were 

mounted on a slightly inclined shelf and connection, to the distributor and controller, was achieved by 

suitable tubing as shown in Figure 2.3. At the end of the pipes, upwardly inclined transparent tubing 

was provided to ensure pipes were continuously saturated. Every day, the six pipes were successively 

rinsed with tap water for 15 minutes. The test was performed for about ten weeks (68 days exactly) 

with five measurement points. 

Sampling 

After a period of 12 days, every two weeks, bulk and biofilm samples were taken from every material. 

The stagnant bulk water inside the pipes was collected by disconnecting the transparent tubing and 

tilting the pipes. Each time, this was done prior to the flushing of 15 minutes. Biofilm samples were 

taken by cutting four pieces of 1.5 cm per pipe, and submerging separately in 50 mL milli-Q. After a 

sonication step of 120 seconds, the biofilms were considered suspended in the water. Both biofilm and 

bulk samples were analysed in technical quadruplicates. 

Flow cytometric + data analysis 

Bulk and biofilm samples were analysed by the flow cytometer Accuri™ C6 (BD Bioscience) using the 

same protocol as previous experiments but with fluorescent channels: 530/30 nm (FL1-H) and 585/40 

nm (FL2-H).  

Data analysis was done similarly to previous experiments: alpha diversity, cell count and clustering was 

followed over time. Statistical significance of cell counts and cluster analysis was performed similar to 

previous experiments.  
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Figure 2.3 – Illustration of the set-up of the pipe experiment for biofilm development, either in top view (A) as 
side view (B). A Gardena automatic water distributor was connected by six different pipes. The water flow was 
controlled by a Gardena master controller. At the end of the pipes, upwardly inclined transparent tubing was 
provided to ensure pipes were continuously saturated. Every day, the six pipes were successively rinsed with tap 
water for 15 minutes. 
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2.4 Biofilm batch test 3 – Introduction of Enterobacter amnigenus type II 

A typical drinking water bacteria Enterobacter amnigenus type II was introduced in a biofilm batch test 

to follow up the behaviour of this strain. To recognise the strain, a fluorescent marker was inserted in 

the genome. This was done by introducing a gene that encodes for a Green Fluorescent Protein (GFP) 

by the use of biparental bacterial conjugation.  

2.4.1 Biparental conjugation of Enterobacter amnigenus 

Biparental conjugation of Enterobacter amnigenus type I and II was performed by the use of a donor 

strain Escherichia coli S-17 λ pir with plasmid pUT-miniTn5-Km with a green fluorescent protein marker 

(GFP) and resistant to kanamycin (50 mg/L Km) and ampicillin (50 mg/L Amp). The Enterobacter 

amnigenus acceptor strains were first made resistant to 100 mg/L rifampicin (Rf) in Luria-Bertani (LB) 

broth medium. This was done by transferring the acceptor at a series of increasing concentration from 

0 to 100 mg/L Rf. The donor was inoculated on non-selective LB agar medium together with the 

resistant made acceptor. Subsequently, LB agar medium with 50 mg/L Km and 100 mg/L Rf was 

prepared, donor and acceptor were inoculated and incubation was performed at 37°C for 24 hours. 

Fluorescence was evaluated by checking agar plates under UV light and by fluorescence microscope 

Axioskop using the FITC filter (Zeiss, Germany). 

Molecular analysis 

DNA extraction was performed on both original Enterobacter amnigenus and conjugated strains using 

a previously described protocol (Vilchez-Vargas et al. 2013). A Polymerase Chain Reaction (PCR) was 

done on the V1-V6 region of the 16S rRNA gene (Hongoh et al. 2003). Primers, 63F 

(‘CAGGCCTAACACATGCAAGTC’) and 1378R (‘CGGTGTGTACAAGGCCCGGGAACG’) were used and 

following thermal cycle: 5 min on 94°C, 30x [1 min on 95°C, 1 min on 53°C, 2 min on 72°C], 10 min on 

72°C was followed. The quality of the PCR products was evaluated by agarose gel electrophoresis and 

samples were send out for sanger sequencing (LGC Genomics GmbH, Berlin, Germany). The sequences 

of the original strains and the conjugants were blasted against each other to ensure successful 

conjugation (NCBI 2016).  

Physiological typing of the transformed strains  

In addition, a selective medium, malonate broth was prepared as control, using a previously described 

protocol (Atlas 2010). Malonate medium allows the differentiation of Enterobacter from Escherichia 

species (used as donor in the bacterial conjugation) based on malonate utilisation. Enterobacter 

species are able to utilise the malonate and ammonium sulphate in the media and produce sodium 

hydroxide which results in an alkaline reaction and changes the pH indicator from its original green 

colour to light blue. Escherichia, on the other hand, are not able to utilise the malonate and do not 

cause a colour change.  
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2.4.2 Biofilm batch test  

Experimental set-up 

A batch test was set up with four materials: PVC, CPVC, cast iron and copper. Again, AOC free vials 

were filled with a volume of 15 mL tap water (Figure 2.4). Of every material, four series of seven vials 

were used: four replicates for flow cytometric analysis (FC 1 to FC 4), one for fluorescence microscopy, 

a blank vial without added coupon and a vial with autoclaved tap water. The experiment was done in 

two parts. In Part 1, the Enterobacter was added In vials containing clean and sterile coupons, while in 

Part 2, the coupons were already colonised by a four weeks old biofilm and subjected to a disinfection 

step. All vials were incubated at 21°C on a shaker (90 rpm). 

 

 

Figure 2.4 – Schematic representation of the biofilm batch test with addition of a typical drinking water bacteria 
Enterobacter amnigenus type II. Of every material, four series of seven vials were set up, of which one series is 
represented here. Of this four series, two were used for Part 1 to analyse the behaviour of the typical drinking 
water bacteria on clean and sterile coupons, while the other two series were used for Part 2, to analyse how the 
bacteria will behave on yet colonised coupons after disinfection. 



MATERIALS AND METHODS 

 

30 
 

Bacterial strains and invasion experiment  

The fluorescent Enterobacter amnigenus type II was added to every vial. The strain was first grown on 

a selective LB agar medium with 50 mg/L Km and 100 mg/L Rf. After 24 hours of incubation at 37°C, 

the bacterial strain was incubated for 24 hours in M9 minimal medium, prepared by a previously 

described protocol (Cold Spring Harbor Laboratory 2010). This was repeated once more to ensure cells 

were in stationary phase. Subsequently, the bacterial suspension with a concentration of 4*108 

cells/mL was centrifuged for 10 minutes at 1500 g, supernatans was removed and the bacterial pellet 

was resuspended in a same amount of autoclaved tap water. This was repeated three times to ensure 

completely wash-out of the growth media. After this washing step, the Enterobacter was introduced 

in the batch test by adding 1 mL of the suspension in each vial. All the vials were incubated in 21°C on 

a shaker (90 rpm). 

Part 1: Introduction of Enterobacter amnigenus type II on sterile and clean coupons 

Two series of seven vials of every material, as explained in Figure 2.4, were used in this part to evaluate 

the behaviour of Enterobacter amnigenus type II in a not yet colonised system. For analyses, time 

scheme as illustrated in Figure 2.5 was followed. After 12 days of incubation, the biofilms were 

removed from the coupons by sonication and analysed by flow cytometry. Besides, water of the 

remaining vials was refreshed by new tap water. On day 15, the bulk water of the vials was again 

analysed and refreshed by new water. On day 19, the second series biofilms of every material was 

analysed and again the water of the vials was refreshed and analysed. 

Part 2: Introduction of Enterobacter amnigenus type II on precolonised coupons after disinfection 

The remaining two series of every material as explained in Figure 2.4, were also incubated at 21°C from 

the beginning of the experiment. Bulk water was handled during time in same way as for Part 1. After 

finishing Part 1, the coupons of the vials of Part 2 were disinfected by 15% sodium hypochlorite solution 

and rinsed with milli-Q water. After disinfection, again 1 mL of washed suspension of Enterobacter 

amnigenus with a concentration of 4*108 cells/mL was added in freshly added tap water. 

Subsequently, the same time series of Part 1 was followed for biofilm analysis of the two remaining 

series of every material (Figure 2.5). In this Part on day 0, the experiment was thus started with already 

colonised coupons subjected to a disinfection step.  
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Figure 2.5 – Time scheme followed in Part 1 and Part 2 of the biofilm batch test with the fluorescent Enterobacter 
amnigenus type II. The experiment was done during a time period of 19 days with biofilm analysis on day 12 and 
day 19.  

 

Biofilm treatment 

For both parts, the coupons of the vials meant for microscopy were separated from the bulk water and 

visualised by fluorescence microscopy by use of a fluorescent stain, 4’,6’-diamidino-2-phenylindole 

(DAPI) with a concentration of 1% dissolved in milli-Q water. An amount of 10 µL of the DAPI solution 

was added to the coupons and no incubation was needed. DAPI passes through the intact cell 

membrane and can stain both live and fixed cells (Kapuscinski 1995). Pictures were made by 

fluorescence microscopy (Axioskop, Zeiss, Germany) by DAPI filter, to visualise all cells, and FITC filter 

to visualise GFP labelled Enterobacter cells. Overlay pictures of both fluorescent views were made by 

ImageJ (Abràmoff et al. 2004), background was subtracted and contrast and brightness were adjusted. 

The coupons of the vials of the four replicates and blank biofilms were replaced in 50 mL milli-Q and 

sonicated for 80 seconds.  

Flow cytometric analysis 

Both biofilm and bulk samples were analysed by the flow cytometer Accuri™ C6. This was done once 

with SG staining, to identify all cells, and once without staining, in order the visualise the fluorescent 

Enterobacter amnigenus. Besides, flow cytometric and data analysis was done similar to previous 

experiments. 
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2.5 Biofilm batch test 4 – Influence of temperature 

Experimental set-up 

A last experiment was performed to see the influence of temperature on the biofilm development. 

Therefore, biofilms were grown on coupons of UPVC (Pipelife) in AOC free vials with 15 mL tap water. 

Three different temperatures: 4°C, 15°C and 28°C were used (Figure 2.6).  

 

Figure 2.6 – Schematic representation of Biofilm batch test 4 to grow biofilms on UPVC in three different 
temperatures: 4°C, 15°C and 28°C. For each temperature, five vials were used: four replicates and one blank bulk 
for flow cytometric analysis.  

Biofilm treatment 

After four weeks, same procedure was followed as previous biofilm batch experiments: coupons were 

replaced separately in 50 mL milli-Q water and sonicated for 120 seconds.  

Flow cytometric + data analysis 

Both biofilm and bulk samples were analysed by the flow cytometer Accuri™ by SG staining in the same 

way as previous experiments. Data analysis was done similarly to previous experiments. 
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3 RESULTS 

3.1 Biofilm batch test 1 – Without water refreshing 

To assess the impact of piping materials and microbial community on the biofilm growth in the water, 

a first test with coupons of different materials and different types of drinking water from six regions in 

Antwerp was performed. First, the sonication time was determined in order to release the complete 

biofilms after four weeks of incubation from the different materials. The effect of sonication time on 

the detachment of the biofilms was evaluated for all piping materials (Figure 3.1). The data showed 

that after approximately 40 seconds of sonication no additional cells were detached from the coupons 

as no significant increase could be seen in the total number of cells. The distinction between intact and 

permeabilised or damaged cells showed that there was no increase in the number of permeabilised 

cells after 40 seconds of sonication. This sonication time was extrapolated and used for all the samples 

of the other regions. 

 

Figure 3.1 – Evolution of the damaged or permeabilised, the intact cell counts, the ratio of both and the total cell 
counts in function of the sonication time in seconds. The vertical axis is logarithmic expressed in cells per mL. For 
every material, no increase in the number of permeabilised cells was reached after 40 seconds of sonication, 
which was selected as optimal sonication time.  
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Both biofilm and bulk samples were analysed by flow cytometry. Resulted fingerprints were visualised 

and most optimal gates were chosen per material. The selection of the gates was based on a 

combination of control samples and observation of the fingerprints, as explained in Figure 3.2. An 

example is given for a biofilm sample on PVC of the region Oud-Turnhout. It is illustrated that when 

gating was performed based on filtered samples as control (Figure 3.2, Left) not all cells were taking 

into account in the gate (Figure 3.2, Middle). Therefore, gating was adjusted to ensure all cells were 

incorporated (Figure 3.2, Right). This did not remove all the background but a balance was made 

between incorporating most of the cells, and removing majority of background. This procedure was 

done for every material and extrapolated to the different regions.  

 

Figure 3.2 – Overview of how the optimal gates were selected based on the resulted fingerprints from flow 
cytometric analysis (fluorescent channels: 530/30 nm (FLH-1) and 670 LP (FLH-3)). Left: gating was performed 
based on the filtered sample as explained in 2.1. Middle: When the gate determined by a filtered sample was 
used, not all cells were taking into account. Right: Gate was adjusted to ensure all cells were incorporated and 
most background was removed. 

Thereafter, cluster dendrograms were set up of the biofilm samples per region based on flow 

cytometric fingerprints of SG stained samples (Figure 3.3). The closer the branches of the trees were, 

the more similar the samples. Data showed different clustering for different regions. For the region 

Mol for example, there was a distinction between the polymeric materials PVC and CPVC on one side, 

and the metallic materials, iron and copper on the other side. They formed both a distinctive cluster 

with for the metallic material two subclusters of cast iron and copper. The same trend was seen for 

Brasschaat with one outlier of CPVC and Essen and Oud-Turnhout with the exception of some outliers. 

For the other regions: Grobbendonk and Kapellen the biofilm samples of the iron coupons formed one 

distinct separate cluster. 

In Figure 3.4, both the bulk and biofilm samples of each material and region were visualised by NMDS. 

The samples were not divided in a fixed group, which gives more freedom of interpretation. Different 

clustering of biofilm and bulk samples was seen for every region. This was visualised by confidence 

ellipses of the metallic versus the plastic materials and confirmed by statistical analysis of similarities 

(ANOSIM). The dissimilarities between the groups were tested using analysis of similarities (ANOSIM, 

999 permutations). The ANOSIM test decided whether there was a significant difference between the 

two material groups based on the resulted separation metric (R-values) and statistical significance (p-
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values) (Table 7.1 in Appendix 7.1). The divisor was chosen so that the values R would be in the interval 

[-1, +1], with value 0 indicating random grouping. All p-values were < 0.05 meaning there was a 

statistically significant difference between the two groups. Highest separation value was found for Mol 

(R = 0.6532) confirmed by the visualisations of the ellipses in Figure 3.4. The separation value was the 

lowest for Essen (R = 0.1835) illustrating that both groups were less similar. 

 

 

Figure 3.3 – Cluster dendrograms of the flow cytometric fingerprints of the biofilms grown on different materials 
with water from six different regions in the province of Antwerp. The colours represented the different materials 
and the horizontal distance was a measure of the similarity of the samples. Four replicates were used for every 
material. For Kapellen, samples of PVC and CPVC were represented in triplicate. The data illustrated different 
clustering of biofilm samples for the different regions.  
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Figure 3.4 – Nonmetric multidimensional scaling (NMDS) between the biofilm samples on different materials and 
bulk samples of the waters of different locations in Antwerp. The colours represented the material surfaces and 
the shapes the different samples (n = 4). Confidence ellipses were constructed between the metallic and plastic 
material groups. Dissimilarities between the groups were tested using analysis of similarities (ANOSIM). For all 
regions, there was a statistically significant difference between the two material groups, with for Mol the best 
separation value (R = 0.6532). 
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To evaluate the biofilm formation potential of different materials, the total cell counts of each sample 

were calculated. For this, same gates as for cluster dendrograms and NMDS plots were used. Mean 

total cell counts were calculated for biofilm and bulk samples per used test vial. For biofilm samples 

the dilution in 50 mL milli-Q was taken into account. Four replicates were considered, but were not 

statistically significant for all regions and materials (Table 7.2 in Appendix 7.1). For all different waters, 

higher biofilm cell concentrations were found for PVC and CPVC compared to cast iron and copper as 

illustrated in Figure 3.5. The same trend was seen for most of the regions: highest biofilm growth on 

CPVC, followed by PVC, cast iron and copper. However, most of these differences were not statistically 

significant as resulted from a two-sided t-test (Table 7.4 in Appendix 7.1). Only for Mol for example, 

biofilm growth was significant lower on copper (2.20*106 ± 1.98*106 cells/vial) compared to PVC 

(2.40*107 ± 6.29*106 cells/vial) and CPVC (4.21*107 ± 2.51*107 cells/vial).  

