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1. Introduction

1.1 Background

 
People spend most of their time in indoors, e.g. 87% of Americans (Klepeis et 
al., 2001). In industrialized countries, life expentancy of people is higher1 than 
ever, and leading causes of death are non-environmental. However, built 
environments still can pose new threats to human health. This should therefore 
receive attention and be taken into account during construction and 
maintenance of buildings to prevent health risks to humans. In drinking water 
distribution systems (DWDS), materials interact with water  that can result in 
the  formation of biofilms and detachment to water (Bachmann and Edyvean, 
2005; Chowdhury, 2012), leaching of substances e.g. organic substances from 
plastic pipelines (Bucheli-Witschel et al., 2012) or lead from brass products 
(Triantafyllidou and Edwards, 2007) or corrosion (Critchley et al., 2003). 
Moreover, indoor environmental touch surfaces also act as vectors for spreading 
infectious agents (Otter et al., 2013) and are linked to healthcare-associated 
infections (HCAI)2 (Boyce, 2007).  

Copper (Cu) is a widely used material within indoor environments especially 
in plumbing. Despite being an essential element to all living organisms, both 
copper deficiency and excessive copper may lead to negative health 
consequences in humans (Uriu-Adams and Keen, 2005). Antimicrobial 
properties of copper towards different microorganisms have been known for 
thousands of years. This copper toxicity is utilized in many applications for 
example in intrauterine devices for birth control (Bilian, 2002) or water 
purification through the use of vessels made of copper (Blanc et al., 2005; Sudha 
et al., 2012) or copper alloys e.g. brass (Brick et al., 2004; Tandon et al., 2005). 
However, this innate antimicrobial chracteristic of copper was largely forgotten 
after the discovery of antibiotics in the 1920s. Part of the “copper renaissance” 
is its potential in touch surfaces to prevent cross-contamination and HCAIs 
through environmental surfaces (Casey et al., 2010; Karpanen et al., 2012; 
Michels et al., 2015).  
 

1 Estimated life expectancy 78.8 years in US (CDC, 2015).
2 Over four million people in the European Union (EU) is estimated to acquire a healthcare-associated 
infection annually that results 37 000 death as a direct consequence of the infection (ECDC, 2008).
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In 2008, the United States Environmental Protection Agency (US EPA) 
registered the first antimicrobial copper made of uncoated surface copper 
material intended for human touch surfaces. Despite the multiple studies on 
antimicrobial copper in the laboratory environment, different environmental 
circumstances in real-life can hinder antimicrobial efficiency of copper e.g. 
organic material (Airey and Verran, 2007; Sharan et al., 2010a; Tolba et al., 
2007). Thus, research under real-life circumstances with different types of 
facilities with varying cleaning practices and user profiles is essential.  

The principal materials used in Finnish drinking water supply systems within 
buildings include brass, stainless- and galvanised steel, polyethylenes and 
copper with two of the latter being the most common (Mäkinen, 2008). Being 
popular worldwide, copper and plastic pipelines in the DWDS are susceptible to 
rapid formation of biofilms even though slower biofilm formation may occur on 
copper pipelines (Moritz et al., 2010; Norton et al., 2004; Rogers et al., 1994a; 
Schwartz et al., 1998; Yu et al., 2010). In addition to material selection, after 
entering the building, multiple factors i.e. temperature, water stagnation, 
chemical disinfection residuals, and plumbing system type affect the water 
quality provided to consumers.  

Thus, a deep understanding of the factors behind both water system and touch 
surface microbiology is extremely important to guarantee the health of the 
occupants and in designing new ways to prevent negative health outcomes. On 
the other hand, microbial occurrence may also have positive effects, e.g. high 
overall microbial counts in drinking water have been associated with lower 
occurrence of atopy among school children (von Hertzen et al., 2007).  

Recently, complex co-occurrence patterns between bacteria or even kingdoms 
(e.g. bacteria and eukaryote) have been reported (Faust et al., 2015). Until 
recently, basic knowledge on the composition of drinking water bacteria was 
limited only to the small cultivable fraction of bacteria. Next-generation 
sequencing (NGS) technologies can be applied to characterize communities of 
various ecosystems but their use in DWDS studies has just emerged in recent 
years (Douterelo et al., 2014; Gomez-Alvarez et al., 2012; Holinger et al., 2014; 
Lührig et al., 2015; Revetta et al., 2016). Most of these studies use rDNA (16S 
rRNA gene) as the template and describe both active and dead bacteria. By using 
ribosomal RNA (rRNA) (Jalava et al., 2014; Kapoor et al., 2015; Pitkänen et al., 
2013) only the active portion of bacteria is analysed as rRNA rapidly degrades 
outside the cell (Deutscher, 2003).  

Questions remain on the effects of copper material and other abiotic factors 
(water system, disinfection, magnetic water treatment, usage profiles) on 
bacteria in different indoor environments. In both drinking water pipeline 
surfaces and in touch surfaces, in the presence of water in one instance and 
under air in another instance, soiling of e.g. organic material and biofilm 
formation in non-frequently cleaned aquatic surfaces occurs. Thus, this thesis 
examined these various phenomena in the different surfaces also under real-life 
conditions with the aim of better understanding how they affect the microbial 
environment. In the water environment, this thesis aims to provide answers to 
these questions by utilizing new NGS technologies that reveal complete and 
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active bacterial communities. NGS technology was not utilized in touch surfaces 
due to estimated low bacterial biomass for the application. Different real-life 
facilities, however, provided new information on copper suitability for 
antimicrobial touch surfaces with varying practices that might affect the 
antibacterial efficiency of copper.  
 

1.2 Dissertation structure

 
The structure of this thesis is presented in Fig. 1. Environmetal niches that may 
affect microbiota of water (I–III) and touch surface (IV) environments were 
studied.  Environments included a unique full-scale (I–II) and pilot-scale (III) 
DWDS systems for studies in the presence of water, and different real-life 
facilities for studies in the presence of air i.e. touch surface studies (IV). The 
effects of copper material were studied in both DWDS (I–III) and touch surfaces 
(IV) with precision. DWDS of the studied office building consisted of copper and 
cross-linked polyethylene (PEX) pipelines. Further, the effects of cold and hot 
water system (I–II), stagnation and operational conditions (I–II), magnetic 
water treatment (III) and extra disinfection (III) were analysed. In touch 
surfaces, the locations of the highest microbial loads were studied in real-life 
facilities that shared different cleaning procedures and usage profiles (IV). 
Drinking water and biofilm microbial communities were characterized using 
up-to-date NGS-methodologies (II–III) in addition to traditional techniques (I). 
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Figure 1. Dissertation structure by environment and research areas in the publications (I-IV).
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2. Drinking water systems in buildings

 

2.1 Physico-chemical water quality parameters

 
Chemical contamination of drinking-water may cause health concerns even 
though most of the water-related health problems are a result of microbial 
contamination (WHO, 2017). Worldwide guidelines are set for appropriate 
water quality (WHO, 2017) to guarantee safe drinking water to consumers. 
Legislation for water quality in Finland  (Regulation 1352, 2015) is based on the 
EU drinking water directive 98/83/EY (Directive 98/83/EC, 1998) for which a 
recast was recently published 02/2018 (European Comission, 2018). Finnish 
legislation contains both requirements and guidance values (recommendations) 
for maximum allowed water quality parameter values. Most important chemical 
water quality parameters include alkalinity, hardness, pH, chlorine, metals, 
nutrients, redox, conductivity, and dissolved oxygen. Temperature and turbidity 
are important physical water quality parameters. Finnish legislation for 
drinking water is set only for cold water (Regulation 1352, 2015). Warm water 
temperature enhances the growth of microorganisms and may increase taste, 
odour, colour and corrosion problems (WHO, 2017). Inorganic or organic 
matter (or a combination) as suspended particles or colloidal matter cause 
turbidity of the water. Microorganisms are often attached to particulates, and 
thus removal of turbidity by filtration significantly reduces microbial 
contamination (WHO, 2017). New  European legislation suggests a limit of <1 
NTU for turbidity (European Comission, 2018). Drinking water in Finland is 
produced from surface water, groundwater, and artificial groundwater, and 
water treatment processess greatly affect the quality of final distributed water. 
Finnish water is considered to be of excellent quality, and has been reported to 
fulfill the demands and recommendations of the Finnish decree during 1984–
2006 (Mäkinen, 2008). 

Water systems contain nutrients such as different forms of carbon i.e. total 
organic carbon (TOC), assimilable organic carbon (AOC), and dissolved organic 
carbon (DOC). The availability of these carbon nutrient sources is a prerequisite 
for enabling microbial regrowth in DWDS (Norton et al., 2004). In humic-rich 
drinking water such as in Finland, phosphorus is often the limiting factor for 
microbial growth and thus microbial community structure of drinking water 
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biofilms can be affected by phosphorus availability (Keinänen et al., 2002; 
Lehtola et al., 2002; Miettinen et al., 1997). Limiting inorganic nutrients, rather 
than organic carbon, might be efficient in treatment strategies to manage 
biofilms (Douterelo et al., 2016) and water quality.  

Premise plumbing circumstances and materials affect physico-chemical water 
parameters. Some of the metals leached from the water can be harmful or even 
toxic in high concentrations. Many metals are included in the Finnish decree on 
drinking water (antimony, arsenic, mercury, cadmium, chromium, copper, lead, 
nickel, and selenium) (Regulation 1352, 2015). They can be present already in 
the source water and have been found to be more abundant in Finnish 
groundwater than in surface water. They can also dissolve into water from the 
network materials e.g. copper, iron, and zinc (Mäkinen, 2008). Nowadays, brass 
components from water fittings e.g. joints and couplings have been found as the 
main contributor of copper and lead leaching due to brass corrosion 
(Kimbrough, 2007). Scandinavian water quality with low alkalinity and 
hardness is corrosive to materials, and can lead to drinking water quality 
deterioration by high dissolved concentrations of lead, copper and zinc (Latva 
et al., 2017).   

The WHO guideline value 2 mg/L for copper in drinking water is based on 
short-term exposure but is intended to protect against direct gastric irritation 
that may occur above the guideline value (WHO, 2017). Copper is an essential 
nutrient for humans and animals (Uriu-Adams and Keen, 2005). Excess copper 
intake from food and supplements is rare, with the highest median intake 
evaluated as 4.7 mg/day for lactating women and in the US, copper daily intake 
from flushed water (copper levels <460 μg/L) is evaluated as 0.9 mg/day 
maximum for most people (Institute of Medicine, 2002). The recommendation 
of the National Insitutute of Health for daily intake of copper for adults is 0.9 
mg/day (Institute of Medicine, 2002). Excess copper consumption can result in 
liver damage in humans when occurring at daily dosages of greater than 30 
mg/day, and the tolerable upper intake level for adults is evaluated as 10 
mg/day (Institute of Medicine, 2002). 
 

2.2 Microbiological water quality and biofilm formation

 
The majority of microbial populations in drinking water are located in pipe 
surfaces of DWDS in the form of biofilms (Bagh et al., 2004; Douterelo et al., 
2016; Flemming et al., 2016), or even more in loose and soft deposits (Liu et al., 
2014; Zacheus et al., 2001). Accordingly, bulk water bacteria (including 
suspended solids) have shown to contain less than 2% of the total bacteria of the 
water system (Liu et al., 2014). 

Biofilm formation starts by the adherence of a few pioneer cells to a surface 
(Monroe, 2007). These pioneers use specialized chemical hooks to make the 
surface more attractive to other cells leading eventually into a complex and 
mature biofilm. The most distinguishing feature of biofilms is the slime they 
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secrete that keep cells together and protects them (Monroe, 2007). It is formed 
by a self-produced matrix i.e. extracellular polymeric substances (EPS) and 
consists mainly of water but also of various soluble and insoluble organic 
components (proteins, extracellular DNA, lipids, gel-forming polysaccharides) 
(Flemming et al., 2016) of which the latter predominates in the extracellular 
material (Türetgen and Cotuk, 2007). A tight EPS matrix is described as a 
capsule if particles are excluded and as a slime if matrix is easily detachable and 
contains particles (Van Houdt and Michiels, 2010). Local habitats occur in the 
biofilm EPS matrix depending on the surrounding environmental conditions i.e. 
gradients (Fig. 2). This matrix of physically distinct habitat provides benefits to 
the biofilm e.g. hydration, resource capture, digestive capacity. It also promotes 
the accumulation of nutrients, provides protection from antimicrobials, and 
facilitates intercellular interactions (Flemming et al., 2016). Bacterial 
interaction also occurs in biofilms and signaling chemicals (i.e. quorum sensing) 
might induce a sudden change in bacterial phenotype if the density of nearby 
cells exceed a certain threshold level (Monroe, 2007). Active expression of genes 
associated with a stationary phase was found to occur in the air-biofilm interface 
wheras cells in the interior portions of the biofilm did not express gene activity, 
and were possibly dormant in a late-stationary-phase-like state (Pérez-Osorio 
et al., 2010). Biofilms are even capable of accumulating heavy metal ions such 
as Cu2+ from bulk liquid (Huang et al., 2000). Furthermore, biofilms have 
shown to be drastically more resistant to heavy metal stress (copper toxicity 
described in chapter 4.1) than free-swimming cells, possibly due to the 
protective effect of EPS to biofilm cells by binding and retarding the diffusion of 
these heavy metals (Teitzel and Parsek, 2003). 

 
 

 
Figure 2. Biofilm heterogeneity in which different localized habitats occur based on availability 
of oxygen (O2 gradient), nutrients, pH or signalling molecules (quorum sensing). Reprinted by 
permission from [Springer Nature Terms and Conditions for RightsLink Permissions 
Springer Customer Service Centre GmbH]: [Springer Nature] [Nature Reviews 
Microbiology] [Biofilms: an emergent form of bacterial life, Flemming et al., [2016], 
advance online publication, 2 October 2018 (doi: 10.1038/sj.[ NAT.REV.MICROBIOL.].) 
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After establishment of a quasi-stable microbial structure in biofilm i.e. a stable 
stage in which a certain thickness is reached and detachment–multiplication 
ratio is balanced, composition does not significantly change with time in 
biofilms (Buse et al., 2014a) that thus provide long-term information from the 
water system. Studies have reported biofilms reaching a stationary state after
200 to 300 days with dramatically decreased proportions of viable bacteria 
compared to initial biofilms (Martiny et al., 2003). Initial biofilms, however, are 
rapidly formed and reach stable cell densities even after 14 to 28 days (Moritz 
et al., 2010; Waines et al., 2011). Mature (>18 months) biofilms in DWDS 
normally contain total cells in the range of approximately 4·106 to 3·107 
cells/cm2 and heterotrophic bacteria 9·103 to 7·105 colony forming units 
(CFU)/cm2 (Wingender and Flemming, 2004).  

DWDS biofilms and water generally consist of a few more frequent phyla in 
different proportions. Proteobacteria represent the most frequently occurring 
phyla with occurrences of 35–87% (Holinger et al., 2014; Lührig et al., 2015). 
Also Cyanobacteria (29%), Actinobacteria (24%), Firmicutes (6%), and 
Bacteroidetes (3.4%) are reported (Holinger et al., 2014). Proteobacteria sub-
classes of Alpha-, Beta- and Gammaproteobacteria have been found frequently 
in water distribution systems with varying occurrences (Douterelo et al., 2016; 
Schwartz et al., 1998). Gammaproteobacteria and Betaproteobacteria have 
been shown to be the most abundant phyla in biofilms whereas 
Alphaproteobacteria is reported as the most abundant in water samples 
(Douterelo et al., 2013). A few of the common bacterial habitants in DWDS with 
their special features are presented in Table 1. Not all bacterial species in water, 
however, are successful in forming biofilms (Table 1, Douterelo et al., 2013). The 
differences in biofilm composition as compared to bacterial communities in 
water shows the limitation of current monitoring strategies from bulk water 
samples: namely, the inability to account for  biofilm-associated risks 
(Douterelo et al., 2016). Fungal communities are less studied than bacterial 
communities in water distribution systems, Aspergillus, Rhexocercosporidium, 
Plectosphaerella, Exophiala, Candida and Basidiobolus have been reported at 
relative high occurrences (>10%) (Douterelo et al., 2016).  

Biofilms are known to detach to water in some cases e.g. by flushing and 
pressure changes, and can deteriorate water quality (Wingender and Flemming, 
2004). Still little is understood about the dynamics of complex microbial 
communities (Douterelo et al., 2016) although these communities are known to 
compete for limited space and nutrients (Rendueles and Ghigo, 2015). This 
competition, or synergistic effects, might affect the occurrence of single species, 
some of which may be pathogenic (Gião et al., 2015) highlighting the need for 
full microbial communities analyses.  
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Table 1. Some common bacterial habitants in DWDS.

Bacterial habitant (genera) Characteristics Reference

Sphingomonadaceae family Water meters in 
households (Lührig et al., 2015)

Acetobacteraceae family,
Burkholderiales order,
Rhodobacter, Sediminibacterium

Major groups that occur in 
water systems (Lu et al., 2014),

Mycobacterium and 
Sphingopyxis Occur in water systems

(Douterelo et al., 2016; 
Falkinham, 2011; Lu et 
al., 2014).

Sphingopyxis, Rhodomicrobium, 
Methylobacterium, 
Bradyrhizobium, 
Acidobacterium, Kaistobacter, 
Acidovorax, Rhodoplanes, 
Conexibacter, Gemmatimonas, 
Rhizobium, Patulibacter, 
Nitrobacter

Occurrence over 5% in 
DWDS biofilms (Douterelo et al., 2016)

Serratia, Paenibacillus, 
Sphingopyxis, Rhodomicrobium, 
Anabaena

Occurrence over 5% in 
DWDS water (Douterelo et al., 2016)

Rhodococcus, Bacillus, 
Alterythrobacter

Abundant mainly in water, 
unsuccessful in forming 
biofilms

(Douterelo et al., 2016)

Pseudomonas, 
Sphingomonas

High abundance in biofilms 
and biofilm forming 
capacity

(Douterelo et al., 2016; 
Jang et al., 2011; Liu et 
al., 2014; Navarro-Noya et 
al., 2013; Yu et al., 2010)

Sphingomonas
Resistance to disinfectants 
such as chlorine and 
chloramine

(Sun et al., 2013).

 

2.3 Microbiological health risks and most important water related 
pathogens in water systems

Most of the microbial populations in DWDS are considered as insignificant to 
human health whereas pathogenic microorganisms are still able to colonize 
DWDS and pose a waterborne health risk (Ashbolt, 2015). Water related, faecal 
origin pathogenic or opportunistic bacteria in water distribution system include 
Salmonella species, Vibrio cholerae, Escherichia coli, Yersinia enterocolitica, 
Campylobacter jejuni as well as viruses (entero-, rota-, adeno- and norovirus) 
and protozoa (Acanthamoeba castellani, Balantidium coli, Cryptosporidium 
homonis, Cryptosporidium parvum, Entamoeba histolytica, Giardia lamblia)
(Ashbolt, 2004).

Of special interest are environmental opportunistic bacterial species of non-
faecal origin such as some species of Legionella and Mycobacterium, as well as 
Burkholderia pseudomallei and Helicobacter pylori (Ashbolt, 2004). 
Pathogenic species of Legionella and Mycobacterium are important for public 
health as they can cause a potential risk for consumers, if present in potable 
supplies where they can survive even for weeks i.e. Mycobacterium avium and 
Legionella pneumophila within biofilms (Lehtola et al., 2007). Inhalation by 
aerosolized water is the main route of exposure for Legionella and 
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Mycobacterium species (Falkinham, 1996; Fields et al., 2002). Despite the 
potential health risk that relate to certain species of Legionella and 
Mycobacterium, these bacteria are not generally included in standard monitoring 
strategies (Ashbolt, 2004). For example, in Finnish legislation microbiological 
quality in cold drinking water is guaranteed by heterotrophic plate count (no 
unusual changes) and the absence of E. coli and enterococci (0 CFU / 100mL
water) (Regulation 1352, 2015) which are indicative of faecal contamination. 
Legionella control by a domestic distribution risk assessment has been 
proposed into the recast of European legislation legislation for water intended 
for human consumption (European Comission, 2018). 

 

2.3.1 Mycobacterium spp.  

Mycobacteria (Mycobacterium spp.) are common inhabitants in natural 
environments e.g. waters and soils as well as in constructed water systems. 
Mycobacterial genera contain both harmful environmental species as well as 
pathogenic or opportunistic species, the most well-known is Mycobacterium 
tuberculosis that cause tuberculosis and others i.e. nontuberculous 
mycobacteria especially the Mycobacterium avium complex (Mycobacterium
avium, Mycobacterium intracellulare) that are opportunistic pathogens which 
exist in water systems worldwide (Falkinham, 1996). Also other opportunistic 
mycobacteria species are reported e.g. Mycobacterium kansasii, M. 
haemophilum, M. fortuitum, M. abscessus and M. chelonae (Falkinham, 1996). 
Nontuberculous mycobacteria mainly cause disseminated diseases (e.g. 
bacteremia) to immunodeficient (e.g. AIDS) or immunosuppressed (e.g. cancer) 
patients wheras pulmonary disease or skin infections to an immunocompetent 
host also occur mainly in those with some predisposing condition e.g. injury or 
chronic lung disease (Falkinham, 2011, 1996).  

In Finland, Mycobacterium spp. have been found in DWDS biofilms ca. 10–
100 CFU/cm2 consisting ca. 0.01–1% from total heterotrophic plate counts 
(Torvinen et al., 2004). Nontuberculous mycobacteria are frequently detected 
from household or hospital tap water and biofilms in different US and Canadian 
cities (Falkinham, 2011; Holinger et al., 2014; von Reyn et al., 1993).
Mycobacteria e.g. the Mycobacterium avium complex have also been analysed 
from hospital water in Finland (Kusnetsov et al., 2001). In biofilms of 
chlorinated water systems, high abundances of mycobacteria up to 9 to 38% 
have been found (Bautista-de los Santos et al., 2016; Lu et al., 2014). 
Chlorination has been found to increase mycobacteria abundance in a biofilm 
over other heterotrophic bacteria even up to 100% in a pilot-scale study (Norton 
et al., 2004), and mycobacteria are generally considered as resistant to 
chlorination (WHO, 2017).  Taken together, slow-growing nontuberculous 
mycobacteria can colonise and persist in household plumbing or even multiply 
in the distribution system (Falkinham et al., 2001). The survival in DWDS might 
be explained by the absence of competition and low available nutrients, cell 
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surface hydrophobicity that results in disinfectant resistance, and biofilm-
forming capacity that further protects from disinfectants (Falkinham, 2011).   
 

2.3.2 Legionella spp.  

 
Similar to mycobacteria, also Legionellae species are common inhabitants in 
natural environments (Kusnetsov et al., 2001; Schwartz et al., 1998; Thomas et 
al., 2006) of which some species are opportunistic or pathogenic. Legionella 
occurrence has been found to correlate with biofilm biomass unlike 
Mycobacterium spp. (Proctor et al., 2018). The genus Legionella contains more 
than 50 species from which less than half are able to pose a health risk (Fields et 
al., 2002; Lau and Ashbolt, 2009). The pathogenic species of Legionella genus 
can cause Legionnaire’s disease pneumonia or a milder form of Pontiac fever in 
the case of inhalation of aerosolized water combined with increased human 
susceptibility to infection (Fields et al., 2002). The majority of diseases are 
caused by Legionella pneumophila (serogroup 1) (Lu et al., 2015). Also others 
are associated with disease e.g. Legionella anisa, L. feeleii and L. maceachernii, 
(Fields et al., 2002).  

