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Welcome message from the Chairs 
Welcome everyone to the 1st Nordic Drinking Water Biofilm Symposium. We hope you will enjoy the interesting 

talks, a slightly new and reworked idea for the poster session, and of course the many social and networking 

opportunities we have worked in to the program.  

This meeting began as an idea in a far-too-short poster session at another Nordic Drinking Water meeting. The 

people in attendance, many who are here for this meeting, just didn’t want to stop discussing all the exciting 

things happening in this part of the world in drinking water biofilm research. We have had to wait, but we will 

now finally have our chance over two whole days of being together. 

The aim of this meeting is to bring industry and academia (and everyone in between) into one place to discuss 

the latest findings on biofilms in drinking water. We have a diverse range of talks and posters because drinking 

water biofilms are diverse: we will hear about biofilms in household plumbing, distribution systems, in the 

drinking water treatment plants and maybe even a few other places. The focus has been for those of us living 

and working with drinking water biofilms in the Nordic countries, but we have been happily surprised to see 

people coming to this symposium from many other places.  

We wish you a special welcome and hope you will enjoy your time in this part of the world. 

We would like to especially thank the many people in the local organizing committee and staff at VIA University 

College for helping and setting up the symposium. We are also very grateful to our sponsors and exhibitors for 

contributing to make this an excellent symposium.  

If you would like to engage in the arrangement of the next NDWBS – please come and discuss this with us during 

the event.  

We hope you will all enjoy the symposium and have some great days here in Horsens! 

 

Kind regards,  

 

Dr Torben Lund Skovhus Dr Catherine Paul 
VIA University College 
DENMARK 

Lund University 
SWEDEN 

 

NDWBS Chairs 

http://bit.ly/2qwTWmj 

  

http://bit.ly/2qwTWmj
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Program  
                                                                                                                                               

 

Day 1 – April 25, 2019 
 

8:00 – 10:00 
Arrival, registration and 
light welcome breakfast 

VIA University College,  
Chr. M. Østergaards Vej 4 
8700, Horsens, Denmark 
Auditorium A 
Networking, setting up posters and getting your name tag 
 

10:00 – 11:00  
Welcome, Introduction 
and Keynote 

Welcome by Congress President IWA World Water Congress & 
Exhibition, Copenhagen 2020 Mr. Anders Bækgaard and the 
Symposium Chairs (15 min) 
 
Keynote talk (45 min) 
Frederik Hammes, Swiss Federal Institute of Aquatic Science and 
Technology   
Biofilms in building plumbing: environmental conditions challenge 
conventional biofilm formation theory  
 

11:00 – 12:00  
Session 1: How to talk 
about and study biofilms 
(3 x 20 minutes; chair 
Torben Skovhus) 

Loren Ramsay, VIA University College, Denmark 
Biofilm basics and semantics – promoting seminar success 
  
Peter Rådström, Lund University, Sweden  
Pre-PCR processing: a concept to generate PCR- and MPS-compatible 
samples  
 
Tarja Pitkänen, National Institute for Health and Welfare, Finland 
Tracing active microbes in water systems 
 

12:00 – 13:00      LUNCH 

13:00-14:00  
Session 2: Water quality 
and biofilm dynamics 
(3 x 20 minutes; chair 
Catherine Paul)  
 

Anke Stüken Norwegian Institute of Public Health, Oslo, Norway  
Microbial community composition of shower-hose biofilms treated 
with or without copper-silver-ionization 
 
Wim Hijnen, Evides, Rotterdam, Netherlands 
Effects of easily and slowly biodegradable organic compounds on 
planktonic and benthic (biofilm) microbial activity during different 
phases of drinking water systems 
 
Caroline Schleich Vatten och Miljö I Väst (VIVAB) Varberg, Sweden 
Applying flow cytometry as a monitoring tool for biofilm in a full-
scale drinking water distribution system following installation of a 
hybrid ultrafiltration process 
   

14:00 -14:30 FIKA/refreshment break 
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14:30 – 15:30 
Poster introductions 
 

Submitted abstracts with Q&A of the presenting author for 
introduction.  
 

15:30 – 17:00 Poster Reception 

17:15 Group departs from conference location to walk to conference 
dinner 

18:00 -  
Conference dinner and 
networking 
 

Reception, dinner and socializing at FÆNGSLET (The Prison) 

 

Day 2 – April 26, 2019 
 

8:00- 9:00 Arrival and coffee 

9:00 – 10:00  
Good morning and 
Keynote 
 

Recap from yesterday by the the Symposium Chairs (15 minutes) 
 
Keynote talk (45 minutes) 
Isabel Douterelo The University of Sheffield, United Kingdom  
Understanding biofilms to inform management of drinking water 
distribution systems 
 

10:00 – 11:00 
Session 4: Biofilms in the 
distribution system  
(3 x 20 minutes; chair: 
Catherine Paul) 

Kristian Hansen, Aarhus Water, Denmark  
Biofilms in newly established water pipes. Planned operations, do we 
always fail?  
 
Torben Lund Skovhus, VIA University College, Denmark 
The role of biofilms during commissioning of new drinking water PE 
pipes in Aarhus, Denmark 
 
Michael Besmer, onCyt, Switzerland.  
Monitoring Interactions Between Biofilms and Bulk Water with Fully 
Automated Online Flow Cytometry 
 

11:00 – 11:20 Mini FIKA/refreshment break 

11:20 – 12:40 
Session 5: Biofilms in 
filters  
(4 x 20 minutes; chair: 
Torben Skovhus) 
 

Ines Breda, Skanderborg Forsyning, Denmark  
Manganese removal processes in drinking water biofilters – from 
virgin to matured filters 
 
Jane Fowler, Danish Technical University, Denmark 
Extended functionality of microbial communities in rapid sand filters 
– inference from community and metagenomic analysis 
 
Sandy Chan, Sydvatten AB, Malmö, Sweden  
The biofilm community in full-scale slow sand filters and how they 
can impact the effluent water microbiome 
 
Sanin Musovic, Danish Technological Institute, Denmark 
Engineering Biofilms in drinking water sand filters: Can we 
manipulate biofilm in sand filters toward a desirable feature? 
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12:40 – 13:00 Wrap up and final comments from organizers; group photo 

13:00 – 13:45 LUNCH 

 
Social/technical 
networking field trip 
 
14:00 – approx. 19:00 
 

 
Field trip: “From groundwater to beer” A bus will take us to 
Truelsbjerg Waterworks for a tour and we will after that go to a local 
micro-brewery for sampling and tasting. There will be a drop off in 
Aarhus Central station at approx. 18.00 and we will be back in 
Horsens at 19:00. The trip is included in the delegate fee. Students 
can attend if seats permit, as we have limited seats for the trip. 
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Biofilms in building plumbing: environmental conditions challenge 

conventional biofilm formation theory 

 Frederik Hammes, Lisa Neu, Laura Cossu, Dominic Caviezel, Franziska Böni 

Eawag, Swiss Federal Institute of Aquatic Science and Technology, Dübendorf, Switzerland 

 

 

Complex microbial biofilms assemble in drinking water plumbing systems and consequently affect the 

microbial quality of the water. Here, biofilm assembly is predominantly governed by the ecological 

processes of dispersal and selection. We propose that the varying environmental conditions in different 

sections of the built environment is a key driver of selection during biofilm assembly, resulting in 

spatially heterogenous biofilms. The main selective factors in this context include flow rate, stagnation 

times, water temperature, and available organic and inorganic nutrients.  While these selective factors 

are especially important on a large scale, we propose that prevailing conditions on a small scale could 

allow us to better understand and subsequently manipulate biofilm formation. This presentation will 

revisit some of the basic concepts of biofilm formation and development, focussing on drinking water 

biofilms that assemble on synthetic polymeric materials. We assess the role of continuous carbon 

migration from the material, relative to aperiodic inorganic nutrient supply from the water as a result 

of stagnation and flushing. Furthermore, the influence on biofilm thickness, microbial community 

composition and the presence of opportunistic pathogens will be discussed. Finally, some mitigating 

strategies for managing microbial communities in plumbing systems will be considered. 

 

 

Figure: Mature biofilm on a flexible PVC 

hose in contact with drinking water. 
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Understanding biofilms to inform management of drinking water 

distribution systems 

Isabel Douterelo1  

1Pennine Water Group, Department of Civil and Structural Engineering, Mappin Street, University of Sheffield, Sheffield S1 

3JD, UK 
 

Biofilms in drinking water distribution systems (DWDS), drive critical processes impacting water quality 
and safety. The continuous development of biofilms on drinking water infrastructure is influenced by a 
range of factors including source of water supply, pipe material and hydraulic regimes. Cutting-edge 
microbial tools and techniques can be applied to increase our understanding of DWDS ecology; this 
knowledge can then be used by water utilities to facilitate management whilst protecting water quality 
and public health. 
 
Investigations using a full-scale laboratory pipe loop experimental facility at the University of Sheffield 
and field trails in real DWDS in the UK (Figure 1), have transformed our understanding of these 
ecosystems, by allowing for studying realistic hydraulic, microbial, and physicochemical conditions. 
Using a range of microbial methods and approaches, results from these laboratory and field 
investigations have yielded a better understanding of the diversity of microbial communities in DWDS 
biofilms, but have also highlighted functional gene diversity and associations with key processes (e.g. 
corrosion, disinfection by-products, discolouration and resistance to disinfection). Findings from these 
exhaustive investigations have shown how microbial properties and subsequent network behaviour can 
be broadly classified as common or complex. 
 
Despite that the complete eradication of biofilms is challenging, an integrated vision of the microbial 
dynamics in DWDS can facilitate control strategies without direct accessing the pipes such as managed 
hydraulic mobilization or enhancing conditions that promote healthy microbial communities that resist 
pathogen intrusion. While culture‐dependent methods remain the regulatory required technique used 
by water companies worldwide, some water utilities are starting to incorporate alternative more 
advanced approaches to improve performance within their networks and hence better manage them 
to prevent microbial risks associated with infrastructure failures. This will enable the implementation of 
improved management strategies and proactive interventions to further protect public health and to 
guarantee the supply of good quality water. 
 