For bulk samples, the cell counts per vial were higher for every sample and region compared to the 

biofilm cell counts (Figure 3.6). The blank bulk samples contained the highest cell counts. When 

comparing the values of the blank samples with the initial total cell counts in Table 2.1 in section 2.1, 

same trend was seen: the waters of Oud-Turnhout and Essen had higher total cell counts, while for 

Kapellen and Brasschaat the values were lower. For Grobbendonk and Mol, no values for blank samples 

were represented due problems with sample acquisition. For bulk waters, again samples with PVC and 

CPVC showed higher cell counts in bulk water than cast iron and copper. The values for samples with 

cast iron were mostly the lowest of all. However, these values were not statistically significant for all 

regions (Table 7.5 in Appendix 7.1). For the samples where iron coupons were added, completely 

discolouring of the water was seen after hardly one day, probably due to the precipitation of released 

iron (oxy)hydroxides. 

 

Figure 3.5 – Total cell counts of biofilm samples for every region and material. The total cell counts were 
logarithmically calculated per vial with corresponding error bars (n=4). Higher cell counts were observed for PVC 
and CPVC compared to copper and iron for most regions. Most of the differences were not statistically significant 
as resulted from a two-sided t-test (Table 7.4 in Appendix 7.1). 
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Figure 3.6 – Total cell count in bulk waters per vial for every region and material. The cell counts were illustrated 
on a logarithmic scale with corresponding error bars (n = 4). For Mol and Grobbendonk, there were no values for 
the blank waters (samples without added coupons) due to improper sample acquisition. The blank samples 
showed the highest cell concentrations for most regions. Most of the differences between the materials were 
not statistically significant (Table 7.5 in Appendix 7.1) 
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3.2 Biofilm batch test 2 – With water refreshing 

To assess the impact of water refreshing on biofilm growth and to see the variation in phenotypic 

diversity of the bulk water over time, a second biofilm batch test was performed. In this experiment, 

coupons of ten different materials were used (Table 2.2). One tap source was used and the water in 

the vials was refreshed twice a week.  

The bulk water was evaluated over time by calculating total cell concentration per mL bulk water for 

every material subtracted by the bacteria concentration in the tap water at day 0 (Figure 3.7). For all 

plastic materials, the pattern of cell counts in bulk water over time was roughly comparable with the 

pattern of cell counts in blank samples without added coupon. The bulk water of cast iron and copper 

samples showed a different trend than the plastics. The bulk water of the vials with a coupon of cast 

iron showed a decreasing trend of cell counts over time. The evolution of cell concentration in samples 

with copper was noticeably different to the bulk samples of the blanks and plastic materials. 

To see the evolution of the phenotypic diversity of the bulk water over time, alpha diversity (D2) was 

calculated for every time point and material (Figure 3.8). The blanks, indicated in violet, represented 

the samples without added coupon. In general, for all materials high variation in phenotypic diversity 

in bulk water was seen over time. When comparing PVC and CPVC, the values of both bulk samples 

were different in the first days of the experiments. After 18 days, the phenotypic diversity pattern was 

approximately the same for both. The bulk water of the UPVC materials of both Pipelife Belgium N.V. 

and Kabelwerk Eupen AG showed some differences in diversity relative to each other in the beginning, 

and more similarity at the end of the experiment. For the polyethylene samples: PE, PE80, PE100 and 

PE100-RC the similarity in time was noticeable, with the exception of some outliers of PE80 in the first 

days.  

The phenotypic diversity pattern of the bulk waters of the iron and copper samples in time was 

different compared to plastic materials, which was also seen in the pattern of the cell counts (Figure 

3.7). For copper, the phenotypic diversity was lower than the blank after day 9 until the end of the 

experiment. For iron, after day 11, the diversity values of the samples stayed above those of the blank 

samples and an increase was seen after day 18.  
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Figure 3.7 – Concentrations per mL in bulk water over time for Biofilm batch test 2. The values of the cell concentration were calculated for every material and subtracted by the 
bacteria concentration in the tap water at day 0. The values represented with corresponding error bars, in quadruplicate for the blank samples, cast iron, copper, PVC, CPVC and the 
materials of Pipelife Belgium N.V. The materials of Kabelwerk Eupen AG were analysed in duplicate. The samples of the plastic materials showed similar pattern in time as the blanks, 
while the cell concentration evolution of cast iron and copper samples was different. 
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Figure 3.8 – Alpha diversity (D2) in function of time for the bulk waters of Biofilm batch test 2 for all materials. The 
blanks represented the samples without added coupons. The coloured bands represent the standard deviation, 
based on four or two replicates depending on the material. The alpha diversity varied over time. Especially for the 
samples with cast iron and copper coupons, a different pattern was seen compared to plastic materials.  

After four weeks, the coupons were separated from the bulk water, and biofilms were released by 

sonication. The sonication time was determined by the effect of sonication time on the detachment of 

the biofilms in the same way as in Biofilm batch test 1. Results of cell concentration evolution during 

sonication are illustrated in Appendix 7.2. In this experiment, an optimal sonication time of 80 seconds 

was found and used for all samples. The NMDS analysis of the biofilm samples analysed by flow 

cytometry showed that the samples of copper and cast iron formed each a distinctive group apart from 

the other samples (Figure 3.9). To compare the biofilm growth with the previous batch test without 

water refreshing, biofilm samples of the four original materials – cast iron, copper, PVC and CPVC – were 

visualised in a cluster dendrogram (Figure 3.10). The dendrogram showed a distinction between 

polymeric and metallic material, with a perfect clustering of the four materials. 
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Figure 3.9 – NMDS plot of biofilm samples grown on different materials in Biofilm batch test 2. Four replicates 
were used for cast iron, copper, PVC and CPVC and the materials of Pipelife Belgium N.V.. The materials of 
Kabelwerk Eupen AG were analysed in duplicate (n=2).  

 

 

Figure 3.10 – Cluster dendrogram of biofilm samples on the same four materials as used in Biofilm batch test 1 
without water refreshing. A good distinction was seen between polymeric and metallic material. No outliers were 
observed: each main branch was perfectly divided in two side branches with the different materials.  

Both results of bulk and biofilm analysis were compared in cell counts (Figure 3.11). Values were 

calculated per test vial used in the experiment: for the biofilm samples, this was done by calculating cell 

count per total coupon surface in cm² and for bulk samples per 15 mL bulk water. The highest total value 

was found for CPVC due to a high biofilm cell count. The lowest biofilm cell count was found for PE, 

while the PE variants (PE80, PE100 and PE100-RC) showed a higher biofilm cell count. The biofilm growth 

on the first four materials: cast iron, copper, PVC and CPVC, followed the same trend as in Biofilm batch 

test 1 without water refreshing: highest cell counts on CPVC, followed by PVC, copper and cast iron 

(Figure 3.5 and Figure 3.11). However, the difference in biofilm cell counts between the different 
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materials, after an incubation time of four weeks, were mostly not statistically significant according to 

a two-sided t-test (Table 7.6 in Appendix 7.2).  

The distribution in cell counts between bulk and biofilm was different for all materials, but were not all 

statistically significant (Table 7.7 in Appendix 7.2). Noticeably was the significant higher total cell count 

in the biofilm on CPVC (1.53*107 ± 3.68*107 cells/vial) compared to the bulk water (5.45*106 ± 1.24*106 

cells/vial). To further investigate the relation of biofilm and bulk samples, NMDS was performed (Figure 

3.12). The NMDS showed a more clear distinction between bulk and biofilm samples compared to the 

NMDS plots obtained in Biofilm batch test 1 (Figure 3.4). The confidence ellipses indicated the different 

sample type groups and according to an ANOSIM test, a statistical separation metric of 0.45 was found.  

 

Figure 3.11 – Absolute total cell counts in biofilm and bulk water on day 27 of Biofilm batch test 2. Values were 
calculated per test vial: per total coupon surface in cm² for biofilm samples and per 15 mL water for bulk samples. 
The total cell count distribution between bulk (green) and biofilm (red) was different for all materials.  

 

 

Figure 3.12 – NMDS of both biofilm and bulk samples of all materials after 27 days in Biofilm batch test 2. Bulk 
samples were visualised by triangles and biofilms as circles. A good distinction was seen between both sample 
types as indicated by the confidence ellipses with a solid line for the biofilm samples and a dotted line for the bulk 
samples. According to ANOSIM a separation metric R of 0.45 was found.  
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3.3 Pipe experiment on biofilm growth 

To assess biofilm growth in somewhat more continuous conditions and to evaluate the potential link in 

cell count and species richness between biofilm and bulk water over time, a pipe experiment was set 

up with six pipes of different materials during a period of 68 days. After a period of 12 days, stagnant 

bulk water, collected before the daily 15 minutes of flushing, and biofilms, released by sonication, were 

both analysed with flow cytometry. The phenotypic diversity (D2), clustering by NMDS and bacteria 

concentration were used to assess the evolution and the relations between bulk water and biofilm over 

time. 

The phenotypic diversity of the biofilm samples was high and fluctuated with relative large standard 

deviations for all materials (Figure 3.13). Also the microbial concentration fluctuated with large standard 

deviations for all the time points (Figure 3.15), but most of the values were considered statistically 

significant according to a one-sample t-test (Table 7.9 in Appendix 7.3). Statistical relevance of biofilm 

cell count differences on day 12 and day 68 was evaluated by a two-sided t-test (Table 7.11 in Appendix 

7.3). On day 68, more statistically significant differences between material combinations were found 

compared to day 12. For copper, noticeably lower cell concentrations were found compared to other 

materials. For example, on day 68: biofilm cell count on copper (1.40*108 ± 5.44*107 cells/pipe surface) 

was significant lower than on iron (9.07*108 ± 4.79*108 cells/pipe surface). NMDS was evaluated once 

with and once without the iron samples, as their distinctively different fingerprints could decrease the 

resolution of the other samples (Figure 7.4 in Appendix 7.3). From day 26 on, copper formed a distinctive 

group. 

Both phenotypic diversity and cell count calculations, showed smaller standard deviations in the bulk 

samples, compared to biofilm samples for all materials (Figure 3.13; Figure 3.15 and Figure 3.16). Cell 

counts of replicate samples of all materials (except for copper on day 12) were statistically significant 

for all time points (Table 7.10 in Appendix 7.3). Besides, differences in cell counts in bulk water between 

the different materials were evaluated on day 12 and day 68 and were all statistically significant (Table 

7.11 in Appendix 7.3). Also cell concentrations in tap water (blank) were analysed of all the time points 

and varied over time (Figure 7.2 in Appendix 7.3). During the first 26 days, phenotypic diversity values 

of bulk water for all plastic materials (PE, PVC, CPVC and UPVC) were closer to values of tap water (blank) 

compared to metallic materials (iron and copper) (Figure 3.13). For PVC, CPVC and UPVC comparable 

evolution in time could be noticed, with a maximum at day 68. The phenotypic diversity of the bulk 

water of both iron and copper was noticeably lower compared to the blank on day 40. In addition, NMDS 

was performed on all bulk samples and visualised for every time point (Figure 7.3 in Appendix 7.3). 

Replicates formed almost perfect cluster groups at all time points. Again, iron samples showed deviation 

from other materials.  
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The phenotypic diversity of the biofilm samples was systematically higher than those of the bulk samples 

for all materials and time points (Figure 3.13). For iron, the phenotypic diversity of both the bulk water 

and the biofilm were the same at the first time point (day 12). For PVC and UPVC, the phenotypic 

diversity differed more on the first time point while for all other materials (copper, PE and CPVC) no 

conclusions could be made on this due to large standard deviations. Furthermore, for all plastic 

materials, phenotypic diversity values of bulk water and biofilm converged at the end of the experiment, 

while for iron and copper values diverged. Differences in phenotypic diversity between bulk and biofilm 

could be compared with difference in NMDS cluster analysis of both sample types (Figure 3.14). On day 

26, biofilm and bulk samples formed different groups, which were better separated compared to day 

12, confirmed by the values for the separation metric obtained by an ANOSIM test (Table 7.8 in 

Appendix 7.3). A similar pattern was seen in phenotypic diversity (Figure 3.13): more difference between 

bulk and biofilm diversity on day 26 compared to day 12. On day 54 and day 68 bulk and biofilm samples 

were ‘closer’ to each other in NMDS plots compared to day 40, as phenotypic diversity values were also 

more similar compared to day 40 for all materials. 
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Figure 3.13 – Phenotypic diversity (D2) evolution in time of biofilm and bulk water for all six materials in the pipe 
experiment. Phenotypic diversity of tap water was included as blanks. The coloured bands represented the 
standard deviation, based on four replicates. The diversity values of both bulk and biofilm varied over time, with 
the highest diversity in the biofilm samples for most materials and time points. 
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Figure 3.14 – NMDS between bulk and biofilm samples for the six different materials used in the pipe experiment (n = 4). NMDS was performed with and without iron samples during 
time. It is seen that iron samples cluster separately from other samples. From day 26 on, copper formed a distinctive group. Biofilm and bulk samples formed two significant different 
groups for all time points according to ANOSIM analysis. NMDS plots of biofilm and bulk samples separately were calculated and are represented in Figure 7.3 and Figure 7.4 in 
Appendix 7.3.



RESULTS 

  

48 
 

 

Figure 3.15 – Total cell count in biofilms over time. Values were represented in cells per pipe surface with 
indicated standard errors (n = 4) for every material. High variation and standard deviations were seen, but most 
of the replicate values were statistically significant. For copper, noticeably lower cell concentrations were found 
compared to other materials. On day 68, more statistically significant differences between material combinations 
were found compared to day 12 according to a two-sided t-test (Table 7.11 in Appendix 7.3). 

 

 

Figure 3.16 – Total cell count in bulk water over time. Values were represented in cells per pipe volume with 
indicated standard errors (n = 4) for every material. Values of the replicate samples of all materials were 
statistically significant except for copper on day 12 (Table 7.10 in Appendix 7.3). 

Additionally, distribution of microbial cells in biofilm and bulk over time were compared between 

materials. Therefore, ratio and total sum of cell concentrations in biofilm and bulk were calculated 

(Figure 3.17). Ratios biofilm/bulk were calculated by dividing the total biofilm cell counts per pipe 

surface by the total bulk cell counts per pipe volume. The sum of total cell counts were expressed in 

total cells per pipe. The ratio biofilm/bulk and sum values varied and no pattern was observed over 

time. In addition, for biofilm cell counts high error bars (as was seen in Figure 3.15) needed to be 

considered when interpreting the data, but some trends were seen: for example for iron, total cell 

counts remained approximately the same over time and values for ratio biofilm/bulk were mostly 

higher than one, meaning more cells were found in biofilm than bulk water. For copper, more cells 
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were found in bulk water than biofilm, as the ratio biofilm to bulk was lower than one for all time 

points. For CPVC, the ratio biofilm/bulk showed more variation over time, but all ratio values were 

higher than one due to higher cell counts in biofilm than bulk water. For the last two time points (day 

54 and day 68) ratios biofilm/bulk were noticeably high for CPVC, while sum values were lower, due to 

low cell counts in bulk water on this time points (Figure 3.16). 

 

 

Figure 3.17 – Left: Ratio of total cell count in biofilm to bulk, both expressed per pipe unit for every material. 
Right: Sum of total cell count in biofilm and bulk water were expressed as total cells per pipe. Both ratio and 
sum values varied over time and no comparing trend between the materials was seen.  
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3.4 Biofilm batch test 3 – Introduction of Enterobacter amnigenus type II 

To assess the biofilm formation capacity of a typical drinking water bacteria Enterobacter amnigenus 

type II, a third biofilm batch test was set up. To trace the bacterium in the biofilm and the bulk water, 

a GFP coding gene and constitutive promotor was inserted in the genome. Both Enterobacter 

amnigenus type I and II were conjugated. Sequences of original and conjugative strains were blasted 

against each other to ensure successful conjugation. For Enterobacter amnigenus type II, sequences 

before and after conjugation were 100% identical. This was confirmed by physiological typing of the 

bacterial strains by a selective malonate broth medium as described in section 2.4.1.  