Legionella spp. are intracellular parasites of protozoa and use a similar 
mechanism as they multiply within mammalian cells (i.e. human lung cells) 
(Fields et al., 2002). Intracellular multiplication within amoeba have also 
suggested to increase Legionella’s human pathogenicity (Lau and Ashbolt, 
2009). Metal requirements, especially iron, are reported for efficient L. 
pneumophila growth (Bachmann and Edyvean, 2005). Common protozoan hosts 
include amoebas Acanthamoeba spp. (Lau and Ashbolt, 2009; Lu et al., 2015), 
Hartmannella spp., Naegleri spp. and Vahlkampfia spp.  (Lau and Ashbolt, 
2009).  

Non-pneumophila Legionella frequently occur in biofilms at different 
abundances e.g. up to 7% in water distribution system biofilms in Germany 
(Schwartz et al., 1998). Legionella exist in hospital hot water systems in Finland 
and worldwide (Ciesielski et al., 1984; Kusnetsov et al., 2001). European 
guidelines recommend actions if high Legionella counts occur in water systems. 
These include ensuring monitoring for temperature, biocide levels etc. (>100 
CFU/L Legionella levels), re-sampling and immediate risk assessment including 
control measures (>1 000 CFU/L) and re-sampling and review of control 
measures including whether a disinfection of the whole system or affected area 
is necessary (>10 000 CFU/L) (ECDC, 2017). In spa pools, immediate 
disinfection actions are required if the Legionella level exceeds 1000 CFU/L
(ECDC, 2017).  
 

 



Drinking water systems in buildings

26 

2.4 Factors that shape microbial quality of water and biofilms

 
Multiple factors such as temperature, pipeline materials, nutrient availability 
and disinfection methods affect the DWDS microbes (Delafont et al., 2016). The 
water treatment process and source water also play a role in shaping the 
distribution system bacterial community (Revetta et al., 2016; Roeselers et al., 
2015). Biofilm cell coverage has been found to be similar within a distribution 
network whereas differences occur in diversity and richness in different raw 
waters (ground water, surface water), with surface water showing more diversity 
(Douterelo et al., 2016). Bacterial communities in raw water differ from those 
in processed water (Roeselers et al., 2015). Water in buildings, however, 
resemble processed water and differences occur between different treatment 
plants (Roeselers et al., 2015). Seasonal changes in water quality (temperature, 
nutrients etc.) affect the bacterial distribution in water from surface water 
sources (Douterelo et al., 2016; Henne et al., 2013). Water of groundwater origin 
show stable bacterial communities between seasons (Roeselers et al., 2015). 
Physico-chemical drinking water quality is different between surface and 
ground water (Ikonen et al., 2017).    

 

2.4.1 Temperature  

 
DWDS design and temperature are important operational parameters to control 
water quality, especially after entering a building. Temperature is a major driver 
of bacterial diversity (Buse et al., 2016). Due to changes in water temperature, 
biofilm bacterial community (Buse et al., 2016), cultivable bacterial counts 
(Ikonen et al., 2017) and bacterial community structures (Douterelo et al., 2016) 
can vary between the seasons. The hot water bacterial communities and 
microbial counts are often distinct from cold water bacterial communities (Bagh 
et al., 2004; Henne et al., 2013). Hot water systems generally show quite stable 
bacterial communities between different seasons (Henne et al., 2013) whereas 
more differences occur in cold waters (Henne et al., 2013). Cultivable bacteria 
in biofilms have shown higher counts in a hot water pipe (13·105 CFU/cm2, 55°C) 
compared to a cold water pipe (2.8·105 CFU/cm2, 25°C) (Bagh et al., 2004). The 
hot water bacteria (>60°C) communies show distinct characteristics from the 
cold water communities, and hot water communities display lower bacterial 
diversity and are related to high temperature habitats (Henne et al., 2013). The 
hot water system shows similar total and active bacterial populations whereas 
more differences occur in cold water systems (Henne et al., 2013). The high 
temperature adapted bacteria might originate partially from low abundant 
members of the cold water (Henne et al., 2013).   

Temperature is one of the most important environmental factors influencing 
the growth of pathogenic or opportunistic bacteria such as legionellae in water 
systems. Temperature can select some specific bacterial groups e.g. more 
Cyanobacteria in colder winter periods (Douterelo et al., 2016). Growth of 
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Legionellae occurs between 20°C and 45°C (ECDC, 2017). Temperatures over 
53°C eliminate the occurrence of M. avium from biofilms (Norton et al., 2004). 
Above 40°C many heterotrophic bacteria start to die whereas legionellae can 
still grow inside thermotolerant amoebae (WHO, 2017). Hot-water systems 
operating at 50°C may contain a reservoir of viable L. pneumophila in biofilms 
that protect them from the high water temperatures (Rogers et al., 1994a) 
whereas L. pneumophila growth is unlikely (Rogers et al., 1994b). Most studies 
have shown Legionella spp. or L. pneumophila absence in temperatures above 
60°C (Kusnetsov et al., 2001; Rogers et al., 1994a). The effect of heat treatment,  
however, is not stable as it is affected by pipeline materials and nutrients 
(Norton et al., 2004) and thus might vary between different DWDS. General 
guidelines are determined for suitable temperature control i.e. avoiding water 
temperatures between 25°C and 50°C (preferably over 55°C or below 20°C) is 
an important factor in controlling the risk for Legionella spp. (WHO, 2017). In 
many countries where cold water temperatures below 20°C may not be 
achievable, it is advised that the risk assessment will consider the potential risk 
of infection due to increased temperature as the rate of growth multiplies with 
increasing temperature (WHO, 2017). As in many countries, only cold water 
quality in Finland is regulated by legislation (Regulation 1352, 2015). In many 
geographical areas of Europe the cold water temperatures in the DWDS can 
range between 4 to 18°C depending on the season, the water temperature 
increases inside a building from the water main (Douterelo et al., 2016; Henne 
et al., 2013; Ikonen et al., 2017; Lautenschlager et al., 2010). 

 

2.4.2 Stagnation 

 
The prevention of microbial growth includes prevention of stagnation in both 
storage and distribution (WHO, 2017). For example, Legionella benefit from 
stagnated conditions and in stagnated sites within a building, higher counts 
occur than in regularly used locations (Ciesielski et al., 1984; Kusnetsov et al., 
2001). Microbial growth (Lautenschlager et al., 2010) and changes in microbial 
community diversity are found after stagnation periods even after a half day and 
longer (Ji et al., 2015; Ling et al., 2018). Especially Alpha- and 
Betaproteobacteria increased due to stagnation (Ling et al., 2018). If biofilms 
are released into the water flow, the water quality is impaired due to microbes 
of the biofilm (Zacheus et al., 2001), also seen as high turbidity in flushed water 
(Douterelo et al., 2016). The effect of a singular flow event might be meaningful 
as microorganisms may not populate the pipe walls in the same way after the 
flushing (Douterelo et al., 2016). 

During stagnation of cold water, the temperature might increase inside the 
premise plumbing of the heated buildings and chlorine levels may decrease. 
Both of these changes are well known to increase microbial growth within 
premise plumbing (WHO, 2017). In addition to temperature increase and 
diminishing disinfection residual, stagnation increases microbial growth due to 
the lack of physical movement, i.e., flushing. Flushing exerts a beneficial 
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selective pressure and causes shear stress to the system that causes transfer of 
particulates from the pipe walls into the bulk water (Douterelo et al., 2013; 
Douterelo et al., 2016). Further, DWDS bacteria are influenced by the 
biomass/material that remain attached to the pipe wall following flushing 
(Douterelo et al., 2016). Especially circulating hot water systems that are 
common in bigger buildings e.g. offices, differ radically by water flow from 
systems heated in stagnated conditions. For example, continuous water flow is 
known to decrease Legionella counts (Ciesielski et al., 1984) and Legionella can 
be found ouside the hot water circulation (taps, showers) but not close to heat 
exchanger at 60°C (Kusnetsov et al., 2001). Operational parameters and how 
the water is distributed, may even have a greater influence on end-point 
microbial communities than geographical location or the source water 
(Holinger et al., 2014).  
 

2.4.3 Materials  

 
In metallic pipelines, material corrosion processes may act as a source of 
material accumulation or as a protective layer in pipelines. A steady protective 
layer is formed onto copper pipelines in a water system and, this general copper 
corrosion is a complex mechanism which involves formation through many by-
products including cuprous oxide i.e. cuprite (Cu2O), cupric hydroxide Cu(OH)2 
or cupric oxide (CuO) (Kear et al., 2004). In the presence of chlorides such as in 
sea water in higher concentrations, the initial corrosion product of copper is 
cuprous chloride (CuCl) which oxidises through cuprous oxide to cupric 
hydroxide (Cu(OH)2), atacamite (Cu2(OH)3Cl) or malachite (CuCO3·Cu(OH)2) 
(Kear et al., 2004). Copper as a pipeline material in DWDS is discussed later in 
chapter 4.5.  

Localized metal corrosion may also occur in DWDS which can provide for 
example an iron source that affects the bacteriological composition of mobilized 
material and is released into the water flow by flushing (Douterelo et al., 2016). 
This phenomenon can be seen as a high level of iron from flushing of cast iron 
pipe (Douterelo et al., 2016). Some micro-organisms such as strict anaerobic 
sulfate-reducing bacteria can accelerate microbially influenced corrosion in 
biofilms (McNeil and Little, 1992). Phosphate nutrients can accumulate (i.e. get 
trapped) onto the iron pipe surface (Douterelo et al., 2016) and react with 
copper in copper pipes depending on the pH level (Lytle and Liggett, 2016).  

Pipeline inner surfaces remain uncleanable in normal operating conditions 
leading to biofilm formation. Biofilm formation is influenced by materials, 
especially by copper in its early stages (Chowdhury, 2012; Schwartz et al., 1998; 
Waines et al., 2011). This biofilm formation can lead to water quality 
deterioration when biofilms are flushed into water (Zacheus et al., 2001). Micro-
organisms within the biofilm maintain a different environment at the surface of 
metal material than that in bulk water due to surrounding conditions i.e. pH, 
dissolved oxygen, and other organic and inorganic material (McNeil and Little, 
1992). Sensitity of bacteria to different metals varies (Lemire et al., 2013), and 
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toxic doses vary between bacterial species (Huang et al., 2008). Metal ion 
concentrations within biofilm can rise to levels that cause precipitation (McNeil 
and Little, 1992). Different predominant bacterial species might occur in water 
systems depending on pipeline material e.g. high abundance of 
Hyphomicrobium and Desulfovibrio in iron pipes and Sphingomonas and 
Pseudomonas in polyvinylchloride (PVC) or stainless steel has been noted (Ren 
et al., 2015). 

Microbial behavior in plastic pipes in turn is influenced by temperature and 
nutrients or other bulk water properties rather than corrosion processes seen in 
metallic pipelines (Douterelo et al., 2016). Generally, plastic pipes such as PEX 
include additives like, stabilizers, softeners and colouring agents. Organic 
substances i.e. degradation products (additives due to pipe manufacturing 
processes) and by-products (from the synthesis of pure phenolic additives) can 
be released from the material into water (Brocca et al., 2002). Part of the carbon 
released from plastic pipes can be assimilable to microbes in a form of AOC 
(Bucheli-Witschel et al., 2012). In plastic pipelines, microbial nutrient 
phosphorus leaching can also occur e.g. in the form of microbially available 
phosphorus (MAP) (Lehtola et al., 2004). Many studies have shown higher 
microbial counts in plastic materials (polyethylene, polyvinylchloride, latex, 
ethylene-propylene, polypropylene) in the early stages (up to 28 days) of biofilm 
formation compared to non-copper metals (stainless steel) (Schwartz et al., 
1998) or glass (Rogers et al., 1994a) suggesting nutrients are leaching from the 
material. High concentrations (160–320 mg/L) of total organic carbon (TOC) 
were reported to leach from polyethylene, ethylene-propylene and latex 
compared to glass control (3 mg/L) (Rogers et al., 1994a). Furthermore, 
ethylene-propylene-diene-monomer rubber has shown enhanced microbial 
colonization over PEX (Moritz et al., 2010).  

In Finland, drinking water system materials had to meet the criteria listed in 
a decree called The National Building Code D1 (Water supply and drainage 
installations for buildings, Regulations and guidelines) by the Ministry of the 
Environment until 2017. Updated legislation is in force since the beginning of 
2018 but legislation currently lacks regulations for products. Detailed 
regulations for product groups will be set during 2018 (Ministry of The 
Environment, 2018). It is probable that the future legislation requires that all 
parts of the distribution system must be acceptable for use for drinking water 
systems and suitable for the site-specific raw water quality. 
 

2.4.4 Chlorine disinfection 

 
Disinfection and removal of pathogenic microorganisms is essential in the 
supply of safe drinking water (WHO, 2017). End-point disinfection commonly 
involves the use of reactive chemical agents which include free chlorine and 
chlorine dioxide (WHO, 2017; ECDC, 2017). Disinfection by chlorine effectively 
decreases the microbial numbers in water and biofilms (Kauppinen et al., 2012; 
Lehtola et al., 2005) and can reduce total bacteria and respiratory activities in 
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biofilms by even 80% (Schwartz et al., 1998). The efficiency of disinfectant to 
bacterial community is dependent on the phase (biofilm, water) as bacterial 
communities resilience and resistance to disinfectant within these phases vary 
(Gomez-Alvarez et al., 2016). The WHO’s health-based guideline levels for 
maintaining total chlorine in drinking water are set between 0.2 and 1 mg/L at 
the point of delivery with the guideline maximum value of 5 mg/L (WHO, 2017). 
In Finland, chlorine concentrations in water networks are usually low in both 
groundwater plants (0.3 mg/L) and in surface water treatment plants (0.5 
mg/L) (Mäkinen, 2008). In addition, many entirely non-chlorinated DWDS 
occur in groundwater sources. The use of chemical disinfectants in water 
treatment usually results in the formation of chemical by-products. Chlorine 
disinfectants are especially able to react with organic matter within water 
systems producing some halogenated disinfection by-products e.g. 
trihalomethanes (WHO, 2017). The risks to health from these by-products, 
however, is evaluated as being extremely low when compared to risks associated 
with inadequate disinfection (WHO, 2017). High levels of chlorine most 
probably cause corrosion with prolonged use. An excess of chlorine can 
adversely affect the taste of the water (WHO, 2017). 

Chlorine possesses greater biocidal efficiency in environments with low 
oxidazable materials (Bachmann and Edyvean, 2005). Corrosion products from 
iron pipes have shown to decrease free chlorine disinfection efficiency but not 
in galvanised copper or PVC plastics (Mark et al., 2015). Materials can corrode 
and consume influent chlorine in the water. Residual chlorine consumption in 
steel (decreasing rate 69%) was found to be the highest followed by similar 
consumption (22–27%) of copper, stainless steel and PVC (Jang et al., 2011). 
Despite the generally higher corrosion found in iron pipelines, the residual 
chlorine consumption by corrosion in the copper pipes might also reduce the 
disinfection efficiency (Lehtola et al., 2005). In chlorinated water systems, 
corrosion scales in copper pipes, especially Cu2O and CuO are responsible for 
the depletion of chlorine in the copper pipe (Li et al., 2007; Li et al., 2008). The 
complex reactions at the copper pipe wall include corrosion, oxidation of Cu+ 
and possibly Cu2+ minerals and also changes in chlorine species that are affected 
by pH (Lytle and Liggett, 2016). Clorine dioxide (ClO2) disinfectant 
consumption in iron and copper materials has been less studied than that of free 
chlorine, magnetite (Fe3O4) and cuprite (Cu2O). These are likely the main 
compounds in the scales that causes clorine dioxide loss with the latter showing 
clearly a lower reaction rate (Zhang et al., 2008).  

Chloramines such as monochloramine (NH2Cl) are more persistent in water 
systems and show greater efficacy against biofilms than more reactive chlorine 
(ECDC, 2017) due to chloramine’s ability to penetrate deeper into the biofilms 
(Lechevallier et al., 1988). Since monochloramine is considered to be a less 
effective disinfectant than chlorine (WHO, 2017), it is used as a secondary 
disinfectant to maintain a residual in distribution systems. Monochloramine as 
well as dichloramines and trichloramines are formed as a result of the reaction 
of chlorine and ammonia in water (WHO, 2017). Typical concentrations of 
chloramine in drinking water remain between 0.5 and 2 mg/L with a maximum 
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guideline value of 3 mg/L (WHO, 2017). Monochloramine has shown higher 
efficiency than free chlorine (LeChevallier et al., 1990) towards biofilm 
associated bacteria including Legionella in biofilms. However, 
monochloramine treatment has shown to increase relative abundance of some 
bacteria e.g. genera Legionella, Escherichia, Mycobacterium and 
Sphingomonas (Chiao et al., 2014). In the chloraminated systems, the 
availability of ammonia by-products (from chloramine formation) promote 
growth of nitrifying and denitrifying bacteria i.e. ammonia-oxidizing bacteria 
(AOB) and nitrite-oxidizing bacteria (Regan et al., 2003). The predominance of 
AOB can produce excess amounts of harmful nitrite to drinking water (WHO, 
2017); thus nitrite concentrations should be monitored especially in 
chloraminated water systems.  

Similarities between the disinfected and untreated (non-disinfected) bacterial 
populations within biofilms are generally low (Roeder et al., 2010) in which the 
untreated biofilms show softer biofilms and higher biofilm materials 
attachment (Shen et al., 2017). Disinfectants cause a considerable population 
shift by selection pressure (Roeder et al., 2010). Composition and concentration 
of disinfectant influence abundance and occurrence of total bacterial 
communities and key bacterial genera in terms of public health relevance (e.g. 
Legionella, Mycobacterium) (Bautista-de los Santos et al., 2016; Mi et al., 2015; 
Schwartz et al., 1998) as well as eukaryotic communities (Wang et al., 2014). In 
a metastudy of full-scale DWDS water, Legionella was reported as being more 
abundant in disinfection free systems than disinfected systems (Bautista-de los 
Santos et al., 2016). In contrast, Mycobacterium and Pseudomonas were more 
abundant in disinfected than in nondisinfected systems in which the previous 
was more abundant in systems chlorinated using free chlorine and the latter in 
chloraminated systems (Bautista-de los Santos et al., 2016). As a disinfection 
tolerant bacterium, M. avium numbers can increase to up to 100% over other 
heterotrophic bacteria at high chlorine concentrations (5 mg/L) in biofilms 
(Norton et al., 2004). Several amoebal species such as Acanthamoeba spp. can 
resist extremely high concentrations of biocides (Thomas et al., 2010). Some 
amoeba-resisting bacterial species such as L. pneumophila and Mycobacterium 
spp. survive within many amoebal cysts especially many Acanthamoeba species 
and Hartmannella vermiformis (Thomas et al., 2010; Wang et al., 2012a) and 
may benefit the efficient protection that amoebal cysts afford. Overall, chlorine 
disinfection of drinking water is not that efficient against protozoan pathogens 
(especially Cryptosporidium) and some viruses in comparison to its efficiency 
towards bacteria (WHO, 2017). 

Other common disinfection techniques include chemical disinfection by 
peracetic acid (C2H4O3) (Kauppinen et al., 2012), UV radiation or ozone (WHO, 
2017) and copper-silver ionization (ECDC, 2017). Ozone and UV radiation 
produce less harmful by-products, but do not form disinfectant residual and 
thus lack the end-point protection (Bachmann and Edyvean, 2005). The 
antimicrobial effects of ionization i.e. copper ions are discussed more detailed 
in chapter 4.5.1. 
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2.4.5 Magnetic water treatment (MWT) 

 
Magnetism is based on motions of electrons and how these electrons interact 
with each other, and is used to characterise the magnetic phase of materials 
(Ambashta and Sillanpää, 2010). In the well-known concept of induction, 
electrical current is induced when a magnetic field flux meets ions or conductive 
material (Zaidi et al., 2014).  Generally, magnetic behaviour of particles can be 
determined from their reactions in a magnetic field and are classified into five 
major groups by their interactions to magnetic poles: dia- (weakly repulsive), 
para- (weakly attractive), ferro- (strongly attractive), ferri- (no magnetic 
moment), and antiferromagnetism (strongly repulsive) (Ambashta and 
Sillanpää, 2010). Magnetic separation by high-gradient magnetic separation or 
magnetic fields have been adapted in e.g. anti-scale and waste-water treatments 
such as color, heavy metals and solids removal whereas the effects of magnetic 
fields on bacteria are inconsistent (Zaidi et al., 2014). Electromagnetic field is a 
common type of changing magnetic field, where an increase in electric current 
consequently increases the magnetic intensity (Li et al., 2007) opposite to the 
static magnetic field of steady flow (zero frequency, Hz). Despite the benefits of 
the use of magnetic fields in different applications, the mechanism remains 
unknown and contradicting results have been reported on the effects of MWT 
(Zaidi et al., 2014). It is suggested that the efficiency of a magnetic field depends 
on the circumstances and is affected by magnetization and exhibition of a 
magnetic field (i.e. molecule’s polaric nature and positive or negative charge), 
magnetic gradient (i.e. magnetic flux concentration), Lorentz force (affect 
charged particle moving) and magnetic memory (sustaining magnetization 
properties after magnetic field) (Zaidi et al., 2014). MWT in water distribution 
system has shown effectiveness for scale i.e. calsium carbonate (CaCO3) control 
(Kobe et al., 2002; Parsons et al., 1997). Application of a magnetic field has been 
shown to have an effect on the crystallization product of CaCO3 (Kobe et al., 
2002; Zaidi et al., 2014) and CaCO3 quantity (Alimi et al., 2009).  

Static magnetic fields of 30–100 mT have been shown to reduce the cell 
growth or have a lethal effect on the bacteria Streptococcus mutans and 
Staphylococcus aureus but not for E. coli (Kohno et al., 2000). Decrease of E. 
coli cell growth was observed at static magnetic field of 450mT to 3500 mT (Ji 
et al., 2009). Low-frequency (50 Hz) magnetic field (2.4–10 mT) decreased 
especially with E. coli cell counts (Fojt et al., 2004; Strasak et al., 2002) as well 
as Leclercia adecarboxylata and Staphylococcus aureus counts (Fojt et al., 
2004). Magnetic pulse compressor technology can produce pulsed electric 
fields, and short time high-voltage pulses with high-electric-field strengths have 
shown lethal effects on E. coli (Lodes et al., 2006; Narsetti et al., 2006). 
Enhanced growth or activity of some bacteria e.g. photosynthetic bacteria 
Rhodobacter sphaeroides has also been attributed to magnetic fields 
(Utsunomiya et al., 2003). The algae Spirulina platensis showed enhanced 
growth under magnetic intensities up to 0.4T after which growth rates 
decreased at the end (Li et al., 2007). Thus different bacteria also appear to have 
a unique magnetic susceptibility and bacterial activity can be either inhibited or 
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enhanced (Zaidi et al., 2014). It has been concluded that for activated sludge, 
the microflora is affected by the magnetic field, which induces changes in the 
predominant microflora and can be seen as an increase of bacterial wastewater 
biodegradation or changes in bacterial polyhydroxyalkanoates production 
(Zaidi et al., 2014). Comparison of different studies  is difficult due to different 
circumstances used in the studies, i.e. magnetic flux density of static magnetic 
fields and exposure times that are known to affect these phenomena (Fojt et al., 
2004; Kohno et al., 2000; Miyakoshi, 2005).   