 

 

 

 

Figure 1: A) Real scale DWDS laboratory facility at the University of Sheffield, B) biofilm 
developed on internal pipe surfaces, C) flushing equipment used in real DWDS. 
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Biofilm basics and semantics – promoting seminar success 

Loren Ramsay1  

1Research Group for Energy & Environment, VIA University College, Horsens, Denmark, lora@via.dk 

Biofilms in drinking water systems may be defined as complex and unique assemblages of microbial 

cells associated with a surface and distributed within a matrix composed primarily of self-produced 

polysaccharide material. The biofilm mode of growth promotes proliferation of the microbes and is 

driven by benefit such as improved defence, maintenance of favourable habitat, and the advantage of 

an interactive community.  

Definitions, classifications and narratives such as those above are examples of how carefully chosen 

semantics can promote communication and critical thinking skills. This is especially important in a field 

such as biofilm studies which exists at the multidisciplinary crossroads of engineering, material science, 

biology, medicine, etc. and in which tradition dictates that different terms are used for the same 

concept. Semantics tend to evolve and gel over time – even within the short period of a seminar such 

as the Nordic Drinking Water Biofilm Symposium 2019 in Horsens, Denmark. The goal of this 

presentation is to provide a basic introduction to biofilms for the Symposium participants as well as 

unambiguous shared definitions, classifications and narratives. 

For example, a typical narrative is to use microbes which have been characterized in detail in nutrient-

rich laboratory flasks as one’s starting point and explain how these planktonic organisms may in some 

instances be triggered to attach to a surface and undergo genetic adaption to produce Extracellular 

Polymeric Substances (EPS) and create a biofilm. It is suggested here instead, that biofilms should be 

considered the default mode of growth in all natural systems and the starting point for our drinking 

water investigations. This shifts the focus from how biofilms form to how biofilms evolve over time, 

once established. 

Another area which requires shared semantics is the identification of positive biofilm roles (such as 

direct metabolism, co-metabolism or sorption of unwanted substances in drinking water, removal of 

planktonic bacteria downstream newly-laid pipeline sections, protection from phenols leaching from 

pipeline materials) and negative biofilm roles (clogging, microbial-induced corrosion, harbouring of 

pathogens). Methods for promoting biofilms (inherent and proactive inoculation to accelerate the start-

up of filters and flushing new pipelines to promote the biological stability of drinking water) as well as 

methods for combating biofilms (disinfection, pigging, filter backwash) should be classified.  The 

presentation also touches on subjects such as the heterogeneity of biofilm architecture in space and 

time, the importance of biofilm thickness and its relation to water flow, the recycling of nutrients, 

categories of experimental set-ups and measurement methods, and the hypothesis of altruistic rather 

than Darwinian behaviour of microbes. 

Donlan, R.M., 2002. Biofilms: Microbial life on surfaces. Emerging Infectious Diseases, 8(9). Jefferson, K.K., 2004. What drives bacteria to 

produce a biofilm? FEMS Microbiology Letters, 236. Sousa, A.M. et. al, 2014. A harmonised vocabulary for communicating and 

interchanging biofilms experimental results. .J. of Integrative Bioinformatics, 11(3). 
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Pre-PCR processing: a concept to generate PCR- and MPS-compatible 

samples 

Peter Rådström 

Applied Microbiology, Department of Chemistry, Lund University, Sweden. Peter.radstrom@tmb.lth.se 

Diagnostic PCR including massive parallel sequencing (MPS) is often limited by components that 

interfere with the generation of amplicons, so-called amplification inhibitors. Pre-PCR processing is a 

concept for overcoming PCR and MPS inhibition without impairing the detection limit, addressing all 

steps leading up to PCR amplification, i.e. sampling, sample treatment, and polymerisation chemistry, 

in particular, the choice of DNA polymerase and amplification facilitators to be used. This lowers the 

need for pure extracts, leading to simplified analysis processes and improved detection limits. This 

concept has been used to improve diagnostic/forensic PCR, RT-qPCR, digital PCR as well as MPS. This 

presentation will cover some of the crucial inhibitors present in water such as different fractions of 

humic substances. 

Sidstedt M, Jansson L, Nilsson E, Noppa L, Forsman M, Rådström P, Hedman J (2015) Humic 

substances cause fluorescence inhibition in real-time polymerase chain reaction. Anal Biochem 

487:30-37 (doi: 10.1016/j.ab.2015.07.002) 

Sidstedt M; Romsos E, Hedell R, Ansell R, Steffen C, Vallone P, Rådström P, Hedman J (2017) Accurate 

digital PCR quantification of challenging samples applying inhibitor-tolerant DNA polymerases. 

Analytical Chemistry 89(3): 1642-1649 (doi: 10.1021/acs.analchem.6b03746) 

Borgmastars E, Jazi MM, Persson S, Jansson L, Rådström P, Simonsson M, Hedman J, Eriksson R (2017) 

Improved detection of norovirus and hepatitis A virus in surface water by applying pre-PCR processing. 

Food and Environmental Virology 9(4):395-405 (doi: 10.1007/s12560-017-9295-3) 

  

mailto:Peter.radstrom@tmb.lth.se
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Tracing active microbes in water systems 

 
Tarja Pitkänen  
 
National Institute for Health and Welfare, Expert Microbiology Unit, Water Microbiology Laboratory 
 
Although for water quality determinations we mostly analyse bulk water samples, the majority of the 
microbial activity in the water systems occurs in the surface biofilms. Microbes attached to the surfaces 
are often studied in experimental conditions, but how to study biofilms in the full-scale water systems? 
In practice we are most often forced to investigate detached biofilm suspensions. In drinking water 
distribution systems, the options include installing pipe collectors, soft deposit swabbing, but also 
collecting water meters from buildings. These samples are potential to reveal traces of earlier 
contamination and/or pathogen occurrence while also providing overall information about the 
microbial community. To determine the biofilms attached microbes, heterotrophic plate counts, DAPI 
cell counts and ATP concentration measurements are often used. For specific microbial targets or 
pathogens, qPCR assays for gene detection are available. Lately, also microbial ecology tools, specifically 
next-generation sequencing (NGS) of microbial communities have become available into the toolbox of 
the public health laboratories. While the most studies investigate bacterial communities, we are also 
gathering knowledge to understand the whole microbiome of the water system biofilms. In addition to 
bacteria, eukaryotes such as invertebrates, ciliates, phytoplankton and fungi as well as archaea and 
viruses are a part of the community. In determining the public health relevance of a specific microbe, it 
is important to know whether this microbe is dead, dormant or active (and potentially infective). We 
propose to use relative recovery of ribosomal RNA (rRNA) to rRNA genes (rDNA) as a tool to gain such 
information at the same time with the taxonomic information from the NGS datasets.    
 
Lehtola, M. J., Pitkänen, T., Miebach, L. and Miettinen, I. T. (2006) Survival of Campylobacter jejuni in potable water 
biofilms: a comparative study with different detection methods. Water Science & Technology 54(3):57-61. 
Lehtola, M. J., Torvinen, E., Kusnetsov, J., Pitkänen, T., Maunula, L, von Bonsdorff, C.-H., Martikainen, P. J., Wilks, S. A., 
Keevil, C. W. and Miettinen, I. T. (2007) Survival of Mycobacterium avium, Legionella pneumophila, Escherichia coli, and 
caliciviruses in drinking water-associated biofilms grown under high-shear turbulent flow. Appl. Environ. Microbiol. 73(9), 
2854-2859. 
Rimhanen-Finne, R., Hänninen, M-L., Vuento, R., Laine, J., Jokiranta, S.T., Snellman, M., Pitkänen, T., Miettinen, I.T. and 
Kuusi, M. (2010) Contaminated water caused the first outbreak of giardiasis in Finland, 2007: a descriptive study. 
Scandinavian Journal of Infectious Diseases 42 (8), 613-619. 
Kauppinen, A., Ikonen, J., Pursiainen, A., Pitkänen, T. and Miettinen, I.T. (2012) Decontamination of a drinking water 
pipeline system contaminated with adenovirus and Escherichia coli utilizing peracetic acid and chlorine. Journal of Water 
and Health. 10 (3): 406-418. DOI: 10.2166/wh.2012.003. 
Mäkinen, R., Miettinen, I.T., Pitkänen, T., Kusnetsov, J., Pursiainen, A., Kovanen, S. and Keinänen-Toivola, M.M. (2013) 
Manual faucets induce more biofilms than electronic faucets. Canadian Journal of Microbiology 59, 407-412. 
Inkinen, J., Balamuralikrishna, J., Santo Domingo, J.W., Keinänen-Toivola, M.M., Ryu, H. and Pitkänen, T. (2016) Diversity of 
ribosomal 16S DNA- and RNA-based bacterial community in an office building drinking water system. Journal of Applied 
Microbiology; 120(6):1723-38. doi: 10.1111/jam.13144. 
Inkinen, J., Ahonen, M., Mäkinen, R., Pursiainen, A., Pitkänen, T., Jayaprakash, B., Santo Domingo, J.W., Salonen, H., Elk, 
M., Keinänen-Toivola, M. 2018. Bacterial community changes in copper and PEX drinking water pipeline biofilms under 
extra disinfection and magnetic water treatment. Journal of Applied Microbiology, 124, 610-623. doi:10.1111/jam.13662. 
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Microbial community composition of shower-hose biofilms treated with or 

without copper-silver-ionization 

Anke Stüken1; Thomas H.A. Haverkamp2; Hubert A.A.M. Dirven3; Gregor D. Gilfillan4; Magnus 
Leithaug4; Vidar Lund1 

1Dept. Zoonotic, Food and Waterborne Infections, Norwegian Institute of Public Health, Oslo, Norway. 
2Centre for Ecological and Evolutionary Synthesis (CEES), Department of Biosciences, University of Oslo, 
Blindern, Oslo, Norway. 3Dept. Toxicology and Risk Assessment, Norwegian Institute of Public Health, 
Oslo, Norway. 4Dept. Medical Genetics, Oslo University Hospital and University of Oslo, Oslo, Norway.  