The biofilm batch test itself was done in two parts. The results of flow cytometric analysis of Part 1, 

where Enterobacter amnigenus type II was added in vials containing clean and sterile coupons, were 

given in 3.4.1. The results of Part 2, where coupons were already colonised by a four weeks old biofilm 

and subjected to a disinfection step, were given in 3.4.2. Finally, microscopic results of both parts were 

given in 3.4.3. 

3.4.1 Part 1: Introduction of Enterobacter amnigenus type II on sterile and clean coupons 

In Part 1 of the experiment, the fluorescent tagged Enterobacter amnigenus type II was added in a 

biofilm batch test with four different clean materials to see the influence of different surfaces materials 

on the behaviour of the Enterobacter. Four replicates of tap water of each material were considered. 

In addition, one sample with autoclaved tap water was added per material to evaluate the behaviour 

of Enterobacter when no additional living bacteria were present. The evolution of the biofilms and the 

bulk waters was followed over a time period of 19 days according to the time scheme in Figure 2.5. For 

every material, both biofilm and bulk of replicate samples with normal tap water and samples with 

autoclaved tap water were analysed by flow cytometry. This was done once with SG staining to 

visualise all bacterial strains and once without SG staining to identify fluorescent Enterobacter 

amnigenus type II. Fingerprints of stained and unstained samples were analysed and compared.  

Replicate samples with normal tap water 

For the biofilm samples of all four materials, to which normal tap water was added, the same trend 

was seen in the fingerprints: general biofilm growth, which increased over time according to 

fingerprints of SG stained samples (Figure 3.19, Left). To compare general biofilm growth on different 

materials, cell concentrations were calculated from fingerprints after performing same gating strategy 

as for Biofilm batch test 1, discussed in Figure 3.2. An increase in cell concentrations in biofilms could 

be observed for all materials (Figure 3.18). Cast iron and copper appeared to tolerate the highest 

biofilm formation. But the differences were not all statistically significant according to a two-sided t-

test (Table 7.13 in Appendix 7.4.1). 
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Figure 3.18 – Cell counts of SG stained biofilm samples over time for Part 1 of Biofilm batch test 3 and calculated 
in cells/cm² on a logarithmic scale. Every material was analysed in quadruplicate. An increase in total cell count 
could be observed for all materials. For cast iron and copper higher total cell counts were found, but the 
differences were not all statistically significant according to a two-sided t-test (Table 7.13 in Appendix 7.4.1). 

The fingerprints of the unstained samples of all materials were analysed and no distinctive fluorescent 

population of Enterobacter amnigenus type II was observed (Figure 3.19, Middle). For unstained 

samples a noticeably ‘higher background’ was observed, compared to unstained filtered samples 

(Figure 3.19, Right). This was seen for all materials and no noticeable changes in fingerprints were 

observed over time.  

 

Figure 3.19 – Fingerprints resulted from flow cytometric analysis of biofilm samples grown on PVC for Part 1 of 
Biofilm batch test 3. Left: SG stained biofilm sample with an indication of biofilm growth. Middle: unstained 
biofilm sample where no distinctive fluorescent Enterobacter population was observed, but with more 
‘background’ compared to filtered unstained sample (Right). For CPVC, cast iron and copper similar results were 
found.  

In addition, the results of biofilm samples were compared with bulk samples. The bulk water of all vials 

was refreshed twice a week from day 12 to day 19 of the experiment. For bulk samples with CPVC 

coupons, a small but perceptible distinctive fluorescent Enterobacter population was observed after 

12 days of incubation (Figure 3.20). After 15 days, the fluorescent population was no longer visible, 

although a noticeable ‘high background’ was observed which stayed over time. For PVC, the same 

trend was seen but to a lesser extent. 
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Figure 3.20 – Fingerprints obtained by flow cytometric analysis of bulk samples (unstained) with normal tap water 
of Part 1 of Biofilm batch test 3. Evolution of fingerprints of one replicate of CPVC was given over time. On day 
12 a small but perceptible distinctive population of Enterobacter amnigenus type II was observed. After 15 days, 
the fluorescent population was no longer visible, although a noticeable ‘high background’ was observed which 
stayed over time. 

For the samples of cast iron, the fingerprint pattern of unstained bulk samples was similar to CPVC, but 

with a larger population of fluorescent Enterobacter on day 12. For copper, the fluorescent bacterial 

population was not distinguished separately on unstained bulk samples, rather a large background was 

observed with a decreasing density over time.  

Additionally, cell counts of SG stained bulk samples were calculated (Figure 3.21). The highest cell 

counts in bulk water were found on day 12. Bulk samples of copper showed highest total cell counts, 

followed by cast iron. PVC and CPVC showed approximately same cell counts. However, the differences 

in cell counts between the materials were not all statistically significant (Table 7.13 Appendix 7.4.1). 

 

 

Figure 3.21 – Cell counts of SG stained bulk samples over time for Part 1 of Biofilm batch test 3 and calculated in 
cells/mL on a logarithmic scale. Every material was analysed in quadruplicate. Highest cell counts were found on 
day 12 for all materials. For copper higher cell counts were observed compared to other materials.  
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Samples with autoclaved tap water  

To compare previous results with a situation where no additional living bacteria would be present in 

the water, one sample with autoclaved tap water was added per material. More difference between 

fingerprints of samples of different materials was observed compared to replicates containing normal 

tap water. For PVC and CPVC, a distinctive fluorescent population was observed in unstained biofilm 

samples (Figure 3.22, Left). For cast iron and copper, Enterobacter amnigenus type II was not seen in 

biofilm samples. Figure 3.22 (Left) illustrated the fingerprints for PVC as example for the two polymeric 

materials and cast iron as example for the metallic materials, both of the unstained biofilm samples. 

For PVC, the fluorescent population increased over time, while for cast iron the number of flow 

cytometric events decreased.  

Furthermore, the flow cytometric fingerprints of the unstained bulk samples were analysed (Figure 

3.22, Right). The bulk samples of PVC and CPVC showed same evolution as biofilm growth. In the 

unstained samples, a fluorescent population was observed and even at the end of the experiment, on 

day 19, for both polymeric materials, Enterobacter was not washed out. Fingerprints of this unstained 

samples could be compared with those of SG stained samples as illustrated in Figure 3.23 for CPVC. On 

day 12, a small and highly fluorescent subpopulation appeared, which contained the conjugated 

fluorescent Enterobacter amnigenus type II. On day 15, this subpopulation was denser and followed 

by a division in two subpopulations on day 19. For bulk samples of cast iron, a decreasing fluorescent 

population was observed over time (Figure 3.22). For unstained bulk samples of copper, only a large 

‘background’ was found which decreased over time. 
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Figure 3.22 – The fingerprints derived from flow cytometric analysis of Part 1 of Biofilm batch test 3. The biofilm (Left) and bulk samples (Right) with autoclaved tap water were 
represented for PVC and cast iron. For the biofilm samples of PVC (Left), an increase in fluorescent population was seen, while for cast iron no separate population was observed. 
For biofilm samples of CPVC and copper, same results were found as for PVC and cast iron, respectively. For bulk samples of PVC (Right), a clear fluorescent population was 
observed even at day 19, which was also seen for CPVC. For cast iron samples, the density of fluorescent population decreased over time. Samples of copper were less clear: a 
large decreasing ‘background’ was observed for bulk samples over time. 
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Figure 3.23 – Fingerprints obtained by flow cytometric analysis of autoclaved bulk samples of CPVC of Part 1 of 
Biofilm batch test 3. Samples were stained with SG. On day 12, a small and highly fluorescent subpopulation 
appeared, containing the conjugated fluorescent Enterobacter amnigenus type II. On day 15, this subpopulation 
was denser and followed by a division in two subpopulations on day 19. 

 

3.4.2 Part 2: Introduction of Enterobacter amnigenus type II on precolonised coupons after 

disinfection 

In the second part of Biofilm batch test 3, four weeks old biofilms grown of coupons were used. The 

coupons were rinsed with sodium hypochlorite as disinfectant. The vials were filled with fresh tap 

water and fluorescent Enterobacter amnigenus type II was added in same concentration as Part 1. The 

same set-up was used as Part 1 with four quadruplicate samples of normal tap water and one sample 

with autoclaved tap water for every material. The evolution of biofilm and bulk and the role of 

Enterobacter was evaluated according to same time scheme as for Part 1 (Figure 2.5).   

Replicate samples with normal tap water 

Cell counts of biofilm samples were calculated for the replicates with normal tap water according to 

flow cytometric fingerprints of SG stained samples (Figure 3.24). Higher cell counts were found 

compared to Part 1. For the unstained biofilm samples of all materials, no distinctive fluorescent 

population was observed on flow cytometric fingerprints as shown in Appendix 7.4.2. On day 12, the 

flow cytometric fingerprints were similar to those of Part 1, but on day 19 the density was lower. The 

number of events was decreasing over time for every material.  

The flow cytometric fingerprints of bulk samples of Part 2 were different compared to Part 1. Mainly 

for the PVC and CPVC samples, and cast iron to a lesser extent, unstained samples showed a clear 

distinctive fluorescent population decreasing over time as shown in Appendix 7.4.4. For copper, similar 

to Part 1, fingerprints of unstained bulk water samples showed only a large amount of ‘background’ 

(Figure 7.16 in Appendix 7.4.4). 
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Figure 3.24 – Cell counts of SG stained biofilm samples over time for Part 2 of Biofilm batch test 3. Every material 
was analysed in quadruplicate. In general, higher cell counts were observed compared to SG stained biofilm 
samples of Part 1 (Figure 3.21).  

Samples with autoclaved tap water  

Flow cytometric data of samples with autoclaved tap water of Part 2 showed different results 

compared to Part 1 with clean coupons. While for Part 1, a separate fluorescent population was 

observed for PVC, CPVC and iron biofilm samples, in Part 2 no distinctive fluorescent population was 

observed by flow cytometric fingerprinting for any of the four materials (Appendix 7.4.2). Also bulk 

waters showed no clear fluorescent population according to fingerprints of unstained bulk samples of 

Part 2 (Appendix 7.4.4).  

 

3.4.3 Microscopic evaluation of biofilm evolution for Part 1 and 2 

Parallel to flow cytometry, the biofilm growth was assessed with microscopy. For this, biofilm cells on 

coupons were stained with DAPI. Pictures were made by fluorescence microscopy by DAPI filter to 

visualise all cells, and FITC filter to visualise GFP tagged Enterobacter cells. Overlay pictures of both 

fluorescent views were made by Image J and were illustrated for Part 1 and 2 in Appendix 7.4.6 and 

Appendix 7.4.7. For Part 1, an increase in number of total cells could be observed (blue colours), which 

was also seen in flow cytometric results. Besides, the number of green fluorescent cells decreased from 

day 12 to day 19 (green colours). For Part 2, no noticeably higher total cells were seen in microscopic 

pictures compared to Part 1 as was found in flow cytometric results. However, green fluorescent cells 

decreased over time (green colours). This could be linked to a decreasing density of fluorescent 

population in flow cytometric fingerprints of bulk samples as observed in Appendix 7.4.4.  
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3.5 Biofilm batch test 4 – Influence of temperature 

In a last batch test, the influence of temperature to the biofilm growth on a plastic material UPVC was 

evaluated. Tap water was incubated for four weeks in AOC free vials of 15 mL in three different 

temperatures: 4°C, 15°C and 28°C. After four weeks, biofilm and bulk water was analysed by flow 

cytometry. Flow cytometric fingerprints were used to compare cell counts in biofilm and bulk samples 

(Figure 3.25). For both biofilm and bulk, cell counts decreased with increasing temperature. However 

there was no statistically significant difference in cell counts between all temperatures for both biofilm 

and bulk, except for biofilm samples incubated in 4°C versus 28°C (Table 7.16 in Appendix 7.5). The 

NMDS plot showed a distinction between bulk and biofilm, and the bulk replicate samples showed 

more similarity to each other compared to the biofilm samples (Figure 3.26).  

 

Figure 3.25 – Cell counts of both biofilm and bulk samples after an incubation period of four weeks of UPVC 
coupons in AOC free vials with 15 mL tap water. Highest biofilm and bulk cell counts were observed in lowest 
temperature. In bulk water, cell counts were higher compared to biofilms for all temperatures.  

 

Figure 3.26 – NMDS plot of analysed samples of Biofilm batch test 4 with the three different temperatures 
represented as the three different colours and the sample types in the indicated shapes. Samples were analysed 
in quadruplicate. A distinction between bulk and biofilm could be made.  

To evaluate difference in phenotypic diversity between samples, alpha diversity (D2) was calculated 

(Table 7.17 in Appendix 7.5). Due to related standard deviations no noticeable difference in phenotypic 

diversity values could be seen between bulk and biofilm and different temperatures.  
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4 DISCUSSION 

The objective of this study was to assess the biofilm growth in drinking water distribution systems by 

flow cytometry. More specifically, bacterial growth in biofilm and bulk phase was evaluated in the 

different performed experiments. Several hypothesis were proposed and further discussed. 

Hypothesis 1: Flow cytometry can be used to evaluate biofilm development in 

drinking water distribution systems.  

Since biofilms are important contributors of the drinking water microbiology and can cause problems 

for drinking water quality, it is important to develop and validate fast and reliable monitoring 

techniques. Most of the currently available techniques for biofilm evaluation, such as PCR and viable 

plate count (VPC), are labour-intensive and time-consuming (Kerstens et al. 2015). High throughput 

quantification of biofilm growth can be achieved by staining biofilms and by measuring the amount of 

desorbed dye with a spectrophotometer. However, this is a species dependent method and requires 

individual optimisation of staining protocols. In addition, microscopy and other image analysis 

techniques enable quantitative assessment of biofilms, but are also time-consuming, whereas only a 

small section of the biofilm can be assessed at a time. Furthermore, 16S rRNA gene sequencing is 

considered to be the state of the art method for community profiling since it is a very sensitive and 

accurate technique. The relative species abundances, generated by this technique, are used to 

calculate alpha diversity metrics. However, sequencing is expensive and time consuming (Table 4.1). 

Flow cytometry can be applied as a fast and precise alternative. The technique is capable of observing 

tens of thousands of cells in a matter of minutes providing statistically relevant data for analysis of 

biofilm populations (Müller et al. 2010). It enables detailed investigation of the heterogeneous 

populations due to its ability to perform multiparametric single-cell analysis (Kerstens et al. 2015). 

Moreover, flow cytometry is capable of identifying and quantifying cells present in very low 

abundance, which is proven in this study as only four to maximum ten weeks old biofilms were 

considered. By applying flow cytometry the aim was to evaluate biofilm growth indirectly by analysing 

bulk water, since sampling biofilms at the inner surface of a drinking water distribution systems is not 

straightforward. 

A brief comparison between flow cytometry and illumina sequencing, based on price, speed, 

complexity and accuracy is summarised in Table 4.1. For the price estimation of flow cytometry 

following was included: the sample staining, the investment cost of the machine itself, which is 

considered to be paid off after four years, and all materials needed. The represented cost for illumina 

sequencing, includes the cost for sample preparation for both DNA extraction and PCR and the 

execution of the technique itself. The staff costs were calculated based on a gross salary of €40/hour 

for a laboratory assistant. It is clear that flow cytometry is a more affordable technique in this 
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comparison. Moreover, flow cytometry is a faster technique as only approximately one hour is 

required for handling one to 96 samples. These time estimations include the sample preparation and 

execution of the analysis. Data processing was not included as this strongly depends on the type and 

number of samples that have to be analysed. The complexity of illumina sequencing was rated the 

highest because of the highest amount of information retrieved and the extensive and difficult data 

processing. For flow cytometry also a large amount of data need to be processed, but by using a 

standardised and automated data processing pipeline, this process can be facilitated. The accuracy of 

both techniques was rated based on a previous study, where the different techniques were compared 

in their ability to detect microbial community dynamics (Baetens 2016). Out of this comparison, flow 

cytometry seems at first sight a fast and promising alternative for biofilm assessment. However, to 

retrieve more accurate and detailed information about the exact species present in the biofilms, 

sequencing is necessary. Samples for sequencing were taken during the experiments, but are not 

included in this study for practical reasons. 

Table 4.1 – Comparison of flow cytometry and illumina sequencing based on price, speed, complexity and 
accuracy (Baetens 2016). * Price per sample when 100-150 samples are sent in for sequencing at once, price for 
sending one sample can reach up to € 1500.  