At specific current densities, some cell membranes are suggested to be 
ruptured and certain cells might be killed (Fortun, 1997). Pulsed electric fields 
rupture cells through electroporation in which swelling and eventual rupture of 
the cell membrane occur (Narsetti et al., 2006). Unlike magnetic field free 
circmstances, P. aeruginosa was killed by magnetic direct current within a 
biofilm with the presence of antibiotics (Fortun, 1997). It has been suggested 
that in biofilms, the ionic current could  degrade protective exopolysaccharides 
of the biofilm and thus allow an antibiotic kill the biofilm bacteria, as is seen 
with planktonic bacteria (Fortun, 1997). Whereas bactericidal effects occur in 
varying situations,  magnetic fields alone have been summarised to have only 
minor or non-existent effect on human or animal cell growth regardless of 
magnetic density (Miyakoshi, 2005). Some studies have also reported that 
magnetic field might activate production of certain genes or gene expression 
(Miyakoshi, 2005; Utsunomiya et al., 2003). Different bacteria have different 
limitations to susceptibility level of magnetic field and while exceeding the limit, 
the bacteria might die or exhibit growth reduction (Zaidi et al., 2014).   
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3. Touch surface environment

3.1 Hygiene of touch surfaces 

 
Contaminated touch surfaces can contribute to transmission of pathogens by 
acting as vectors for spreading infectious agents between humans (Otter et al., 
2013). Microbes, including pathogenic and opportunistic bacteria and viruses, 
are able to persist on a surface for hours  and up to months (Boyce, 2007; 
Kramer et al., 2006; Neely and Maley, 2000). Facilities occupied with multiple 
people e.g. kindergarten, schools and offices, may act as a risk for acquiring an 
infection through touch surfaces, especially in hospitals (Boyce, 2007). 
Generally, proper hand hygiene (Gunter and Kramer, 2004; Jumaa, 2005) and 
cleaning practices (Dancer, 2008) is a beneficial way to prevent transmission of 
microbes from contaminated inanimate surfaces to humans. Also careful hand 
drying after hand washing is important in disrupting the chain of microbial 
transfer (Patrick et al., 1997). Microbial spreading can be limited through 
removing the touch surfaces when possible (e.g. touch free solutions) or 
reducing microbial load by antimicrobial materials (Ahonen et al., 2017) such 
as copper (chapter 4.6).   

Guideline values are often used to evaluate microbiological safety in touch 
surfaces that possess special risk for spreading infections. The suggested safe 
limit of total bacteria count 20 CFU/cm2 is utilized in cleaned and sanitized food 
contact areas (Sneed et al., 2004). The surface hygiene benchmark (modified to 
<2.5 CFU/ cm2) for aerobic colony counts, and for meticillin-resistant 
Staphylococcus aureus (MRSA), vancomycin-resistant enterococci (VRE), 
multidrug-resistant gram-negative bacilli, Salmonella spp. and Clostridium 
difficile (<1 CFU/cm2) is used in hospitals where higher values count as hygiene 
failures (Dancer, 2004; Mulvey et al., 2011). Plate counts of 40 to 100 CFU/cm2 
are specified as heavy growth (Mulvey et al., 2011). 

Microbial levels vary greatly between different facilities as multiple factors 
affect touch surface microbial load. Studies have reported total bacterial counts 
on surfaces mostly 26 CFU/cm2 or less in schools, hospitals, households and 
child care centers and public area surfaces (Bright et al., 2010; Casey et al., 
2010; Cosby et al., 2008; Karpanen et al., 2012; Malaeb et al., 2016; Ojima et 
al., 2002; Otter and French, 2009). Also bacterial loads exceeding 100 CFU/cm2

 occur in some of these facilities (Karpanen et al., 2012; Ojima et al., 2002; 
Otter and French, 2009). The highest bacterial or faecal coliform levels in 
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households are linked to moist locations (Sinclair and Gerba, 2011), especially 
on kitchen and bathroom surfaces (Kagan et al., 2002; Ojima et al., 2002).  

Many bacteria contribute to the occurrence of healthcare-associated 
infections (HCAI) such as MRSA, VRE and C. difficile (Boyce, 2007). These are 
capable of surviving for days to weeks on environmental surfaces, are often 
present in healthcare facilities and are shown to spread through environmental 
surfaces (Boyce, 2007; White et al., 2008). In the hospital environment, 
antibiotic resistant strains pose challenges (ECDC, 2008). It has been reported 
that 67% of the staphylococcal strains isolated from hospital surfaces can be 
methicillin resistant (Różańska et al., 2017). Environmental surfaces near 
patients are frequently touched and also mutually contacted by health-care 
workers, and thus may be linked to the transmission of HCAIs (Cheng et al., 
2015; Dancer, 2008). Recent studies using new NGS technologies, have 
revealed bacterial genera in hospitals which include pathogenic or opportunistic 
species i.e. Acinetobacter, Stenotrophomonas, Burkholderia, Flavobacterium, 
Propionibacterium, Pseudomonas, Staphylococcus and Escherichia/Shigella 
(Oberauner et al., 2013), Salmonella enterica, Klebsiella pneumoniae, and S. 
aureus (Pereira da Fonseca et al., 2016). Some pathogenic bacteria including 
hospital dominant clones of MRSA, are also common in other environments 
such as child care-centers (Adcock et al., 1998) and public buses (Conceição et 
al., 2013). 

Human skin is an important source of bacteria in multiple different indoor 
environmental surfaces including restrooms (Flores et al., 2011), office building 
(Chase et al., 2016), households (Jeon et al., 2013), hospitals (Oberauner et al., 
2013; Pereira da Fonseca et al., 2016) and public transportation systems 
(Afshinnekoo et al., 2015). High occurrence of bacteria from gastrointestinal 
and urogenital tracts can be also found (Afshinnekoo et al., 2015). Higher 
bacterial loads are reported concordingly with frequent use of touch surfaces 
e.g. door handles (Wojgani et al., 2012). Of skin-associated bacteria, the 
community diversity in human hands is affected by individual properties such 
as sex, handedness, and washing habits (Fierer et al., 2008). In touch surfaces 
of hospitals, human skin-associated genera are frequently reported i.e. 
Propionibacterium, Corynebacterium, Staphylococcus, Streptococcus, 
Bradyrhizobium (Oberauner et al., 2013; Pereira da Fonseca et al., 2016). 
Generally, several organisms i.e. Staphylococcus and Propionibacterium spp. 
dominate the skin microbiota (Grice and Segre, 2011).  

The most common cultured bacteria in child-care facilities are Bacillus spp., 
followed by Staphylococcus spp., Microbacterium spp., and Pseudomonas spp. 
and their manifestation was connected to diaper changing (Lee et al., 2007). 
Coliforms and E. coli are also commonly found in child-care facilities (Cosby et 
al., 2008). The home environment is reported to often contain 
Enterobacteriacae, and transmission of infectious disease has been estimated 
to occur in 6–60% of households in which one member is ill (Kagan et al., 2002). 
DNA of a public transportation system surfaces were reported in one study to 
originate mainly from bacterial origin or unknown organisms (47–48%) wheras 
less than 0.7% consisted of eukaryota, viruses or archae (Afshinnekoo et al., 
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2015). Species-level identification from these most abundant bacterial genera 
(e.g. Pseudomonas, Stenotrophomonas, Enterobacter, Acinetobacter, 
Enhydrobacter, Enterococcus) showed that the majority (57%) were not 
associated with any human disease whereas the rest represented potentially 
opportunistic bacteria (31%) or known pathogens (12%) (Afshinnekoo et al., 
2015).  
 

3.2 Cleaning and disinfection

 
Cleaning of touch surfaces has both non-microbiological and microbiological 
functions. The non-microbiological functions are intended to keep the physical 
appearance, maintain current functions and to prevent deterioration of the 
surface (Dancer, 2004). The main microbiological function of cleaning is to 
reduce the numbers of microbes present on the surface (Dancer, 2004). 
Adenosine triphosphate (ATP) bioluminescence assays are commonly used to 
evaluate the quality of cleaning on food preparing surfaces and increasingly also 
used in clinical settings (Boyce et al., 2009). ATP assay measures all organic 
material including bacteria and dirt (food, human secretions). In food industry 
settings, cleaning with normal detergents produced approximately one LOG 
reduction on microbial counts, followed by similar reduction after disinfection 
(Gibson et al., 1999). 

Especially in hospitals, cleaning protocols have received attention (Boyce et 
al., 2009; Dancer, 2004). In hospitals, the use of the appropriate chemical 
product to reach the level of disinfection desired is suggested to prevent HCAIs 
(WHO, 2002). These include bleach sodium hypochlorite for a high level of 
disinfection, phenol derivatives and ethyl and isopropyl alcohols for 
intermediate disinfection and quaternary ammonium for low level of 
disinfection (WHO, 2002). Studies in hospital environments have shown that 
cleaning with hospital-approved disinfectants can reduce bacterial load on 
surfaces by up to 99% (Attaway et al., 2012). Low microbial loads (<2.5 
CFU/cm2) just after the terminal cleaning occurs (Al-Hamad and Maxwell, 
2008; Schmidt et al., 2012).  

Despite efficient cleaning, the bacterial population has an ability to rebound 
back to higher levels similar to prior disinfection (Attaway et al., 2012). One 
study in a hospital estimated the mean increase in total bacteria counts on a 
surface to be 22.5 CFU/h after cleaning (Mikolay et al., 2010). In practice, high-
touch surfaces have shown rapid bacterial contamination of total bacteria or 
multidrug-resistant organisms after routine daily cleaning in a hospital (Boyce 
et al., 2009; Gavaldà et al., 2015).  

It is important to note that bacterial spores are more tolerant towards 
disinfectants than vegetative bacterial cells. C. difficile is one of the bacteria 
which produce spores. The spores of C. difficile have shown to require less than 
15 minutes inactivation of higher regular bleach dosages (3000–5000 mg/L 
free chlorine) and 30 minutes with lower concentration (1000 mg/L) or with 
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chlorine dioxide (Perez et al., 2005). Bleach dosages of greater than 2600 mg/L 
free chlorine are also effective against norovirus within minutes (Belliot et al., 
2008). 

 

3.3 Materials and surface types 

 
Generally used materials in indoor touch surfaces consist of a variety of 
materials including different metals, metal alloys, plastics, paints and natural 
materials e.g. wood that do not contain special hygienic properties. 
Antimicrobial touch surface materials however, can improve touch surface 
hygiene. For example, metals posess an important group of antimicrobial 
materials, of which copper (chapter 4.6) and silver (Potter et al., 2015) are the 
most well-known whereas other metals i.e. mercury, cobalt, lead, molybdenum, 
nickel and zinc have also been reported to have antimicrobial properties 
(Lemire et al., 2013; Yasuyuki et al., 2010). Other antimicrobial nanomaterials 
include e.g titaniumdioxide (TiO2) (Hajipour et al., 2012). Metal complexes can 
result in enhanced bacteria killing compared to pure metal as reported with 
copper–silver alloy in wet conditions (Hans et al., 2014). Silver has shown both 
higher (Michels et al., 2009; Warnes and Keevil, 2011) and lower (Hans et al., 
2014; Knobloch et al., 2017) antimicrobial efficiency in wet conditions than 
copper. Silver oxide has shown higher antimicrobial activity than pure silver 
(Huang et al., 2008; Stojan Djokić, 2010). The antimicrobial efficiency of silver 
correlates to the amount of released silver ions (Guldiren and Aydin, 2016). 

 Standardised protocols help to test the antimicrobial efficiency of a material 
on a touch surface. However, comparison of different materials is challenging 
due to a lack of one standardised method that would be applicable to all 
materials. Japanese standard JIS Z 2801 (JIS Z 2801, 2012) or its modification 
ISO 22196 are designed for hard products. These protocols use wet conditions 
(relative humidity >90%) and a temperature of 36°C that might not mirror 
reality and are suggested to fail to predict the efficacy of the studied antibacterial 
surface under real existing conditions in hospital settings or indoor 
environments where dry surfaces and lower temperatures occur (Knobloch et 
al., 2017; Michels et al., 2009). A modified assay (touch transfer assay) was 
recently presented to mimic the fingerprint transmission under more realistic 
dry conditions (at 22°C) (Knobloch et al., 2017). Usage of the new technique 
further showed decreased antibacterial efficiency of pure silver.  

For copper surfaces to be registered in the US, the US EPA lists requirements 
for the material in order to be registered as antimicrobial product. A new draft 
to replace old registration protocols exist in which a copper surface has to show 
efficacy as a sanitizer i.e. 99.9% indicator/pathogen (S. aureus, P. aeruginosa) 
load reduction within one hour (US EPA, 2016). The US EPA protocol applies 
to hard non-porous copper containing surface products that are intended for 
indoor use only (US EPA, 2016).  The US EPA protocol also provides normalised 
methods to assess the impact of biocidal cleaning liquids as well as soil load 
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(bovine serum album, yeast exctract, mucin). Copper alloys registered earlier 
(EPA registration numbers 82012-1 to 82012-6) with minimum 62% copper 
content (group VI) have been proven to reduce microbial contamination and kill 
six selected bacteria that are known to cause infections (S. aureus, MRSA, VRE, 
E. coli O157: H7, P. aeruginosa, Enterobacter aerogenes) (US EPA, 2009). 

Even when the material itself is not antimicrobial, it may still be able to reduce 
the spreading of infections. For example the effectiveness of  different dirt 
repellent and self-disinfecting surfaces is based on this principle (Humphreys, 
2014). Furthermore, the antimicrobial effects of positively charged surfaces are 
reported (Gottenbos et al., 2001) and smooth surface structure has found to 
hinder bacterial growth compared to rough surfaces (Li et al., 2010). Special 
designs e.g. Sharklet micropattern are reported to work by physically blocking 
biofilm development and show lower bacterial load in comparison to smooth 
surfaces (Chung et al., 2007; Mann et al., 2014).  
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4. Antimicrobial effects of copper in 
water systems and touch surfaces 

Killing of bacteria by copper is different in a water environment where corrosion 
properties and toxicity of metal ions are involved, and in dry copper surfaces 
with direct surface interaction (Fig. 3). Contact killing mechanism require 
surface interaction, yet the mechanism is partly unsolved. The proposed 
mechanism is a combined effect of 1) bacterial contact with the copper surface 
and 2) the dissolution of copper. Hence, in the next chapter (chapter 4.1), the 
focus will be on the killing mechanisms of copper on aquatic environments. Fast 
contact killing in dry circumstances i.e. contact killing mechanism is described 
in chapter 4.2. 

 

 
Figure 3. Antibacterial activity of metal and key factors of toxicity in aqueous phase. In the “dry 
exposure” of bacteria to copper (picture on the right), minor aqueous phase surrounds the bacteria
enabling toxic processes. Reprinted with permission from [(Hans et al., 2016)]. Copyright [2016], 
American Vacuum Society.
 

4.1 Copper toxicity mechanism

 
The exact mechanisms of copper toxicity remain partly unknown. The 
mechanisms are generally considered as multicausative (Fig. 4). In aquatic 
environments, intracellular poisoning is probably the first step in metal toxicity 
similar to other metals. Every micro-organism has a different complement of 
transport proteins that handle both uptake and efflux of metals, highlighting the 
net activities in the poisonous quantities of metals (Lemire et al., 2013). 
Essential metal uptake to the cell is through direct transport in the outer 
membrane by general bacterial porin superfamily proteins or through 
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transporters in the periplasm and at the cytoplasmic membrane, or co-
transported into the cell by binding to ligands e.g. phosphate, amino acids, 
peptides or organic acids (Lemire et al., 2013).   

Major causative toxic effect of copper is due to reactive oxygen species (ROS) 
(Fig. 4A) i.e. superoxide anion, hydrogen peroxide and hydroxyl radicals. In 
short, copper ions with combination of reducing agents increases oxidative 
damage, which further enhances degradation of cell compounds. In essence, 
copper catalyses the lethal damage of oxygen to cells. One of the ROS, hydrogen 
peroxide, is believed to be responsible for most of the cellular damage and is 
generated by electrons generated from the copper surface in aquatic and 
atmospheric oxygen. In addition to copper, some other metals (i.e. iron, 
cadmium, chromium, lead, mercury, nickel, vanadium) also exhibit the ability 
to produce reactive oxygen species, which may result in lipid peroxidation, DNA 
damage, depletion of sulfhydryls or altered calcium homeostasis (Stohs and 
Bagchi, 1995). Copper tends to alternate between cuprous Cu1+ and cupric Cu2+ 
oxidation states which is why it is used as an enzyme cofactor in biological 
processes. This redox-cycling potential is also responsible for its toxic nature 
(Santo et al., 2008) but could also consume cellular antioxidants (Lemire et al., 
2013). This phenomenon, i.e. the Fenton type of reaction, involves production 
of a hydroxyl radical (OH.-) as follows (Santo et al., 2008):   

- Copper ions (co-enzyme activity) accelerates the reaction of hydrogen 
peroxide with superoxide (O2*-)  

H2O2 + O2*-  O2 + OH- + OH 
- Cu2+ is reduced by superoxide to Cu1+  

Cu2+ + O2*-   Cu1+ + O2  
- Cu1+ is reoxidised by hydrogen peroxide (H2O2) resulting in a net 

production of the hydroxyl radical (OH*)  
Cu1+ + H2O2     Cu2+ + O2 + OH- + OH* 

  
The toxicity of copper can also function in other ways in addition to previous 
direct oxidative damage by ROS (Fig. 4B–4D). Inactivation of antioxidants and 
thiol depletion lead to blocked cellular respiration and electron transfer and 
results in the indirect generation of ROS (Grass et al., 2011; Lemire et al., 2013). 
Copper can also inhibit thiol groups of the respiratory and transport proteins in 
the cell membrane similar to Ag+ (Goudouri et al., 2014). Fenton-reaction is 
most commonly reported in addition to copper to occur in iron (Fe) (Imlay, 
2003; Lemire et al., 2013). Iron (Fe2+/ Fe3+) however, does not exhibit similar 
antimicrobial behavior as does copper, possibly due to a slower Fenton-reaction 
rate (Strlic et al., 2003) and higher standard redox potential (i.e. tendency for a 
chemical species to be reduced) than to copper (Cu+/ Cu2+). Hence electron 
transfer from Cu+ to molecular oxygen is thermodynamically twice as favorable 
as that from Fe2+  (Mikolay et al., 2010). 
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Figure 4. Antibacterial mecanisms of copper and other metals toxicity include A) production of 
ROS and antioxidant depletion, B) protein dysfunction by Fe-S cluster, C) impaired membrane 
fuction by lipid peroxidation, and D) genotoxicity. Reprinted by permission from [Springer Nature 
Terms and Conditions for RightsLink Permissions Springer Customer Service Centre 
GmbH]: [Springer Nature] [Nature Reviews Microbiology] [Antimicrobial activity of metals: 
mechanisms, molecular targets and applications, Lemire et al., [2013], advance online 
publication, 2 October 2018 (doi: 10.1038/sj.[NAT.REV.MICROBIOL.].) 

 
Antibacterial effects have been shown to be faster in anaerobic conditions than 
in aerobic conditions, suggesting that ROS production is not the only cause of 
cell death (Hans et al., 2013). Copper toxicity might cause protein dysfunction 
as a result of a competition with other metals on important protein binding sites 
(Goudouri et al., 2014; Grass et al., 2011; O’Gorman and Humphreys, 2012). 
Especially, site specific inactivation occurs in Fe S dehydratases (Fig. 4B) e.g. 
isopropylmalate dehydratase (Macomber and Imlay, 2009), which are needed 
to make branched chain amino acids (Lemire et al., 2013; O’Gorman and 
Humphreys, 2012). Unlike ROS-reactions, the inactivation of iron-sulfur cluster 
enzymes also takes place in anaerobic conditions as the reaction has not been 
found to require oxygen (Macomber and Imlay, 2009). Copper (and other 
metals) might also induce Fe release from these proteins and thus result in 
increased ROS-formation (Lemire et al., 2013).  

Bacterial membranes contain highly electronegative chemical groups that 
serve as sites for metal cations and further bactericidal toxicity (Fig. 4C). Cu2+ 
might possess lipid peroxidation toxicity in bacteria (Hong et al., 2012) similar 
to eukaryotic cells rich in polyunsaturated fatty acids. Lipid peroxidation is 
suggested as the lethal mode of action in copper surfaces (Grass et al., 2011) 
wheras the role of this mechanism is still quite unclear (Lemire et al., 2013).  

It has been suggested that copper can cause helical structure disorders and 
DNA denaturation (Fig. 4D) by cross linking within and between strands of 
DNA, possibly requiring H2O2 for the DNA breakage (Borkow and Gabbay, 
2009; Imlay, 2003). However, the majority of the H2O2 oxidizable copper seems 
to locate far from the DNA, in the cell periplasm (Macomber et al., 2007). In E. 
coli, copper did not catalyse significant oxidative damage in vivo (Macomber et 
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al., 2007) and copper has even shown protective effects as excessive 
intracellular copper eliminated iron-mediated oxidative killing by decreasing 
the rate at which H2O2 damaged DNA (Macomber et al., 2007).  
 

4.2 Contact killing 

 
Release of ionic copper from the surface is a key event in contact killing (Hans 
et al., 2016; Molteni et al., 2010) in which direct metal-bacterium contact is 
required (Fig. 3). Copper uptake has been found to be faster from dry copper 
than from moist copper surfaces (Santo et al., 2011). Both Cu+ and Cu2+ have 
shown importance in contact killing mechanisms (Warnes and Keevil, 2011). In 
dry environments, overproduction of EPS (chapter 2.2) is linked to enhanced 
copper ion release (Liu and Zhang, 2016). Principal antibacterial differences of 
copper in water and dry environments result in different survival times and 
copper sensitivity. Copper ion resistant Salmonella (Zhu et al., 2012) and E. coli 
(Santo et al., 2008) have shown only short period survival times in dry 
conditions. Furthermore, only a few copper resistant bacteria found on dry 
surfaces (e.g. staphylococci and micrococci, genera Sphingomonas and 
Pseudomonas) were sensitive to moist copper surfaces (Santo et al., 2010).   

  Different opinions exist on the principle target of copper toxicity in contact 
killing. The first step of toxicity of copper in touch surfaces is suggested to be 
the metal-bacterial contact which damages the cell envelope and further makes 
the cells susceptible to further damage by copper ions (Mathews et al., 2013). 
This initial role of the cell membrane integrity loss i.e. lipid peroxidation is well 
reported (Cui et al., 2014; Hong et al., 2012; Meyer et al., 2015; Santo et al., 
2012, 2011; Tian et al., 2012). Membrane damage due to lipid peroxidation is 
suggested to be initiated especially by one ROS, hydroxyl radical, produced via 
the Fenton-like reaction (Hong et al., 2012). Others suggest DNA breakdown as 
the first stages of cell death such as for enterococci (Warnes and Keevil, 2011) 
and MRSA (Weaver et al., 2010), in which copper had little effect on cell 
membrane integrity of the latter (Weaver et al., 2010). Many studies of 
Enterobacter species,  E. coli, Bacillus cereus, Staphylococcus haemolyticus 
and Burkholderia glumae did not show an increase in DNA damage (Cui et al., 
2014; Santo et al., 2012, 2011; Tian et al., 2012).   