Drinking water is far from sterile. The water contains millions of bacteria and when these bacteria come 

into contact with surfaces, they form biofilms. Most bacteria present in drinking water and biofilms are 

harmless to human health. They may even be beneficial. A selected few, however, are pathogens or 

opportunistic pathogens and may cause serious infections in humans. To avoid these water-borne 

infections, a diverse range of water treatment and disinfection methods are continuously applied to our 

drinking water.  

One of these methods is Copper-Silver-Ionisation (CSI). It is an in-house water disinfection method 

primarily installed to eradicate Legionella bacteria from drinking water distribution systems (DWDS) in 

hospitals and other health care facilities. Legionella are opportunistic pathogens and the most 

frequently reported cause of waterborne hospital-acquired infections worldwide. CSI works by releasing 

positively charged copper and silver ions into the water flow. These bind to negatively charged cell walls. 

The resulting electrostatic stress causes the cell walls to break down and the bacteria to die.  

The efficiency of CSI to inactivate Legionella has been investigated using Legionella culture as well as 

experience reports from institutions that have installed a CSI system. The results show that the number 

of Legionella positive water samples and of Legionella infections usually goes down after the installation 

of a CSI system.  

However, CSI is not a Legionella specific-disinfection method. The release of antimicrobials such as 

copper and silver ions into the water stream is instead likely to affect the entire microbial community 

present. Little is known about this effect on other microbes present in DWDS. 

In this presentation, we will discuss results from a pilot study, where we compared the microbial 

communities present in drinking water and biofilms from two neighbouring buildings, one building with 

and the other without a CSI system. We have analysed the communities using marker gene profiling as 

well as bacterial culturing.   
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Effects easily and slowly biodegradable organic compounds on planktonic 

and benthic (biofilm) microbial activity during different phases of drinking 

water systems 

Wim A.M. Hijnen1 and R. Schurer1,2 

1Evides Water Company, the Netherlands, wim.hijnen@evides.nl 

2. Wageningen University, the Netherlands 

Microbial planktonic and benthic (biofilms) activity is ubiquitous in the water cycle. Microbes play an 

important and positive role in the nutrient cycle but their activity in the clean water processes of the 

drinking water industry may also have negative technical and water quality effects. Biofilm formation 

and biofouling cause operational limitations such as clogging of water recharge wells, spiral-wound 

RO/NF membranes and water meters during drinking water distribution. Furthermore, biofouling in 

water treatment processes and distribution systems may lead to esthetical (taste and odour, colour, 

invertebrates) and sometimes undesirable growth of opportunistic bacteria (i.e. Legionella, 

Pseudomonas, Aeromonas).            

The major microbial growth factor in water is the availability of enough and biodegradable/assimilable 

(i.e. biomass production) organic carbon sources. The natural organic matter (NOM) in water is 

comprised of a broad variety of biodegradable compounds which are either easily or slowly 

biodegradable for bacteria. Understanding the quantitative (threshold values) and qualitative 

(composition) aspects of the specific NOM-fractions for microbial activity in water treatment and 

distribution is of high importance. Growth limiting conditions for (i) several bacterial species 

(Pseudomonas, Aeromonas, Flavobacterium, coliforms) and easily biodegradable organic compounds in 

drinking water [1,2] and for (ii) biomass production and biological clogging of sand beds and of spiral-

wound RO/NF membranes [3,4] is determined in experimental studies during the last four decades. 

Additionally, the importance of slowly biodegradable organic compounds for biofouling of distribution 

networks and occurrence of regrowth problems was recently established for drinking water produced 

from surface water [5]. In an overview, these insights will be shared in order to conclude on the 

importance of the control of both fractions of the organic matter in drinking water production and 

distribution systems and to clearly define further research needs for the coming years.  

1. van der Kooij, D. (1984) The growth of bacteria on organic compounds in drinking water, Landbouw Universiteit 

Wageningen, KIWA, Rijswijk, NL. 

2. van der Kooij, D., Visser, A. and Hijnen, W.A.M. (1982) Determining the concentration of easily assimilable organic 

carbon in drinking water. J. AWWA 74, 540-545. 

3. Hijnen, W.A.M. and van der Kooij, D. (1992) The effect of low concentrations of assimilable organic carbon in water on 

biological clogging of sand filters. Water Res 26(7), 963-972. 

4. Hijnen, W.A.M., Biraud, D., Cornelissen, E.R. and van der Kooij, D. (2009) Threshold Concentration of Easily Assimilable 

Organic Carbon in Feedwater for Biofouling of Spiral-Wound Membranes. Environ. Sci. Techn. 43, 4890-4895. 

5. Hijnen, W. A. M.; Schurer, R.; Bahlman, J. A.; Ketelaars, H. A. M.; Italiaander, R.; van der Wal, A.; van der Wielen, P. W. 

J. J., (2018) Slowly biodegradable organic compounds impact the biostability of non-chlorinated drinking water 

produced from surface water. Water Res 129, (Supplement C), 240-251. 

 

mailto:wim.hijnen@evides.nl
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Applying flow cytometry as a monitoring tool for biofilm in a full-scale 

drinking water distribution system following installation of a hybrid 

ultrafiltration process 

Alexander Keucken1,2 and Caroline Schleich1 

1Vatten & Miljö i Väst AB, 311 22 Falkenberg, Sweden, alexander.keucken@vivab.info 

2Water Resources Engineering, Faculty of Engineering, Lund Technical University, 221 00 Lund, Sweden 

Microbial monitoring of drinking water is of great importance to guarantee high quality water and to 

mitigate health hazards. Besides commonly used heterotrophic plate count methods (HPC), flow 

cytometry (FCM) is a fast and robust method to determine bacterial concentration in liquids. In this 

study, FCM was applied to monitor the microbial communities and dynamics in a full-scale drinking 

water distribution system (DWDS), after implementing ultrafiltration (UF) combined with coagulation 

at the WTP Kvarnagården in Varberg, Sweden. The new treatment process led to both a drastic 

reduction of total cell counts (TCC) by a factor of 103 cells/mL; and, increased removal rate of organic 

matter by 50 % in outgoing drinking water. In this context, FCM monitoring was initiated to study the 

impact of the changed water quality on the biofilm within the distribution network. The biofilm mapping 

comprised several strategic sampling spots with the aim to identify typical baselines for specific areas 

in the network with hydraulic and seasonal variations.  

Over a period of twelve months, water samples were taken on weekly basis for FCM. For trend 

interpretation of variations in microbial community structures, both manual gating strategies and a 

pattern analysis approach, based on Cytometric Histogram Image Comparison (CHIC), were applied. 

Although the results indicated no obvious detachment of biofilm due to change of water quality, the 

data analysis showed clearly that different factors have impact on the biofilm conditions. Besides 

specific distances from the WTP, it is most likely that the retention time in the DWDS has the greatest 

impact on the number of bacteria, which was generally higher at sampling spots with long retention 

times. During spring, TCC ranged from 3 x 102 cells/mL to 1.1 x 105 cells/mL for various sampling spots 

and variations of the microbial community were observed. The increase of water temperature during 

the summer period resulted in up to 5.5-fold increases of TCC and changes in the microbiome at almost 

all sampling spots. 

In the future, FCM also has great potential for integrity control of the UF membrane processes. Cleaning 

chemicals and hydraulic stress can cause membrane degradation (or ageing) over time and online FCM 

will be tested for use at WTP Kvarnagården as a performance indicator for membrane integrity. The 

FCM baseline measurements from the distribution system will also provide an important platform for 

monitoring and evaluation of different DWDS management strategies, including the gradual reduction 

of chloramine. 
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Biofilms in newly established water pipes 

Planned operations, do we always fail? 

Kristian L. Hansen  

Project Manager, Aarhus Vand Utility Service, Denmark, KLH@aarhusvand.dk 

This presentation shows “hands on” examples of the effects of biofilm formation in newly commissioned 

water pipes, measured as the rise, and subsequent fall, in the measured HPC22 in the water phase over 

time. Results align with a lot of the theories behind biofilm formation, and as a utility service, our focus 

is on how to capitalize on the water quality knowledge we attain, when we take extended amounts of 

tests on the water in our pipes. The aim is to understand the mechanisms of commissioning, avoid 

overinvesting, reduce excessive water waste while remaining 100% focused on consumer safety.  

Background 

A large amount of data has been collected by Aarhus Vand, based on many years of in situ monitoring 

of the water quality during commissioning of renewed transportation mains and distribution pipelines. 

Data presents results for water quality parameters HPC22, coliform bacteria and E. coli as a function of 

days of flushing of the newly established pipes.  

The data has shown a well-defined tendency replicated in nearly every commissioning of a new stretch 

of PE pipe.  An increase in the HPC22 is measured after 3-6 days with a peak after 10-14 days of flushing. 

The water quality will normally return to a level within the water quality threshold limits after 3-4 weeks. 

We have named this phase the bacterial stabilization phase (the “BacStab” phase). This increase in total 

number of bacteria in the water (measured as HPC22) is believed to be an “indirect measurement” of 

the maturing of the biofilm on the inner surface of the pipeline. This aligns well with earlier studies on 

biofilm formations on different pipe materials, showing an exponential phase in biofilm formation 

between day 6-12.   

Discussion 

With a solid base in the large dataset, and the clear tendencies observed, Aarhus Vand has aimed at 

developing the most optimal commissioning strategy for all types of pipelines. Data showed very few 

occurrences of coliform bacteria and E. coli, which suggests that the existing standards and guidelines 

for installing new pipes are adequate for handling outside influences polluting the water phase.  