 

For flow cytometry, a suspension of single cells as starting material is needed for accurate 

enumeration. In this study, we sonicated the surface materials submerged in milli-Q. Although 

literature mentions that addition of scraping can be useful for the removal of residual cells, this was 

not applied as it is difficult to standardise. According to previous studies, sonication may damage and 

kill cells, especially after prolonged sonication (Kerstens et al. 2015). The biofilms were sonicated 

between 40 to 80 seconds during these experiments, although prolonged sonication did not show an 

increase in the number of damaged cells according to the SGPI staining (Figure 3.1 and Figure 7.1). 

Damaged cell counts were sometimes higher compared to intact cell counts, but results of sonication 

curves needed to be interpreted carefully as a good distinction between background and damaged 

cells on flow cytometric fingerprints were difficult to make as was explained in Figure 3.2 for SG 

staining. Only SG staining was used for data analysis as the propidium iodide did not give an extra 

added value for flow cytometric fingerprinting. The double staining of SGPI is not as stable as the more 

straightforward staining dye SG. In addition, for practical reasons only SG staining was performed.  

Technique Price  

per sample 

Time  

per sample 

Working  

hours 

Staff  

Cost 

Complexity Accuracy 

Flow 

cytometry 

€ 0.11 < 25 min 1 hour 

(1-96 samples) 

€ 40 + ++ 

Illumina 

sequencing 

€ 47.72 * > 35 hours 9 hours 

(1-100 samples) 

€ 180 +++ +++ 
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Hypothesis 2: Bacterial growth in drinking water systems is dependent on water 

origin, substrate surface material and time. 

Good quality of drinking water is a basic necessity in human life. In general, the presence of bacteria 

in the water is not an issue as long as no pathogenic organisms are present. However, unwanted or 

excessive bacterial growth can cause deterioration of microbial drinking water quality during storage 

and transport through distribution systems. As stated in literature, biofilms are mostly considered as 

containing the largest fraction (up to 95%) of bacterial cells in drinking water distribution systems and 

can be responsible for potential contamination (Flemming et al. 2002). Factors, such as origin of the 

water or substrate surface material can influence the biofilm formation and microbial regrowth.  

Biofilm batch tests 

In a first experiment, bacterial growth was evaluated during a biofilm batch test of four weeks without 

water refreshing. Water samples, originated from six different regions in Antwerp, were selected 

because of the different treatment methods or because of microbiological issues in the local networks. 

Bacterial growth in biofilm and bulk samples was evaluated after four weeks based on clustering 

analysis and cell counts. Results of cluster dendrograms and NMDS plots were clearly different 

depending on the origin of the water (Figure 3.3; Figure 3.4). This was confirmed by an ANOSIM test, 

where the separation metric, which is a measure of cluster similarity between two groups, was 

different for the six regions (Table 7.1 in Appendix 7.1). Therefore, the different waters showed to have 

a different behaviour in microbial growth potential, which responds to the expectations as seen in a 

previous study where different flow cytometric fingerprints were found for different bottled waters 

(De Roy et al. 2012). The results of the total cell count in the bulk waters after four weeks of incubation 

showed similar pattern as the initial total cell counts in the bulk waters: higher values for total cell 

counts in bulk waters of Oud-Turnhout and Essen compared to Kapellen en Brasschaat (Figure 3.6 

compared to Table 2.1). This pattern changed when coupons were added to the water. The bacterial 

growth is thus affected by the origin of the water itself, but the type of piping material had an effect 

as well. In both Biofilm batch test 1 and 2, higher biofilm growth was found on PVC and CPVC compared 

to cast iron and copper (Figure 3.5; Figure 3.11). A possible explanation is that plastic materials may 

be a source of biodegradable volatile organic compounds (VOCs), for example polymeric additives, 

such as plasticisers, stabilisers, softeners or colouring agents. These components can migrate from the 

materials to the water and may be used by bacteria to support their growth in oligotrophic conditions 

and increase their capability to form biofilms (Rozej et al. 2015). Biofilm growth on CPVC was higher 

than on PVC coupons in both biofilm batch tests. CPVC is a modified form of PVC as it is obtained from 

PVC resin after an additional chlorination step (WHO 2006). Due to this extra treatment, more additives 

are introduced into the material, possibly responsible for a higher VOC leaching and promoting more 

biofilm growth.  
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Other studies have observed less growth on polymeric pipes compared to corrosion-prone materials, 

such as cast iron (Kerr et al. 1999; Niquette et al. 2000). In contrast to the smooth surface of the 

polymeric materials, the pitted surface of iron materials, due to corrosion, can enhance biofilm growth 

by protecting bacteria from physical perturbations outside and from chemical disinfection (Liu et al. 

2016). Besides, the roughness of the iron surfaces can promote microbial attachment and colonisation 

due to a greater surface area. In contrast to the batch tests performed in this study, the previously 

mentioned papers used set-ups with a continuous flow which increase the abrasion force, creating a 

higher roughness of the iron materials. In addition, it is mentioned in literature that dissolved iron 

corrosion products, such as iron (oxy)hydroxides, can support the growth of specific biofilm-forming 

bacteria. The corrosion products can even retain nutrients, including carbon and phosphorus (Morton 

et al. 2005). Although the iron coupons in the performed biofilm batch tests, were corroded after a 

few days, no dissolved iron was detected in the bulk water according to Atomic absorption 

spectroscopy (AAS) analysis. This may explain the ‘lower’ biofilm cell count on iron coupons as no 

dissolved iron was present in the water to possibly support the growth. 

In both Biofilm batch test 1 and 2, mostly lower biofilm growth was seen on coupons of copper 

compared to PVC, CPVC and cast iron, but definitely bacterial growth was observed in both bulk water 

and biofilm in contact with copper coupons. This is in contrast to some literature studies, that stated 

that copper act as an antimicrobial agent when nanoparticles of copper absorb from the pipes in the 

water (Gunawan et al. 2011). The resulted growth on the copper coupons can be due to the 

extracellular polysaccharide (EPS) matrix that hold the biofilms together and protect the inner 

microorganisms from external influences, such as antimicrobial copper particles (Dunne 2002). The EPS 

can retain and store compounds including nutrients, to enable the bacterial growth. The antimicrobial 

effect of the copper coupons in this batch tests was not examined, but may be interesting for further 

research.  

Additionally, biofilm growth on more diverse plastic materials: UPVC and four variants of polyethylene 

(PE, PE80, PE100, PE100-RC) was considered in Biofilm batch test 2. Biofilm growth on UPVC was lower 

compared to PVC and CPVC (Figure 3.11). UPVC is unplasticised polyvinyl chloride and is totally free of 

plasticisers reducing leaching of VOCs, which may be responsible for the lower biofilm formation 

potential. Polyethylene (PE) showed noticeably lower biofilm cell counts in Biofilm batch test 2, which 

is in contrast to a previous study, showing a similar density of biomass growing on PVC and PE materials 

(Niquette et al. 2000). For the materials PE80, PE100 and PE100-RC conclusions were difficult to make 

as only two replicates were considered. In general, the only difference between these last three 

materials is the molecular structure resulting from the polymerisation process, giving the material a 

slightly different flexibility. Therefore, a big difference in their capability to induce biofilm growth was 

not expected.  
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Bacterial growth in the bulk water differed also depending on the materials in the water. In Biofilm 

batch test 1, higher cell counts were mostly found in bulk water with addition of PVC and CPVC 

coupons. A possible explanation could be that the biofilms were already mature enough to be in the 

dispersion phase and created planktonic cells escaping in the bulk phase. However, previous studies 

stated that several months to years are needed to create mature biofilms in drinking water systems 

(Martiny et al. 2003; Rozej et al. 2015). In this study, only short period experiments were performed 

and we did not expect dispersion of cells from the biofilms in the bulk water after four weeks. A more 

realistic explanation is that the leaching of the biodegradable VOCs from the plastic materials in the 

water promote both biofilm and planktonic growth, resulting in higher cell counts for both phases. In 

the second batch test, the water was refreshed twice a week and analysed each time by the flow 

cytometer. Cell concentrations and phenotypic diversity of bulk samples of different materials were 

variable over time (Figure 3.7; Figure 3.8). Both the cell concentration and the phenotypic diversity of 

bulk water in contact with all plastic coupons showed a nearly comparable trend as the evolution of 

the tap water (blank). Therefore, the bulk water of the samples with the plastic materials seems least 

affected by the biofilm growth and could be considered as best material to transport drinking water 

based on these results. Evolution in cell concentration and phenotypic diversity of bulk samples with 

cast iron and copper coupons showed another pattern. For cast iron, a noticeably higher phenotypic 

diversity was observed, especially at the end of the experiment. As the cast iron coupons in Biofilm 

batch test 2 were completely corroded and little pieces of the iron coupons were released in the water, 

it can be that parts of the biofilm structures formed on these little pieces were loosened in the water 

and became part of the bulk water. Since biofilms are considered to have a higher taxonomic diversity, 

due to a continuously development and adaptation to the changing conditions, and since a higher 

taxonomic diversity is partially linked with a higher phenotypic diversity, this can be an explanation for 

the higher values (Stewart et al. 2008; Props et al. 2016). On the other hand, for bulk waters with 

copper coupons, phenotypic diversity was noticeably lower compared to phenotypic diversity of the 

blanks from day 11 on. A possible explanation is that only specific phenotypes can grow in bulk water 

in the presence of copper coupons as copper could have antimicrobial properties (Beeton et al. 2014). 

In general, the resulted cell counts and phenotypic diversity values of the bulk samples were variable 

during this experiment, showing that time is an important factor for the microbial growth in both 

biofilm and bulk water. In addition, discussed results of cell counts of biofilm and bulk samples and 

comparison between materials were not all statistically significant (Appendix 7.1 and Appendix 7.2) 

after a period of four weeks. This suggests, similar to literature, that biofilm growth is a long term 

process and longer periods are needed for stable conditions (Martiny et al. 2003).  

Pipe experiment 

To assess the evolution of both biofilm and bulk water over time in a somewhat longer period, a pipe 

experiment was performed. Total cell counts and phenotypic diversity values of both biofilm and bulk 
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samples showed high variability over time, since bacterial growth in drinking water systems is 

continuously developing (Figure 3.13; Figure 3.15; Figure 3.16). Again, surface material had an 

influence, but some differences were seen compared to the biofilm batch tests. The pattern that was 

found in the batch tests: higher biofilm growth on polymeric materials such as PVC and CPVC compared 

to copper and iron, was not clearly seen in the pipe experiment. As a different water source and 

materials from different suppliers were used, results of the experiments were not fully comparable 

with previous tests. However, contrary to previous batch tests, replicates of both biofilm and bulk 

samples were, with some exceptions, statistically significant (Table 7.9 and Table 7.10 in Appendix 7.3). 

Biofilm growth on copper coupons was noticeably lower than other materials for all the time points, 

possibly due to an anti-microbial effect of copper on some bacterial strains (Figure 3.15). On day 12, 

the biofilm cell count on copper was significantly lower than the cell count on the iron pipe. For other 

materials, the difference with copper was not statistically significant (Table 7.11). On day 68, there 

were more statistically significant differences (indicated by a p-value < 0.05) between the biofilm cell 

counts on the different materials. This suggests that the longer the biofilm growth can perform, the 

more stable conditions can be created and the more relevant conclusions can be made as the results 

were more statistically significant. Biofilm growth on the iron pipe was significant higher than the 

biofilm growth on PVC, which was opposite to the results of the biofilm batch tests. Due to the flowing 

conditions, it is possible that corrosion of the pipe surface was highly promoted, which was visible as 

the water was completely discoloured and a more pitted surface was created, protecting the bacteria 

and enhancing the conditions for biofilm development. 

Cell counts in the bulk water replicate samples of the pipe experiment were statistically significant for 

all time points and materials, except for copper on day 12 (Table 7.10 in Appendix 7.3). On day 68, the 

cell concentrations in the stagnant bulk water of the PVC, CPVC and UPVC pipes were significant lower 

compared to the three other materials: iron, copper and PE. Hence, these polymeric materials enable 

the slightest growth in the bulk water flowing out of the system and are therefore more suitable to 

transport drinking water based on our findings. However, today, PE is widely used as construction 

material for DWDS, so high bacterial growth was not expected. The reason could be that, due to 

practical limitations, an old PE pipe was used in the construction of the pipe experiment and was not 

completely clean, possibly leading to higher bacterial concentrations in the bulk water. For the 

polymeric materials, new pipes were purchased. Cell counts in bulk samples of copper pipes were 

significant higher to all other materials, for both day 12 and day 68. This is in contrast to results of 

biofilm cell counts where values for copper were lower than other materials. Therefore, it may be 

interesting to investigate the relation between the two sample types as stated in the next hypothesis.  

Implementation in practice 

According to the results of the pipe experiment in our study, pipes of PVC, CPVC and UPVC seemed 

more suitable for transporting drinking water compared to metallic pipes. In practice, also the costs of 
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the different materials are important to consider. In general, pipes and fittings, manufactured from 

plastic materials, are more expensive to purchase than those from metal materials, but the installation 

time for plastic pipes is generally much shorter than for metallic pipes, resulting in overall savings for 

plastic materials (WHO 2006). Although, prices are difficult to compare as different diameters for the 

diverse materials are applied in practice.   

According to a previous study, PE is cheaper compared to other plastic materials, due to its low life-

cycle cost, including the lower installation costs, lower repair rates and no loss in flow capacity over 

the long term (Ambrose et al. 2008). CPVC pipes are slightly more costly than PVC, since an extra 

chlorination step is performed during manufacturing. Furthermore, CPVC is not a sustainable product, 

because the production is highly polluting, the joining of pipe sections requires volatile chemical 

solvents and the material cannot be recycled (Marks 2017). On the other hand, UPVC, which was 

considered as one of the most suitable material in our study, requires less manufacturing as no 

plasticisers are incorporated.  

Copper is less popular as the price of copper has increased dramatically in recent years and copper 

mining and manufacturing are environmentally damaging. According to our study, the cell counts in 

the stagnant bulk water of the copper pipe were higher compared to the plastic materials. In addition, 

copper pipes are not considered as safe materials to transport drinking water, since copper can 

dissolve in the water and high concentrations of copper can be toxic for human health. In this study, 

the copper concentration in the water was not investigated, but may be of great importance in practice 

when copper piping is used to transport drinking water. Iron pipes are more economical than copper, 

but are not ideal for transporting drinking water as they are susceptible to corrosion and can discolour 

the water, as seen in our study. All materials have their advantages and disadvantages, but based on 

both Biofilm batch test 2 and the pipe experiment in this study, UPVC seemed most suitable to 

transport drinking water, although it would be necessary to validate our conclusion with a more long 

term experiment.  
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Hypothesis 3: Biofilms, on the inner surface of drinking water distribution systems, 

and the outflowing bulk water are different in bacterial cell concentration and 

phenotypic diversity. 

Since sampling biofilm cells on the inner surface of a long drinking water distribution system is 

practically very difficult and even impossible, it could be relevant to find a relation between biofilm 

and outflowing planktonic cells in the bulk water. In this way, possible problems related to biofilm 

growth inside the system could be detected by analysing bulk water. However, relations between both 

samples were difficult to find. According to Biofilm batch test 2, it was already clear that biofilm and 

bulk samples formed two distinctive cluster groups after a period of four weeks of biofilm growth 

(Figure 3.12). In the pipe experiment, the behaviour of bacterial growth in both sample types was 

further investigated over time. 

Phenotypic diversity of biofilm samples was systematically higher than those of bulk samples for all 

materials and time points (Figure 3.13) suggesting a higher taxonomic diversity (Props et al. 2016). This 

is because biofilms, especially in drinking water systems, are considered as very complex, dynamic 

microbial structures supporting the continuous adaptation to changing conditions in the drinking water 

systems (Lin et al. 2015). There was no clear relation between phenotypic diversity pattern of bulk and 

biofilm samples for all materials. However, for iron, the phenotypic diversity of bulk and biofilm were 

the same at the first time point (day 12). This could be because in the beginning no strong biofilm cells 

were formed and as the iron surface is subjected to corrosion, biofilm cells were rinsed in the water 

creating same phenotypic diversity in both bulk and biofilm. For the first 26 days of the experiment, 

phenotypic diversity values of bulk water samples of all plastic materials were closer to values of tap 

water (blank) compared to metallic materials. Therefore, it seems that again bulk water was least 

influenced by plastic materials in the first 26 days. However, after 26 days, phenotypic diversity values 

of bulk samples were more different from those of the tap water and closer to those of biofilm samples. 