As part of the killing mechanism relates to outer layers of the mebrane, one 
might suspect differences in the contact killing mechanism of copper between 
gram-positive and gram-negative bacteria (Elguindi et al., 2011; San et al., 2015; 
Warnes et al., 2012a). Below the cell membrane, gram-positive bacteria have a 
thick peptidoglycan layer whereas gram-negative bacteria have thin 
peptidoglycan layer. Similar patterns of cell death, lipid peroxidation and 
genomic DNA degradation appeared, but differences in membrane integrity loss 
occurred between gram-positive and gram-negative bacteria (Meyer et al., 
2015). Bacterial morphology can affect the mechanism of copper toxicity as a 
much slower rate of DNA destruction on copper surfaces occurred in gram-



Antimicrobial effects of copper in water systems and touch surfaces

43 

negative E. coli and Salmonella species (Warnes et al., 2012a) compared to 
previous results for gram-positive enterococci (Warnes et al., 2010; Warnes and 
Keevil, 2011). This may be due to the protection of the nucleic acid by the 
periplasm, which represent higher cell volume in gram-negatives (Warnes et al., 
2012a). Similarly, cell envelop structure might affect the mechanism of copper 
toxicity between B. subtilis and E. coli (San et al., 2015).   
 

4.3 Copper homeostasis

 
Nature has found its ways during evolution to deal with dangerous but 
important copper cations. Micro-organisms withstand metal toxicity with 
multiple mechanisms including reduced uptake, efflux, extra- or intracellular 
sequestration, repair, metabolic by-pass and chemical modification (Borkow 
and Gabbay, 2005; Ladomersky and Petris, 2015; Lemire et al., 2013). All 
microorganisms tend to maintain copper homeostasis in the cell by these 
mechanisms (Ladomersky and Petris, 2015). In the event of excess copper ions 
in the surrounding water, the cell loses its ability to maintain homeostatis 
leading to cell death. Essential metals like copper are not floating freely inside 
the cell. Instead, a network of chaperones, sensors and transporters guide the 
metal atoms to different protein locations (Lemire et al., 2013). 

Different types of copper export proteins occur in bacteria. All bacteria possess 
at least one P1B-type ATPase (Ladomersky and Petris, 2015). Considerable 
diversity occurs in alternative copper exporters among different bacteria (e.g. 
CopA of E. coli, CtpV of Mycobacterium tuberculosis, CopA1 and CopA2 of 
Pseudomonas aeruginosa, CopA and GolT of Salmonella typhimurium).  

Intracellular copper sequestration (binding) occurs by cysteine-rich 
metallothioneins (Ladomersky and Petris, 2015). Siderophores are small high-
affinity iron chelating compounds secreted by microorganisms capable of 
binding Cu(II) and preventing the formation of the toxic Cu(I) (Ladomersky and 
Petris, 2015).  

Chemical modification into a less toxic form includes multi-copper oxidases, 
which exhibit a considerable diversity of substrates. For example in E. coli, 
cuprous oxidase activity by CueO has been suggested to fight the toxic effects of 
Cu(I) by increasing its conversion to less toxic Cu(II) (Ladomersky and Petris, 
2015).  
 

4.3.1 Copper resistance and co-occurrence with antibiotic resistance 

 
Adaptation to copper can influence bacterial prevalence as wide-spread use of 
copper-based compounds has led to dose-dependent tolerance development 
(Cervantes and Gutierrez-Corona, 1994). Growing evidence suggests that 
copper (and zinc) induce antibiotic resistance development in metal-exposed 
bacteria especially in soil and wastewater environments (Berg et al., 2005; 



Antimicrobial effects of copper in water systems and touch surfaces

44 

Poole, 2017), but also in drinking water (Calomiris et al., 1984). DWDS harbour 
multiple antibiotic resistance mechanisms, in which biofilms in particular could 
favour genetic interchange between microbial populations (Gomez-Alvarez et 
al., 2016). Despite the known copper and antibiotic resistance correlations in 
environments with constant high copper ion exposure, the question remains as 
to how copper correlates to antibiotic resistance in touch surfaces. Mechanisms 
conferring resistance against dry metallic copper surfaces from bacterial strains 
isolated from copper alloy coins are different from well-characterized copper 
ion detoxification systems in moist environments (Santo et al., 2010). Gram-
positive micrococci and staphylococci, Kocuria palustris and Brachybacterium 
conglomeratum but also proteobacterial species Sphingomonas panni and 
Pseudomonas oleovorans have shown resistance to the antimicrobial effects of 
copper in dry circumstances (Santo et al., 2010). Horizontal transfer of 
antibiotic resistance genes occur also in touch surface environments that causes 
dissemination of drug resistant strains in case the surface is not efficiently 
cleaned (Warnes et al., 2012b). In touch surface environments, in which 
bacteria are killed rapidly by copper, transfer of antibiotic resistance genes 
could, however, be prevented (Warnes et al., 2012b). Due to fast DNA 
destruction, the transfer of genetic information to receptive organisms is 
suggested to be an unlikely event (Warnes et al., 2010). 
 

4.4 Factors that affect antimicrobial behaviour of copper

 

4.4.1 Corrosion and copper ion properties 

 
Antimicrobial effects of copper in water systems are affected by corrosion 
properties i.e. increased leaching of copper ions could enhance antibacterial 
efficiency. On the other hand, low bioavailability of these copper ions in a water 
solution could decrease antibacterial efficiency. 

In existing water systems, the protective scale on a copper surface (chapter 
2.4.3) prevents intense dissolving of copper ions to water. In laboratory studies 
and studies on copper vessels, copper corrosion i.e. increased amounts of 
copper ions was promoted by high organic materials and low pH 6 (Hans et al., 
2016; Jang et al., 2011; Sharan et al., 2010b). Accordingly, the increased amount 
of unbound copper ions (Cu2+) as well as elevated temperatures have been 
shown to increase the speed at which antibacterial effects occur, e.g. inactivation 
of E. coli (Sharan et al., 2010b). At high pH level of 9, low efficiency of copper 
ions to eradicate L. pneumophila was found to be  due to low solubility of copper 
complexes (Lin et al., 2002). Alkalinity (HCO3-), hardness (Ca2+, Mg2+) and DOC 
were not found to have significant impact on antibacterial efficacy of copper ions 
(Lin et al., 2002). Chloride salts may enhance copper efficiency and bacteria 
killing (Sharan et al., 2010a). Generally, reduction potential  i.e. redox-potential 
is the environmental factor that determines corrosion behaviour in a given 
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environment: higher/positive redox-potential (oxidizing conditions) favour 
copper corrosion and lower/negative redox-potential (reducing conditions) 
favour metallic form (Hans et al., 2016). The chemical form of metal determines 
its reactivity and toxicity rather than only the concentration. In water phase, 
copper ions are in an oxidation state as Cu2+ ions rather than as Cu+ ions (Cotton 
and Wilkinson, 1988). Cu+ is more toxic to cells than Cu2+ (Luo et al., 2017; 
Mathews et al., 2015).  

In some circumstances, high organic matter in a “worst case” study design can 
increase copper release even to unhealthy concentrations (Boulay and Edwards, 
2001; Sharan et al., 2010a). This copper increase does not always enhance 
antibacterial effects as complex organic matter can bind to copper ions (Sharan 
et al., 2010a). Indeed, reactivity is affected by solubility of copper complexes 
(Lin et al., 2002) as eradication of bacteria is linked to attachment of the soluble 
(active) ion complex to bacterial cell walls. Copper has been suggested to remain 
unavailable due to complexation with amino acids such as protein bovine serum 
albumin, humic acid and proteinaceous mixtures (peptone, yeast extract, meat 
extract); proteinaceous biopolymers are of interest as they can be utilised to 
remove heavy metals from water (Sharan et al., 2010a). Furthermore, Cu2+ can 
form complexes with amino acids (e.g. histidine, cysteine, and lysine) (Lemire 
et al., 2013). In addition to amino acids, polysaccharide starch can also form 
complexes with copper ions unlike lower molecular weight carbohydrates 
glucose and lactose (Sharan et al., 2010a). Carbohydrates (glucose, lactose, 
starch) or inorganic salts (Na2SO4, NaNO3, NaNO2) did not show chelating 
properties with copper ions (Sharan et al., 2010a).  
 

4.4.2 Biofilms  

 
Copper has been found to impede adhesion of micro-organisms in the first two 
days of biofilm formation (Kielemoes and Verstraete, 2001). Colonization of 
copper pipelines at a later stage, however, is a well-known phenomenon 
(Chapter 4.5.2). Copper can occur in water system deposits, where it can 
correlate negatively with the numbers of heterotrophic bacteria in water 
(Zacheus et al., 2001).  

Biofilms in copper pipes may either promote copper dissolution for example 
by production of acidic metabolites (pitting corrosion), or prevent corrosion 
(Critchley et al., 2001). Cuprosolvency (copper solvation) for example can exist 
with bacterial species Acidovorax delafieldii, Cytophaga johnsonae, 
Flavobacterium sp., Pseudomonas sp. and Micrococcus kristinae growing 
within biofilms of copper pipes (Critchley et al., 2003, 2001). Cuprosolvency is 
often dependent on water chemistry parameters (chloride, alkalinity, TOC, 
soluble phosphate) and suggest sporadic cuprosolvency nature in copper 
pipelines (Critchley et al., 2003).  

Biofilms on copper have found to possess greater EPS production that could 
act as a defence strategy towards copper (Keevil, 2004). Alcaligenes, 
Achromobacter, Flavobacterium, Methylobacterium, Pseudomonas and 
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Sphingomonas spp. as well as sulphate reducing bacteria and fungi have been 
recovered from corroding copper pipe surfaces (Keevil, 2004). Entrapment of 
copper by naturally-occurring organic compounds or CuS by the exopolymer-
enhanced biofilm has been shown to occur (Davies et al., 1998). These events 
may lead to lower availability of Cu for possible antibacterial effects and protect 
biofilm cells from copper toxicity (Grumbein et al., 2014; Kielemoes and 
Verstraete, 2001). Especially sulphate-reducing bacteria contain cell-wall 
regions to which copper can accumulate as sulphides (White and Gadd, 2000). 
Matrices of biofilms that accumulate copper ions also protect the biofilm matrix 
from erosion as shown in Bacillus subtilis bacteria (Grumbein et al., 2014). Even 
glass surfaces accumulated copper ions from water to biofilms and subsequently 
inhibited colonization of the glass surfaces (Rogers et al., 1994a).  
 

4.5 Copper in water systems

 

4.5.1 Copper ions as water purifiers 

 
Copper has been used since ancient times as a water purifier due to its 
antibacterial capacity especially in water storage vessels where copper ions 
leach into the water (Sudha et al., 2009; Tandon et al., 2005). Generally, 
bacteria are susceptible to copper despite variation between species (Huang et 
al., 2008). Practical solutions outside DWDS i.e. storage in copper vessels have 
shown significant reduction in total bacterial counts, E. coli, Salmonella 
paratyphi and Shigella spp. in water within two hours to overnight timeframe 
(Cervantes et al., 2013; Sarsan, 2013; Shrestha et al., 2010). Antimicrobial 
efficiency in these vessels were proposed to be due to leaching of copper to the 
water (Lin et al., 2002; Walker et al., 1993). 

Copper ions have shown biocidal effects in water at copper ion concentrations 
of 0.2 to 0.4 mg/L on average (Domek et al., 1984; Huang et al., 2008; Lehtola 
et al., 2004; Lin et al., 2002; Sudha et al., 2012) towards heterotrophic bacteria, 
L. pneumophila and diarrhoeagenic bacteria. Even lower concentrations of 
copper i.e. 10–100 μg/L (Jonas, 1989; Lin et al., 1998) or as low as 2–8 μg/L 
copper (Li et al., 2015) were reported to exert antibacterial behaviour.  
This phenomenon is utilized in copper-silver ionization in full-scale hot water 
distribution systems e.g. in hospitals. This includes water disinfection of copper 
together with silver ions at ion concentrations of 0.4 and 0.08 mg/L, 
respectively, and have been shown to be effective in controlling Legionella as 
well as P. aeruginosa, S. maltophilia and A. baumannii (Blanc et al., 2005; Lin 
et al., 2002). ECDC recommends copper ion concentrations of 0.2–0.8 mg/L 
and silver ion concentrations of 0.02–0.08 mg/L for Legionella control (ECDC 
2017).  

The effective surface area of copper to volume of water against the organisms 
tested (E. coli, S. Typhi, V. cholerae) was determined in one study as 15.2 cm2/L, 
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which yielded copper concentrations of less than 0.475 mg/L (Sudha et al., 
2009). The safe limit for dissolved copper in water based on (WHO, 2017) is 2 
mg/L. The suggested safe limit for copper is higher than the copper 
concentrations mentioned above possessing antibacterial activity. 
Environmental circumstances should be considered (chapter 4.4.1) to guarantee 
safe storaging in copper vessels. For example, a copper concentration close to 
the WHO safe limit (1.7 mg/L) was measured at lower pH (pH 6) after 12 h of 
stagnation in a copper vessel, compared to <0.3 mg/L at pH>7 (Sharan et al., 
2010b). 
 

4.5.2 Copper pipelines in water distribution systems 

 
Numerous studies have compared various DWDS pipeline materials against 
copper in full-scale or pilot-scale systems (Table 2). Many of the studies have 
focused on the application of copper to control the formation of drinking water 
biofilms or prevention of waterborne pathogens, such as L. pneumophila, 
Pseudomonas aeruginosa, E. coli or M. avium. In the early stages of biofilm 
formation, copper pipelines possess only slow biofilm formation. Biofilm 
density on copper materials reach the density reached on other materials only 
after weeks or months later (Table 2).  
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Table 2. Effect of copper pipeline on drinking water system biofilm, or water microbiological 
quality compared to other pipeline materials. 

Age Materials Main findings for material comparison Reference
Biofilm1-32
days 

Cu / PVC / 
PEX 

Biofilms: More L. pneumophila6 and HPC in Cu to PVC/PEX 
biofilms. Water: Less HPC in copper to PVC/PEX. 

(Gião et al., 
2015)

Water 0.6-
6.5 days 

Cu+Pb / 
PVC+BR /  
Cu / Pb 

Biofilm: pipe material affected bacterial composition1, with utility 
(i.e. source water, water treatment, distribution process) as the 
master factor. 

(Ji et al., 2015)

Biofilm 
1 year Cu / PVC 

Biofilm: CU decreased microbial diversity7. Some amoeba-
resisting bacteria (e.g. Mycobacterium spp. L. pneumophila)
more abundant in the Cu than uPVC biofilms. 

(Lu et al., 
2014)

Biofilm 
>1 year

Cu / PVC Biofilm: materials different by diversity9 and bacterial and 
eukaryotic members i.e. family taxa 1. Eukaryotic communities 
were more diverse in uPVC and bacterial communities in Cu.

(Buse et al., 
2014a)

Biofilm 
>1 year Cu / uPVC 

Biofilm: L. pneumophila8 more persistent in Cu biofilms (with the 
presence of A. polyphaga) compared to uPVC (91 vs 60 days)8,
concentration however was lower 

(Buse et al., 
2014b)

Biofilm120-
450 days, 
water

S / SS / Cu 
/ PVC 

Biofilm: Bacteria3 in biofilms lowest in Cu first 120 days. 
Different bacterial biofilm communities between materials10.
Main biofilm genera Sphingomonas in all materials, 
Methylobacterium in Cu and S7.

(Jang et al., 
2011)

Biofilm 0-84
days, water

Cu / SS / 
EPDM / 
PEX 

Biofilm: Cu and SS similar (lowest) biofilm formation3 after 84 
days, higher on PEX and highest on EPDM. Differences in the 
composition of the biofilm community between all materials10.

(Waines et al., 
2011)

Biofilm 14-
43 days

Cu / EPDM, 
PEX 

Biofilm: Lower HPC3 on Cu biofilms than other materials. Lower 
cultivable Legionella counts by cultivation but similar by FISH. 
Total cell count only minor difference between the materials 
after 14 days. 

(Moritz et al., 
2010)

Biofilm 90 
days

Cu / CP, 
PVC / PB / 
PE / SS / 
ST 

Biofilm: Lower biofilm formation potential4 in Cu compared to 
other materials. Relatively low richness in CU, lowest in CP. 
Smooth surface structure seem to hinder bacterial growth. 

(Yu et al., 
2010)

Biofilm 200-
850 days, 
warm water

Cu / SS / 
PEX 

Biofilm and water: Biomass4 in Cu and SS lower than PEX, 
which enhanced biomass production. Less L.pneumophila in Cu 
compared to SS and PEX4,11 in early stages but reaching the 
same level after 2 years at latest.  

(van der Kooij 
et al., 2005)

Biofilm 0-6
months, 
water

Cu / PE 
Biofilm: Bacteria levels in old biofilms quite similar in Cu and 
PE, in young biofilms higher numbers in PE. Chlorine 
concentration declined more rapidly in the Cu vs PE.  

(Lehtola et al., 
2005)

Biofilm 0-
308 days, 
water

Cu / PE 

Biofilm: Biofilm formation2,4 was slower in Cu than in PE pipes, 
after 150-200 days no major difference. Different microbial 
communities between Cu and PE biofilms13. Water: microbial 
numbers3 decreased in the Cu pipe due to copper ions. 

(Lehtola et al., 
2004)

Biofilm 0-15
weeks, 
water 20-40
months

Cu / PVC / 
G / BI

Biofilm: bacteria3 levels different between materials, in BI 
system highest and Cu system lowest. Water: material had no 
significant impact on bacterial levels.

(Norton et al., 
2004)

Biofilm18 
months

Cu / SS / 
PE / PVC

Biofilm: Same or even slightly higher levels of biofilm formation2

on Cu compared to other materials.  

(Wingender
and Flemming, 
2004)

Biofilm 9-15
days

Cu / PE / S 
/ PVC 

Biofilm: Slowest biofilm formation2,3 and respiratory activity14 in
Cu. Lack of Legionella15 in Cu biofilm but not in other materials. 

(Schwartz et 
al., 1998)

Biofilms 1-
21 days, 
water

Cu / PVC / 
PB 

Biofilm and water: least bacteria3 on Cu. L. pneumophila11

recoved from biofilms on Cu only at 40°C whereas always found 
on PVC and PB at 20, 40 and 50°C.

(Rogers et al., 
1994a)

Methods: 1NGS 2DAPI 3HPC 4ATP 5FISH 6PNA-FISH 716S rRNA clone library (PCR, sequencing) 8qPCR 
9Unweighted UNIFRAC distance 10DGGE 11Bacteria specific cultivation 12scanning electron microscope 13Lipid 
biomarkers 14CTC 15In situ hybridization with fluorescence oligonucleotide probe. See chapter 5. for methods.
Materials: Copper (Cu), brass (BR), polyvinylchloride (PVC), cross-linked polyethylene (PEX), steel (S), 
polybutylene (PB), polyethylene (PE); stainless steel (SS), steel coated with zinc (ST), lead (Pb), ethylene 
propylene diene monomer (EPDM); galvanized (G); black iron (BI).

Copper ions are known to have an inhibitory effect in DWDS on L. pneumophila 
strains (Lin et al., 2002; Walker et al., 1993) as well as on M. avium that has 
been shown to be more resistant to copper ions than L. pneumophila (Lin et al., 
1998). Biofilms and water within distribution systems (full-scale system) or in 
simulated distribution systems (pilot system) has shown contradicting 
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occurrence of L. pneumophila (Table 2) on copper pipeline material. L. 
pneumophila can be present in the biofilm, although cultivable cells show 
negative results (Gião et al., 2015; Moritz et al., 2010). Hence, a negative L. 
pneumophila cultivation result does not mean its absence possibly due to its 
entering into a viable but non-culturable (VBNC) state (Oliver, 2005) (see 
chapter 5.1 for VBNC).  

Starvation or other stress conditions such as dissolved copper ions can result 
in  cell death or injury, or induce VBNC state (Grey and Steck, 2001) of the 
biofilm organisms. Other bacteria such as Acidovorax spp. and Sphingomonas 
spp. can also increase L. pneumophila cultivability without affecting the 
viability (Gião et al., 2011). Studies show both occurrence of virulence factors, 
such Shiga toxin production as well as loss in enterotoxins in VBNC cells 
(Ramamurthy et al., 2014). From a health perspective, the question of the 
infectivity of VBNC cells remains (Ramamurthy et al., 2014). Animal studies 
have reported that sublethally injured cells are unable to cause disease in mice 
(Smith et al., 2000). Copper stressed Salmonella spp. showed decreased 
infectivity compared to non-stressed bacteria despite initial mild infection in 
mice (Sharan et al., 2011). Legionella and Mycobacterium spp. are amoeba-
resisting bacteria that can multiply inside an amobael host (Corsaro et al., 2010; 
Thomas et al., 2006). Inside a host Legionella spp. may represent a VBNC state 
that can be recovered by co-culturing with amoeba (García et al., 2007). Thus, 
increased occurrence of amoeba-resisting bacteria in copper material can be 
promoted by amoebal selection (Lu et al., 2014) e.g. Legionella pneumophila 
and Vermamoeba vermiformis (Buse et al., 2016). 

Copper does not leach any nutrients whereas elastomeric and plastic materials 
can leach biodegradable organic compounds (plasticizers, heat stabilizers, 
antioxidants, lubricants) acting as additional nutrients to the biofilm bacteria 
(Lehtola et al., 2004; van der Kooij et al., 2005; Zacheus et al., 2001). Biofilms 
in copper materials often differ from plastic materials by bacterial community 
structure based on denaturing gradient gel electrophoresis and lipid biomarkers 
analysis (Jang et al., 2011; Lehtola et al., 2004; Waines et al., 2011; Yu et al., 
2010). Detailed microbial community analysis between different materials is 
only now gaining interest by implementing NGS-technologies. So far, greater 
microbial diversity and different most abundant bacterial profiles in biofilms 
are reported to occur on plastic materials than on metals (Table 2). Most of these 
studies focus only on one single effect e.g. material. Only a few studies compare 
multiple parameters that affect the water microbiome (Ji et al., 2015; Lu et al., 
2014). Pilot-scale water systems are often used where many parameters can be 
strictly controlled and harvesting biofilm samples for microbial studies is easy 
(Lu et al., 2014; Wang et al., 2014).  
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4.6 Copper in touch surfaces 

 

4.6.1 Laboratory and real-life hospital studies 

 
Studies of copper as antimicrobial agent in laboratory scale have used wet 
techniques that simulate fomite surface contamination and dry techniques 
simulating contamination from fingers (Grass et al., 2011). Generally, whereas 
in vitro studies have shown copper killing efficiency in moist environment from 
minutes to few hours, in dry circumstances the reactions occur in seconds to few 
minutes (Grass et al., 2011; Santo et al., 2011; Warnes and Keevil, 2011). Faster 
bacterial reduction correlates with lower bacterial loads (Noyce et al. 2006a; 
Noyce et al. 2006b). Antimicrobial copper alloy surfaces show effectiveness 
against a variety of vegetative cells in laboratory and real-life circumstances 
(Table 3) but sporulated cells of e.g. Bacillus subtilis can show resistance 
towards antimicrobial effects of copper (San et al., 2015).  This is also seen as 
slower efficiency of antimicrobial effects on  e.g. C. difficile (Wheeldon et al., 
2008). One study even reports  a slightly higher count of C. difficile for copper 
surfaces than for the reference surface (Karpanen et al., 2012).  
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Table 3. Laboratory and real-life (hospital) studies that report copper as an efficient 
antimicrobial touch surface material to reduce total microbial load or pathogens/opportunistic 
pathogens occurrence. Many of the listed microbes have importance in hospital settings and 
may cause HCAIs. 

Microbial parameter Study Reference

Total cell count hospital

(Casey et al., 2010; Karpanen et al., 
2012; Marais et al., 2010; Mikolay et al., 
2010; Salgado et al., 2013; Schmidt, 
2011; Schmidt et al., 2012).