The third parameter that is examined during water sampling is the HPC22. The development in HPC22 

over time shows a “peak” in every BacStab phase, leading to questions about how to “deal” with this 

knowledge.  

 Is this increase HPC22 caused by the same strain of bacteria or do we see diverse types of 

bacteria and perhaps at various stages of the biofilm formation?  

 Is the increase in bacteria, measured as HPC22 in the water, a danger to our health?  

 Can we direct focus to decrease factors during establishment that can influence the 

microbiology and skip the prolonged flushing phase?  
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The answers to these questions have been investigated in further detail by VIA University College, and 

the results are promising. Furthermore, a field study has been carried out, testing the effect of existing 

biofilm on the development of HPC22 in water, that has passed through new PE pipes, and results from 

these tests support the hypothesis that the parameter HPC22 might earn less attention in the future, 

when testing the quality of new PE pipes. 

Significance of the studies 

If our investigations, including the parallel laboratory studies by VIA University College, show that the 

increase of bacteria in the biofilm, measured as a rise in HPC22 in the water phase, does not cause any 

health risk, we would be able to reduce the prolonged and expensive commissioning phase. On the 

larger pipelines alone, we flushed with an average of 144.000 m3 of water in the years 2016 and 2017. 

Could we be able to reduce flushing from an average of 28 to less than 3 days pr. stretch of new pipe, 

this would lead to a reduction in unnecessary water loss in the range of 128.000 m3 pr. year. Taking 

production- and sampling costs into account this could be translated into a yearly saving of DKK 410.00, 

in Aarhus Vand alone.  

Besides these direct costs, having the entrepreneur waiting for the water quality to satisfy the 

requirements of the Danish Drinking Water Directive is costly as well. Socioeconomics are also 

influenced, when residents in the construction area are being disturbed by prolonged construction 

work, both in terms of obstacles in the traffic and the negative psychological impacts such as for 

example noise. The deliberate “waste” of water by the utility company can also be perceived negatively 

by the residents in the area. All in all, the extended flushing of new water pipes poses a lot of costs to 

the utility service, so is it necessary, or is it a total waste of water?  

In the time to come, we will continue to find answers and further understanding of the following 

questions: 

 Is the observed development in HPC22 under control? 

 Is it expected? 

 Do we follow HACCP plans during installation? 

 Do we have focus on unplanned incidents during installation? 

 Is the rise in HPC22 a threat to the consumers health?  

 Should our focus be on E. coli and coliform bacteria vs. HPC22? 
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Figure 1. In situ HPC22 development during commissioning of a Ø90 mm pipeline.   

 

Figure 2. 2 out of 3 factors are “under our influence”. Is HPC22 really a problem?   

 

Figure 3. HPC22 as a function of days of flushing. Green (inlet water), Blue (after “green”, water has 

passed through 100 m of new PE pipes), Red (after “blue” water has travelled another 100 m in old 

pipes). Water speed is 2 cm/s.     



22 
 

The role of biofilms during commissioning of new drinking water PE pipes 

in Aarhus, Denmark 

TL Skovhus1, DA Søborg1, L Ramsay1, JO Andreasen2, KB Kristensen2, KL Hansen2 and B Højris3 

1 Research Group for Energy and Environment, VIA University College, Horsens, Denmark 

2 Aarhus Vand A/S, Aarhus, Denmark 

3 GRUNDFOS Holding A/S, Bjerringbro, Denmark 

Biofilm is considered beneficial in the non-chlorinated Danish drinking water distribution systems, as it 
increases the microbiological stability. When introducing new pipe sections in the distribution network, 
a biofilm develops on the new pipe wall influenced by the water quality, the existing biofilm upstream 
the new pipe section, flow velocity, pipe material, etc. However, the influence of biofilms on the water 
quality in the short-term during the commissioning phase of new pipe sections remain poorly 
understood. This paper aims to analyse the short-term effect of the developed biofilm in newly installed 
drinking water PE pipes on the water quality to be able to optimize the commissioning procedure for 
installing new pipe sections in the existing pipe network to improve water safety for the consumers.     

Background 

Production of drinking water in Denmark is mainly based on groundwater that undergoes a simple 
treatment of aeration and filtration before entering the distribution network. No chemicals are added 
to prevent growth of microorganisms during production, distribution or at the consumers tap. Under 
normal conditions, no pathogenic microorganisms are observed in the production and distribution of 
drinking water in Denmark.  

During commissioning of new PE pipes in the exiting distribution network, biofilm will start to develop 
on the surface when water enters the new pipe. The water company will need to flush the new pipes 
until the water meets the required drinking water criteria defined by the water authority (HPC22 <200 
CFU/mL). The flushing period will be determined by several factors like groundwater quality, pipe 
material and flow velocity. During the flushing period, all water is discharged to the sewer system until 
it meets the drinking water criteria above. A factor that is poorly understood is the role of biofilm 
development in the pipe and how it affects the water quality in the short-term during pipe 
commissioning.  

Methodology & Results 

This study contains the following parts:  

1) During commissioning of a new PE pipe section in the City of Aarhus, Denmark the microbiological 
status was monitored for both water and surface biofilm (Figure 1). 

2) Detailed field and laboratory analysis of the diversity, abundance and activity of microorganisms 
capable of establishing a biofilm in newly installed PE pipes in the distribution system. In particular, 
water and biofilm samples were analysed for the following parameters: HPC22/37, ATP, DAPI, qPCR, 
NGS (Next Generation Sequencing) and biotic/abiotic particles using BACMON (Figure 1, Box). 

3) Analysis of water samples from flushing of the pipe and colonies from positive HPC22/37 agar plates 
by molecular microbiological methods to investigate if any pathogenic microorganisms were present in 
water samples and on agar plates (data in preparation).  



23 
 

4) Documentation and evaluation of a new procedure for commissioning new pipe sections with 
extended focus on consumer water safety and water use (Figure 2).    

Significance of the study 

Based on data from several molecular microbiological methods and a new online microbiological sensor 
(BACMON), the study will give clear evidence if the increased measures of HPC22/37 during the 
commissioning process of new pipes will result in any health risk to the consumer.  

With knowledge from the study, the current protocols for commissioning new pipe sections will be 
optimized to reduce water use during the flushing period. 

The study highlights the importance of maintaining the natural biofilm in the non-chlorinated drinking 
water distribution system with regards to the water quality. 

 

Figures 

 

Figure 1. Result of the daily HPC22 measurements from pipe inlet (orange) and outlet (blue). Besides the 

regular water samples a series of other sample types and parameters was also obtained and analysed 

(Box). ATP = a measure of cell activity, DAPI = a measure of total microorganism by microscopy, qPCR = 

a measure of total abundance of bacteria by quantitative Polymerase Chain Reaction, NGS = a measure 

of microbiological diversity and relative abundance by Next Generation Sequencing. 
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Figure 2. Photos from the field site at day 0 of the experiments (September 20, 2017). (A) The sponge-

pig coming out of the newly installed PE pipe (Diameter = Ø315-355 mm, Length = 508 m). (B) The 

connection made for flushing the pipe with clean water. (C) The same connection leading up to the 

water meter, water sampling point, BACMON and drain. 
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Monitoring Interactions Between Biofilms and Bulk Water with Fully 

Automated Online Flow Cytometry 

Michael D. Besmer1 and Frederik Hammes2 

1onCyt Microbiology AG, Zürich, Switzerland, michael.besmer@oncyt.com 

2Department of Environmental Microbiology, Eawag, Dübendorf, Switzerland, 

frederik.hammes@eawag.ch 

Biofilms are omnipresent in drinking water infrastructure. Mostly, they are harmless but occasionally 

they can have negative effects on water quality (e.g., taste, odour, discolouration, harbouring of 

pathogens) or the infrastructure itself (e.g., corrosion, clogging). Moreover, biofilms are also actively 

used in biological treatment and filtration to improve and preserve water quality. In all cases it is 

crucial to understand biofilms and to make informed choices about whether they need to be managed 

and what the best options would be for that. 

While direct investigation of the biofilms is of course needed, it is equally important to understand 

biofilms in their context. In most cases biofilms are in contact with bulk water either flowing or 

stagnating. The two phases interact with each other by exchanging, nutrients, stressors, cells, and 

other particles. Hence, measuring cells in the bulk water phase allows to quantify, characterise, and 

understand biofilm interactions. 

Because most systems are subject to dynamics of different flow rates, incoming water quality, 

stagnation, and other variables, it is important to track bacteria at high resolution. To this end we 

developed automation add-on units for flow cytometers, which allow online/in-situ monitoring of 

bacteria and algae around the clock every 5 to 15 minutes in real-time. These measurements 

generate a wealth of highly quantitative, accurate, and reproducible results and furthermore allow 

the assessment of viability and changes in community structure. Here, we show examples of high-

frequency time-series measured in pilot and full-scale contexts and linked to biofilm interactions. 

 

 

Figure 1. Flow cytometer with automation add-on unit for fully automated online sampling and 

sample preparation for flow cytometric enumeration of cells and assessment of their 
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Manganese removal processes in drinking water biofilters – from virgin to 

matured filters 

Inês L. Breda1 

1Group of Project and Development, Skanderborg Forsyningsvirksomhed A/S, Denmark, 
ilb@skanderborgforsyning.dk 

Even though biofiltration has been used for over a century, it is still possible to find references within 

the last 10 years using the term “black box” to describe biofilters. In a time where new knowledge is 

being generated fast in a conservative area such as drinking water production, studies based on applied 

research are of extreme importance not only to build trust between academia and utilities, but also to 

allow a faster transition from the latest technology to the practical environment. This study summarizes 

a 3-year investigation on manganese (Mn) removal processes and bacterial diversity in drinking water 

biofilters, using batch, column, pilot and full-scale assays.  