A possible explanation is that after 26 days, biofilms were already in the dispersion phase and created 

planktonic cells escaping to the bulk phase resulting in a more similar phenotypic diversity in biofilm 

and bulk phase. However, longer periods are needed to obtain mature biofilms in drinking water 

systems (Martiny et al. 2003; Rozej et al. 2015). In addition, total cell counts, expressed ass cells per 

pipe volume, did not confirm this as no noticeably higher values were found in the bulk water after 

day 26 for the plastic materials (Figure 3.16).  

The difference in phenotypic diversity between bulk and biofilm samples could be compared with 

difference in NMDS cluster analysis of both sample types (Figure 3.14). ANOSIM analysis confirmed the 

significant difference between biofilm and bulk samples on every time point (Table 7.8). Separation 

metrics, indicating the dissimilarity between the groups, first increased from day 12 to day 26, 

following by a decreasing trend from day 26 on. This could be linked with the phenotypic diversity 
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pattern where also a diverging followed by a converging trend was observed between the two sample 

types. We can therefore conclude that, in our study, flow cytometric fingerprints of biofilm and bulk 

samples become more similar the longer the biofilm growth can perform.  

In addition, cell counts of bulk and biofilm samples were calculated for all time points (Figure 3.15; 

Figure 3.16). In order to find a possible pattern over time for both sample types, sum and ratios 

biofilm/bulk were considered (Figure 3.17). Values varied over time and no pattern was observed. The 

sum and ratio values were dependent on the used pipe material as explained in Hypothesis 2. 

Differences in cell counts between bulk and biofilm were mostly not statistically significant according 

to a two-sided t-test (Table 7.12 in Appendix 7.3). However, we can suggest that both phases are 

different in phenotypic diversity and cell count and that relations between the two phases were not 

observed during a period of 68 days. A previous study in Germany showed that taxonomic 

compositions of biofilm and bulk water were highly different (Henne et al. 2012). In our study, samples 

of biofilm and bulk water were taken on every time point to send out for Illumina sequencing. They 

were not yet analysed due to time constraints, but it could be interesting for further research.  
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Hypothesis 4: The growth of a typical drinking water contaminant Enterobacter 

amnigenus in a biofilm batch test is affected by several parameters, such as piping 

material, water refreshing, available bacteria in the water and disinfection. 

Biofilms can be a potential source of microbial contamination as bacteria can nest in the biofilms. Pidpa 

recurrently detected Enterobacter amnigenus at certain points of the distribution system. We 

evaluated the colonisation of this strains in the biofilm in Biofilm batch test 3 using flow cytometry. 

The bacterial strain was tagged with a fluorescent gene to distinguish from other bacteria and added 

to a biofilm batch test with PVC, CPVC, copper and cast iron coupons as substrate surface materials. 

Both normal and autoclaved tap water was used. In general, biofilm growth in normal tap was 

observed, after an incubation period of 12 days, and increased over time (Figure 3.18). Enterobacter 

amnigenus was not clearly detected by flow cytometry as no separate population was observed on the 

fingerprints of the unstained samples (Figure 3.19). A higher amount of ‘background’ was observed for 

fingerprints of unstained samples compared to unstained filtered samples. A potential hypothesis was 

that the GFP gene, incorporated in the strain by bacterial conjugation, leaked out of the cell and the 

Enterobacter lost its fluorescence. This leaking of GFP gene may have occurred because of a created 

osmotic shock when transferring coupons from the vials into 50 mL milli-Q water. To investigate this, 

filtered tap water was used instead of milli-Q water and a volume of 30 mL instead of 50 mL was used 

to have less dilution. However, no difference in fingerprints was seen. Moreover, in microscopic 

pictures Enterobacter amnigenus was observed in the biofilms but in low abundance (Appendix 7.4.6). 

The fluorescent bacteria were thus present in the biofilm but under the detection limit of the flow 

cytometer (10³ cells/mL), which explains the fact that no separate fluorescent population was 

observed on the fingerprints.  

Influence of substrate surface material 

In Part 1 of Biofilm batch test 3, clean coupons of PVC, CPVC, cast iron and copper were used. In vials 

with normal tap water, general biofilm growth was observed and increased over time (Figure 3.18). 

Cast iron and copper coupons seemed to tolerate slightly higher total biofilm formation according to 

cell counts resulted from flow cytometric analysis of SG stained samples (Figure 3.18). According to 

microscopic pictures, Enterobacter amnigenus was more abundant in biofilms on cast iron and copper 

compared to the plastic materials (green cells in Appendix 7.4.6). However, the higher abundance of 

Enterobacter on metallic materials was only a visual observation and cannot be compared with flow 

cytometric results of unstained samples, as cells were present under detection limit. If we assume that 

microscopic results are representative for the cell count enumeration, the higher total cell counts in 

biofilms on both metallic materials (Figure 3.18) were due to the higher amount of fluorescent 

Enterobacter in the biofilms. However, in Biofilm batch test 1 and 2, where no fluorescent Enterobacter 

was added, higher biofilm growth was found on PVC and CPVC compared to cast iron and copper. This 
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trend was also seen in Biofilm batch test 3 as slightly more non-fluorescent cells were observed on 

microscopic pictures of PVC and CPVC compared to cast iron and copper coupons (blue cells in 

Appendix 7.4.6). The higher the number of bacteria, the higher the competition for space and 

nutrients. As the conjugated Enterobacters were forced to produce a GFP gene, they had a metabolic 

disadvantage compared to other present bacteria. It is possible that the Enterobacter amnigenus was 

partly outcompeted by the other bacteria present in the biofilms. As more non-fluorescent bacteria 

were present in biofilms on PVC and CPVC, more competition was performed, resulting in a lower 

amount of Enterobacter amnigenus cells in biofilms on these materials compared to cast iron and 

copper.  

Influence of water refreshing 

Bulk water was analysed in Biofilm batch test 3 and was refreshed twice a week from day 12 to day 19 

of the experiment (Figure 2.5). Highest total cell counts in the bulk water were found on day 12 for all 

materials as no water refreshing was yet performed (Figure 3.21). The samples with copper coupons 

showed a higher total cell count in bulk water compared to other materials. No real explanation was 

found for this as it could not be linked with a noticeably higher or lower biofilm growth on copper. 

Conclusions for unstained bulk samples based on flow cytometric results were difficult to make as 

fluorescent Enterobacter amnigenus was mostly present under detection limit of the flow cytometer. 

For vials with PVC, CPVC and cast iron coupons a small but perceptible fluorescent population was seen 

on flow cytometric fingerprints on day 12, disappearing over time (Figure 3.20). Fingerprints of 

unstained samples with copper coupons were difficult to interpret as for all time point a large amount 

of ‘background’, and thus Enterobacter amnigenus under flow cytometric detection limit, was 

observed with a small decrease over time. The refreshing of the water seemed to have a small impact 

on the Enterobacters in the bulk water but they were not completely rinsed out. This can be reflected 

to the biofilm growth as the Enterobacter was still visible after 19 days but in a lower abundance, as 

was seen in microscopic pictures (Appendix 7.4.6). 

Influence of microbial community 

To evaluate the behaviour of Enterobacter amnigenus when no additional living bacteria would be 

present, one vial of each material with autoclaved tap water was included in Biofilm batch test 3. 

Therefore, the water in these vials contained only dead bacterial biomass and the added Enterobacter 

amnigenus. Flow cytometric results of both SG stained and unstained biofilm and bulk samples with 

autoclaved tap water were interpreted. More total biofilm growth was observed on PVC and CPVC 

coupons than cast iron and copper coupons according to fingerprints of SG stained samples with 

autoclaved tap water. For this, same explanation as in Hypothesis 1 can be performed: higher biofilm 

growth on polymeric material due to leaching of biodegradable organic compounds. According to the 

fingerprints of the unstained biofilm samples, Enterobacter was not clearly seen for iron and copper, 
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but they were certainly present in the biofilms and bulk water of vials with PVC and CPVC coupons 

after 19 days (Figure 3.22). This is in contrast to the vials with normal tap water, where fluorescent 

Enterobacter was not always observed. An explanation is that Enterobacter can fully develop in the 

autoclaved tap water since no other living bacteria were present. The autoclaved tap water offers an 

ideal environment for the Enterobacter without other competitors for nutrients and other sources. 

Moreover, the autoclaved tap water contained dead bacterial biomass. Enterobacter amnigenus was 

able to thrive on it and use it as nutrient source to grow in bulk water and develop biofilm structures 

on the different materials. This phenomena was already observed in a previous study, by the use of 

another water contaminant Legionella pneumophila, and is called necrotrophic growth (Temmerman 

et al. 2006). This confirms that heat treating techniques, such as autoclaving, will not results in the 

removal of drinking water contaminants such as Enterobacter amnigenus. Even more by heat-killing 

bacterial growth in the water, the growth of an introduced contaminant could be improved. The 

presence of other bacteria in the water could be important to suppress the growth of specific drinking 

water contaminants. Systems where bacterial growth is not supported to a significant extent, are called 

biologically stable water systems (Prest et al. 2016). 

Influence of disinfection 

As mainly disinfection based on chlorine products is used in drinking water distribution systems, the 

effect of this was tested in Part 2 of Biofilm batch test 3. Enterobacter amnigenus type II was therefore 

introduced in a biofilm batch test containing precolonised coupons subjected to disinfection by a 

sodium hypochlorite solution. In general, higher biofilm growth on all materials was observed after 12 

days compared to Part 1, where clean coupons were used (Figure 3.24). This was expected as the 

coupons used in Part 2 were already colonised by a 19 days old biofilm and this was incorporated in 

the biofilm cell counts. However, this difference was rather small and was not seen for cell counts on 

day 19. Also microscopic pictures were difficult to interpret an did not show noticeably higher total 

cell amounts (blue cells in Appendix 7.4.7). According to fingerprints of unstained biofilm samples with 

normal tap water, Enterobacter amnigenus was again not detectable by the flow cytometer (Appendix 

7.4.2). Moreover, microscopic results suggest a slightly lower number of fluorescent Enterobacter cells 

at the end of the experiment compared to Part 1. Also for biofilm samples in autoclaved tap water, 

Enterobacter was not clearly present in the biofilm as fingerprints of unstained biofilm samples showed 

no clear perceptible fluorescent population compared to fingerprints of Part 1 of Biofilm batch test 3. 

Therefore, disinfection could have an impact on the introduction of the drinking water contaminant in 

the biofilm. However, there was a higher growth of Enterobacter amnigenus in the bulk water samples 

with normal tap water for the materials PVC, CPVC and cast iron compared to Part 1. The influence of 

disinfection is thus rather complex, but does not seem to remove the Enterobacter amnigenus 

completely in drinking water systems. However, further research would be needed to bring clarity.  
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Especially for drinking water company Pidpa problems with Enterobacter amnigenus were observed. 

Mainly in water samples of the regions Essen and Kapellen, which were considered in Biofilm batch 

test 1, the presence of Enterobacter was noticed (Table 2.1). Several actions, such as disinfection, UV-

treatment and rinsing were performed in the past, but no improvement was seen. Although, in these 

regions, chlorine is added in the decanter to control the oxidation of iron during the production of 

drinking water from ground water. This can potentially lead to the decrease of the bacterial population 

present in the water and as previously discussed, the presence of dead bacterial biomass can enhance 

the development of Enterobacter amnigenus in both biofilm and bulk water. However, to confirm this, 

it would be important to know whether Enterobacter amnigenus is resistant to chlorine. Further 

research, by for example evaluating Enterobacter growth on a minimal medium with addition of 

different chlorine concentration, could be important. Another option for examining chlorine resistance 

of the Enterobacter associated with biofilms, could be the set-up of a biofilm batch test analogue to 

previous tests with addition of different disinfectant concentrations from the start of the experiment.  
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Hypothesis 5: External parameters, such as temperature, influence biofilm 

development in drinking water distribution systems. 

In addition to surface material and origin of the water, other external parameters can influence the 

biofilm development in drinking water distribution systems. Temperature is one of the most important 

factors, as it could affect the initial cell-to-surface attachment and formation of biofilms on pipe 

surfaces in drinking water systems (Liu et al. 2016).  

In this study, a biofilm batch test, with three different temperatures (4°C, 15°C and 28°C) and coupons 

of UPVC as substrate surface materials, was performed. After four weeks, a significant higher biofilm 

growth was found in 4°C compared to 28°C, but the difference was rather small: 1.63*106 ± 5.7*105 

cells/vial in 4°C and 7.03*105 ± 2.21*105 cells/vial in 28°C (Figure 3.25; Table 7.16). However, in 

literature it was stated that most micro-organisms tend to form biofilms at a lesser extent at lower 

temperatures, due to a prolonged lag phase or a reduced growth rate of the bacteria at sub-optimal 

temperatures (Liu et al. 2016; Pintar et al. 2003). The higher biofilm growth at 4°C in Biofilm batch test 

4 could be explained by the influence of temperature on the hydrophobicity of the bacterial cells. A 

previous study suggested that bacteria can modify their cellular membrane lipid composition as 

function of temperature, leading to changes in their hydrophobicity and affinity for attachment to 

substrate surface materials (Chavant et al. 2002). The lower the temperature, the higher the 

hydrophilic character of some bacteria. In this study UPVC is used as substrate surface material and 

has a hydrophobic nature (Zalnezhad et al. 2016). In a lower temperature of 4°C, the bacterial cells 

would be more hydrophilic and subsequently had a higher affinity to form biofilm structures on the 

hydrophobic material surface of UPVC.  

However, previous phenomenon is species dependent and cannot be proven for this study as 

knowledge of the bacterial communities is necessary to explain the temperature dependency. Besides, 

bacterial concentration in bulk water was not significantly different between the three temperatures 

(Table 7.16 in Appendix 7.5). Phenotypic diversity showed no high variability between the 

temperatures after a period of four weeks (Table 7.17 in Appendix 7.5). Probably, more difference in 

cell counts and phenotypic diversity between different temperatures could be seen during a longer 

biofilm growth period, but this has to be validated by further research. 
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5 CONCLUSION  

The aim of this research was to determine how flow cytometric fingerprinting could be used to monitor 

the biofilm and bulk microbial community in DWDS. A first conclusion from this study is that biofilm 

growth could already be monitored after a period of four weeks provided a proper sample preparation 

by means of sonication. Although cytometric background noise was important for biofilm samples, 

fingerprinting showed interesting results which were in agreement with comparable research in 

literature. 

Several factors showed to affect the flow cytometric fingerprints of both the bulk and the biofilm 

samples. For example, waters of different origin or produced with different treatment methods, 

showed to have a different bacterial growth potential for both the biofilm and the bulk water during a 

period of four weeks. Flow cytometric results showed that not only the water itself, but also the pipe 

material influenced the microbial communities in the biofilm and in the bulk water both in terms of 

the community composition but also in terms of cell concentration. We can conclude that, during the 

limited period of our experiments, some plastic materials induced more biofilm growth than the 

metallic materials. The results from the pipe experiment showed that the difference in cell 

concentrations between the different materials changed over time. The phenotypic diversity of both 

the biofilms and the bulk waters also varied over time, but was noticeably higher for the biofilms. This 

indicates that bacterial growth was continuously adapting to the changing conditions in the drinking 

water systems. Based on our findings of both Biofilm batch test 2 and the pipe experiment and based 

on the costs, plastic materials and in particular UPVC, are the most suitable for transporting drinking 

water. Because of the short duration of our experiments, we can’t however extrapolate our results to 

DWDS with a mature biofilm. For this, more research with older biofilms should be done. In addition, 

the influence of temperature was investigated and higher biofilm growth was found in 4°C compared 

to 28°C, potentially due to a decreasing hydrophobicity at lower temperatures, increasing the affinity 

for some bacterial cells to create biofilms on the hydrophobic nature of the UPVC coupons. This again 

confirms the surface material dependency for biofilm development. However, this is species 

dependent and cannot be proven, as exact knowledge of the present bacterial communities is needed.  