Acinetobacter baumannii1 laboratory
(Koseoglu Eser et al., 2015; Mehtar et 

al., 2008; Souli et al., 2013)
Bacillus subtilis 
(vegetative cells) laboratory (San et al., 2015)

Campylobacter jejuni laboratory (Faúndez et al., 2004)
Clostridium difficile 
(vegetative cells, spores) laboratory

(Weaver et al., 2008; Wheeldon et al., 
2008),

Enterobacter species1 laboratory (Souli et al., 2013; Tian et al., 2012)

Escherichia coli1 laboratory
(Faúndez et al., 2004; Gould et al., 

2009; Souli et al., 2013)
hospital (Casey et al., 2010)2

Escherichia coli O157 laboratory (Noyce et al., 2006a; Wilks et al., 2005)
Klebsiella pneumoniae1 laboratory (Mehtar et al., 2008; Souli et al., 2013)
Listeria monocytogenes laboratory (Wilks et al., 2006)

Meticillin-resistant 
Staphylococcus aureus 
(MRSA)1

laboratory
(Gould et al., 2009; Mehtar et al., 2008; 

Noyce et al., 2006b; Tolba et al., 2007)

hospital 
(Karpanen et al., 2012; Schmidt et al., 
2012)2

Mycobacterium tuberculosis laboratory (Mehtar et al., 2008)1

Pseudomonas aeruginosa1 laboratory

(Gould et al., 2009; Koseoglu Eser et 
al., 2015; Mehtar et al., 2008; Souli et 
al., 2013)

Salmonella enterica laboratory (Faúndez et al., 2004)

Staphylococcus aureus 

laboratory (Michels et al., 2009)

hospital
(Karpanen et al., 2012; Mikolay et al., 
2010), (Casey et al., 2010)2

Vancomycin resistant 
Enterococcus spp. (VRE)

laboratory (Faúndez et al., 2004)

hospital
(Karpanen et al., 2012; Schmidt et al., 
2012), (Casey et al., 2010)2

Candida albicans1 laboratory (Mehtar et al., 2008)

Norovirus laboratory (Warnes et al., 2015)
1Include clinical strains

Recently, usage of metallic copper has increasingly received attention 
worldwide as breaking the chain of infections through touch surfaces (Boyce, 
2007). In addition to cleaning and proper hand hygiene, potential antimicrobial 
surfaces such as copper are considered as an option to reduce the cross-transfer 
of microorganisms and mitigate risks of HCAI (Casey et al., 2010; Karpanen et 
al., 2012; Michels et al., 2015). Studies performed in real-life hospital settings 
report lower microbial load as well as lower occurrence of pathogens on copper 
surfaces than for reference surfaces under study (Table 3). Median or average 
values of microbes on copper items is evaluated to be between 60% to 100% 
lower than their reference counterparts (Casey et al., 2010; Marais et al., 2010; 
Mikolay et al., 2010; Schmidt, 2011; Schmidt et al., 2012). Multiple touch 
surface types and locations are considered to be high risk and were replaced by 
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pure copper (>99.9% copper) or copper alloy items (>58% copper) in hospital 
settings i.e. pens used by nurses in the critical care unit (Casey et al., 2011). 
Especially items such as door handles, push plates, toilet seats, flush handles, 
grab rails, light switches, pull cord toggles, sockets, overbed tables, dressing 
trolleys, IV stand, nurse call button, visitor chairs and tap surfaces were chosen 
for copper alloy installations (Casey et al., 2010; Karpanen et al., 2012; Mikolay 
et al., 2010; Schmidt et al., 2012).  

Lower loads of bacteria have been suggested to pose a lower risk for disease 
acquisition in a hospital environment (Salgado et al., 2013). In real-life 
circumstances, reduction of infections is hard to prove due to multiple 
confounding environmental factors. A randomized controlled study reported 
less HCAI in patient rooms surfaced with hard copper touch surfaces as 
compared to non-copper references i.e. the number of new HCAIs was 3.4% and 
8.1% (Salgado et al., 2013). One study showed minor HCAI rate decrease of 10.6 
versus 13.0 per 1,000 patient days (von Dessauer et al., 2016). Many studies 
have recently suggested that prevalence of HCAI is lower in rooms in which  
copper containing linens are used  (Burke and Butler, 2018; Butler, 2018; Lazary 
et al., 2014; Marcus et al., 2017; Sifri et al., 2016). Carrying out clinical trials 
that can estimate a significant reduction in HCAI rates due to intervention (e.g. 
copper surface implementation) is challenging (von Dessauer et al., 2016), and 
some researchers state that uncertainties still occur about the efficacy of copper 
surfaces for the prevention of HCAI (Muller et al., 2016). Clinical studies that 
could indicate enhanced health outcomes due to the usage of copper surfaces 
should be a requirement before making public health claims (Alvarez et al., 
2016).  

 

4.6.2 Practical considerations  

 

Copper content in an alloy 
 
Multiple laboratory studies report higher antimicrobial efficiency of pure 
copper than that of copper alloys such as brass (Koseoglu Eser et al., 2015; 
Noyce et al., 2006b; San et al., 2015; Wilks et al., 2005). Further, copper alloys 
show higher efficiency with increasing  copper content e.g. C. difficile vegetative 
cells and spores survival was lower at copper content >95% compared to >70% 
content (Weaver et al., 2008). Copper alloys (99% / 63%) demonstrated 
significant reduction of A. baumannii (2h / 3h), Enterobacter spp. (3h / 5h),  K. 
pneumoniae (5h / 24h) and P. aeruginosa (5h / 5h) and E. coli (2h / 5h) and 
higher copper content show faster inactivation (Souli et al., 2013). Inhibitory 
effects towards different Salmonella serotypes decreased as copper content of 
the alloys (60–99.9%) decreased whereas one alloy containing nickel C75200 
(65% Cu, 17% Zn, 18% Ni) was not more inhibitory than C28000 (60% Cu, 40% 
Zn) (Zhu et al., 2012). Nickel coppers have more attractive silvery appearance 
but they have been attributed lower antibacterial properties due to better 
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corrosion resistance i.e. reduced  copper ions release (Wilks et al., 2006, 2005; 
Zhu et al., 2012) and presumably lower antimicrobial efficiency. High copper 
content is often considered to be an indicator of antimicrobial efficacy, this 
however, is insufficient alone to evaluate copper ion release due to other alloying 
elements (Horton et al., 2015).  
 

Special surface structures  
 
More efficient surface structures have shown potential in contact killing 
(Champagne and Helfritch, 2013; Mann et al., 2014; Zeiger et al., 2014). 
Electroplated copper surfaces (rough surface with 1-5 μm grains) were shown to 
release more ionic copper (up to 300 μmol/L) than smooth polished copper or 
rolled copper foil which included 1–2 μm depth grooves (<150 μmol/L) and 
killed bacteria more rapidly (Zeiger et al., 2014). The cold spray technique was 
discovered to result in a copper microstructure that enhances ionic diffusion 
and further higher anti-microbial effectiveness compared to spray techniques 
(Champagne and Helfritch, 2013).  
 

Surface soiling  
 
Organic material (dirt) can effect bacteria survival on copper surfaces and 
superior antimicrobial efficacy on copper surfaces are reported in the absence 
of organic compounds (clean surface) (Zhu et al., 2012). MRSA survived on 
copper coins even after 14 days in the presence of pus and blood whereas 
survival was less than one day in the absence of soiling (Tolba et al., 2007). 
Soiling was also suggested to offer protection to bacteria from drying (Tolba et 
al., 2007). Another study with copper coins hypothesized that natural soiling 
due to a chelation effect might  have delayd the contact killing (Santo et al., 
2010). In addition to reduced antimicrobial activity, one study reported a build-
up of cells and soil on copper (but not control stainless steel) surfaces after 
disinfection with 1% sodiumhypochlorite and 70% industrial methylated spirit 
in protein soil contaminated conditions (Airey and Verran, 2007).  
 
Surface tarnishing 
 
Copper oxides form on copper surfaces in wet and dry indoor conditions. This 
tarnishing phenomenon appears as a black colour on metallic copper surfaces 
(Luo et al., 2017). This tarnishing could limit copper usage in touch surfaces due 
to a visually unfavorable appearance. Under normal biosphere conditions, two 
common types of copper oxides, both Cu2O and CuO, can form on copper touch 
surfaces (Hans et al., 2016). In air, copper oxidizes primarily into cuprous oxide 
(Cu2O) whereas increased aging and humidity enhance cupric oxide (CuO) 
formation (Hans et al., 2016, 2013). Furthermore, Cu2O that release more toxic 
Cu+ ions was shown to exhibit stronger antibacterial properties than CuO that 
release less toxic Cu2+ ions (Hahn et al., 2017; Hans et al., 2013), and is 
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presumably more soluble in contact killing circumstances than CuO (Hans et 
al., 2013). Reducing conditions, for example the presence of organic matter or 
bacteria, favor more toxic Cu2O formation (Hans et al., 2016). Acids are shown 
to dissolve these copper oxides, with hydrochloric acid yielding the highest CuO 
dissolution efficiency followed by sulfuric acid, nitric acid and citric acid 
(Habbache et al., 2009). Tarnished copper surfaces can thus be brightened by 
citric acid. 
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5. Microbiological methods in drinking 
water and touch surface research

5.1 Culture-based, ATP and microscopy techniques

 
DWDS microbial water quality has traditionally been studied using culturing 
techniques. Heterotrophic plate count (HPC) measurement of microorganisms 
is a reference method used for routine bacteriological monitoring in drinking 
water (WHO, 2017). HPC provides a general estimation of the heterotrophic 
bacteria, yeasts, and moulds in water samples (Chowdhury, 2012; Mäkinen, 
2008). A spread plating method on an R2A plate with 7 days incubation (22°C) 
is a common method for HPC measurement (Reasoner and Geldreich, 1985). 
Cultivation techniques are also used to detect indicator microorganisms such as 
coliform bacteria (e.g. Enterobacter spp.) including Escherichia spp., which are 
natural inhabitants in the intestines of warmblooded animals and humans. E. 
coli presence above certain numbers is used to detect faecal contamination in 
water (Boubetra et al., 2011). A spread plating method (usually trypticase soy 
agar plate, 5 days, 22°C) is a common method also used to estimate the total 
viable aerobic count in touch surfaces. In addition, selective plates are used to 
detect some bacteria of interest such as staphylococci or enterococci. Only a 
limited fraction of the entire microbial community can be analysed through 
cultivation techniques. Estimations vary greatly depending on circumstances, 
as low as <3% of microbial load of water and touch surface samples have been 
reported to be recovered by cultivation (Oberauner et al., 2013; Riesenfeld et al., 
2004). 

Adenosine triphosphate (ATP) exists in all live cells, and it is essential in 
energy metabolism as an energy source. The use of ATP is well established in 
drinking water-related research to estimate biomass. Protocols usually do not 
distinguish between extracellular ATP and microbial ATP. The ATP assay is 
used in touch surface research especially in food contact areas as well as hospital 
environments to measure all organic substances, i.e. dirt in addition to bacteria. 
In the method, cellular ATP reacts with a luciferin-luciferase complex. This 
reaction produces luminescence, which is proportional to ATP concentration 
and correlates with the quantity of biomass in the sample (Hammes et al., 2010).  

Cultivation to determine aerobic plate counts or selected indicators is a 
common method to study microbial load but the method can lead to 
underestimation of viable bacteria due to a viable but non-culturable (VBNC) 
state. Pathogenic and nonpathogenic bacterial species that are known to enter 
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into a VBNC state include Campylobacter coli, C. jejuni, Enterococcus faecalis, 
E. faecium, E. coli, Legionella pneumophila, Mycobacterium tuberculosis and 
Pseudomonas aeruginosa (Oliver, 2005). VNBC cells remain viable, and may 
cause infection under favourable conditions (Oliver, 2005; Ramamurthy et al., 
2014) such as has been shown for enteric pathogens after entering into the 
gastro-intestinal tract (Pruzzo et al., 2002). VBNC cells can be resuscitated back 
to culturable cells even under laboratory conditions (Li et al., 2014; Oliver, 
2005). VBNC cells have lost culturability on routine agar, which prevents their 
detection by conventional plate count techniques leading to an underestimation 
of total viable cells (Li et al., 2014). Exposure to unfavorable conditions such as 
natural stresses including nutrient starvation, extreme temperatures, elevated 
pH, exposure to heavy metals or fluctuating oxygen concentrationsas well as 
environmental biocidal stress such as chlorination can result in the VBNC state 
(Li et al., 2014; Oliver, 2000). Copper has shown to induce the VBNC state of  
bacteria Agrobacterium tumefaciens and Rhizobium leguminosarum 
(Alexander et al., 1999).  

Epifluorescence microscopy based methods provide faster monitoring of the 
quality of drinking water than traditional plate counts. Different fluorescent 
dyes (acridine orange, 4,6-di-amino-2 phenylindole (DAPI), 5-cyano-2,3 
Dytolyl Tetrazolium Chloride (CTC)) are used to directly stain cells and derive 
an estimation of total cell counts by using an epifluorescence microscope 
(Douterelo et al., 2014). Different fluorescent dyes are available to analyse the 
portion of active cells only. Cell viability assays (e.g. LIVE/DEAD®) can be 
utilised to monitor cell viability prior to microscopy. Intracellular propidium 
iodide can enter a cell when the membrane is damaged i.e. cell is dead or dying. 
Thus, cells with a compromised membrane will stain red (propidium iodide dye) 
and cells with an intact membrane will stain green (SYTO®9 dye) (Douterelo et 
al., 2014; Meyer et al., 2015). Epifluorescence techniques have shown results 
similar to traditional cultivation techniques in touch surface samples regarding 
antimicrobial efficiency of copper (Warnes et al., 2012b; Weaver et al., 2008; 
Wilks et al., 2006). These microscopy techniques can be laborious and error-
prone. In DWDS, flow cytometry technique coupled with fluorescent staining 
provide a good alternative for fast and accurate enumeration of the total cell 
concentrations (Hammes et al., 2008). 

 

5.2 Molecular PCR, FISH and fingerprinting techniques 

 
Molecular methods have provided many good tools for studying microbial 
diversity and activity in addition to single pathogenic species detection 
(Douterelo et al., 2014). The polymerase chain reaction (PCR) method amplifies 
fragments of DNA. Single pathogenic species can be detected with PCR without 
the need for cultivation (Aw and Rose, 2012). The process requires the 
extraction of nucleic acids (DNA/RNA), amplification of a target gene(s) by PCR 
and traditionally a post-PCR analysis. Real-time PCR i.e. quantitative PCR 



Microbiological methods in drinking water and touch surface research

57 

(qPCR) outrules the need for post-PCR analysis and is a sensitive tool in order 
to detect and quantify microorganisms in environmental samples (Kubista et 
al., 2006).  Real-time PCR quantifies the number of target gene copies present 
in a sample, and the amount of PCR product in the exponential phase of the PCR 
reaction is monitored by quantifying a fluorescent reporter. The amount of 
detected reporter correlates with the initial amount of target template 
(DNA/RNA) allowing the quantification of the target organism (Kubista et al., 
2006). Pathogen detection is one of the typical uses of real-time PCR (Aw and 
Rose, 2012) among others (gene expression analysis, single nucleotide 
polymorphism analysis, analysis of chromosome aberrations, protein detection 
by real-time immuno PCR) (Kubista et al., 2006). Fluorescent in situ 
hybridization (FISH) visualizes microorganisms that contain rRNA which 
hybridizes with a fluorescently labeled probe (most often 16S rRNA gene) 
(Riesenfeld et al., 2004). FISH has been mostly limited to detection of highly 
expressed genes e.g. such as the 16S rRNA genes  (Riesenfeld et al., 2004).  

Conventional microbial analysis techniques do not often indicate changes in 
the bacterial community (El-Chakhtoura et al., 2015; Prest et al., 2014). In 
microbial community composition analysis based on nucleid acid extraction, 
PCR products (i.e. amplicons) can be separated and analysed using 
fingerprinting techniques or sequencing-based approaches (chapter 5.3) 
(Douterelo et al., 2014). To obtain taxonomic information, the nucleic acid 
extraction is followed by PCR amplification of marker genes i.e. the most 
commonly used in microbiological research is the small subunit ribosomal RNA 
(rRNA) gene, 16S rRNA for prokaryotes and 18S rRNA for eukaryotes 

unities fingerprint methods utilised in 
DWDS include denaturing gradient gel electrophoresis DGGE (Lautenschlager 
et al., 2013), terminal restriction fragment length polymorphism (Martiny et al., 
2003), single-strand confirmation polymorphism (Henne et al., 2012) as well as 
DNA/RNA cloning  (Li et al., 2010). Active members can be estimated by a 
separate pretreatment prior to DNA amplification. Propidium monoazide 
(PMA) is a photo-reactive dye that can inhibit DNA amplification from 
membrane-compromised cells (Gomez-Alvarez et al., 2016). 

Community composition in DWDS has been analysed also via lipid 
biomarkers i.e. phospholipid fatty acids and lipopolysaccharide 3-hydroxy fatty 
acids that are present only in gram-negative bacteria (Keinänen et al., 2002; 
Lehtola et al., 2004; Niemi et al., 2009). 16S rRNA gene clone libraries enable 
direct phylogenetic identification of different members of DWDS microbial 
communities (Keinänen-Toivola et al., 2006; Revetta et al., 2011). 
 

5.3 Next-generation sequencing (NGS)

 
The above mentioned techniques (chapter 5.2) can be expensive, time 
consuming and resource intensive, and these techniques are being replaced 
increasingly by next-generation sequencing (NGS) techniques (Douterelo et al., 

(Douterelo et al., 2014). Microbial comm



Microbiological methods in drinking water and touch surface research

58 

2014; Shendure and Ji, 2008). The further development of NGS technology 
provide improvements in affordability and sequencing depth (Caporaso et al., 
2011; Glenn, 2011).  

NGS sequencers i.e. platforms (company) include 454 (Roche), Illumina 
(Illumina), SOLiD (Life Technologies), Ion Torrent (Life Technologies), PacBio 
(Pacific Biosciences) and HeliScope (Helicos) (Glenn, 2011). Many 
bioinformatics software and analysis tools are available to analyse NGS runs 
(Douterelo et al., 2014) such as MOTHUR (Schloss et al., 2009), QIIME 
(Quantitative Insights Into Microbial Ecology) (Caporaso et al., 2010) and 
pipeline in the Ribosomal Database Project (RDP). Databases of small 
(16S/18S) and large subunits (23S/28S) rRNA sequences aid identification of 
sequences recovered from environmental samples. The main databases 
containing ribosomal taxonomy information are SILVA rRNA database, RDP 
and the Greengenes database (Douterelo et al., 2014).  

The majority of the newer DWDS studies on bacterial communities utilise the 
Illumina platform. Illumina with its unique BridgePCR technique and recent 
introduction of the low-cost MiSeq Reagent Kit v3 with ca. 300 nucleotide reads 
will also increase its popularity among eukaryota community studies (Mahé et 
al., 2015). Unlike in whole genome shotgun sequencing analysis, in the marker 
gene i.e. amplicon sequencing analysis, hundreds of thousands of sequence 
reads are obtained that ideally would reflect marker gene counts in cells (e.g. 
16S rDNA gene in bacteria) (Bálint et al., 2016). Some biases however are 
involved in read generation that might distort the counts as the number of 
marker gene copies per cell varies among organisms or PCR process biases 
(primer-template mismatches, length difference of amplicons, base changes or 
chimeric molecules generation) (Bálint et al., 2016). Despite recent increases in 
read lengths, sequence information in NGS techniques still include a base pair 
length (max ~600 bp) shorter than the full bacterial 16S length used in 
conventional Sanger sequencing (max ~1500 bp) (Douterelo et al., 2014). As 
phylogenetic comparisons are based on shorter sequences, restriction might 
result in less accurate gene annotation, overestimation of microbial richness in 
samples and resolution too low to identify microorganisms to the species level 
(Douterelo et al., 2014).   

In NGS data processing, a matrice of sequence counts i.e. operational 
taxonomic units (OTUs) is produced for further analyses using several 
bioinformatics tools that include quality filtering, sequence clustering and 
identification (Bálint et al., 2016). Three methods for OTU clustering (OTU 
picking) exist in which centroids are defined 1) internally based only on the 
sequences being clustered (de novo), 2) only based on predefined database 
(closed reference), or 3) based on a combination of the two (open reference) 
(Rideout et al., 2014). After OTU clustering, the diversity of the microbial 
community ecosystem can be measured by using different categories of diversity 
(alpha- and beta-diversities) (Lozupone and Knight, 2008). Alpha-diversity 
means diversity within communities and is often estimated as the number of 
species in a community i.e. species richness. Beta-diversity means diversity 
between communities, i.e., partitioning of diversity among communities 
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(Lozupone and Knight, 2008). Popular qualitative alpha-diversity indexes 
include the Chao1 richness estimator and the abundance-based coverage 
estimator (ACE) that count only presence or absence of taxa (Lozupone and 
Knight, 2008). Quantitative alpha-diversity Shannon and Simpson indexes also 
take into account evenness i.e. number of times that each taxon was observed 
(Lozupone and Knight, 2008). Beta-diversity measures include unweighted 
(qualitative) and weighted (quantitative) approaches. Unifrac measures the 
phylogenetic distance between sets of taxa in a phylogenetic tree (Lozupone and 
Knight, 2008, 2005). The distance matrix (e.g. Unifrac) can be visualized e.g. 
by principal coordinate analysis PCoA (Lozupone and Knight, 2005). Other 
tools to identify similarities between OTUs between samples include two-
dimensional non-metric multidimensional scaling (NMDS), principal 
component analysis and correspondence analysis (Bálint et al., 2016). 

 

5.3.1 NGS in DWDS and touch surface research 

 
High throughput-sequencing techniques are commonly applied to characterize 
microbial communities of various ecosystems (e.g. gut, soil and marine) and 
their use in drinking water (Table 4) and touch surfaces (Table 5) are constantly 
increasing in bacterial community research. 

 
  



Microbiological methods in drinking water and touch surface research

60 

Table 4. Recent studies using amplicon sequencing approaches to target bacterial 16S rRNA 
gene in drinking water research. 