Results showed that a minimum of 1 month was required for the start of Mn removal by virgin non-

coated filter materials, whereas virgin Mn coated filter material was able to achieve immediate Mn 

removal. The bacterial community formed on the filter grains during the start-up period was strongly 

influenced by the filter material type. Further studies on the selection of specific filter materials to 

enhance growth and activity of specific bacteria might be of interest to shorten the start-up period of 

virgin filters.  

In contrast to the observations in early matured filters, filter material samples collected at 10 full-scale 

matured filters shared the same Mn removal capacity over depth (even in filters using dual filter 

material). Further, preliminary results suggest that the bacterial diversity correlates with the removal 

processes occurring over the filter depth, rather than with the filter material type.  

Biological removal of Mn was of significant more importance in early matured filters than in fully 
matured filters. More specifically, NaN3 (a biological inhibitor) showed an effect of 50% in the Mn 
removal capacity of filter material samples collected during the start-up period of a pilot scale biofilter, 
but only 25% when using matured filter material collected from full-scale waterworks. In addition, batch 
assays showed that addition of phosphorous enhanced the ammonium removal capacity of matured 
filters, but it had no effect on the removal of Mn. Possibilities for biostimulation of Mn removal of fully 
matured filters might be limited because biological removal of Mn becomes of less importance over 
time. 
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A. B.  

Figure 1 – A. Mn concentration in the column outlets over time as a percentage of Mn concentration in 

the source water. B. Principal component analysis of bacterial communities present in the source water 

and on the coating of each filter medium type.  

 

A. B.  

  

C.  

Figure 2 - A. Filter material distribution over depth at 10 waterworks. B. Plot of Mn removal capacity 

without NaN3 versos Mn removal capacity with NaN3 (25 mM). C. Top 10 most abundant genera at 10 

waterworks over depth – Preliminary data. 
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Extended functionality of microbial communities in rapid sand filters – 

inference from community and metagenomic analysis 

Jane Fowler, Alejandro Palomo, Hanne Erland, Arda Gülay, and Barth F. Smets  

Technical University of Denmark, Department of Environmental Engineering, Kongens Lyngby, Denmark 
jfow@env.dtu.dk 

Rapid sand filtration is a commonly used method for the production of potable water from 

groundwater, and is the primary method for drinking water production in Denmark. It is traditionally 

believed that the main microbiological process in rapid sand filters is nitrification: the oxidation of 

ammonium to nitrate. Our recent findings suggest that the microbial communities in rapid sand filters 

have a broader range of functionalities than previously appreciated. We surveyed the microbial 

communities of 12 filters distributed across Denmark using 16S rRNA gene amplicon sequencing, qPCR 

analysis and metagenomic sequencing. The core community, comprising taxa present in all filters, consists of 

9 genera which made up between 57-96% of the filter communities, but only 10.6% of the total sequence 

variants. These genera, in order of decreasing abundance are Nitrospira, Blastocatella, Methylogobulus, 

Woodsholea, Hyphomicrobium, Pedomicrobium, Nitrosomonas, Zymomonas, and Variibacter. Putative functions 

associated with these genera include nitrification (Nitrospira and Nitrosomonas), methane oxidation 

(Methyloglobulus), metal (Fe and/or Mn) oxidation (Hyphomicrobium and Pedomicrobium). The communities 

are dominated by Nitrospira spp. (mean=35%), especially the recently described completely nitrifying 

comammox Nitrospira (28-100% of the total Nitrospira). Using stable isotope probing, comammox 

Nitrospira were found to be the most active nitrifying bacteria in one filter, however in all filters they 

coexist with both Betaproteobacterial AOB (average= 1.8%) and AOA (<1%).  In addition to nitrifying 

bacteria, we assembled draft genomes that encode methane and sulfide oxidation pathways, as well as 

organisms closely related to known Fe2+ and Mn2+ oxidizers, suggesting that these organisms contribute 

to the removal of these contaminants in the filters. Furthermore, iron oxidizing bacteria have been 

enriched from filter material, including Gallionella spp., Ferriphaeselus spp. and putative iron oxidizers 

Undibacterium sp. and Curvibacter sp.. In addition to the removal of inorganic contaminants, the filter 

communities are also capable of the removal of organic compounds. An important source of organics 

within the filter are microbial cells derived from either the groundwater, or that grow during the 

treatment process itself, which are removed over the course of filtration. The presence of pathways for 

the oxidation of aromatic compounds including catechol, phthalates and benzoate suggest that the filter 

communities also have the potential to remove a range of organic compounds that may include 

substances native to the subsurface such as lignin and lignin degradation products, as well as organic 

pollutants including pesticides, xenobiotics and organic micropollutants.  
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The biofilm community in full-scale slow sand filters and how they can 

impact the effluent water microbiome 
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1Sydvatten AB, Hyllie stationstorg 21, 532 Malmö, Sweden. 
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Slow sand filters (SSFs) have been used to treat water for over 200 years and are capable of reducing 

both chemical and biological contaminants in the water. From a sustainability point of view, this process 

is desirable as it has low energy consumption during operation and no additional chemicals are needed 

to provide safe drinking water [1]. To develop a sustainable water treatment plant with these filters 

adapted to the future needs, an understanding of the biofilm community is crucial.  

An established SSF (Est) was compared with two newly built SSFs at Ringsjö Waterworks by collecting 

water and sand samples, with analysis by flow cytometry (FCM) with Cytometric Histogram Image 

Comparison (CHIC) and 16S rRNA gene sequencing. One of the two new filters consisted of virgin sand 

(New) and the other filter was composed of virgin and washed sand from other SSFs at the treatment 

plant (Mix).  

While total cell content in the water did not change significantly across any SSF, Est selectively reduced 

heterotrophs, coliforms and E. coli, showing a desirable biofilm function, in contrast to that from the 

newer SSF biofilms. Removal of the schmutzdecke from Est did not disrupt function, again, in contrast 

to observations from the newer SSFs, suggesting that the functional community is maintained by the 

deeper sand. 

The biofilm communities from the filters contained a unique microbiome different from both the 

influent and effluent water communities. The biofilm community on the surface of Mix required <134 

days to become highly similar to that of the mature SSF, Est, whereas New didn´t reached a similar 

biofilm community at any time during the study period. When compared using FCM and CHIC analysis, 

the cell populations in the effluent water leaving Mix were also more similar to Est, than those of New. 

Since Mix contains a layer of washed sand from established sand filters, this washed sand may have 

acted as an inoculum for the biofilm community found in Est. This demonstrates how different biofilm 

communities in SSFs can alter both the water quality and the water microbiome during drinking water 

production. In addition, these studies show that FCM can be used to monitor SSF function, as the 

bacterial profiles in the effluent water could be correlated with the ability of an SSF to remove E. coli 

and coliforms. 
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Engineering biofilms in drinking water sand filters. 
Can we manipulate biofilm in sand filters toward a desirable feature? 
Sanin Musovic1, Lisbeth D. Christensen1 and Lotte B. F. Holm1 

1 Danish Technological Institute, Life Science, Kongsvang Allé 29, 8000 Aarhus, Denmark 

In Denmark, EU and worldwide, rapid sand filtration is a widespread technology used to produce 
drinking water from groundwater. Groundwater filtration by rapid sand filters (RSF) at waterworks 
efficiently removes the naturally occurring pollutants (e.g., NH4, Mn, Fe, CH4) by a combination of 
chemical and microbial processes. The native microbes in sand filters are quite abundant (108-109 cells/g 
material) and are mainly situated in biofilms on sand grains. The microbial processes in sand filters are 
very essential, for example, the ammonium removal from groundwater in sand filters is a 100% 
microbial process.  

The unfortunate appearances of unnatural substances, pesticides, in groundwater, as a direct result of 
intensive use of pesticides in the urban areas and agricultural practices, is an challenge for a future 
supply of clean drinking water to consumers. The existence of natural pesticide-degrading bacteria in 
the environment is well known, yet the application of these beneficial bacterial at polluted sites has few 
limitations. The main limit of previous bioremediation studies in sand filters or contaminated soil is an 
extremely low-to-none survival of the exogenously introduced bacteria at the application sites. 

The currently developing biotechnology, named The Trojan Horse, aims to avoid the described 
limitation in an innovative way. The Trojan Horse project aims to develop an environmentally friendly 
and sustainable biotechnology at rapid sand filters (RSF) to deal with the pesticides in drinking water, 
using the natural microorganisms possessing the abilities to degrade pesticides toward CO2 and H2O. 
The pioneering biotechnology focus primarily on the long-term survival of introduced catabolic 
pathways (genes) among the native RSF community, therefore applying the bacterial catabolic skills 
carried by mobile genetic elements, such as plasmids. Establishment of newly introduced pesticide-
degrading pathways in a native RSF community, via receive of new catabolic genes on a mobile plasmid, 
directly omits the limitations of previous bioremidial studies, experiencing low-survival of introduced 
bacteria.  

The concept of developing Trojan Horse biotechnology was successfully confirmed, demonstrating a 
high receptiveness of native sand filter bacteria situated in biofilms on sand grains to receive an 
exogenously introduced mobile genetic element (model RP4 plasmid) from P. putida laboratory strain. 
Native bacteria belonging to Alpha- Beta- and Gamma-Proteobacteria were the main bacterial groups 
in biofilms of sand filters that received the investigated plasmid. The Trojan Horse biotechnology could 
in a future be a successful technique for a stable introduction of new desired catabolic skills among 
native bacterial biofilms in different ecosystems such as wastewater treatment plants etc. 
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Figure 1. Visualisation of plasmid RP4:gfp 
transfer from P. putida red fluorescent cells 
(DsRed) to native uncoloured bacterial cells 
from biofilms on sand grains , which upon 
plasmid uptake express plasmid-borne gfp-
gene (green fluorescent cells). Image, epi-
fluorescence microscope (Zeiss). 
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Solving Incidents with Contaminated Drinking Water combining 

Microbiological Aspects with Hydraulic Modelling 

Conclusions from Lund, South Sweden 

Josefin Barup1, Susanne Steen Kronborg1, Victor Pelin1 and Henrik Aspegren2 

1VA SYD, Malmö, Sweden, josefin.barup@vasyd.se, susanne.steenkronborg@vasyd.se, 
victor.pelin@vasyd.se  2Department of Chemical Engineering, Lund University, Lund, Sweden, 
henrik.aspegren@vasyd.se 

With this poster, we would like to introduce colleagues from different faculties to the challeng- ing 
task of solving incidents with contaminated drinking water. Our vision is that the combina- tion of 
our different perspectives; microbiological and technical; is the key to a better under- standing of 
the complexity of drinking water quality and we are looking forward to deepen the discussions on 
this topic during the symposium in Horsens. 
 