Another objective of this study was to establish the relation between biofilm and bulk microbial 

communities in order to determine if cytometric fingerprinting of the bulk water could be used to 

monitor the microbial community in the biofilms. Our results showed no correlation between the 

dynamics of the bulk and biofilm fingerprints between four weeks to maximum 68 days. This suggests 

that the phylogenetic dynamics and composition of the biofilm and the bulk microbial communities 

are different. This is in line with previous research and could be validated by sequencing the samples 

of this experiment. Finally, the behaviour of a typical drinking water contaminant Enterobacter 

amnigenus was evaluated during a batch test. The Enterobacter seemed to grow better in biofilms on 
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metallic compared to plastic materials, but the difference was not statistically significant. The influence 

of disinfection on the Enterobacter was unclear, and requires further research. However, an important 

conclusion was that the Enterobacter could grow better in sterile systems. This finding is in accordance 

with the concept of biologically stable water and illustrates the usefulness of biologically stable water.



 

75 
 

6 BIBLIOGRAPHY 

Abràmoff, M. D., and P. J. Magalhães. 2004. “Image Processing with ImageJ.” Biophotonics International. 

Aelvoet, M., and ALBERT II Koning der Belgen. 2002. “BELGISCH STAATSBLAD — 19.03.2002,” 11443–58. 

Alberghina, L., D. Porro, H. Shapiro, F. Srienc, and H. Steen. 2010. “Bugs In The Beam: A Manual for Cytometry in 
Microbiology.” Journal of Microbiological Methods 42 (1): 1–17. 

Álvarez-Barrientos, A., J. Arroyo, R. Cantón, C. Nombela, M. Sánchez-pérez, and R. Canto. 2000. “Applications of 
Flow Cytometry to Clinical Microbiology.” Clinical Microbiology Reviews 13 (2): 167–95. 

Ambrose, M., S. Burn, D. DeSilva, and M. Rahilly. 2008. “Life Cycle Analysis of Water Networks.” 

Appenzeller, B. M., Y. B. Duval, F. Thomas, and J.-C. Block. 2002. “Influence of Phosphate on Bacterial Adhesion 
onto Iron Oxyhydroxide in Drinking Water.” Environmental Science and Technology 36 (4): 646–52. 

Arstad, S. 2015. “Much of Penticton’s Aging Water Infrastructure Facing Corrosive Buildup.” InfoNews Canada. 

Ashbolt, N., C. David, L. D’Anglada, and G. Peter. 2014. “Water Safety in Distribution Systems.” World Health 
Organization. 

Atlas, R. M. 2010. Handbook of Microbiological Media. 

Baetens, V. 2016. “Monitoring of Microbial Communities in Freshwater Systems by Flow Cytometry.” 

Bashashati, A., and R. R. Brinkman. 2009. “A Survey of Flow Cytometry Data Analysis Methods.” Advances in 
Bioinformatics 2009: 1–19. 

BD Biosciences. 2000. Introduction to Flow Cytometry: A Learning Guide. Methods. Vol. 21. 

Beeton, M. L., J. R. Aldrich-wright, and A. Bolhuis. 2014. “The Antimicrobial and Antibiofilm Activities of Copper 
(II) Complexes.” Journal of Inorganic Biochemistry 140: 167–72. 

Bendinger, B., H. H. M. Rijnaarts, K. Altendorf, and A. J. B. Zehnder. 1993. “Physicochemical Cell Surface and 
Adhesive Properties of Coryneform Bacteria Related to the Presence and Chain Length of Mycolic Acids.” 
Applied and Environmental Microbiology 59 (11): 3973–77. 

Boe-Hansen, R., H.-J. C. Albrechtsen, and E. A. Jørgensen. 2002. “Dynamics of Biofilm Formation in a Model 
Drinking Water Distribution System. J.” Journal of Water Supply: Research and Technology 51 (7): 399–406. 

Boks, N. P., W. Norde, H. C. van der Mei, and H. J. Busscher. 2008. “Forces Involved in Bacterial Adhesion to 
Hydrophilic and Hydrophobic Surfaces.” Microbiology 154 (10): 3122–33. 

Brown, M., and C. Wittwer. 2000. “Flow Cytometry: Principles and Clinical Applications in Hematology.” Clinical 
Chemistry 46 (8): 1221–29. 

Cadogan, D. F., and C. J. Howick. 2000. “Plasticizers” in Ullmann’s Encyclopedia of Industrial Chemistry. 

Campbell, F.C. 2008. Elements of Metallurgy and Engineering Alloys. 

Charnock, C., and O. Kjønnø. 2000. “Assimilable Organic Carbon and Biodegradable Dissolved Organic Carbon in 
Norwegian Raw and Drinking Waters.” Water Research 34: 2629–42. 

Chavant, P., B. Martinie, T. Meylheuc, and M. Hebraud. 2002. “Listeria Monocytogenes LO28: Surface 
Physicochemical Properties and Ability To Form Biofilms at Different Temperatures and Growth Phases.” 
Applied and Environmental Microbiology 68 (2): 728–37. 

Cold Spring Harbor Laboratory. 2010. “M9 Minimal Medium (Standard).” Cold Spring Harb Protocols. 

Culp, G. L., R. B. Williams, G. M. Wesner, and R. L. Culp. 1986. Handbook of Public Water Systems. 

Davie, T. 2008. Fundamentals of Hydrology. Routledge Fundamentals of Physical Geography. Vol. 298. 



BIBLIOGRAPHY 

 

76 
 

Davies, D. G., M. R. Parsek, J. P. Pearson, B. H. Iglewski, J. W. Costerton, and E. P. Greenberg. 1998. “The 
Involvement of Cell-to-Cell Signals in the Development of a Bacterial Biofilm.” SCIENCE 280: 295–98. 

De Roy, K., L. Clement, O. Thas, Y. Wang, and N. Boon. 2012. “Flow Cytometry for Fast Microbial Community 
Fingerprinting.” Water Research 46 (3): 907–19. 

Donlan, R. M. 2001. “Biofilm Formation: A Clinically Relevant Microbiological Process.” Healthcare Epidemiology 
33 (8): 1387–92. 

Donlan, R. M. 2002. “Biofilms: Microbial Life on Surfaces.” Emerging Infectious Diseases 8 (9): 881–90. 

Dunne, W. M. 2002. “Bacterial Adhesion: Seen Any Good Biofilms Lately?” Clinical Microbiology Reviews 15 (2): 
155–66. 

DWI. 2015. “Lead in Drinking Water.” DWI - Drinking Water Inspectorate. doi:10.2105/AJPH.13.3.207. 

Ellis, B., P. Haaland, F. Hahne, N. Le Meur, N. Gopalakrishnan, J. Spidlen, and M. Jiang. 2015. “flowCore: Basic 
Structures for Flow Cytometry Data. R Package Version 1.40.3.” 

Elsek group. 2016. “UPVC Production.” http://www.elsekgroup.com/upvc-production/. 

EPA. 2011. Water Treatment Manual: Disinfection. 

EU. 1998. “Council Directive 98/83/EC.” 

Flemming, H. -C., S. L. Percival, and J. T. Walker. 2002. “Contamination Potential of Biofilms in Water Distribution 
Systems.” Water Research 2 (1): 271–80. 

Fletcher, M., and G. I. Loeb. 1979. “Influence of Substratum Characteristics on the Attachment of a Marine 
Pseudomonad to Solid Surfaces.” Applied and Environmental Microbiology 37 (1): 67–72. 

Forbes, T. 2002. More PVC Projects For The Outdoorsman: Building Inexpensive Shelters, Hunting and Fishing 
Gear, and More Out of Plastic Pipe. 

Frieden, T. 2015. “Community Water Treatment.” Centers for Disease Control and Prevention. 

Garrett, T. R., M. Bhakoo, and Z. Zhang. 2008. “Bacterial Adhesion and Biofilms on Surfaces.” Progress in Natural 
Science 18 (9): 1049–56. 

Gorchev, H. G., and G. Ozolins. 2011. “Guidelines for Drinking-Water Quality.” WHO. 

Grabow, W. 1996. “Waterborne Diseases: Update on Water Quality Assessment and Control.” Water SA 22 (2): 
193–202. 

Gunawan, C., W. Y. Teoh, C. P Marquis, and R. Amal. 2011. “Cytotoxic Origin of Copper (II) Oxide Nanoparticles: 
Comparative Studies and Metal Salts.” ACSNano 5 (9): 7214–25. 

Hammes, F., M. Berney, Y. Wang, M. Vital, O. Köster, and T. Egli. 2007. “Flow-Cytometric Total Bacterial Cell 
Counts as a Descriptive Microbiological Parameter for Drinking Water Treatment Processes.” Water 
Research 42: 269–77. 

Hans, A. 2014. “Water as a Resource: Different Perspectives in Literature.” International Journal of Engineering 
Research & Technology 3 (10): 27–34. 

Henne, K., L. Kahlisch, I. Brettar, and M. G. Höfle. 2012. “Analysis of Structure and Composition of Bacterial Core 
Communities in Mature Drinking Water Biofilms and Bulk Water of a Citywide Network in Germany.” 
Applied and Environmental Microbiology 78 (10): 3530–38. 

Hill, M.O. 1973. “Diversity and Evenness: A Unifying Notation and Its Consequences.” Ecol. Soc. Am. 54 (2): 427–
32. 

Hiscock, K. M. 2005. Hydrogeology. 

Hongoh, Y., M. Ohkuma, and T. Kudo. 2003. “Molecular Analysis of Bacterial Microbiota in the Gut of the Termite 
Reticulitermes Speratus (Isoptera; Rhinotermitidae).” FEMS Microbiology Ecology 44 (2): 231–42. 



BIBLIOGRAPHY 

 

77 
 

Kapuscinski, J. 1995. “DAPI: A DNA-Specific Fluorescent Probe.” Biotechnic & Histochemistry 70 (5): 220–33. 

Kerr, C. J., K. S. Osborn, G. D. Robson, and P. S. Handley. 1999. “The Relationship between Pipe Material and 
Biofilm Formation in a Laboratory Model System.” Journal of Applied Microbiology Symposium Supplement 
85: 29–38. 

Kerstens, M., G. Boulet, M. Van kerckhoven, S. Clais, E. Lanckacker, P. Delputte, L. Maes, and P. Cos. 2015. “A 
Flow Cytometric Approach to Quantify Biofilms.” Folia Microbiol 60: 335–42. 

Kilb, B., B. Lange, G. Schaule, H.-C. Flemming, and J. Wingender. 2003. “Contamination of Drinking Water by 
Coliforms from Biofilms Grown on Rubber-Coated Valves.” International Journal of Hygiene and 
Environmental Health 206: 563–73. 

Koch, C., I. Fetzer, T. Schmidt, and H. Harms. 2013. “Monitoring Functions in Managed Microbial Systems by 
Cytometric Bar Coding.” Environmental Science & Technology 47: 1753–60. 

LeChevallier, M. W., T. M. Babcock, and R. G. Lee. 1987. “Examination and Characterization of Distribution System 
Biofilms.” Applied and Environmental Microbiology 53 (12): 2714–24. 

Lehtola, M. J., M. Laxander, I. T. Miettinen, A. Hirvonen, T. Vartiainen, and P. J. Martikainen. 2006. “The Effects 
of Changing Water Flow Velocity on the Formation of Biofilms and Water Quality in Pilot Distribution 
System Consisting of Copper or Polyethylene Pipes.” Water Research 40 (11): 2151–60. 

Letunic, I., and P. Bork. 2016. “Interactive Tree of Life (iTOL) v3: An Online Tool for the Display and Annotation of 
Phylogenetic and Other Trees.” Nucleic Acids Research, 1–4. 

Li, X., G. Upadhyaya, W. Yuen, J. Brown, E. Morgenroth, and L. Raskin. 2010. “Changes in the Structure and 
Function of Microbial Communities in Drinking Water Treatment Bioreactors upon Addition of 
Phosphorus.” Applied and Environmental Microbiology 76 (22): 7473–81. 

Lin, H., S. Zhang, S. Gong, S. Zhang, and X. Yu. 2015. “Pathogen Occurrence in Urban Faucet Biofilms in South 
China.” BioMed Research International, 1–8. 

Liu, G., G. L. Bakker, S. Li, J. H. G. Vreeburg, J. Q .J. C. Verberk, G. J. Medema, W. T. Liu, and J. C. Van Dijk. 2014. 
“Pyrosequencing Reveals Bacterial Communities in Unchlorinated Drinking Water Distribution System: An 
Integral Study of Bulk Water, Suspended Solids, Loose Deposits, and Pipe Wall Biofilm.” Environmental 
Science and Technology 48 (10): 5467–76. 

Liu, H. 2015. “China’s Long March to Safe Drinking Water.” 

Liu, S., C. Gunawan, N. Barraud, S. A. Rice, E. J. Harry, and R. Amal. 2016. “Understanding, Monitoring and 
Controlling Biofilm Growth in Drinking Water Distribution Systems.” Environmental Science & Technology. 

Liu, Y., S.-F. Yang, Y. Li, H. Xu, L. Qin, and J.-H. Tay. 2004. “The Influence of Cell and Substratum Surface 
Hydrophobicities on Microbial Attachment.” Journal of Biotechnology 110 (3): 251–56. 

Luta, G. 2011. “On Extensions of K-Means Clustering for Automated Gating of Flow Cytometry Data.” Journal of 
the International Society for Advancement of Cytometry 79: 3–5. 

Marks, O. 2017. “Plumbing Pipe: Which Is Safest, Easiest, Best?” National Association of Realtors. 
https://www.houselogic.com/. 

Martiny, A. C., T. M. Jørgensen, H.-J. Albrechtsen, E. Arvin, and S. Molin. 2003. “Long-Term Succession of 
Structure and Diversity of a Biofilm Formed in a Model Drinking Water Distribution System.” Applied and 
Environmental Microbiology 69 (11): 6899–6907. 

Matilainen, A., M. Vepsäläinen, and M. Sillanpää. 2010. “Natural Organic Matter Removal by Coagulation during 
Drinking Water Treatment: A Review.” Advances in Colloid and Interface Science 159 (2): 189–97. 

Moreira, J. M. R., J. S. Teodósio, F. C. Silva, M. Simões, L. F. Melo, and F. J. Mergulhão. 2013. “Influence of Flow 
Rate Variation on the Development of Escherichia Coli Biofilms.” Bioprocess Biosystems Eng. 36 (11): 1787–
96. 



BIBLIOGRAPHY 

 

78 
 

Morton, S. C., Y. Zhang, and M. A. Edwards. 2005. “Implications of Nutrient Release from Iron Metal for Microbial 
Regrowth in Water Distribution Systems.” Water Research 39: 2883–92. 

Müller, S., and G. Nebe-von-Caron. 2010. “Functional Single-Cell Analyses: Flow Cytometry and Cell Sorting of 
Microbial Populations and Communities.” FEMS Microbiol Rev 34: 554–87. 

NCBI. 2016. “BLAST - Basic Local Alignment Search Tool.” 

Nelleman, C., E. Baker, R. Bos, and D. Osborn. 2010. “Sick Water? The Central Role of Wastewater Management 
in Sustainable Development.” UNEP. 

Niquette, P., P. Servais, and R. Savoir. 2000. “Impacts of Pipe Materials on Densities of Fixed Bacterial Biomass in 
a Drinking Water Distribution System.” Water Research 34 (6): 1952–56. 

Noble, C. 2013. “Corrosion of Galvanized Piping in Domestic Water Systems.” M&M Engineeriing Associates. Vol. 
12. 

Oksanen, J. 2015. “Vegan: Community Ecology Package. Version 2.3–0.” 

Oliphant, R. J. 2010. “Causes of Copper Corrosion in Plumbing Systems.” Water Research 44: 35. 

Palmer, J., S. Flint, and J. Brooks. 2007. “Bacterial Cell Attachment, the Beginning of a Biofilm.” Journal of 
Industrial Microbiology & Biotechnology 34: 577–88. 

Pidpa. 2013. “Pidpa - Water in Beweging.” https://www.pidpa.be/. 

Pintar, K. D. M., and R. M. Slawson. 2003. “Effect of Temperature and Disinfection Strategies on Ammonia-
Oxidizing Bacteria in a Bench-Scale Drinking Water Distribution System.” Water Research 37: 1805–17. 

Powell, J. C., N. B. Hallam, J. R. West, C. F. Forster, and J. Simms. 2000. “Factors Which Control Bulk Chlorine 
Decay Rates.” Water Research 34 (1): 117–26. 

Prest, E. I., F. Hammes, S. Ko, and M. C. Van Loosdrecht. 2013. “Monitoring Microbiological Changes in Drinking 
Water Systems Using a Fast and Reproducible Flow Cytometric Method.” Water Research 47: 7131–42. 
doi:10.1016/j.watres.2013.07.051. 