Study matrix 
(water/biofilm)

Main study focus and/or parameters studied to 
affect the bacterial communities Referenceplatform/(additional treatment)

Biofilm2 (shower hose), 
water

Global bacterial community characterization, 
potential risks, effect of engineering and usage (e.g. 
disinfectants, usage patterns)

(Proctor et al., 2018)MiSeq

Water and biofilm2 (tap) Copper-silver ionization treatment (Stüken et al., 2018)MiSeq

Biofilm2 (pipeline), water Biotic and abiotic factors (flow, temperature, pH), 
source water type, re-growth (Douterelo et al., 2017)MiSeq

Water2 (tap, river) Illumina NGS template comparison (rDNA gene, 
PMA, rRNA) (Li et al., 2017)MiSeq/rRNA, PMA

Water2 (flushed biofilms) Water flow conditions, material (PE, cast iron), 
water quality parameters, nutrients, season (Douterelo et al., 2016) MiSeq

Biofilm2 (pipeline), water Water flow conditions, source water, water quality (Douterelo et al., 2016)

Water, biofilm1 (pipeline) Resilience after disturbance 
(nitrification, disinfectant switch) 

(Gomez-Alvarez et al., 2016)
MiSeq/PMA

Biofilm2 (water meter), 
water Core population analysis, seasonal variation (Ling et al., 2016)454

Water2 (tap) Physical (municipality, state), chemical (source 
water type, chlorine type etc.), environment effect (Stanish et al., 2016)MiSeq

Biofilm1 (pipeline), water Functional analysis, material, biofilm age (Chao et al., 2015)454

Water2 (bulk) Water treatment plant/network, temporal variation (El-Chakhtoura et al., 
2015)454

Water2 (network, water 
treatment plant)

Water chemistry, stagnation and Cu, Cu/lead, 
plastic pipe materials (Ji et al., 2015)MiSeq

Biofilm2 (water meter, 
pipeline)

Biofilm characterization, location, unacceptable 
water quality (Lührig et al., 2015)454

Biofilm1 (pipeline) Disinfectants (chlorine, chloramine) and dosages (Mi et al., 2015)MiSeq

Biofilm2 (pipeline) Plastic, steel, iron materials (Ren et al., 2015)454

Water2 (network),
biofilm2 (water meter)

Different networks, location (raw/processed), phase 
and time 

(Roeselers et al., 
2015)MiSeq/454

Water2 (network) Water flow conditions (Douterelo et al., 2014)454

Biofilm1 (pipeline) Plastic, Cu materials (Buse et al. 2014a)454

Water (bulk), filter1/2 Monochloramine disinfection (Chiao et al., 2014)454/PMA

Water2 (tap) Different cities (Holinger et al., 2014)454

Water2 (tap, storage) Waterborne outbreak (Jalava et al., 2014)MiSeq/rRNA

Water, biofilm2 Whole water treatment process (Lin et al., 2014; Pinto et al., 
2012)454

Water, biofilm1 Also suspended solids, loose deposits (Liu et al., 2014)454

Water2 (network, 
treatment plant outlet) Distribution and time effect (Prest et al., 2014)454

Biofilm1 (pipeline) Disinfectant, water age, and 
cement, iron, PVC materials (Wang et al., 2014)454

Biofilm1 (pipeline), water Water flow conditions, phase (water/biofilm) (Douterelo et al., 2013)454

Water1 Disinfection treatments (Gomez-Alvarez et al., 2012; 
Hwang et al., 2012)454

Biofilm2 (tap) Biofilm characterization (Liu et al., 2012)454

Biofilm2 (water meter) Biofilm characterization (Hong et al., 2010)454

Study design: 1Pilot-scale 2Full-scale; Platform: Illumina MiSeqMiSeq, pyrosequencing Roche / Life Sciences 
454454; Activity included in NGS analysis: PMA treatmentPMA or rRNA templaterRNA.

  
Thus far, most of the drinking water NGS studies have used DNA as the 
sequencing target (Table 4). As bacterial pathogens may occur in the VBNC state 
(chapter 5.1) and still being infective, it is difficult to ascertain if the identified 
populations are dead, dormant or alive using DNA-based methods. 
Furthermore, from a methodological point of view, many methodologies may 
underestimate VBNC cell counts (Gião et al., 2015) highlighting the need to use 
advanced methodologies for bacterial community analysis. Only a few of the 
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recent NGS studies have considered active fractions by pretreatment of DNA 
extracts using PMA (Chiao et al., 2014; Gomez-Alvarez et al., 2016) or using 
rRNA transcripts (Jalava et al., 2014). Single genes of active bacterial members 
have been identified by qPCR using rRNA transcript as a target (Kapoor et al., 
2015; Pitkänen et al., 2013). rRNA molecules can provide information on 
metabolic functions of the bacterial cells as the cell risosomal counts increase 
during cell growth (Kapoor et al., 2015). Thus rRNA is a promising template for 
active or dormant bacteria identification analysis as DNA of both dead microbes 
and dormant populations may persist in the environment whereas RNA 
degrades rapidly outside of microbial cells (Deutscher, 2003). Comparison of 
the rRNA- and PMA-based methods showed better detection of live bacterial 
cells by rRNA whereas the method still identified some bacteria from samples 
of dead cells (Li et al., 2017).   

NGS technology has in recent years been utilised to analyse also lower 
bacterial biomass samples which is typical for touch surfaces (Table 5). Thus far, 
these indoor touch surface bacterial community studies utilise the 16S rRNA 
gene as a template, with 5–100 ng DNA (Bokulich et al., 2013; Hewitt et al., 
2012). Recent NGS studies in touch surfaces (Table 5) do not consider bacterial 
activity or antibacterial materials. With novel extraction techniques and 
sequencing library preparations, starting material as low as 1 to 50 ng of might 
even be enough for active cells i.e. using RNA as a template (Kelley and Gilbert, 
2013). 
 
Table 5. Next-generation sequencing techniques utilized in touch surface research (16S rRNA 
gene). 

Study (facility) Study focus/parameters Reference

Hospital Bacterial colonization on surfaces of a new hospital (Lax et al., 2017)

Hospital Bacterial community characterization in public hospital; 
comparison of different surface locations 

(Pereira da Fonseca et 
al., 2016)

Office Microbiome characterization; effect of geography, material, human 
interaction, location, seasonal variation (Chase et al., 2016)

Multiple Metastudy of varying indoor environments (surface, air, dust) (Adams et al., 2015)

Public areas Metagenomic and microbial community analysis 
(including eukaryotic and bacterial DNA)

(Afshinnekoo et al., 
2015)

Classroom Bacterial communities, effect of humans and surface types (Meadow et al., 2014)

Home Bacterial communities, effect of humans and location (Lax et al., 2014)

Hospital Bacterial and fungal community changes by cleaning and over time (Bokulich et al., 2013)

Residental 
kitchen

Bacterial community composition of ‘typical’ kitchens,
predictable distribution patterns (Flores et al., 2013)

Hospital Bacterial community characterization, effects of locations and 
human-association (Hewitt et al., 2013)

Hospital Bacterial community characterization in intensive care unit; floor, 
devices and workplaces comparison

(Oberauner et al., 
2013)

Home Diversity of bacterial communities in distinct locations and homes (Dunn et al., 2013)

Home Bacterial community characterization, effect of surface type and 
humans (Jeon et al., 2013)

Office Bacterial communities characterization, the effect of occupant sex, 
surface types and cities (Hewitt et al., 2012)

Public 
restrooms Bacterial communities, effect of surface types and humans (Flores et al., 2011)
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6. Aims of the study

Drinking water distribution systems and touch surfaces represent unique 
microbiological niches. Understanding these environments is crucial to 
guarantee microbiologically healthy indoor environments. This thesis focuses 
on the microbiology of these indoor environments related with emphasis on 
environmental factors that shape such microbiota. Copper is a widely used 
material within indoor environments, and therefore a special focus is on 
evaluating its effect on microbiota in drinking water and touch surface 
environments.   

 
The more specific objectives are to:  
 
1. Elucidate the composition of the bacterial population in microbial 

communities in drinking water and in biofilms, as well as determine the 
presence of possible pathogens by using up-to-date next-generation sequencing 
technologies. Metabolically active bacteria were specifically targeted by using 
ribosomal RNA as a template.  

2. Study the effect of copper pipeline material in the following settings:  
Explore how copper pipeline material, operational conditions and 
temperature affect biofilms or microbiological water quality in real-life 
circumstances using up-to-date technologies and common plastic PEX 
pipeline as a reference material. 
Evaluate in real-life circumstances the effects of copper pipeline 
material and water system to water quality in a one year study period 
using traditional microbiological analysis methods and worst-case 
scenario sampling plan i.e. weekend stagnation in a building. 
Evaluate further in pilot-scale with controlled conditions whether 
copper pipeline material has an impact on the microbial quality of 
water or biofilms’ microbial communities, and how chlorination and 
magnetic water treatment affect key bacterial members and water 
system microbial communities. 

3. Explore whether copper possesses antibacterial efficacy in real-life touch 
surface environments and identify touch surface types that possess highest 
bacterial loads and optimal locations for antibacterial solutions. 
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7. Material and methods

7.1 Full-scale system (I–II)

 
The full-scale water system in this study was an office building (Sytytin 
Technology Centre, Rauma, Finland) with 250 workers with regular office 
working hours. Drinking water to the building was distributed from municipal 
surface waterworks. The office building was a four-storey building in which 
sampling locations of the basement floor represents fresh incoming water, with 
the 1st floor representing the normal water consumption and the 3rd floor 
representing a dead-end situation without regular water consumption. Before 
the pipe network commissioning, pipes were rinsed with tap water to remove 
dirt, which also improved the formation of a protective layer in the inner 
surfaces of the copper pipes.  

At the beginning of the building’s distribution network (Fig. 5) the water 
network branched to copper (Cupori 110 Premium, Cupori Ltd.) and cross-
linked polyethylene i.e. PEX (Uponor Wirsbo-PEX, Uponor Ltd.) pipelines in 
cold and hot water systems. Additionally, short multilayer i.e. composite 
(Uponor composite system, Uponor Ltd.) pipeline existed in the cold water 
network of the basement floor. Pipeline diameters varied between 12–35 mm 
(Fig. 5) and all pipes followed appropriate product standards (copper Cu-DHP: 
EN 1057, 2010, PEX: EN ISO 15875-2:2003; multilayer: EN ISO 21003, 2008). 
Cu-DHP is a deoxidized, oxygen-free pure copper with a residual phosphorus 
content of 0.015-0.040%. The brass products in the full-scale network i.e. 
clamps, sleeves and bends used in the study were purchased from a variety of 
manufacturers whereas the ball valves contained plugs constructed of 
dezincification resistant brass (Oras Ltd., Finland). The network included also 
pipe collectors for research purposes that were easily removed from the system 
and analysed. Two separate circulating hot water systems operated in the 
building (copper and PEX) with inherent heat exchangers and without cross-
connections between the two materials. The pipe network had been 
commissioned for 28 days in copper and 12 days in PEX networks prior to the 
building inauguration and normal daily operations   (April 2011). 
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Figure 5. Shematic diagram of the full-scale water distribution network. Reprinted with permission 
© 2013 Elsevier Ltd.
 
The drinking water purification process by the waterworks (I) consisted of 
sedimentation, flotation, active carbon filtration and disinfection (sodium 
hypochlorite, ammonium chloride to distribution network). The average cold 
water temperatures were 9.9°C on the basement floor (range 5.7–16.4°C), on 
the 1st floor PEX: 20.1°C (15.1–27.5°C) and copper: 22.8°C (11.7–26.6°C), and 
15.3°C on the 3rd floor copper (range 12.0–20.6°C). The temperature of the hot 
water was set to 58°C, and the circulated water cooled at ca. 4.2°C (copper pipe) 
and ca. 5.4°C (PEX pipe) in the networks during the circulation that kept the 
hot water temperature stable. The mean temperature of hot water was 51.4°C 
and the temperature stayed within the range of 48.4–52.7°C throughout the 
seasons, and on the different floors and in pipe networks. The hot water 
pipelines on the 3rd floor dead-end site were located outside of the hot water 
circulation and the pipe leading to the tap contained hot water only when the 
faucets were opened.  

Stagnation information was estimated from the measured water volume (L) 
that had passed each sampling location (three days prior sampling). The water 
measurement system (Kaiko Efecta, Kaiko Oy, Finland) that included water 
meters, measured the volume of running water within each pipeline every 10 
minutes. Details of the water distribution network of the study site is presented 
in the Supplementary Information (I) including information on waterworks 
(S1), study site (S2) and water quality characteristics compared to legislation 
(Table S2).  

 

7.2 Pilot-scale system (III)

 
A novel pilot-scale water distribution system was built in the laboratory inside 
the full-scale office building and was isolated from the plumbing of the office 
building. A schematic diagram of the pilot-scale distribution network is 
presented in Fig. 6. The established pilot network was taken into use in April 
2012. Eight different pipelines (16 mm diameter) consisted of an 11 m long water 
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pipe including water sampling taps and five pipe collectors, and shared the same 
water flow velocity. Automatic flushing (25 L) was perfomed to each pipeline for 
five minutes four times a day during normal office hours to simulate flow 
conditions and water consumptions for a typical office building. Cold water to 
the pilot network was delivered from a 60 L stainless steel storage tank.  

The pilot-scale network (Fig. 6) consisted of eight parallel lines of looping 
pipes mounted to the laboratory walls from which half were constructed of 
copper and half from PEX pipes. Each of these eight lines had five pipe collectors 
i.e. a short piece of pipe connected with couplings to the water system pipeline. 
Pipe collectors included dezincification resistant brass as couplings and joints. 
Two pipelines of both (copper, PEX) materials were equipped with the magnetic 
water treatment (MWT) device (Bauer Watertechnology Ltd. PJ-20i HST, 
maximum intensity 26 mT) that produced an alternating frequency magnetic 
field orthogonal to the water flow. MWT-devices were installed into the lines 
before being filled with water and prior to the commencement of regular water 
flow. MWT devices operated during whole study period.  

An extra disinfection process was performed (01-03/2013) to biofilms during 
a short two months period by feeding chlorine parallel to daily flushing cycles 
to one copper and one PEX pipeline (Xerchem Oy, Finland, test device). Later 
in the text (section 7.4.2) a more detailed diagram of the sampling protocol is 
presented.  

 
Figure 6. Photograph of the pilot-scale system equipped with copper and PEX pipelines including 
pipe collectors and magnetic water treatment devices. 

 

7.3 Office, hospital, retirement home and kindergarten (IV)  

 
Four different facilities (office, hospital, retirement home, kindergarten) were 
located in the Satakunta area, of the west coast of Finland. All facilities included 
copper and reference products; copper as an antimicrobial test material for 
touch surfaces compared to regular touch surface materials without any specific 
antimicrobial functions. Later on in the study, copper group, apartment or room 
refers to study site containing copper or brass as an example of copper alloy 
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products, and reference group refer to corresponding study site without copper 
or copper alloy products. All facilities included copper materials of 99.8% Cu 
(Abloy Oy, Finland) or 99.9 to 100% Cu-DHP (Aurubis, Vemta, Cupori Oy and 
PA Wheels, Finland). Brass materials were tested in all facilities excluding the 
hospital. Brass products included 60.5% Cu, 36.5% zinc and a maximum of 3% 
consisting of other materials (Abloy Oy, Finland). Copper and brass surfaces 
were allowed to oxidize for a few months prior to the first sampling either 
already installed to the facility (real-life circumstances) or uninstalled (kept in 
a box) under normal indoor temperature and humidity. As an exception, 
sampling of front door handles in kindergarten started soon after installation. 
Reference materials included plastic, chromed, painted and wood materials. 
Copper/brass and reference touch surfaces were sampled on the same day and 
under the same circumstances.  

The office building in this study was Sytytin Technology Centre (water system 
described above). Touch surface sampling in Sytytin was performed in a 
separate office used by seven workers and visitors. The kindergarten under 
study had five kindergarten groups each including 15–20 children. Two of the 
kindergarten groups included children aged 0–3 years (the other group 
included copper and other reference products) and the two other groups were 
composed of 3–6 year olds (both included reference products). In addition, one 
kindergarten group (copper products) was composed of children of various ages 
where the number of children changed over the course of the study. The 
retirement home was a 20- apartment facility for elderly people over the age of 
80. Hospital facility included randomly occupied rooms for 0–17 year old child 
patients. The average length of stay in the rooms per patient was ca. 2.6 (copper) 
and 3.4 (reference) days. Patients, hospital staff as well as random visitors 
lounged in the room where the test surfaces were located. 

 

7.4 Sampling in water systems and touch surfaces 

 
A summary of the sampling protocol is described in Table 6. The sampling 
protocol includes water, biofilm and material samples from full-scale (I–II) and 
pilot-scale (III) office building water systems and touch surface samples (IV) 
from hospital, office building, retirement home and kindergarten 
environments. Regular sampling procedure for water and touch surface samples 
enabled high sample counts. Biofilm samples were collected from pipe 
collectors that were changed after sampling.  Water samples were also collected 
during these experiments.   
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Table 6. The summary of study design, parameters and study questions in water systems (I-III)
and touch surfaces (IV). Parameters analysed by statistical tests are marked with * and **.  
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IV

Cu-REF and brass-REF
datasets: Total aerobic 
count*, enterococci** and
gram-negatives** (214 
and 37), S. aureus** (157 
and 12), respectively.  

Pipe material Cu-REF or 
brass-ref and sampling 
location (2-way ANOVA*,
Post-hoc Tukey HSD for 
samping location).
Material Cu-REF
(Pearson's chi-squared test 
(χ2)**

1Materials in full- and pilot-scales: copper (Cu) and cross-linked polyethylene (PEX), in full-
scale biofilm one multilayer polyethylene pipe, in touch surfaces: Cu, brass and references 
(chromed, plastic, painted, wood).
2Hospital, kindergarten, office, retirement home. 
3Floor drain lid, toilet flush button, light switch, door handle, closet touch surface, front door 
handle, corridor handrail, toilet support rail.

 

7.4.1 Water sampling 

 
Water sampling in full-scale (II) started in parallel with the Sytytin Technology 
Centre inauguration. Regular sampling i.e. two litre water samples were 
collected at seven sampling locations: copper pipes (cold water at basement 
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floor; cold and hot water at the 1st and 3rd floors) and PEX pipes: cold and warm 
water at the 1st floor) shown in Fig. 5. Four locations in the basement floor were 
excluded from the regular water sampling procedure. After the weekend 
stagnation on Mondays, cold drinking water on the first floor had been 
stagnating for two to three days, and on Thursdays the cold drinking water had 
been stagnant overnight. The basement floor copper pipe represents fresh water 
due to early water consumption on Mondays by a restaurant in the location. The 
third floor represents a dead-end location with no other water consumption 
except during the sampling. From these samples, copper, microbiological 
quality, i.e., total cell count (DAPI) and heterotrophic plate count (HPC), and 
microbial nutrients AOC and microbially available phosphorus (MAP) were 
determined. During the collection of biofilms on the 17th of April 2012, water 
samples were also collected from all 11 biofilm sampling locations with the same 
microbiologal analyses. From these samples collected on the 17th of April 2012, 
Legionella spp. in water and biofilms were studied from five sampling sites 
(basement floor copper pipeline, 1st floor PEX pipeline cold and hot, 3rd floor 
copper pipeline cold and hot). 

In the pilot-scale (III) distribution system, similar to the full-scale system, 
regular water sampling (2 L) was performed once a month from the beginning 
of the pilot system operations (March 2012 to November 2014). Water samples 
were collected on Monday mornings after weekend stagnation (ca. 64 hours), 
and the resulting HPC was analysed. During the biofilm collection experiments 
from January to March 2013, an analysis of HPC, ATP and DAPI was performed 
after the collection of an extra two litres of water samples (DAPI was analysed 
only from a part of the samples). These water samples were taken from water 
stagnated over one night (16 hours). All water samples were collected from a 
sampling tap located after pipe collectors and contained only stagnated water 
that had been tempered to ambient temperature (on average 21–22°C) and was 
in contact with the studied material (copper, PEX). In addition, fresh water 
samples were collected during the previous afternoon (average temperatures 
14.2 ± 2.4°C). 

From regular over weekend stagnated water samples, multiple water 
physicochemical quality parameters were measured. Temperature, oxygen 
percentage, oxidation-reduction potential (ORP), electrical conductivity (SPC), 
pH and nitrite, nitrate, free and total chlorine, phosphate, ammonium, sulphate 
and chloride concentrations were measured from the full-scale system (I) and 
from the pilot-scale experiment (III). In the former (I), more comprehensive 
analysis included also nutrients AOC and MAP, alkalinity, hardness, and metals. 
Water quality parameters per each pipeline during 03/2012 to 12/2013 are 
available (Latva et al., 2016).  

 

7.4.2 Pipe collectors sampling 

 
Biofilms were sampled using pipe collectors that are short pieces of pipe i.e. 
segments connected with couplings to the system. The pipe collectors can be 
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detached from the system and replaced with a new collector for research 
purposes. At each research location site (full- and pilot-scale II–III), five pipe 
collectors in a row had been installed. In both systems, the biofilm samples were 
taken after the water samples. During the removal of a pipe collector, the 
collector was first closed via ball valves and then removed from the pipe 
network. After that, 18 mg/mL of sodium thiosulphate (Na2S2O3) was added into 
the pipe collector in order to bind active chlorine. Biofilms were detached from 
the inner surfaces of the pipe collectors by shaking for 3 x 10 min with sterile 2 
mm glass beads followed by rinsing with 5 mL of sterile water.  

In the full-scale system (II), the last pipe collectors by water flow that 
contained biofilms were replaced on the 17th of April 2012 after one year (PEX 
391 days, copper 407 days) of operating. Pipe collectors were changed at 11 
sampling points (Fig. 5) including the ones with regular water sampling during 
the preceeding year as well as the pipelines on the basement floor: copper 
(warm), PEX (cold and warm) and multilayer (cold).  

All pipe collectors were taken out from the pilot-scale network after 10 to 12 
months of use between January to March 2013. The system consisted of eight 
pipelines each including five pipe collectors that resulted in 40 pipe collector 
samples consisting of different materials or receiving different treatments (Fig. 
7). The majority of pipe collector samples (36) were analysed in regards to the 
microbiological quality of biofilms (publication III). Magnetic water treatment 
had operated from the very beginning of the experiments, and the extra 
disinfection was started after the first biofilm collection day (last pipe collectors, 
30th January). Extra disinfection consisted of feeding chlorine parallel to daily 
flushing cycles to one copper and one PEX pipeline. Extra disinfected pipes 
contained ca. 1.0 mg/L instead of ca. 0.5 mg/L total chlorine without an 
additional chlorine feed (free chlorine ca. 0.5 and 0.1 mg/L, respectively). The 
third and fourth pipe collectors by the water flow were detached on the 27th of 
February and the first and second pipe collectors were detached on the 13th of 
March.  

 

 

Figure 7. Schematic diagram of the pilot-scale water distribution network in which microbiological 
quality of 36 biofilms (III) were analysed. Chemical quality of four material samples found in Latva 
et al. (2016). White bars represent copper pipes and grey bars represent PEX pipes. Statistical 
analyses marked: dataset 1 (dash line) and dataset 2 (black line) (two-way ANOVA).   
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7.4.3 Touch surface sampling 

 
Touch surface sampling (IV) was performed on the copper and brass surfaces 
on the same day and under the same circumstances i.e. sampling date and touch 
surface usage profile as for reference surfaces (plastic, painted, chrome and 
wood). In addition, cleaning practices were similar, and cleaners were informed 
to clean the copper and brass surfaces with similar cleaning practices as 
reference surfaces and they were not aware of the exact sampling times.  
Sampling started only few months after installing new touch surfaces and 
during that time cleaners were expected to be comfortable with different kinds 
of touch surfaces. Previous basic cleaning using non-disinfecting detergents 
prior to sampling was performed one week before in the office (non-ionic and 
anionic detergent Diversey Sani 100 or non-ionic detergent Diversey Jontec 
Profi, Diversey, Finland), one day before in the kindergarten (non-ionic 
detergent Kiilto Plusclean, KiiltoClean Oy, Finland) and during the previous day 
in the hospital (non-ionic and anionic detergent Kiilto Alltop, KiiltoClean Oy, 
Finland). In the retirement home, cleaning practices varied between apartments 
(cleaners or inhabitants). Disinfecting detergent was used regularly in all 
facilities excluding the office i.e. once per week in the kindergarten (Kiilto 
Desichlor, KiiltoClean Oy, Finland), during infection cases and secretions in the 
hospital (Kiilto Klorilli, KiiltoClean Oy, Finland) and occasionally in common 
bathrooms in the retirement home (Kiilto Klorilli). The active ingredient in 
disinfecting cleaning products was chlorine. Non-disinfecting detergents 
contained mostly anionic or non-ionic surfactants and water softeners. 