The two incidents to which we refer both include contamination of coliform bacteria and oc- curred 
during 2017 in Lund, South Sweden. Boil water advisories were issued and the extensive work began 
to limit the affected areas, find the sources of contamination and restore the net- work to normal 
conditions. In incident no 1, the coliform bacteria were typed as Erwinia spp. Lab results later showed 
that the recovered source of contamination consisted of wheat flour; which had been put in the pipe 
during an installation work four months earlier. In incident no 2, the source also consisted of organic 
matter (paper napkin) left in a pipe after an installation work. The coliforms found on the organic 
matter were typed as Serratia spp. 
 
During both incidents, hydraulic modelling was used as part of the trace methodology for de- tection 
of the sources of the microbiological contaminations. Nevertheless, understanding of 
microbiological growth and behaviour was crucial when trying to explain the different concen- 
trations of bacteria at different locations; bridging the gap between theory (modelling results) and 
practise (laboratory results). We would like to stress the hypothesis that the combination of 
knowledge about biofilm and bacteria together with hydraulic modelling and technical skills will 
lead to faster solutions of future incidents with contaminated drinking water. 

 

Figure 1. To the left: The white blob (later identified as wheat flour) in incident no 1 was about the size of an 

orange. The black chips are pieces of the cut PE-pipe. To the right: The blob from incident no 2, later 

identified as growth of bacteria and fungus around a paper napkin 

mailto:josefin.barup@vasyd.se
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The Good Old Biofilm  

MONITORING THE EFFECT OF THE EXISTING BIOFILM ON WATER QUALITY DURING 

COMMISISIONING OF NEW WATER PIPES 

Peter Bornhardt 

Team Leader, EnviDan A/S, peb@envidan.dk 

This poster will cast some light on the results from a large-scaled field study on what the effect 

of the existing biofilm in older pipelines have on the increased bacterial activity that is present 

in the water in newly commissioned water pipes the weeks after commissioning. 

BACKGROUND 

A study on the effect of a pigging of existing pipelines along with new pipelines with a form of 

slush ice (Ice Pigging) has indicated that the dominant bacteria forming on the surface of the 

pipeline in the first couple of weeks compared with the bacteria dominant in an old and stabile 

biofilm are not the same. Aarhus Vand wanted to determine whether this difference had any 

effect on the water quality. 

A field study on the old biofilms effect on the increased level of active bacteria in the water 

weeks after commissioning was carried out on a small-scale project where the water quality was 

analyzed after 100 meters of new pipeline and again after 100 meters of old pipeline 

downstream to determine any difference. 

The small-scale field study showed the well documented increase in bacteria in the weeks after 

commissioning in water samples taken at the outlet of the new water pipe but interestingly 

enough very little to any increase in active bacteria in water samples taken at the outlet of the 

existing water pipe. 

METHOD 

The preliminary field study is being follow up with a large-scale field study where 1000 meters of 

new water pipe is commissioned. The water quality is analyzed at the outlet of the new pipe and 

again after 200 meters of old pipeline downstream to see if the effect is the same. 

Alongside the “normal” CCP program, monitoring water quality during commissioning, samples 

from the existing pipelines downstream are taken to determine how water quality in existing 

pipelines is affected by the increased bacterial activity. 
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RESULTS 

The project is in its finishing phase, but the poster will show all analyzed results along with the results 

coming in during spring of 2019. We hope to find that the increased bacteria in the biofilm and water 

that appears during commissioning of new water pipes will not appear in the existing pipelines and 

thereby not causing any probable health risk, and so skip the prolonged and expensive commissioning 

phase (BacStab phase). 

 
 

 

 

Water quality results during commissioning of inlet water quality (green), outlet new pipe (blue) and 

outlet old pipe (red). 
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Unraveling the microbial community of a cold groundwater catchment 

system 

Burga Braun1, Josephin Schröder1, Henrik Knecht2 and Ulrich Szewzyk1 
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Drinking water sources include both surface water (lakes, rivers or reservoirs) and groundwater, 

and the latter source is of great importance in many areas. Some groundwaters from anoxic 

aquifers may contain excessive levels of iron or manganese that need to be reduced prior to water 

use. Such treatment can be performed in-situ through the utilization of iron- and manganese-

oxidizing bacteria (FeOB). However, this well- established method for subsurface iron and 

manganese removal requires periodic injection of aerated water into the aquifer (Hallberg & 

Martinell, 1976). By using a single well for both water abstraction and injection, removal 

efficiencies and well yields can be reduced by clogging of the aquifer (Appelo et al., 1999; Braester, 

1988) or the well screens (Houben, 2006). To overcome the problem of biological clogging of 

water abstraction systems, a more detailed knowledge of the bacteria involved in biofilm 

formation is required. 

Since many drinking water treatment plants also operate in areas with low groundwater 

temperatures, it is critical to also obtain insights into bacterial populations and community 

structures in such habitats. In our study, the abundance, diversity, and composition of bacterial 

communities in water wells using subsurface treatment for iron- and manganese- removal at low 

groundwater temperatures were analysed. The bacterial communities in 23 different water wells 

of a water catchment system located within a continental-influenced veldt landscape in eastern 

Russia were analyzed and correlated to operating conditions and environmental factors. 

This large-scale, deep 16S rRNA sequencing study provided a comprehensive profile of the 

microbial community of the water catchment system by developing suitable information 

regarding bacterial population dynamics. This study revealed that the structure of the 

groundwater bacterial community was governed by well operation. Large variations in the 

bacterial community structure were observed in the different well water samples from operating 

and non-operating wells. The highest proportions of variance in the RDA model that were 

statistically significant were explained by oxygen concentration and water temperature, revealing 

the defining factors that most strongly affected bacterial community composition and structur
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Drinking water usually contains high numbers of bacteria in the water leaving the treatment plant, 

making it difficult to observe the specific cells originating from the pipe biofilm. In November 2016, 

the Kvarnagården Waterworks in Varberg, Sweden was upgraded with an ultrafiltration (UF) 

facility (capacity of 1080 m3 h−1 net permeate flow rate). Membrane hybrid processes (coagulation 

coupled with UF) achieve enhanced removal of natural organic matter (NOM) and reduce 

membrane fouling while removing virtually all bacteria. This provided the opportunity to observe 

the microbial consequences of exposing a distribution system previously exposed to high cell 

counts, to a virtually cell-free water. In addition, by observing which bacteria entered the UF-

treated water during distribution, the bacteria entering the water from pipe biofilm could be 

described. 

Water samples were taken before, and at different time points after, installation of UF, for analysis 

by flow cytometry (FCM) and 16S rRNA gene amplicon sequencing. UF feed water contained an 

average of 8 x 105 cells/mL while finished distributed water contained 1.5 x 103 cells/mL after the 

installation of UF. Water from three locations in the distribution system, and at increasing distance 

from the treatment plant, showed an increased total cells, with, on average, an addition of 2.1 x 

103 cells/ mL contributed from bacteria leaving the biofilm. 

16S rRNA amplicon sequencing revealed the community in the filtered water originating from 

biofilm. It was distinct from finished water, and differed with respect to location within the 

distribution system with species richness and diversity decreasing following installation of UF. 

Differential analysis of sequencing reads by DESeq2 identified statistically significant operational 

taxonomic units (OTUs) that changed in the water as it was in contact with the biofilm. These 

included Hyphomicrobium, Nitrospira, Sphingomonas, Mycobacterium and Rhodobacter as well as 

several unidentified genera and as no specific mode of motility is represented by these taxa, 

suggest that release of bacteria into the flowing water is not determined by a specific molecular 

mechanism. How the overall microbiome of both the biofilm and the water phase in this 

distribution system will adapt to the UF-treated water over a longer time period will provide 

additional information about how pipe biofilms respond to large changes in the microbiology of 

distributed water. 
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Manganese and ammonium are unstable components in groundwater that must be removed to 

avoid organoleptic and health issues in bottled drinking water. Moreover, only target-specific and 

chemicals-free treatments are possible to meet water quality requirements, therefore biological 

sand filtration was investigated. However, due to low concentration and growth rate of 

indigenous microorganisms in groundwater, these filters have a slow start-up phase, which 

represents high water wastage and an important industrial constraint. 

The objective of this work was: (a) to demonstrate and experiment an accelerated start-up of 

the biofilters to reduce water loss, and (b) to evaluate biofilters capacity to maintain effluent 

concentrations <0.05mg/L for manganese and <0.02mg/L for ammonium when confronted to 

realistic disruptive events. 

For this purpose, two pilot-scale filters filled with virgin quartz sand were exposed to 

groundwater from a borehole and followed over time by chemical and DNA analysis. One filter 

was subject to a specific start-up by increasing temperature and supplementing substrate, to 

reach maximal growth rate for microorganisms and compensate their low seeding rate. 

This setup allowed us to shorten start-up period from 90 to 20 days for an effective co- elimination 

that meets effluent requirements. Furthermore, most of the activity was in the upper part of the 

biofilters, which was expected since this is where substrate loading is maximal. Backwashes led to 

a slight loss of biomass, however biological activities were still found in all height with less 

dominance at the top, and all the components were eliminated at the outlet. 