Prest, E. I., F. Hammes, M. C. M. van Loosdrecht, and J. S. Vrouwenvelder. 2016. “Biological Stability of Drinking 
Water: Controlling Factors, Methods, and Challenges.” Frontiers in Microbiology 7: 1–24. 

Pringle, J. H., and M. Fletcher. 1983. “Influence of Substratum Wettability on Attachment of Freshwater Bacteria 
to Solid Surfaces.” Applied and Environmental Microbiology 45 (3): 811–17. 

Props, R., P. Monsieurs, M. Mysara, L. Clement, and N. Boon. 2016. “Measuring the Biodiversity of Microbial 
Communities by Flow Cytometry.” Methods in Ecology and Evolution 7 (11): 1376–85. 

Pumbling express. 2003. “What Is Polybutylene?” http://www.polybutylene.com/poly.html. 

Risebro, H. L., M. F. Doria, Y. Andersson, G. Medema, K. Osborn, O. Schlosser, and P. R. Hunter. 2007. “Fault Tree 
Analysis of the Causes of Waterborne Outbreaks.” Journal of Water and Health 5 (2003): 1–18. 

Rogers, W. T., A. R. Moser, H. A. Holyst, A. Bantly, E. R. Mohler, G. Scangas, and J. S. Moore. 2008. “Cytometric 
Fingerprinting: Quantitative Characterization of Multivariate Distributions.” Journal of the International 
Society for Advancement of Cytometry 73 (5): 430–41. 

Rozej, A., A. Cydzik-Kwiatkowska, B. Kowalska, and D. Kowalski. 2015. “Structure and Microbial Diversity of 
Biofilms on Different Pipe Materials of a Model Drinking Water Distribution Systems.” World J Micriobiol 
Biotechnol, no. 31: 37–47. 

Sauer, K., A. H. Rickard, and D. G. Davies. 2007. “Biofilms and Biocomplexity.” Microbe 2 (7): 347–53. 

Schutte, F., I. Morrison, J. Haarhoff, J. Geldenhuys, R. Loewenthal, and A. Goosen. 2006. Handbook for the 
Operation of Water Treatment Works. Water Research Commission. 

Shmueli, D. F. 1999. “Water Quality in International River Basins.” Political Geography 18 (4): 437–76. 



BIBLIOGRAPHY 

 

79 
 

Skjevrak, I., A. Due, K. O. Gjerstad, and H. Herikstad. 2003. “Volatile Organic Components Migrating from Plastic 
Pipes (HDPE , PEX and PVC) into Drinking Water.” Water Research 37: 1912–20. 

Sly, L. L., M. C. Hodgkinson, and V. Arunpairojana. 1990. “Deposition of Manganese in Drinking Water Distribution 
System.” Applied and Environmental Microbiology 56 (3): 628–39. 

Solano, C., and M. Echeverz. 2014. “Biofilm Dispersion and Quorum Sensing.” Current Opinion in Microbiology 18 
(1): 96–104. 

Steen, H. B. 2000. “Flow Cytometry of Bacteria: Glimpses from the Past with a View to the Future.” Journal of 
Microbiological Methods 42: 65–74. 

Stewart, P. S., and M. J. Franklin. 2008. “Physiological Heterogenity in Biofilms.” Nature Reviews Microbiology 6: 
199–210. 

Sun, H., B. Shi, D. A. Lytle, Y. Bai, D. Wang, L. S. McNeill, M. Edwards, et al. 2014. “Formation and Release Behavior 
of Iron Corrosion Products under the Influence of Bacterial Communities in a Simulated Water Distribution 
System.” Environmental Science: Processes & Impacts 16 (3): 576–85. 

Telford, W. G., T. Hawley, F. Subach, V. Verkhusha, and R. G. Hawley. 2012. “Flow Cytometry of Fluorescent 
Proteins.” Methods 57 (3): 318–30. 

Temmerman, R., H. Vervaeren, B. Noseda, N. Boon, and W. Verstraete. 2006. “Necrotrophic Growth of Legionella 
Pneumophila.” Applied and Environmental Microbiology 72 (6): 4323–28. 

Toole, G. O., H. B. Kaplan, and R. Kolter. 2000. “Biofilm Formation as Microbial Development.” Annual Review of 
Microbiology 54: 49–79. 

van der Hoek, J. P., C. Bertelkamp, A. R. D. Verliefde, and N. Singhal. 2014. “Drinking Water Treatment 
Technologies in Europe: State of the Art – Challenges – Research Needs.” Journal of Water Supply: Research 
and Technology 63 (2): 124. 

Van Loosdrecht, M. C., J. Lyklema, W. Norde, and A. J. Zehnder. 1989. “Bacterial Adhesion: A Physicochemical 
Approach.” Microbial Ecology 7: 1–15. 

Vilchez-Vargas, R., R. Geffers, M. Suarez-Diez, I. Conte, A. Waliczek, V. S. Kaser, M. Kralova, H. Junca, and D. H. 
Pieper. 2013. “Analysis of the Microbial Gene Landscape and Transcriptome for Aromatic Pollutants and 
Alkane Degradation Using a Novel Internally Calibrated Microarray System.” Environmental Microbiology 
15 (4): 1016–39. 

Wada, Y., L. P. H. Van Beek, C. M. Van Kempen, J. W. T. M. Reckman, S. Vasak, and M. F. P. Bierkens. 2010. “Global 
Depletion of Groundwater Resources.” Geophysical Research Letters 37 (20): 1–5. 

Wand, M. 2015. “KernSmooth: Functions for Kernel Smoothing Supporting Wand & Jones (1995).” R Package 
Version 2.23-15. https://cran.r-project.org/ package=KernSmooth. 

Wang, H., M. A. Edwards, J. O. Falkinham, and A. Pruden. 2013. “Probiotic Approach to Pathogen Control in 
Premise Plumbing Systems? A Review.” Environmental Science and Technology 47 (18): 10117–28. 

Wang, Y., F. Hammes, K. De Roy, W. Verstraete, and N. Boon. 2010. “Past, Present and Future Applications of 
Flow Cytometry in Aquatic Microbiology.” Trends in Biotechnology 28 (8): 416–24. 

Water in the West. 2013. “Water and Energy Nexus: A Literature Review.” Stanford Woods Institute for the 
Environment - Bill Lane Center for the American West. 

WHO. 2006. “Health Aspects of Plumbing.” 

Zalnezhad, A., S. Javanbakht, and A. Shakeri. 2016. “Fabrication of Superhydrophobic Unplasticized Poly (Vinyl 
Chloride)/nanosilica Sheets Using Taguchi Design Methodology.” Society of Chemical Industry 66: 672–78. 

Zhang, Z., J. E. Stout, V. L. Yu, and R. Vidic. 2008. “Effect of Pipe Corrosion Scales on Chlorine Dioxide Consumption 
in Drinking Water Distribution Systems.” Water Research 42 (1): 129–36. 

 



BIBLIOGRAPHY 

 

80 
 

 



 

81 
 

7 APPENDICES 

7.1 Additional results – Biofilm batch test 1 

Table 7.1 – Results of the separation metric and statistical significance from the ANOSIM test between two 
groups of materials: metallic vs. plastic materials for both biofilm and bulk together in Biofilm batch test 1. 
Separation metrics were all statistically significant and were different for the six different regions, with for Mol 
the highest value (R=0.6532). 

 

 

Table 7.2 – Results from a one-sample t-test between replicate biofilm samples of different regions on the four 
different materials of Biofilm batch test 1 (n=4). Only a minor part of the values were statistically significant with 
p < 0.05 (indicated in green). 

 

 

Table 7.3 – Results from a one-sample t-test between replicate bulk samples of different regions on the four 
different materials of Biofilm batch test 1 (n=4). Only a minor part of the values were statistically significant with 
p < 0.05 (indicated in green). 

 

 

 

Grobbendonk Mol Oud-Turnhout Brasschaat Essen Kapellen 

R = 0.2969 

P = 0.0010 
R = 0.6532 

P = 0.0010 

R = 0.2010 

P = 0.0040 

R = 0.4338 

P = 0.0010 

R = 0.1835 

P = 0.0060 

R = 0.2087 

P = 0.0050 

Material Brasschaat Essen Grobbendonk Kapellen Mol Oud-

Turnhout 

Cast iron P = 0.0047 P = 0.0324 P = 0.3622 P = 0.0585 P = 0.1066 P = 0.0539 

Copper P = 0.3760 P = 0.1979 P = 0.0774 P = 0.3245 P = 0.1129 P = 0.0415 

PVC P = 0.0491 P = 0.0650 P = 0.1376 P = 0.1809 P = 0.0047 P = 0.0373 

CPVC P = 0.2686 P = 0.0024 P = 0.1173 P = 0.1224 P = 0.0436 P = 0.1566 

Material Brasschaat Essen Grobbendonk Kapellen Mol Oud-

Turnhout 

Cast iron P = 0.2318 P = 0.1140 P = 0.0032 P = 0.4035 P = 0.0170 P = 0.0933 

Copper P = 0.0316 P = 0.0682 P = 0.0141 P = 0.1675 P = 0.0106 P = 0.1035 

PVC P = 0.2746 P = 0.1687 P = 0.0604 P = 0.0791 P = 0.0354 P = 0.0511 

CPVC P = 0.2930 P = 0.0708 P = 0.0076 P = 0.0465 P = 0.0033 P = 0.1106 

Blank P = 0.0146 P = 0.0530 NA P = 0.0282 NA P = 0.0174 
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Table 7.4 – Results from a two-sided t-test between biofilm samples of different materials of the six regions of 
Biofilm batch test 1. Only a minor part of the difference were statistically significant with p < 0.05 (indicated in 
green).  

 

 

Table 7.5 – Results from a two-sided t-test between bulk samples of different materials of the six regions of 
Biofilm batch test 1. Only a minor part of the difference were statistically significant with p < 0.05 (indicated in 
green). 

 

 

 

 

 

 

 

 

Material Brasschaat Essen Grobben- 

donk 

Kapellen Mol Oud-

Turnhout 

Cast iron – Copper P = 0.3970 P = 0.5502 P = 0.3814 P = 0.7781 P = 0.1827 P = 0.1212 

Cast iron – PVC P = 0.1116 P = 0.2133 P = 0.6684 P = 0.1948 P = 0.0262 P = 0.2272 

Cast iron – CPVC P = 0.2839 P = 0.0017 P = 0.5625 P = 0.5275 P = 0.0723 P = 0.2380 

Copper – PVC 

Copper – CPVC 

PVC – CPVC 

P = 0.4490 

P = 0.8426 

P = 0.3221 

P = 0.1452 

P = 0.0007 

P = 0.0108 

P = 0.1619 

P = 0.1495 

P = 0.6456 

P = 0.1991 

P = 0.6148 

P = 0.1906 

P = 0.0039 

P = 0.0493 

P = 0.2459 

P = 0.0569 

P = 0.1779  

P = 0.3441 

Material Brasschaat Essen Grobben- 

donk 

Kapellen Mol Oud-

Turnhout 

Cast iron – Copper P = 0.3030 P = 0.2465 P = 0.0215 P = 0.7781 P = 0.1827 P = 0.1212 

Cast iron – PVC P = 0.3309 P = 0.5979 P = 0.5110 P = 0.1948 P = 0.0262 P = 0.2272 

Cast iron – CPVC P = 0.4118 P = 0.2243 P = 0.1194 P = 0.5275 P = 0.0723 P = 0.2380 

Copper – PVC 

Copper – CPVC 

PVC – CPVC 

P = 0.7912 

P = 0.3100 

P = 0.3151 

P = 0.1500 

P = 0.8878 

P = 0.1438 

P = 0.0176 

P = 0.0261 

P = 0.0930 

P = 0.1991 

P = 0.6148 

P = 0.1906 

P = 0.0039 

P = 0.0493 

P = 0.2459 

P = 0.0569 

P = 0.1779 

P = 0.3441 
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7.2 Additional results – Biofilm batch test 2 

 

 

Figure 7.1 – Evolution of the damaged or permeabilised, the intact cell counts, the ratio of both and the total cell 
counts in function of the sonication time in seconds for Biofilm batch test2. The vertical axis is logarithmic 
expressed in cell counts per mL. For every material, no increase in the number of permeabilised cells was reached 
after 80 seconds of sonication, which was selected as optimal sonication time.  
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Table 7.6 – Results from a two-sided t-test between biofilm samples of the different materials used in Biofilm 
batch test 2. Only a minor part of the differences were statistically significant with p < 0.05 (indicated in green). 

 

Table 7.7 – Results from a two-sided t-test between biofilm and bulk samples of the different materials used in 
Biofilm batch test 2. Only a minor part of the differences were statistically significant with p < 0.05 (indicated in 
green). 

 

 

 

 

 

 

 

 

 

Material combination  Material combination  

Iron – Copper P = 0.5216 PVC – PE100-RC (Eupen) P = 0.5717 

Iron – PVC P = 0.2304 CPVC – UPVC (Pipelife) P = 0.0054 

Iron – CPVC P = 0.0023 CPVC – UPVC (Eupen)  P = 0.0087 

Iron – UPVC (Pipelife) P = 0.5015 CPVC – PE (Pipelife) P = 0.0029 

Iron – UPVC (Eupen)  P = 0.5347 CPVC – PE80 (Eupen) P = 0.2870 

Iron – PE (Pipelife) P = 0.2012 CPVC – PE100-RC (Eupen) P = 0.0165 

Iron – PE80 (Eupen) P = 0.6660 UPVC (Pipelife) – UPVC (Eupen)  P = 0.0003 

Iron – PE100 (Eupen) P = 0.8315 UPVC (Pipelife) – PE (Pipelife) P = 0.1040 

Iron – PE100-RC (Eupen) P = 0.0790 UPVC (Pipelife) – PE80 (Eupen) P = 0.5770 

Copper – PVC P = 0.3159 CPVC – PE100 (Eupen) P = 0.0760 

Copper – CPVC P = 0.0039 CPVC – PE100-RC (Eupen) P = 0.0165 

Copper – UPVC (Pipelife) P = 0.1362 UPVC (Pipelife) – UPVC (Eupen)  P = 0.0003 

Copper – UPVC (Eupen) P = 0.8393 UPVC (Pipelife) – PE (Pipelife) P = 0.1040 

Copper – PE (Pipelife) P = 0.0449 UPVC (Pipelife) – PE80 (Eupen) P = 0.5770 

Copper – PE80 (Pipelife) P = 0.7913 UPVC (Pipelife) – PE100 (Eupen) P = 0.6313 

Copper – PE100 (Pipelife) P = 0.9069 UPVC (Pipelife) – PE100-RC (Eupen) P = 0.0177 

Copper – PE100-RC (Pipelife) P = 0.1263 UPVC (Eupen) – PE (Eupen) P = 0.0086 

PVC – CPVC  P = 0.2201 UPVC (Eupen) – PE80 (Eupen) P = 0.7635 

PVC – UPVC (Pipelife) P = 0.1736 UPVC (Eupen) – PE100 (Eupen) P = 0.9603 

PVC – UPVC (Eupen)  P = 0.2915 UPVC (Eupen) – PE100-RC (Eupen) P = 0.0680 

PVC – PE (Pipelife) P = 0.1282 PE (Pipelife) – PE80 (Eupen) P = 0.4922 

PVC – PE80 (Eupen) P = 0.6705 PE (Pipelife) – PE100 (Eupen) P = 0.4695 

PVC – PE100 (Eupen) P = 0.3417   

Material combination Biofilm vs. Bulk 

Iron  P = 0.3658  

Copper P = 0.0116 

PVC P = 0.5714 

CPVC P = 0.0089 

UPVC (Pipelife)  P = 0.0206 

UPVC (Eupen) P = 0.9232 

PE (Pipelife) P = 0.0035 

PE80 (Eupen) P = 0.9286 

PE100 (Eupen) P = 0.5897 

PE100-RC (Eupen) P = 0.5585 
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7.3 Additional results – Pipe experiment on biofilm growth 

Table 7.8 – Results of the separation metric and statistical significance from the ANOSIM test between the two 
sample types (biofilm and bulk) in the pipe experiment. Analysis was done once with and once without iron 
samples. A statistically significant difference was seen between biofilm and bulk, with for analysis without iron 
samples, systematically higher separation metrics R.  