Touch surface samples were taken under real-life circumstances and previous 
human touch counts for surfaces were evaluated if possible. In the office 
building, a similar toilet usage procedure was implemented with the copper and 
reference toilets (IV). Surface samples were as follows in decreasing order by 
the surface area: corridor hand rail (597–663 cm2), front door handle (336–510 
cm2), toilet support rail (264–396 cm2), floor drain lid (132–357 cm2), door 
handle (70–94 cm2), toilet flush button (17–47 cm2), closet touch surface (30 
cm2), and light switch (27–28 cm2). Photographs of some of the studied copper 
and brass touch surfaces in real-life circumstances are presented in Fig. 8. 

 

 
Figure 8. Examples of studied touch surfaces in real-life circumstances: A) copper toilet support 
rail, B) copper floor drain lid, C) copper light switch (left) and brass door handle (right), and D) 
copper door handle.  

Touch surface sampling was performed by swabbing the surface with a sterile 
swab using a fixed wiping method (horizontal and vertical sweeps). Before the 
sweeping, the cotton swab was dipped once to a 2 mL neutralizing buffer 
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(Dey/Engley Neutralizing Broth) or a similar substance manufactured by the 
analysis laboratory. The cotton swab was vortexed for two minutes prior to 
plating. Parallel inoculations of 200 μl were plated on site to Trypticase Soy Agar 
plates (BDTM, Franklin Lakes, NJ, USA and Tammer-Tutkan Maljat Ltd., 
Tampere, Finland) for bacterial aerobic plate counts. Inoculated plates and 
sample tubes (for indicator analyses) were transported in cool conditions for 
further analyses within 24 hours of sampling to a laboratory (the Laboratory of 
Hygiene and Microbiology at the Hjelt Institute, University of Helsinki, 
Finland).  
 

7.5 Analyses 

 

7.5.1 Physicochemical measurements (I–III) 

 
Temperature, pH, dissolved oxygen, redox and electrical conductivity were 
measured using a YSI professional plus meter (YSI, Yellow Springs, Ohio, USA) 
(I, III). Free chlorine, total chlorine, sulfate and chloride concentrations and 
concentrations of ammonium, phosphate, nitrite and nitrate were analysed with 
a Hach Lange DR 2800 spectrophotometer (Hach Lange GmbH, Düsseldorf, 
Germany) according to the manufacturer’s instructions (I, III). Alkalinity was 
analysed with potentiometric titration (SFS 3005, 1981) (I). Total hardness was 
defined as a sum of calcium and magnesium levels in the water (SFS 3003, 1987) 
(I).  

Microbially available phosphorus (MAP) was analysed as the maximum 
growth of Pseudomonas fluorescens P17 (ATCC 49642) in pasteurized water 
samples relating to the phosphorus concentration (Lehtola et al., 1999) (I). 
Assimilable organic carbon (AOC) was determined using a modification 
(Miettinen et al., 1999) of the van der Kooij method (van der Kooij et al., 1982) 
in which nutrient solution was added to maintain nutrient balance. AOC was 
measured with P. fluorescens P17 and Aquasprillium NOX as maximum colony 
counts from the water sample. (I)  

Metals (copper) were analysed with the wet combustion method at 90 °C in 
which acid soluble samples were degraded with nitric acid using the 
standardized method 150M (SFS-EN ISO 15587-2, 2002). Analysis was 
performed either by inductively coupled plasma mass spectrometry ICP-MS 
(SFS-EN ISO 17294-2, 2005), or inductively coupled plasma optical emission 
spectrometry ICP-OES (SFS-EN ISO 11885, 2009) (I).  

 

7.5.2 Microbiological methods (I–III, IV) 
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In water and biofilm samples, the heterotrophic plate count (HPC) was 
determined as using spread plating method on R2A plate (Difco, USA) with 7 
days incubation with a temperature of 22 ± 2 °C (Reasoner and Geldreich, 1985) 
(I, III).  

Total cell count was determined by DAPI (4’,6-diamidino-2-phenylindole) 
staining. The sample was filtrated with a 0.2 μm Ultipor membrane (Pall 
Corporation, New York, USA) and stained with 5 μg/mL DAPI for 15 minutes. 
Cell count was counted by epifluorescence microscopy Olympus BX51 (Olympus 
Co. Ltd., Japan) (Hobbie et al., 1977) (I, III).  

Adenosine triphosphate (ATP) was measured with Kikkoman Lumitester C-
110 (LuminUltra Technologies Ltd., Fredericton, Canada) using ATP Biomass 
Kit HS 266-311 (BioThema AB, Handen, Sweden) according to manufacturers’ 
instructions (I, III). 

16S rRNA gene specific quantitative PCR (qPCR) assays were performed using 
fluorescent reporter SybrGreen I (Roche Diagnostics, Germany) methods of 
QuantiFire (Savcor Forest Ltd., Espoo, Finland). Also DNA extraction prior to 
qPCR method and primers in the qPCR were QuantiFire Ltd. design (I, III). The 
numbers of 16S rRNA gene copies were measured with ABI SDS 7000 (Applied 
Biosystems, UK).  

Legionella spp. were determined by the culture method in which concentrated 
and pretreated samples were incubated at 36 °C for 10 to 12 days on GVPC and 
BCYE plates (Oxoid, UK) following operation procedure TO11 of the National 
Institute for Health and Welfare and international standard (ISO 11731, 1998). 

In touch surface studies (IV), the inoculated plates for the total bacterial 
aerobic plate count (chapter 7.4.3) were incubated at 22°C for 5 days. Bacteria 
in the original sample were enriched (1 mL sample + 9 mL of TSB-meat extract 
at 37°C for 3 days) prior plating to selective media (200 μL, inoculated at 35 ± 
2°C for 18 to 24 h). The following bacteria were analysed on selective plates 
(BDTM): coagulase positive staphylococcus (mannitol salt agar plate), 
Enterobacteriaceae and some other gram-negative rods (later referred as gram-
negatives, MacConkey II Agar-plate) and faecal group D streptococci 
(Enterococcus spp. and Streptococcus bovis) i.e. enterococci (EnterococcoselTM 
Agar-plate). Presence of S. aureus from the coagulase positive staphylococci was 
confirmed with a Slidex Staph-Kit (bioMerieux Vitek, Inc., Hazelwood, MO). 
The results of S. aureus, enterococci and gram-negatives were indicated as 
present or absent.  
 

7.5.3 Next-generation sequencing (II–III) 

 
Next-generation sequencing (NGS) was performed on biofilm samples in the 
full-scale (II) and pilot-scale (III) systems as biofilms describe the long-term 
situation of the water system. In full-scale, additional water sampling for NGS 
on biofilms’ collection day enabled NGS analysis also to cold water (II). Samples 
from the hot water system were estimated to have too low of a bacterial biomass 
(HPC <20 CFU/mL) for NGS analyses. After the cultivation studies, it was 
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evaluated from the remaining low sample volumes that bacterial biomass was 
too low for performing reliable NGS analyses on touch surfaces (IV). 
 
DNA and RNA extraction, PCR and amplicon sequencing 
 
Prior to DNA and RNA extraction, water samples of 2–4 L (II) and resuspended 
biofilm samples of 10 mL (II) and 25 mL (III) were filtered onto 0.2 μm nylon 
membranes (N66, Ultipor®, Pall Corporation, Ann Arbor, Michigan). Reagent 
blanks were also prosessed. Samples were preserved with RNAlater (Qiagen, 
Hilden, Germany) and stored at -70°C to prevent nucleic acid degradation prior 
to extractions. The whole (II) or half membranes (III) were shipped on dry ice 
to the US Environmental Protection Agency (Cincinnati, OH , USA) for further 
NGS analyses.   

Cell lysates were produced with bead-beating the membranes (Mini-Bead-
Beater, Biospec Products, Inc., Bartlesville, OK). In bead-beating, screw-cap 
microcentrifuge tubes including 40 mg of 150–600 μm diameter acid-washed 
and DNase and RNase free glass beads (Mo Bio Laboratories, Inc., Carlsbad, 
CA) and 500 μl of lysis buffer (Buffer RLT Plus, Qiagen GmbH, Hilden, 
Germany) containing β-mercaptoethanol (Sigma-Aldrich Co., St. Louis, MO) 
were used. Total RNA and DNA were extracted from the cell lysates using the 
AllPrep DNA/RNA Mini Kit (Qiagen GmbH) (Pitkänen et al., 2013). Extracted 
RNA was further purified with Ambion TURBO DNA-free DNase kit (Life 
Technologies, Grand Island, NY). Complementary cDNA (cDNA) was 
synthesized from RNA using random hexamer primed Superscript III system 
for RT-PCR (Life Technologies). Storage temperatures were -70°C for RNA, and 
-20°C for cDNA and DNA extracts. RNA controls confirmed the absence of DNA 
in the RNA fraction. 

Extracted nucleic acids DNA (total DNA) and cDNA (active bacterial fraction 
from RNA) were used as templates to amplify the bacterial 16S rRNA gene for 
NGS applications. Illumina MiSeq PE250 platform and barcoded primers 515F 
and 806R (Caporaso et al., 2011) to produce 291 bp pair-ended sequences were 
used in NGS.  

 
NGS data preprocessing and analyses  

 
All 16S ribosomal RNA gene sequence reads were processed and analysed using 
QIIME (Quantitative Insights Into Microbial Ecology) software (Caporaso et al., 
2010). In the preprocessing of full-scale samples (II), the processing steps 
included: 

1. Merged reads preprocessing by trimming of bad quality reads with 
Trimmomatic software (Bolger et al., 2014). 

2. Fastq files merging (i.e. forward and reverse reads) using FLASH (Fast 
Length Adjustment of SHort reads) software (Magoč and Salzberg, 
2011). 

3. Artificial sequences such as primers and adapters removal with 
Cutadapt (Martin, 2011).  
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4. Disposing short length reads lesser than 253bp and removal of 
ambiguous sequences.  

5. Chimeras removal from preprocessed reads with UCHIME (Edgar et 
al., 2011) using USEARCH algorithm (Edgar, 2010).   

6. Preprocessed reads alignment using PyNast (Caporaso et al., 2010) 
with Greengenes database (DeSantis et al., 2006). Reads sorted with 
>97% similarity into operational taxonomic units (OTUs) using closed 
reference OTU picking approach. Taxonomic classification was 
obtained using the tool RDP classifier (Wang et al., 2007).  
 

In the pilot-scale system (III), the preprocessing of the samples was performed 
similarly to full-scale samples, with the exception of the merging of reads, which 
was performed with FLASH2 (Magoč and Salzberg, 2011) just before chimera 
removal (Step 5). In addition, an open reference approach was used in order to 
retain the reads failing to match the Greengenes database reference OTUs.  

After OTU picking, the downstream processing of data included removal of 
chloroplast, mitochondrial OTUs and spurious OTUs (II–III). Taxa summaries 
were constructed using standard qiime pipeline (Caporaso et al., 2010) (II–III). 
Then, the alpha-diversities within samples with chao1 (II–III), ACE (II), 
Shannon (II–III) and Simpson (II–III) metrics were calculated. Beta-diversities 
between the samples were calculated with Unifrac unweighted and weighted 
metrics (Lozupone and Knight, 2005) and visualised by Emperor software (II), 
or as non-metric multidimensional scaling (NMDS) plot that was visualized and 
presented using ggplot2 in R package (III).  

The raw reads were deposited in the NCBI Sequence Read Archive (SRA) 
under the BioProject PRJNA276783 (BioSample numbers: SAMN03383165 to 
SAMN03383190, II) and BioProject PRJNA376156 (submission ID 
SUB2427146, III).  
 
Phylogenetic analyses  

 
OTUs with suspected public health relevance in the water and biofilm samples 
were identified using an OTU table generated in QIIME (II–III). In full-scale 
the  phylogenetic analyses of the samples, the studied mycobacteria or legionella 
OTUs were imported into fasta file and blasted at NCBI database. The selected 
reference OTU sequences that represent the different Mycobacterium (Daniel 
et al., 2004) or Legionella (Yang et al., 2012) species suspected to have health 
relevance were downloaded from the NCBI database as well as the sequences 
with highest similarity or near match for the studied OTU sequences (II). Then, 
the downloaded sequences were trimmed to the exact length, and multiple 
sequence alignment with MUSCLE was performed for the sequences using 
Mega 5.2 software package. The phylogenetic tree was constructed using 
Maximum Likelihood algorithm (1000 bootstrap replicates) and visualized with 
Mega 5.2.  

In the phylogenetic analyses of data from the pilot-scale study (III), a similar 
procedure was followed. More comprehensive lists of reference OTUs were 
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selected for Mycobacterium species (III, Data S1) and for Legionella species 
with the addition of type strains of species Legionella gormanii, Legionella 
longbeachae and Legionella parisiensis. Phylogenetic tree construction was 
performed as full sequence lengths trimmed for equal length (ca. 1.2k base pair) 
excluding OTUs that did not match the reference database. Sequences 
alignment was permofmed by Mothur software package (Schloss et al., 2009) 
instead of MUSCLE.  
 

7.6 Statistical analyses (I–IV)

 
Statistical analyses for the study datasets are listed in Table 6. The results were 
considered as statistically significant at level P ≥ 0.05. All statistical analyses 
were performed using the Statistical Package for the Social Sciences (SPSS) for 
Windows (SPSS Inc., Chicago, USA) version 20.0 (I), version 23.0  (II–III), and 
version 22.0 (IV).   

Two-way analysis of variance (2-way ANOVA) was used to detect differences 
between two different parameters in water systems i.e. material/water system 
(I), material/magnetic water treatment and material/extra disinfection (III) 
and in touch surfaces material/sampling location (IV). Post hoc tests (Tukey 
HSD) were used to test differences within the sampling location in touch 
surfaces (IV). Normal distributions of the data in the statistical analyses were 
examined by Levene’s test and through visual examination (I, III, IV). Of the 
larger datasets, one dataset showed clearly similar values between parameters, 
and statistical analyses were not reported (2-way ANOVA by material and 
magnetic water treatment in weekend stagnated water, III).     

Logarithmic transformation was used for the microbiological parameters 
(DAPI, ATP, HPC, 16S gene copy counts, total aerobic plate count) before the 
statistical analyses to normalize the distribution of the data (I, III, IV). In high 
bacterial growth samples in touch surface studies (IV), the following 
classifications (CFU/plate) were used in the statistical analyses: 250 CFU (for 
results >100 CFU), 750 CFU (>500 CFU), 2500 CFU (>1000 CFU), 7500 CFU 
(>5000 CFU) and 10 000 CFU (>10 000 CFU).  

For smaller or non-normally distributed datasets, nonparametric pairwise 
Wilcoxon signed rank test was used for species richness indexes for rDNA/rRNA 
and water/biofilms (II). For presence/absence of bacterial indicators 
(enterococci, gram-negatives and S. aureus), Pearson's chi-squared test (χ2) 
was used (V).  

Using the QIIME software package, the following beta-diversity calculations 
of pilot-scale biofilm sample NGS results (III) were performed: analysis of 
similarity (ANOSIM) for combined parameters (control copper, control PEX, 
magnetic water treatment copper, magnetic water treatment PEX, extra 
disinfection copper, extra disinfection PEX) in NDMS plot. 
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8. Results

8.1 Bacterial populations in real-life drinking water system (I–II) 

 

8.1.1 Total and active bacterial communities in copper and PEX 
pipelines (II) 

 
Next-generation sequencing (NGS) method using both 16S ribosomal RNA 
genes (rDNA) to describe total bacterial fraction and ribosomal RNA (rRNA) to 
describe the active and dormant bacterial inhabitants was utilised in the study 
of a full-scale office building in real-life circumstances. Seven phyla (proportion 
of reads at least 0.1%) were identified in water and biofilm samples in both 
rDNA and rRNA libraries. In both libraries, the most abundant phylum was 
Proteobacteria with proportions in samples of 77.6–99.9% (rDNA) and 82.6–
99.9% (rRNA). The percentage of Proteobacteria increased 1.0–10.7% in the 
rRNA library in comparison to the rDNA library in all samples (excluding the 
3rd floor of the stagnated sampling site).  

Copper and PEX materials showed similar bacterial community composition 
i.e. beta-diversities seen as same clusters in water and biofilms in unweighted 
(Fig. 9) and weighted (II, Fig. 2B) PCoA plots. The total and active biofilms 
contained mostly different genera of Alphaproteobacteria class: Sphingomonas 
spp., Methylobacterium spp., Zymomonas spp., Mycoplana spp., Blastomonas 
spp. in both copper and PEX pipes. Similarly, in water most of the genus level 
sequences of both copper and PEX pipes belong to Methylotenera spp., 
Sphingomonas spp. and Methylobacterium spp. without major differences 
between materials in the most abundant genera of the bacterial communities. 
The number of different species i.e. species richness was slightly higher in PEX 
biofilm samples (Chao1; 230) than in the corresponding copper biofilm samples 
(Chao1; 180–190) in the rRNA library. 
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Figure 9. Unweighted PCoA of water and biofilm samples. Cu = copper; P = PEX; C = cold; H = 
hot; 0F = basement floor; 1F = 1st floor and 3F = 3rd floor. 
 
Samples from the real-life office building clustered by sample type 
(water/biofilm) and by location rather than by material in the unweighted beta-
diversity in the PcoA plot are shown in Figure 9. Moreover, total and active 
(rDNA/rRNA) bacterial communities differed in water samples (Fig. 9). When 
the beta-diversity PcoA plot was weighted i.e. the relative abundances were 
included, rDNA and rRNA libraries showed more similarity (II, Fig. 2B). The 
most common total (rDNA) and active (rRNA) bacterial inhabitants and the 
estimated number of species (Chao1) of these different sample clusters (grey 
clusters in Fig. 9) are listed in Table 7. In water samples with fresh water 
included (excluding 1st floor copper pipeline), Betaproteobacteria (incl. 
Methylotenera spp., Limnohabitans spp., Oxalobacteraceae family) was the 
dominant class in both rDNA and rRNA libraries (>55%). In biofilms, 
Alphaproteobacteria (incl. Sphingomonas, Methylobacterium spp., 
Zymomonas spp., Rhizobiales order) was the dominating class (>83%) in 
sampling locations with regular water consumption and relatively high water 
flow profiles.   
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Table 7. Total and active bacterial inhabitants by the representative genera and species richness 
values in the full-scale (II) water system by different sample types.

Sample type
Min to max abundances (%) of representive genera1 Species richness 

(Chao1)
rDNA rRNA rDNA rRNA

Water 
samples

Methylotenera (18–63%),
Sphingomonas (0–26%), 
Methylobacterium (0–10%), 
Oxalobacteraceae family 
(2–6%), 
Limnohabitans (0–16%), 
Rhizobiales order (0–11%)

Methylotenera (7–57%),
Sphingomonas (4–12%), 
Methylobacterium (3–13%), 
Oxalobacteraceae family 
(1–9%),  
Limnohabitans (1–23%), 
Rhizobiales order (2-58%)

380–
580

250–
400

Cold biofilm 
basement and 
1st floor 

Sphingomonas (6–37%),
Methylobacterium (11-23%), 
Zymomonas (0–16%), 
Rhizobiales order (0–21%)

Sphingomonas (10–27%),
Methylobacterium (26–38%)
Zymomonas (0–13%), 
Rhizobiales order (0–62%)

210–
240

180–
230

Cold and hot 
biofilm 3rd

floor 

Limnohabitans (45–48%), 
Mycoplana (3–32%), 
Sphingomonadaceae family 
(5–45%)

Limnohabitans (83–87%), 
Comamonadaceae family 
(3–4%), 
Sphingomonadaceae family 
(0–7%)

220–
230

240–
260

Circulating 
hot biofilm 

Limnohabitans (39%), 
Methylotenera (18%), 
Corynebacterium (13%), 
Comamonadaceae family 
(15%)

Pseudomonas (47%), 
FBP phylum (12%), 
Comamonadaceae family 
(9%), 
Yersinia (9%)

220 150

1Representative genera chosen from full-scale (II) TOP10 OTUs: Methylotenera (OTU: 4413869), 
Sphingomonas (OTUs: 4423410, 50190, 715885, 1144378, 992510, 4344371), Methylobacterium (OTUs: 
133380, 4396717), Rhizobiales order (OTU: 831178, 226373), Zymomonas (OTUs: 157059), Limnohabitans 
(OTUs: 4466646, 4362165), Corynebacterium (OTUs: 1012948), Oxalobacteraceae family (OTUs: 617340), 
Comamonadaceae family (OTUs: 142376, 93726, 4418260, 2792168, 3926677, 4377842, 255518, 211171, 
849642, 537643, 4456104, 4379869), Sphingomonadaceae family (OTUs: 4391560, 4438545, 4183282), 
Pseudomonas (OTU: 557974), FBP phyla (OTU: 1028542), Yersinia (OTU: 274754).

 
Alpha-diversity in water and biofilms (N = 24) were significantly higher in rDNA 
libraries compared to rRNA libraries based on the Shannon diversity index (1.9–
4.4 and 1.3–3.3, P < 0.01, respectively). However, the difference was not that 
obvious purely based on the number of species as Chao1 index (210–580 and 
150–400, P > 0.05). Species richness was higher in water samples compared to 
the biofilm samples (P < 0.01, N = 20) and this was displayed as Chao1 (250–
580 and 180–260). 

The biofilm samples collected from the 3rd floor dead-end sampling location 
were clustered apart from biofilm samples of various sampling locations with 
regular water consumption sites in the unweighted (Fig. 9) and weighted (II, 
Fig. 2B) PcoA plots. Further, rDNA of these biofilms (Table 7) consisted mainly 
of Betaproteobacteria (Limnohabitans spp.) and Alphaproteobacteria 
(Mycoplana spp., family Sphingomonadaceae), whereas the active (rRNA) 
bacterial community mainly consisted of Limnohabitans genus. Biofilms from 
regular water consumption sampling sites, however, showed different genera 
that were most abundant and consisted mainly of Sphingomonas spp., 
Rhizobiales order and Methylobacterium spp.  

Water from the 3rd floor contained both stagnated and fresh water, and were 
clustered together with other water samples in PCoa plots (Fig. 9). In these 
water from the 3rd floor, a relatively high proportion (16–23%) of 
Limnohabitans-like sequences were found similar to biofilms as other water 
samples contained Limnohabitans spp. ≤2%. The only cold water sample from 
the regular water consumption site that contained entirely stagnated water (1st 
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floor copper pipeline), clustered towards biofilm samples in weighted PcoA plot 
(II, Fig. 2B). In this overnight-stagnated water sample, Rhizobiales order 
dominated (58%) in the rRNA library similar to Limnohabitans spp. on the 3rd 
floor, highlighting the effect of location and stagnation to the activity of these 
bacteria.  

Generally, most common bacterial inhabitants occurred in both rDNA and 
rRNA libraries with varying relative abundances (Table 7) excluding one biofilm 
sample from a circulating hot water system in which the community profiles 
between rDNA and rRNA libraries clearly deviated from each other. 

8.1.2 The effect of material and water system by traditional methods (I) 

 
The microbiological quality of water was evaluated during a one-year long water 
sampling period. The worst-case scenario samples were collected after weekend 
stagnation. Total cell counts (DAPI) were affected by the water system (cold, 
hot) (Table 8). DAPI was higher in the cold water system than in the circulating 
hot water system during sample research days 168–364. 