Besides, we observed that biofilters still met effluent quality requirements at restart after ≤30- 

day stops and x1.5 increases in flow rate. 

These results indicate that: (a) achieving maximal growth rate for microorganisms drastically 

accelerates the start-up process, hence reducing water loss by a factor of four; (b) active 

populations are distributed in all sand height, albeit not homogeneously, which suggests that 

matured biofilters are robust and resilient water treatments that can withstand common 

industrial disruptive constraints; (c) using regular backwashes to redistribute oxidation activities 

is essential for process sustainability. 
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The bacterial growth potential is important to understand and manage bacterial regrowth- related 

water quality concerns. Bacterial growth potential depends on growth promoting/limiting 

compounds, therefore, nutrient availability is the key factor governing bacterial growth potential. 

Selecting proper tools for bacterial growth measurement is essential for routine implementation 

of the growth potential measurement. This study proposes a growth potential assay that is 

universal and can be used for different water types and soil extract without restrictions of pure 

culture or cultivability of the bacterial strain. The proposed assay measures the sample bacterial 

growth potential by using the indigenous community as inocula. Flow cytometry (FCM) and 

adenosine tri-phosphate (ATP) are used to evaluate the growth potential of six different microbial 

communities indigenous to the sample being analyzed, with increasing carbon concentrations. 

Bottled mineral water, non- chlorinated tap water, seawater, river water, wastewater effluent and 

a soil organic carbon extract were analyzed. Method is suitable for different types of water. 

Growth, growth rate and cell size of bacteria can be determined accurately and reproducibly. The 

approach is suitable to identify and quantify growth limiting compounds and risks of mixing water 

related to growth potential. The method can be applied for (i) evaluation and selection of water, 

chemicals and pre-treatment for biofouling mitigation; (ii) biodegradability assessment for 

materials such as soil and mulch, (iii) quantifying biological stability of (drinking) water in 

networks. The method is suitable for asset management of water transport and distribution 

networks and would result in cost savings and reduced environmental impact. 
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Figure 1. Batch growth (30 h) of indigenous bacterial community inoculum in surface water, 

measured with online FCM (measurement frequency: 45 min per replicate) (A) Total cell 

concentrations, (B) specific growth rate, and (C) relative cell size. Different colors indicate the 

samples from the three different bottles. 
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Drinking water is distributed from the treatment facility to consumers through extended man-

made piping systems. The drinking water system should be microbiologically safe and biologically 

stable (WHO, 2006). The biological stability criterion refers to maintaining the microbial drinking 

water quality in time and distance from the point of drinking water production up to the point of 

consumption. However, uncontrolled growth of indigenous bacteria during water transport can 

result in the deterioration of aesthetic aspects of water, such as taste, colour, and odour, in 

exceeding of guideline values, and/or in technical problems. The water source, treatment and 

distribution network can determine the biological stability. 

This research was conducted at the unique drinking water distribution system (DWDS) in King 

Abdullah University of Science and Technology (KAUST, Saudi Arabia), a confined network of the 

same age supplied with reverse osmosis (RO) based drinking water. Temporal and spatial dynamics 

in biofilms and microbial community in the water from source to tap were characterized with the 

considerations of (i) the impact of residual disinfectant use and 

(ii) materials of the distribution network and household pipes. To determine whether residual 

chlorine is needed for distribution of RO produced drinking water, studies were performed with 

miniature drinking water networks (1 m2 frame with nylon tubing) placed on various locations in the 

treatment train (before and after chlorination steps) and the network (Fig. 1). To evaluate the impact 

of pipe materials on biofilm, drinking water pipes were taken from the different sites of network and 

downtown houses where use different pipe materials for quantification and characterization of the 

microbial biofilms. 

 

Figure 1. Schematic of KAUST water treatment train and locations of miniature network. 
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The demand for characterization of the microbial community in drinking water distribution 

systems (DWDS) has increased with the increasing focus on drinking water bio-stability. The 

aim of this study was to investigate the impact of residual chlorine in drinking water samples 

on the DNA extraction efficiency for downstream analysis. DNA extraction efficiency was 

determined under (i) the presence or (ii) absence of residual chlorine in drinking water samples 

and compared to the DNA extraction efficiency for different water compositions. 

To observe the impact of the residual chlorine on DNA extraction efficiency, 4 L of chlorinated 

or de- chlorinated tap water was filtrated on the 0.2 µm membranes. To justify the experimental 

procedures regarding filtration and DNA extraction, a known concentration of Escherichia coli 

(E.coli) was spiked in the water (chlorinated or de-chlorinated) and membrane (before and 

after filtration with tap water) samples with the final cell concentration of 104 cells/mL (Fig. 1). 

Impact of water types on the DNA extraction efficiency was verified by filtering 4 L of tap water, 

seawater, and bottled water. DNA was extracted and quantified using DNeasy PowerWater kit 

(Qiagen, Germany) and Qubit fluorometer (Invitrogen, USA), respectively. 

Results showed that residual chlorine in tap water did not affect DNA extraction yield. Before 

spiking with E.coli, the DNA concentrations were 0.018 ng/µL and 0.017 ng/µL under with (Fig. 

1A) or without chlorine conditions (Fig. 1B), respectively. Interestingly, after spiking with E.coli, 

the DNA concentrations were 0.027 ng/µL (Fig. 1C) and 0.213 ng/µL (Fig. 1D) in chlorinated and 

de-chlorinated tap water, respectively. In addition, less amount of DNA concentration (0.397 

ng/µL) was detected on the membrane used to pre-filter 4L of tap water (Fig. 1F) compared to 

the direct spiking of E. coli on the membrane (4.155 ng/µL) (Fig. 1E), suggesting that the 

compositions of the tap water may inhibit the yield of DNA extraction. Compared to seawater 

and bottled water, tap water functioned as an inhibitor on DNA extraction. This study suggests 

the importance of the consideration of water composition during DNA extraction from the 

drinking water samples. 

mailto:lanhee.kim@kaust.edu.sa
mailto:nadia.farhat@kaust.edu.sa
mailto:Johannes.vrouwenvelder@kaust.edu.sa


43 
 

 

 

 

Figure 1. Schematic of the experimental designs. Filtration of 4L tap water (A) with or (B) 

without residual chlorine, spiking of E.coli in tap water (C) with or (D) without chlorine, (E) on 

the membrane, and (F) on the membrane after filtration with 4 L of tap water. 
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The existence of bacteria in different stages of drinking water systems has been known for a long 

time. Microbes known for their pathogenic potential sometimes co-occur with microorganisms 

functionally relevant for drinking water treatment (e.g. nutrient and xenobiotics removal). In 

most cases, these diverse and interacting microbes form biofilms. Despite recent progress in 

deciphering the composition of these biofilms, there are still knowledge gaps with respect to 

how biofilms are shaped, how they behave and what specific effects they produce in the drinking 

water system. Therefore, deeper understanding is needed to open the possibility of biofilm 

management in drinking water systems. In this study, we have developed a high-throughput 

continuous-flow system for growing replicate microbial biofilms with the aim of rigorously 

examine biofilm formation, dynamics and impact on the drinking water quality in a controlled 

and reproducible way. For example, this system allows to study the stochasticity of biofilm 

community assembly, the effect of loading on biofilm composition, as well as the impact of 

different supporting material on the biofilm properties. This novel system consists of 40 replicate 

flow-through polypropylene columns housing a supporting material held by a stainless-steel 

mesh. In a test experiment, we exposed these columns, housing one of five carrier materials 

(glass beads, sintered glass, clean sand from a waterworks, filtralite and non-woven fabric) to 

drinking water spiked with a consistent loading of either ammonium or nitrite (1.4 g-N/m2/d). 

We observed a higher microbial colonization on filtralite and a higher ammonium removal from 

the biofilms grown on filtralite and the non-woven fabric. No major differences were observed 

for nitrite removal. Generally, we detected variability in the removal performance and microbial 

composition of the biofilms enriched on the same material and exposed to the same loading 

conditions. This observation points towards a need of replication when examining biofilms. With 

this experiment, we show the effectiveness of the high-replicate biofilm cultivation system to 

study essential biofilm properties as assembly, composition, etc. This high- throughput drip-flow 

system constitutes a promising tool for further studies focus on designing strategies for biofilm 

management and control. 
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The aim of the MIRACHL project is the characterisation and monitoring of in-situ remediation of 
chlorinated hydrocarbon contamination using an interdisciplinary approach and geophysical 
methods, such as DCIP (direct current induced polarisation) to investigate the remediation 
process. 
To interpret these geophysical field IP data, lab investigations with different kinds of bacteria are 
necessary to assess the sensitivity of the methods for these specific applications. A first 
experiment was conducted with E. coli bacteria. Bacteria were grown together with a rich source 
of nutrients (Luria-Bertani broth - LB) and mixed in different flasks with sterilised Ottawa sand. 
These bacteria-sand-mixtures were continuously shaken (30°C, 80 RPM) until defined endpoints 
(within 21 days) when the mixtures were harvested and packed in a 4-point sample holder to 
measure SIP (spectral induced polarisation), TDIP (time-domain induced polarisation) and SP (self- 
potential) under laboratory conditions. The same procedure was repeated with only the media-
sand mixture to exclude any influences from just the nutrient and with water- sand mixtures. 
The results show a slightly increase in phase and a decrease in resistivity after several days with a 
decrease in phase that appears to coincide with die-off of the bacteria. Resistivity in general was 
very low (between 3-10 m) due to the highly conductive LB-media containing 5 g/L NaCl. As a 
result, the phase effects are very small too. The positive phase which could be observed for the E. 
coli measurements was surprising and is not yet understood. As expected, the water-sand 
mixtures showed almost no phase shift and slightly higher resistivity values. The influence of the 
LB-media (nutrients) is very small and results only in a slightly lower resistivity than the E. coli- 
sand mixtures but in a higher resistivity than the water-sand samples. 
The self-potential measurements show no clear tendency, but this is most likely due to limitations 
in the sample holder. The TDIP data needs to be further processed but the resistivity values are in 
accordance with the SIP results. 
Scanning electron microscope (SEM) images showed E. coli bacteria attached to the sand grains 
and this could modify the grain surface (e.g. increasing the grain surface area and/or form a 
biofilm) and impact geophysical measurements. In the future, to support these observations with 
quantitative comparisons, the number of bacteria present in the sand will be determined using 
quantitative polymerase chain reaction (qPCR) to detect bacterial DNA (deoxyribonucleic acid). 
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Availability of efficient and affordable water treatment technologies that decrease bacterial, 