 

 

 

 

 

 

 

 

 

 

 

Table 7.9 – Results from a one-sample t-test between cell counts of replicate biofilm samples of the six different 
materials on every time point of the Pipe experiment of biofilm growth. Most replicates were statistically 
significant indicated by p < 0.05 (indicated in green). 

  

Table 7.10 – Results from a one-sample t-test between cell counts of replicate bulk samples of the six different 
materials on every time point of the Pipe experiment of biofilm growth. Most replicates were statistically 
significant indicated with p < 0.05 (indicated in green). 

 

Time point Biofilm vs. Bulk 

WITH IRON 

Biofilm vs. Bulk 

WITHOUT IRON 

Day 12 R = 0.2970 

P = 0.0010 

R = 0.5751 

P = 0.0010 

Day 26 R = 0.6802 

P = 0.0010 

R = 0.8601 

P = 0.0010 

Day 40 R = 0.4432 

P = 0.0010 

R = 0.7496 

P = 0.0010 

Day 54 R = 0.4378 

P = 0.0010 

R = 0.6420 

P = 0.0010 

Day 68 R = 0.4231 

P = 0.0010 

R = 0.6113 

P = 0.0010 

Time point Iron Copper PE PVC CPVC UPVC 

Day 12 P = 0.0065 P = 0.0320 P = 0.0300 P = 0.0089 P = 0.1569 P = 0.1063 

Day 26 P = 0.0053 P = 0.0255 P = 0.0580 P = 0.1209 P = 0.0087 P = 0.0980 

Day 40 P = 0.1367 P = 0.0173 P = 0.0244 P = 0.0117 P = 0.0027 P = 0.0044 

Day 54 P = 0.0026 P = 0.0163 P = 0.0166 P = 0.0697 P = 0.0075 P = 0.0006 

Day 68 P = 0.0323 P = 0.0143 P = 0.0183 P = 0.0085 P = 0.0077 P = 0.0124 

Time point Iron Copper PE PVC CPVC UPVC 

Day 12 P = 0.0004 P = 0.2038 P < 0.0001 P = 0.0001 P < 0.0001 P < 0.0001 

Day 26 P = 0.0002 P = 0.0011 P = 0.0005 P < 0.0001 P= 0.0002 P < 0.0001 

Day 40 P = 0.0021 P < 0.0001 P = 0.0005 P < 0.0001 P < 0.0001 P < 0.0001 

Day 54 P = 0.0005 P = 0.0004 P = 0.0068 P < 0.0001 P = 0.0005 P < 0.0001 

Day 68 P = 0.0004 P = 0.0002 P < 0.0001 P = 0.0001 P = 0.0025 P = 0.0058 
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Table 7.11 – Results of a two-sided t-test between cell counts of biofilms of different material combinations and 
of between bulk cell counts of different material combinations of the pipe experiment. Only a minor part of the 
difference were statistically significant with p < 0.05 (indicated in green). 

      

 

 

Table 7.12 – Results of a two-sided t-test between cell counts of biofilm and bulk samples of the different 
materials and time points. Only values in green, indicated a statistically significant difference between biofilm 
and bulk cell counts.  

 

 

 

 

 

 

 

 DAY 12 DAY 68 

Material Biofilm  Bulk Biofilm Bulk 

Iron – Copper P = 0.0094 P = 0.0555 P = 0.0483 P = 0.0017 

Iron – PE P = 0.7410 P < 0.0001 P = 0.1592 P = 0.0020 

Iron – PVC P = 0.0128 P = 0.0001 P = 0.0490 P = 0.0079 

Iron – CPVC 

Iron – UPVC 

Copper – PE  

P = 0.9289 

P = 0.2416 

P = 0.0679 

P = 0.0008 

P = 0.0019 

P = 0.0104 

P = 0.1033 

P = 0.0517 

P = 0.0423 

P = 0.0011 

P = 0.0004 

P = 0.0024 

Copper – PVC P = 0.8639 P = 0.0095 P = 0.9405 P = 0.0006 

Copper – CPVC  P = 0.2589 P = 0.0254 P = 0.0243 P < 0.0001 

Copper – UPVC  P = 0.3088 P = 0.0313 P = 0.6009 P = 0.0002 

PE – PVC  P = 0.0747 P = 0.0385 P = 0.0446 P < 0.0001 

PE – CPVC   P = 0.8127 P < 0.0001 P = 0.4186 P < 0.0001 

PE – UPVC  P = 0.4160 P < 0.0001 P = 0.0507 P < 0.0001 

PVC – CPVC  P = 0.2663 P = 0.0003 P = 0.0268 P = 0.0005 

PVC – UPVC  P = 0.3261 P = 0.0001 P = 0.6195 P < 0.0001 

CPVC – UPVC  P = 0.9098 P < 0.0001 P = 0.7107 P = 0.0031 

Time point Iron 
Biofilm  

vs. Bulk 

Copper 
Biofilm  

vs. Bulk 

PE 
Biofilm  

vs. Bulk 

PVC 
Biofilm  

vs. Bulk 

CPVC 
Biofilm  

vs. Bulk 

UPVC 
Biofilm  

vs. Bulk 

Day 12 P = 0.0478 P = 0.3430 P = 0.1230 P = 0.1135 P = 0.1940 P = 0.2515  

Day 26 P = 0.2483 P = 0.0006 P = 0.2665 P = 0.4206 P = 0.0881 P = 0.1658 

Day 40 P = 0.3244 P = 0.0004 P = 0.0851 P = 0.5756 P = 0.0072 P = 0.0086 

Day 54 P = 0.0129 P = 0.0002 P = 0.1483 P = 0.0210 P = 0.0081 P = 0.5214 

Day 68 P = 0.0867 P = 0.0001 P = 0.8334 P = 0.0372 P = 0.0097 P = 0.3922 
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Figure 7.2 – Cell concentration per mL in tap water (Blank) over time of the pipe experiment on biofilm growth. 
Cell concentration in the tap water was variable over time. 

 

 

 

Figure 7.3 – NMDS plots of bulk samples of the pipe experiment over time, with the different colours indicating 
the different materials. On day 12, bulk iron samples were clustered more separately from the other materials 
comparing to other time points. The blank samples (in violet) represented the tap water on the different time 
points. They clustered separately from other samples on every time point.  
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Figure 7.4 – NMDS plots of biofilm samples of the pipe experiment over time, with the different colours indicating the different materials. NMDS was performed once with 
and once without iron. NMDS was evaluated once with and once without the iron samples, as their distinctively different fingerprints could decrease the resolution of the 
other samples. From day 26 on, copper formed a distinctive group.
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7.4 Additional results – Biofilm batch test 3 

7.4.1 Results of statistical analysis of cell count calculations of biofilm and bulk samples 
 

Table 7.13 – Results of a two-sided t-test between cell counts of samples of the different materials, for both 
biofilm and bulk samples of Part 1 of Biofilm batch test 3. Statistically significant differences were indicated in 
green (p < 0.05). Most of the cell count difference between biofilm samples were not statistically significant.  

 

 

 

Table 7.14 – Results of a two-sided t-test between biofilm cell counts of samples of the different materials in Part 
2 of Biofilm batch test 3. Statistically significant differences were indicated in green (p < 0.05). Most of the cell 
count difference between biofilm samples were not statistically significant. 

 

 

 

 

 

 

 

 DAY 12 DAY 15 DAY 19 

Material Biofilm  Bulk Biofilm Bulk Biofilm Bulk 

Iron – Copper P = 0.0742 P = 0.0006 NA P = 0.0125 P = 0.4167 P = 0.0131 

Iron – CPVC P = 0.0727 P = 0.0192 NA P = 0.2059 P = 0.1672 P = 0.2310 

Iron – PVC  P = 0.0352 P = 0.0188 NA P = 0.1442 P = 0.0875 P = 0.0823 

Copper – CPVC P = 0.9889 P < 0.0001 NA P = 0.0111 P = 0.4986 P = 0.0132 

Copper – PVC  P = 0.0191 P < 0.0001 NA P = 0.0111 P = 0.2660 P = 0.0105 

CPVC – PVC  P = 0.0305 P = 0.8493 NA P = 0.9269 P = 0.6258 P = 0.0781 

 DAY 12 DAY 19 

Material Biofilm  Biofilm 

Iron – Copper P = 0.0308 P = 0.0609 

Iron – CPVC P = 0.0196 P = 0.3551 

Iron – PVC  P = 0.0186 P = 0.0536 

Copper – CPVC P = 0.0174 P = 0.0170 

Copper – PVC  P = 0.4974 P = 0.6421 

CPVC – PVC  P = 0.4534 P = 0.2907 
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7.4.2 Fingerprints of unstained biofilm samples – Biofilm batch test 3: Part 2 
 

 

Figure 7.5 – Flow cytometric fingerprints of unstained biofilm samples grown on the PVC coupons in Part 2 of Biofilm batch test 3. No clear Enterobacter amnigenus population 
is observed for both replicate samples with normal tap water and samples with autoclaved tap water, only a higher amount of ‘background’ is observed compared to the filter 
samples, which was increasing over time.  
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Figure 7.6 – Flow cytometric fingerprints of unstained biofilm samples grown on the CPVC coupons in Part 2 of Biofilm batch test 3. No clear Enterobacter amnigenus population 
is observed for both replicate samples with normal tap water and samples with autoclaved tap water, only a higher amount of ‘background’ is observed compared to the filter 
samples, which was increasing over time. 
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Figure 7.7 – Flow cytometric fingerprints of unstained biofilm samples grown on the cast iron coupons in Part 2 of Biofilm batch test 3. No clear Enterobacter amnigenus population 
is observed for both replicate samples with normal tap water and samples with autoclaved tap water, only a higher amount of ‘background’ is observed compared to the filter 
samples, which was increasing over time. 
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Figure 7.8 – Flow cytometric fingerprints of unstained biofilm samples grown on the copper coupons in Part 2 of Biofilm batch test 3. No clear Enterobacter amnigenus population 
is observed for both replicate samples with normal tap water and samples with autoclaved tap water, only a higher amount of ‘background’ is observed compared to the filter 
samples, which was increasing over time. 
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7.4.3 Fingerprints of SG stained biofilm samples – Biofilm batch test 3: Part 2 
 

 

Figure 7.9 – Flow cytometric fingerprints of SG stained biofilm samples grown on the PVC coupons in Part 2 of Biofilm batch test 3. General biofilm growth was observed by the 
indication of the fluorescent population on the fingerprints, but there was no clear trend over time.  
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Figure 7.10 – Flow cytometric fingerprints of SG stained biofilm samples grown on the CPVC coupons in Part 2 of Biofilm batch test 3. General biofilm growth was observed by 
the indication of the fluorescent population on the fingerprints, but there was no clear trend over time. 
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Figure 7.11 – Flow cytometric fingerprints of SG stained biofilm samples grown on the cast iron coupons in Part 2 of Biofilm batch test 3. General biofilm growth was observed 
by the indication of the fluorescent population on the fingerprints. Especially in the samples with autoclaved tap water a high biofilm growth was observed.  
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Figure 7.12 – Flow cytometric fingerprints of SG stained biofilm samples grown on the CPVC coupons in Part 2 of Biofilm batch test 3. General biofilm growth was observed by 
the indication of the fluorescent population on the fingerprints. Especially in the samples with autoclaved tap water a high biofilm growth was observed.  
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7.4.4 Fingerprints of unstained bulk samples – Biofilm batch test 3: Part 2 

 

Figure 7.13 – Flow cytometric fingerprints of unstained bulk samples of vials with PVC coupons in Part 2 of Biofilm batch test 3. Replicate samples with normal tap water showed 
different results, but for most samples no clear separated fluorescent Enterobacter amnigenus population was observed and there was a decreasing trend over time. For the 
samples with autoclaved tap water, a high amount of ‘background’ was observed on day 15 and day 19.  
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Figure 7.14 – Flow cytometric fingerprints of unstained bulk samples of vials with CPVC coupons in Part 2 of Biofilm batch test 3. For most replicate samples with normal tap 
water, a fluorescent Enterobacter amnigenus population was observed on day 12, but decreased during time. For the samples with autoclaved tap water, a high amount of 
‘background’ was observed on day 15 and day 19.  
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Figure 7.15 – Flow cytometric fingerprints of unstained bulk samples of vials with cast iron coupons in Part 2 of Biofilm batch test 3. Mostly, fluorescent Enterobacter amnigenus 
was not clearly observed in both samples with normal and autoclaved tap water.  
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Figure 7.16 – Flow cytometric fingerprints of unstained bulk samples of vials with copper coupons in Part 2 of Biofilm batch test 3. Fluorescent Enterobacter amnigenus was not 
clearly observed in both samples with normal and autoclaved tap water, but a higher amount of ‘background’ was seen compared to the filtered samples.  
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7.4.5 Fingerprints of SG stained bulk samples – Biofilm batch test 3: Part 2 

 

Figure 7.17 – Flow cytometric fingerprints of SG stained bulk samples of vials with PVC coupons in Part 2 of Biofilm batch test 3. General growth was observed with clear 
subpopulations for some samples. No noticeable trend was seen over time.   
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Figure 7.18 – Flow cytometric fingerprints of SG stained bulk samples of vials with CPVC coupons in Part 2 of Biofilm batch test 3. Fluorescent. General growth was observed 
with clear subpopulations for some samples. No noticeable increasing or decreasing trend was seen over time.   
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Figure 7.19 – Flow cytometric fingerprints of SG stained bulk samples of vials with cast iron coupons in Part 2 of Biofilm batch test 3. General growth was observed for both 
vials with normal and autoclaved tap water.    
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Figure 7.20 – Flow cytometric fingerprints of SG stained bulk samples of vials with copper coupons in Part 2 of Biofilm batch test 3. General growth was observed for both vials 
with normal and autoclaved tap water.   
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7.4.6 Microscopic pictures – Biofilm batch test 3: Part 1 

 

Figure 7.21 – Overview of the overlay microscopic pictures for biofilm samples on the four different materials in Part 1 
of Biofilm batch test 3. General biofilm cells are indicated in blue as they were visualised by the DAPI filter, while the 
green cells indicated the fluorescent Enterobacter amnigenus type II. A slightly increase in total cell count could be 
observed (blue colours), which was also seen in flow cytometric results. The green fluorescent cell population decreased 
from day 12 to day 19 (green colours) and was slightly higher for copper and iron. 
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7.4.7 Microscopic pictures – Biofilm batch test 3: Part 2 

 

Figure 7.22 – Overview of the overlay microscopic pictures for biofilm samples on the four different materials in Part 2 
of Biofilm batch test 3. General biofilm cells are indicated in blue as they were visualised by the DAPI filter, while the 
green cells indicated the fluorescent Enterobacter amnigenus type II. No noticeably higher total cell counts were seen 
compared to Part 1 and the green fluorescent cell population decreased over time (green colours).
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7.5 Additional results – Biofilm batch test 4 

Table 7.15 – Results of a one-sample statistical t-test of cell counts of biofilm samples and bulk samples incubated 
at the different temperatures in Biofilm batch test 4. Cell counts of replicate samples of both biofilm and bulk 
were statistically significant. 

 

 

 

 

 

 

Table 7.16 – Results of a two-sided statistical t-test of cell counts of biofilm and bulk samples between the 
samples incubated at the different temperatures in Biofilm batch test 4. Only the cell counts of biofilm samples 
incubated in 4°C and 28°C were significant different.  

 

 

 

 

 

  

Table 7.17 – Phenotypic diversity (D2) values for biofilm and bulk samples of the three different temperatures 
used in Biofilm batch test 4. An indication is given of the mean diversity values and related standard deviations. 
No clear differences could be seen between temperatures due to the standard deviations.  

Temperature Mean D2  

Biofilm 

Mean D2  

Bulk 

4°C 2812.78 ± 163.23 1622.14 ± 327.41 

15°C 2910.52 ± 217.38 1337.85 ± 78.78  

28°C 2829.75 ± 550.01 1485.66 ± 469.16 

 

 

 

 

 

 

 

 

Temperature Biofilm Bulk 

4°C  P = 0.0106 P = 0.0204 

15°C  P = 0.0040 P = 0.0019 

28°C P = 0.0079 P = 0.0125 

Temperature  Biofilm Bulk 

4°C – 15°C P = 0.0998 P = 0.3936 

4°C – 28°C P = 0.0401 P = 0.1067 

15°C – 28°C P = 0.1504 P = 0.0646 