viral and protozoan burden in rural communities is still a challenge. Despite the high efficiency of 

chlorination, it generally requires storage of the disinfectant and its qualified use. Similar 

problems are associated with UV and ozonation. The alternatives are mostly reagent-free 

technologies like membranes, solar irradiation or electrochemistry where the latter is able to 

generate free chlorine from chloride ions naturally presented in drinking water. The aim of the 

study was to evaluate electrochemical disinfection as a reagent-free method for microbial 

inactivation in drinking water. Titanium oxide electrodes (TiO2-x ceramics) which generate 

predominantly chlorine species (no OH radicals) and have a high resistance to corrosion, low 

absorption coefficient and present good efficiencies in the production of active disinfectant from 

low chloride concentrations were used at batch and flow conditions. For flow conditions a 

specially made electrolytic system EDI-001 (Riga, Latvia) containing the rectangular cell of 
1.2 L volume and equipped with 24 titanium oxide (TiO2-x) ceramic electrodes  with an area 

12.1 cm2 (total area: 290.4 cm2) was used. The tests included the assessment of bacterial (E. coli, 

B. subtilis spores and indigenous water bacteria) metabolic activity and cultivability. The results 

demonstrated that it is possible to generate enough free chlorine from tap water (Cl- 

< 10 mg/L) and obtain suitable disinfection efficiency (> 5 log E. coli) after 15 min of operation at 

low current density conditions (30.9 A/m2) and flow conditions. In batch scale tests with low 

chloride ion concentration (< 10 mg/l) and low current intensity, 99% E. coli neutralisation rate 

was obtained within 30 minutes of treatment. For attached E. coli the same inactivation was 

observed after more than 2 hours of treatment. The study showed that attached E. coli, both 

with or without biofilm, is more resistant towards chlorine than suspended ones; thus, flow 

conditions and no long-term water storage after treatment are important parameters in the 

introduction of this technology. 
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Some drinking water pipelines require occasional cleaning of the inner walls to remove debris. Ice 
Pigging is a newer cleaning method with some advantages with respect to effectiveness, speed, and 
flexibility with respect to changing pipe diameters, bends and valves. A biofilm is always present on the 
inner wall and loose sediments in pipelines, in chlorinated as well as unchlorinated drinking water 
systems. What happens to this microbial community during ice pigging?  
 

 

Figure 1. Left: Sampling of ice during full-scale Ice Pigging. Right: Pilot-scale rig with new 50m PE coil 

and excavated (mature) PE pipes in triplicate. 

Background 

During commissioning of new PE pipes in existing distribution networks, biofilm will start to develop on 
the surface when water enters the new pipe. The water utility typically flushes new pipes until the water 
meets the required drinking water criteria. The flushing period is determined by several factors such as 
flow velocity and upstream water quality and pipe material. During the flushing period, water is typically 
discharged to the sewer system. The biofilm in the pipeline and the microbiological water quality during 
pipe commissioning is poorly understood.  
 
Methodology 

In this study, 7 full-scale pipelines (PE, PVC and cast iron) in non-chlorinated drinking water systems 
were selected. These sections were then ice pigged and documented. In addition, a test rig with three 
freshly-excavated, mature PE pipes as well as a new 50 m coil of PE was operated and monitored for 
several weeks until a stabile biofilm was formed. All pipes in the test rig were then ice pigged and the 
effect on the pipeline biofilm and water quality measured. 
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Significance of the study 

The 7 full-scale pipelines showed an extreme variation in the amount of accumulated debris (3-300 
kg/km). This debris consisted mainly of small iron oxide particles (< 10 µm) with lesser amounts of 
calcium carbonate, manganese oxides and organic matter. The main source of the iron oxide particles 
is likely filter backwash residue in the minutes immediately following backwash (PVC and PE) and 
pipeline corrosion (cast iron). 
 
A test rig with new 50 m coil of PE was monitored. HPC measurements showed a large peak after 14 
days, which disappeared as the biofilm matured. After ice pigging, no repeat of this peak was seen, 
suggesting that a new maturation process was not required, despite a ten-fold reduction in ATP on the 
pipe walls due to Ice Pigging. This suggests that while the cleaning process was successful, sufficient 
biofilm remained so that pipelines may immediately be put back into operation following Ice Pigging. 
 
Ice Pigging was shown to be a rapid and effective method for cleaning drinking water pipelines which 
opens a window to greater understanding of drinking water distribution systems. 
 
 

 

Figure 2. Heterotrophic plate counts for discharge water from new PE pipelines in the pilot-scale rig. A 

peak is seen two weeks into the commissioning process, which coincides with the developing biofilm. A 

new peak is NOT seen in the same PE pipeline following Ice Pigging. 

 

 

Figure 3. ATP in pipe-wall swabs from the pilot-scale rig. The biofilm was not removed completely during 

Ice Pigging but was greatly reduced. 
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Biofilm is considered beneficial in the non-chlorinated Danish drinking water distribution 

systems, as it increases the microbiological stability. When introducing new pipe sections in the 

system, a biofilm develops on the new pipe wall. However, the influence of biofilm on the water 

quality in the short-term during the commissioning phase of new pipe sections remains poorly 

understood. Further, there is limited knowledge on the effect of upstream factors such as water 

quality, existing biofilm upstream the new pipe section, flow velocity, pipe material, etc. on the 

biofilm development and the composition of the mature biofilm. 

This project followed biofilm development through 1.5 years in newly installed PE pipes at two 

locations (at a drinking water treatment plant (DWTP) and at a water storage facility near the 

consumer) receiving water from the same DWTP. In particular, water and biofilm samples were 

analysed for the following parameters: HPC22/37, ATP, DAPI, qPCR, and NGS. 

The biofilm at both locations continuously developed over the first 6 months, after which the 

microbiological diversity reached a mature state. At this point, a principal component analysis 

showed different biofilm composition at the two locations. Besides having a higher diversity of 

microorganisms, the biofilm in the pipe at the water storage facility also had the highest 

microbiological activity. This difference was correlated with upstream factors in the system such 

as pipe materials. This knowledge will benefit utilities when commissioning new pipes in the 

existing network. 
 

Figure 1. Newly installed PE pipes at a DWTP, sampling of biofilm, and principal-component 

analysis (PCA). In the PCA plot, each dot represents the full microbiological diversity (16S rRNA 

gene) in a sample at a given time from one of the two locations (DWTP, 1-20 and water storage 

tank, A-T). Samples were collected approx. every 1.5 months during 1.5 years. 
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In Norway, drinking water is typically distributed to consumers with little or no residual 

disinfectant. As a consequence, water-main biofilms are ecologically diverse and commonly 

harbor low concentrations of opportunistic pathogens, such as Legionella spp. In ongoing 

research, water mains were collected from a full-scale drinking water distribution system 

(DWDS) in Norway. Biofilms were scraped from interior surfaces (Fig. 1a), and the microbial 

DNA was extracted. Bacteria were characterized using high-throughput amplicon sequencing of 

16S rRNA genes. Legionella spp. and potential amoeba hosts were targeted by quantitative 

polymerase chain reaction (qPCR). 

Legionellae are intracellular parasites to various amoeba species and opportunistically cause 

illness in humans (i.e., Legionnaires’ disease). Parasitization of Acanthamoeba spp. may increase 

legionellae infectivity and virulence. In preliminary data, legionellae—sometimes pathogenic L. 

pneumophila—were detected in the drinking water (≤3.4×105 gene copies L−1) and water-main 

biofilms (≤8.5×103 copies cm−2) of the Norwegian DWDS. Acanthamoeba spp. were detected in 

biofilms at one site (≤6.2×103 copies cm−2). Though detected at low concentrations, the biofilms 

may transmit viable legionellae—via the drinking water—to premise plumbing, where 

temperature and residence time may encourage their proliferation. 

In the next phase of research, we plan to scan water mains after biofilm collection to create 

digital elevation models (DEMs) of the pipe interior. DEMs provide detailed measurements of 

pipe cross-sectional area and wall roughness and may be used to further characterize hydraulic 

conditions (Fig. 1b). This information, when paired with molecular surveys of the bacteria, may 

reveal important ecological relationships. DEMs also enable the use of numerical flow 

simulations to assess, for example, how shear stress and mixing might affect biofilm interaction 

with the bulk drinking water (e.g., sloughing of opportunistic legionellae). 

The novel combination of molecular ecology with DEMs will enable the mapping of genetic 

markers to specific water-main features. This may reveal subtle ecological relationships 

between biofilm consortia and the pipe orientation and wall roughness. Assessing microbial 

ecology—particularly opportunistic legionellae—within a hydraulic framework may help 

optimize DWDS management and operation to reduce legionellae transmission. 

mailto:michael.waak@ntnu.no
mailto:pierre-yves.henry@ntnu.no
mailto:cynthia.halle@ntnu.no


51 
 

 

 
 

 

Figure 1. Water-main biofilms and digital elevation models. (a) Decades-old water 

mains contain mature biofilms, including opportunistic legionellae, adhered to 

complex corrosion features. (b) Example of digital elevation models of a tunnel, 

enabling accurate measurements of surface area and numeric simulations of water 

flow (photos courtesy of the TunnelRoughness project). 
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