Unlike DAPI, the cultivable microbial count (as a heterotrophic plate count, 
HPC) showed a relationship between the materials and the water system (Table 
8). In the hot water systems, HPC values were three orders of magnitude higher 
in the copper than in the PEX pipes. The difference between materials in the hot 
water system  was most likely due to intense bacterial growth in the 3rd floor 
copper pipelines (HPC 4.9 · 104 ± 4.0 · 104 CFU/mL, N = 33) when water 
stagnated for 1–4 weeks. Average HPC values in cold water were very similar 
both for copper and PEX pipelines (2.5 · 104 and 1.1 · 104 CFU/mL, respectively) 
in the 1st floor sampling sites with regular water consumption profiles. In these 
sampling sites, higher average temperature occurred in copper pipelines (22.8 
± 3.0°C) compared to PEX pipelines (20.1 ± 3.0°C). Notably, HPC values were 
higher than the counts in the incoming water (HPC 5.5 · 103 ± 1.0 · 104 CFU/mL, 
average temperature 9.9°C, N = 19), implicating bacterial growth in this 
building water system after weekend stagnation. In the two 1st floor sampling 
sites, average copper concentration in water was slightly higher in copper (150 
μg/L) than in PEX pipelines (23 μg/L) as expected; however, even the highest 
measured copper concentrations (200–490 μg/L) in the study site did not seem 
to decrease HPC values in water. Cultivable microbes in the incoming water 
were highest (HPC 3.7 · 103 to 4.0 · 104 CFU/mL) in the summer and autumn 
time on June to November, when also the water temperatures were quite high 
(12.1–16.4°C) and total chlorine levels low (≤0.07 mg/L). 

As with nutrients that could affect microbial growth, PEX and copper pipes 
showed similarity in the full-scale system cold water concerning microbially 
available phosphorus (MAP) concentrations (Table 8). In the hot water systems 
however, the MAP concentration was clearly higher in the PEX compared to the 
copper pipes. In this PEX pipeline of the hot water system, but not in the copper 
pipelines, the MAP concentration was higher than that in the incoming water 
(0.7 ± 1.4 μg P/L, N = 17). Assimilable organic carbon (AOC) was affected by 
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both the water system and material (Table 8). The hot water system contained 
higher AOC concentrations than the cold water system. AOC values in cold 
water increased notably in the PEX network but not in copper network. AOC 
doubled in both copper and PEX hot water systems as compared to incoming 
water (125 ± 45 μg C/L) excluding the 3rd floor where AOC values were similar 
to those in the incoming water. 

 
Table 8. Full-scale water total and cultivable biomass and nutrient concentrations (average values 
± standard deviation) between water systems and materials. Sample count in brackets.

Parameter Cold water system Hot water system Significance 
(2-way ANOVA)Copper PEX Copper PEX 

DAPI

(cells/mL)

5.9·104 ± 3.2·104 (32) 5.1·104 ± 5.0·104 (23) P < 0.05 

(water system)

HPC 

(CFU/mL)

2.9·104 ±

3.9·104

(61)

1.1·104 ±

1.3·104

(20)

2.0·104 ±

3.2·104

(23)

2.7·101 ±

1.5·101

(14)

P < 0.01 

(interaction)

AOC1

(μg C/L)

111 ± 64 

(74)

201 ± 96

(53)

P < 0.001 

(water system, 

material1)

MAP

(μg P/L)

0.5 ± 1.0    

(35)

0.9 ± 1.5   

(16)

0.5 ± 0.6  

(29)

2.0 ± 1.8   

(18)

P < 0.05 

(interaction)
1More AOC was present in the water of the PEX network (194 ± 94 μg C/L, N = 38) than in its 
copper counterpart (129 ± 82 μg C/L, N = 89) (P < 0.001).

 
In biofilms (I, Fig. 2), DAPI seemed to be rather unaffected by the cold or hot 
water system (mean 5.6 · 105 and 5.9 · 105 cells/cm2, respectively). Mean ATP 
was found to be 33-fold and mean HPC almost 4200-fold higher in the cold 
water system (ATP 78 pg/cm2, HPC 1.9 · 105 CFU/cm2) than in the hot water 
system (ATP 2.4 pg/cm2, HPC 4.6 · 101 CFU/cm2) excluding the 3rd floor. The 
highest values of ATP (18 pg/cm2) and HPC (3.1 · 104 CFU/cm2) as well as 
Alphaproteobacteria and Betaproteobacteria (qPCR) occurred in the sampling 
site (3rd floor copper pipe) which was not a part of the hot water circulation.  
 

8.1.3 Possibly pathogenic bacteria (I–II) 

 
The NGS analysis of genera suspected to have clinical relevance revealed the 
occurrence (OTUs) of Mycobacterium spp. and Legionella spp. (II). The share 
of Legionella spp. reads (rDNA) were low in water and biofilms in the cold water 
system (0-340 reads per sample i.e. 0-0.61% of the number of total reads). 
Furthermore, active legionella (rRNA) read counts (≤2 reads per sample) were 
negligible (<0.002%). Legionella was completely absent from the two hot water 
system biofilm samples (rRNA and rDNA libraries). Two different Legionella 
spp. OTUs existed (OTU 838066, OTU 897411) and were included in 
phylogenetic analyses. The Legionella OTUs found were not closely related to 
pathogenic species, with the closest legionella matches being the non-
pathogenic species of Legionella fallonii, Legionella worsleiensis and 
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Legionella quateirensis (II). The qPCR method targeting DNA revealed 
Legionella spp. occurrence in cold water system biofilms with regular water 
consumption but not in the hot water system biofilms (I–II). Cultivable 
Legionella spp. were absent from both cold or hot water system biofilms or 
water (I). 

Two different Mycobacterium spp. sequences (OTU 90701, OTU 3694822) 
from rDNA and rRNA libraries were found by NGS (II). Mycobacteria remained 
absent (0 reads) from the copper pipeline samples being detected only in the 
cold PEX pipeline water and biofilm samples (0–926 reads i.e. 0–0.69% per 
sample). Further phylogenetic identification (II) showed the other 
Mycobacterium spp. OTUs (OTU IDs 3694822) closest to M. terrae and M. 
nonchromogenicum while the other OTU (OTU ID 90701) was not a close match 
to any of the reference mycobacterium sequences.  
 

8.2 Bacterial populations in controlled conditions in pilot-scale 
system (III)

 

8.2.1 Total and active bacterial biofilm community in copper and PEX 
pipelines with extra-disinfection and MWT treatments 

 
Pilot-scale studies (III) that benefit from multiple parallel samples in controlled 
conditions, showed same characteristics to real-life full-scale studies (II) in 
regards to common bacterial inhabitants and the effects of copper pipelines. 
Pilot-scale biofilms were dominated by Proteobacteria (93.7% rDNA, 96.7% 
rRNA) and overall the rDNA and rRNA libraries consisted of 11 and 7 phyla, 
respectively. Similar to the findings in the full-scale system, in the pilot-scale 
biofilm samples the majority of the bacterial community consisted of a few of 
the most abundant OTUs. The ten most abundant OTUs in the pilot-scale 
covered 49–83% of the sequence reads similar to the full-scale samples (72–
97%) (II). Many of these most abundant genera (Sphingomonas, 
Methylobacterium, Zymomonas, Gemmata, Blastomonas, Rhizobiales order) 
occurred in both full-scale and pilot-scale cold water systems in which a few of 
the same OTUs showed high abundance (included in the TOP 10 or 20 OTUs) 
in both systems: Sphingomonas OTU 992510, Zymomonas OTU 157059 and 
Gemmata OTU 4395041.  

Species richness of the regularly treated biofilm samples in the pilot-scale 
system was higher in rRNA libraries compared to rDNA libraries by Chao1 index 
(604–813 and 207–311, respectively) whereas Shannon (3.8–4.2) indexes were 
similar. Furthermore, rDNA and rRNA libraries (10 and 20 most abundant 
OTUs in regularly treated biofilm samples) shared mostly the same most 
abundant OTUs. In these TOP 20 rRNA libraries, higher abundance of 
Rhizobiales order (OTU ID 537664) and Methylobacterium (OTU ID 136485) 
as well as more OTUs of Sphingomonas spp. and Methylobacterium spp. were 
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found as compared to the rDNA library. Instead, Zymomonas spp., 
Blastomonas spp. and Mycoplana spp. diminished their share in the rRNA 
library. 

Copper and PEX materials showed similar biofilm beta-diversities in 
comparable situations (without additional treatments) and were seen as the 
same clusters in an unweighted non-metric multidimensional scaling (NMDS) 
plot of rRNA (Fig. 10). The most common genera (i.e. Sphingomonas, 
Methylobacterium, Zymomonas, Rhizobiales order) occurred in both copper 
and PEX pipelines (Tables 9–10). Furthermore, ten most abundant OTUs 
showed relatively similar core microbiome profiles between these untreated 
copper and PEX pipeline samples (III, Fig. 2A and 3A). However, some OTUs 
of the common genera showed differences in average relative abundances e.g. 
active Rhizobiales order (OTU 537664) showed higher abundance in copper 
pipes (22–24%) than in PEX pipes (9–13%) (P < 0.05; Tables 9–10). Moreover, 
active Methylobacterium spp. seemed more abundant in PEX (31–34%) than 
copper (18–25%) pipelines (Tables 9–10). Especially one Methylobacterium 
spp. OTU 136485 was significantly different between materials in both rDNA 
and rRNA libraries (P < 0.01). Average species richness and diversity values 
were the same order of magnitude between copper and PEX pipelines (rRNA: 
Chao1 600–650, Shannon 3.8–4.2) despite some contradicting results were 
found between analysed datasets. Ten fold lower abundance of Mycobacterium 
spp. were recovered from PEX than copper pipes (see chapter 8.2.3 of possibly 
pathogenic bacteria).  

 

 
Figure 10. NMDS plot of unweighted RNA. Reprinted with permission © 2018 John Wiley & Sons, 

Inc. 

 
The effects of extra disinfection seemed different in copper and PEX pipelines 
and affected beta-diversities and species richness. The beta-diversity NMDS 
plot of rRNA (Fig. 10) showed separated clusters for extra-disinfected (total 
chlorine ca. 1 mg/L) copper and PEX pipeline samples compared to untreated 
(total chlorine ca. 0,5 mg/L) samples. In both rDNA and rRNA libraries (Table 
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9), increased abundance of Sphingomonas spp. occurred in copper and PEX 
pipelines. Different Sphingomonas spp. OTUs increased their relative 
percentage in extra-disinfected biofilms: OTU ID 1108960 increased in copper 
and OTU ID 003206 increased in PEX pipeline biofilms (P < 0.01, interaction 
between material and extra disinfection). Instead, the proportion of many OTUs 
decreased, i.e. Methylobacterium (OTU 136485, P < 0.001,) and Rhizobiales 
order (OTU 537664). Overall number of active species decreased after extra-
disinfection as species richness in rRNA library was lower in extra-disinfected 
(copper and PEX) than regularly treated biofilms by Chao1 (P < 0.01, 400 and 
620) as well as the diversity index Shannon (P < 0.01, 2.7 and 4.0). In the rDNA 
library the effect of extra-disinfection to alpha-diversity was seen in copper but 
not PEX pipes as the value of the Shannon index (3.0) was lower in extra-
disinfected copper pipelines (interaction P < 0.01) than other biofilms (4.1–4.2). 
Furthermore, in the rDNA library Chao1 values were lower in the extra-
disinfected biofilms in copper pipelines (160) than in other biofilms (230–280) 
but failed to reach statistical significance (P > 0.05). 

Table 9. Representative total and active genera and species richness (Chao1) average (three to 
four parallel samples) values in the pilot-scale biofilms (III) by different disinfection treatments.

Template 
and

material

Average abundances (%) of representive genera1 Species richness (Chao1)

Regular
disinfection

Extra-
disinfection

Regular
disinfection

Extra-
disinfection

rRNA 
Copper 

Sphingomonas (28%), 
Methylobacterium (25%), 
Rhizobiales order (22%),
Zymomonas (2%) 

Sphingomonas (73%), 
Rhizobiales order 
(14%),
Methylobacterium (0%), 
Zymomonas (0%)

600 ± 61 300 ± 51

rRNA
PEX

Sphingomonas (36%), 
Methylobacterium (34%), 
Rhizobiales order (9%),
Zymomonas (1%)

Sphingomonas (69%), 
Rhizobiales order (4%),
Zymomonas (1%),
Methylobacterium (0%)

640 ± 110 510 ± 63

rDNA 
Copper

Sphingomonas (34%), 
Methylobacterium (15%), 
Zymomonas (12%), 
Rhizobiales order (6%)

Sphingomonas (69%), 
Zymomonas (4%), 
Rhizobiales order (3%),
Methylobacterium (1%)

230 ± 10 160 ± 31

rDNA 
PEX

Sphingomonas (35%), 
Methylobacterium (26%), 
Zymomonas (4%), 
Rhizobiales order (4%)

Sphingomonas (52%), 
Zymomonas (4%), 
Rhizobiales order (2%),
Methylobacterium (2%)

280 ± 41 280 ± 35

1Representative genera chosen from pilot-scale (II) TOP10 OTUs: Sphingomonas (OTUs: 1108960, 1003206, 
992510, 965129); Methylobacterium (OTUs: 136485, 831289, 1020, 12798); Zymomonas (OTUs: 278075), 
Rhizobiales (OTU: 537664). TOP 10 OTUs included (<4%) also Gemmata (rRNA), Mycoplana (rDNA), 
Erythrobacteraceae family (rDNA).

 
Biofilms with magnetic water treatment (MWT) from copper pipes, unlike in 
PEX pipes, differed from untreated samples as they clustered away from other 
samples in the unweighted NMDS plot in the rRNA library (Fig. 10). One 
untreated PEX sample clustered together with copper pipes that included MWT. 
Biofilms from copper pipelines with magnetic water treatment had higher 
species richness by Chao1 than other biofilms (rDNA: Chao1, interaction P < 
0.001, 340 and 210–250, Table 10) and diversity (rRNA: Shannon, interaction 
P < 0.05, 4.8 and 3.9–4.2, respectively). In these copper biofilms, major 
bacterial genera differed slightly from the untreated biofilms (Table 10). 
Differences were more clear in the OTU level (rDNA library) in which one 
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Sphingomonas spp. (OTU ID 1108960) was abundant in untreated biofilms 
(27–34%) but diminished in copper magnetic treated biofilms to less than 1% 
(P < 0.001). Few OTUs instead showed increased abundance including other 
Sphingomonas species (OTU ID 1003206, P < 0.001, from 3–6% to 33%) and 
Methylobacterium spp. (OTU ID 12798, P < 0.01, from 0% to 9%). Other 
Methylobacterium spp. decreased in both copper and PEX pipelines (OTU ID 
136485, P < 0.01, from 12–23% to 1–14%). These trends occurred similarly in 
the rRNA library excluding Methylobacterium spp. (OTU ID 12798) that was 
absent from the 20 most adundant taxa. 

Table 10. Representative total and active genera and species richness (Chao1) values in the 
pilot-scale biofilms (III) with and without (control) magnetic water treatment.

Material

Average abundances (%) of representive genera1 Average species richness 
(Chao1)

Control Magnetic 
water treatment Control

Magnetic 
water 

treatment

rRNA 
Copper

Sphingomonas (31%), 
Rhizobiales order (24%),
Methylobacterium (18%), 
Zymomonas (2%)

Sphingomonas (26%), 
Rhizobiales order (23%),
Methylobacterium (12%), 
Zymomonas (1%)

650 ± 40 740 ± 26

rRNA 
PEX 

Sphingomonas (33%), 
Methylobacterium (31%), 
Rhizobiales order (13%),
Zymomonas (1%)

Sphingomonas (45%), 
Methylobacterium (15%), 
Rhizobiales order (11%),
Zymomonas (1%)

610 ± 13 600 ± 62

rDNA 
Copper

Sphingomonas (42%), 
Methylobacterium (12%), 
Zymomonas (9%), 
Rhizobiales order (5%)

Sphingomonas (35%), 
Methylobacterium (9%), 
Rhizobiales order (6%),
Zymomonas (4%), 

207 ± 13 340 ± 28

rDNA 
PEX 

Sphingomonas (31%), 
Methylobacterium (23%), 
Zymomonas (7%), 
Rhizobiales order (4%)

Sphingomonas (40%), 
Methylobacterium (14%), 
Zymomonas (6%), 
Rhizobiales order (3%)

250 ± 4 240 ± 37

1Representative genera chosen from pilot-scale (II) TOP10 OTUs: Sphingomonas (OTUs: 1108960, 1003206, 
992510, 965129); Methylobacterium (OTUs: 136485, 831289, 1020, 12798); Zymomonas (OTUs: 278075), 
Rhizobiales (OTU: 537664). TOP 10 OTUs included (<4%) Gemmata (rRNA), Mycoplana (rDNA), 
Erythrobacteraceae family (rDNA).

8.2.2 The effect of material, extra disinfection and MWT by traditional 
methods 

 
Biofilms in pilot-scale (III) contained similar average biomass to full-scale (II) 
i.e. DAPI 3.6 · 105 – 7.5 · 105 cells/cm2, HPC 1.1 · 105 – 3.2 · 105 CFU/cm2 and 
ATP 55–161 pg/cm2. In pilot-scale biofilms, statistical differences between 
materials were not found for DAPI, HPC or ATP values (P > 0.05) even though 
copper pipes seemed to have slightly higher activity than PEX pipes i.e. HPC 
and ATP. 

Cold-water samples in the worst-case scenario i.e. after weekend stagnation 
contained similar cultivable microbial counts (HPC) in copper (1.0 · 105 
CFU/mL, N = 56) and PEX (1.1 · 105 CFU/mL, N = 56) pipelines. No differences 
were either found on average HPC values in overnight stagnated water between 
copper (3.2 · 104 CFU/mL, N = 14) and PEX (3.0 · 104 CFU/mL, N = 14) 
pipelines. The changes in HPC were generally determined mostly by seasonal 
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variation and stagnation time. Higher HPC values of 3.0–3.8 · 104 CFU/mL 
occurred already in overnight stagnated water than incoming water 1.1 · 104 
CFU/mL. During the overnight stagnation, the fresh incoming water (average 
14.2 ± 2.4°C) tempered to room temperature (average 21.2–21.5°C). In the 
overnight-stagnated water, average DAPI (8.2 · 105 and 9.5· 105 cells/mL, N = 
6/6) and ATP (0.02 pmol/mL, N = 6/6) were the same order of magnitude 
between six copper and PEX samples, respectively. Slightly more chlorine was 
measured from PEX as compared to copper pipelines in overnight stagnated 
water (total chlorine 0.14 and 0.06 mg/L, respectively).  

Pipelines which had an additional chlorine disinfection feed contained clearly 
lower average HPC (P < 0.01, 5.3 · 104, N = 8) and ATP (P < 0.001, 40 pg/cm2, 
N = 8) values after 4-6 weeks of extra disinfection as compared to regularly 
treated biofilms (HPC 1.3 · 105 CFU/cm2, N = 8, ATP 82 pg/cm2, N = 8). Similar 
to biofilms, overnight stagnated water samples contained lower average HPC 
and ATP values in the pipelines with an additional disinfection feed when 
compared to  control pipelines (HPC 1.5 · 104 and 3.3 · 104 CFU/mL, ATP 7.6 
and 12.9 pg/mL, respectively).  

Magnetic water treatment did not affect HPC or DAPI of the biofilms (P > 
0.05). Neither was HPC of water samples affected by magnetic water treatment.   

 

8.2.3 Possibly pathogenic bacteria 

 
The share of Legionella spp. reads in the rDNA library was low in pilot-scale 
regularly disinfected biofilms. The number of legionella reads from total reads 
was only 0.1% in both copper and PEX pipelines, and Legionella spp. were 
absent from the rRNA library.  A negligible amount (0.006%) of legionella reads 
in the rRNA library were detected only from six extra-disinfected samples (30 
reads in total). Eight different Legionella spp. OTUs occurred from which one 
Legionella spp. OTU (ID 897411) was shared by the full-scale system (II). The 
three Legionella OTUs that matched the database were compared to known, 
mostly pathogenic Legionella spp. strains in the phylogenetic tree. These three 
OTUs were not closely related to any of the legionella strains. 

Ten-fold less Mycobacterium spp. OTUs in the rDNA library were found in 
regularly disinfected copper (0.02%) than PEX (0.2%) biofilms. Also in extra-
disinfected samples, higher read counts occurred in PEX (0.9%) than copper 
(0.02%) pipes. Only half of the eight Mycobacterium spp. OTUs that were found 
in rDNA library, were active (rRNA) with low quantities in PEX biofilms 
(0.05%) and even less in copper biofilms (0.004%). Further phylogenetic 
identification showed one OTU close to M. haemophilum (OTU ID 2651333); 
while the other five OTUs were not matching well to any of the reference 
sequences.  
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8.3 Bacterial populations in touch surface environments

 

8.3.1 The effects of copper containing materials and different locations 
by cultivation techniques in real-life touch surfaces (IV) 

 
Copper touch surfaces (N = 104) in all four facilities and sampling sites 
supported lower total bacterial loads as compared to chromed, plastic or 
wooden reference surfaces (N = 110) (16 CFU/cm2 and 105 CFU/cm2, 
respectively, P < 0.001) (Table 11). Copper touch surfaces had lower total 
bacteria counts regardless of varying usage profiles and cleaning procedures. In 
the majority of touch locations, 0.3–1.3 log (48–95%) lower bacterial counts for 
the copper touch locations were observed, with an average of 0.8 log (85%). 
Copper surfaces indicated low (≤12 CFU/cm2) average bacterial counts 
excluding office toilet buttons and floor drain lids in a retirement home. High 
bacterial counts and variability occurred more frequently in reference surfaces 
i.e. average total bacteria counts in the toilet flush buttons, door handles in 
retirement home and floor drain lids (Table 11).  

The occurrence of Staphylococcus aureus and gram-negatives was lower on 
copper surfaces as compared to reference surfaces (Table 9), namely:  S. aureus 
(χ2 = 6.7, N = 157, P < 0.01), gram-negatives (χ2 = 4.2, N = 214, P < 0.05). 
However, in the present study the occurrence of gram-positive enterococci was 
found to be similar for copper and reference surfaces (Table 11), (χ2 = 0.0, N = 
214, P = 0.99). Cleaning practises varied from daily cleaning (kindergarten, 
hospital) to more infrequent cleaning (offices, retirement homes). The 
frequency was up to seven days in the office, or even more in the retirement 
home with varying practises between appartments. In addition, usage profiles 
and the frequency of touching varied between sampling sites and/or facilities. 
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Table 11. Copper1 (Cu) / reference2 (Ref) data by facility and sampling location. Numbers indicate 
total bacteria counts (average ± standard deviation) or positive findings per total sample number. 

Total bacteria CFU/cm2 Enterococci Gram-negatives S. aureus
Sampling location Cu Ref Cu Ref Cu Ref Cu Ref

O
FF

IC
E Door handleB 3 ± 1 10 ± 4 0 / 4 0 / 4 0 / 4 0 / 4

Toilet flush buttonB 45 ± 7 437 ± 0.0 0 / 2 0 / 2 0 / 2 1 / 2
Light switchB 5 ± 2 11 ± 0.5 0 / 2 0 / 2 0 / 2 0 / 2

K
IN

D
E

R
G

A
R

TE
N Door handleB 9 ± 10 11 ± 13 0 / 3 0 / 3 0 / 3 1 / 3

Floor drain lidA 12 ± 7 54 ± 57 0 / 5 3 / 7 2 / 5 4 / 7
Light switchB 7 ± 4 14 ± 10 0 / 5 1 / 6 2 / 5 3 / 6
Front door pullerC 0.1 ± 0.1 2 ± 2 0 / 12 0 / 17 0 / 12 3 / 17 0 / 12 3 / 17
Closet push plateB 11 ± 9 6 ± 3 0 / 5 0 / 7 0 / 5 3 / 7

R
E

TI
R

IM
E

N
T 

H
O

M
E

Door handleB 6 ± 6 140 ± 375 1 / 9 0 / 9 5 / 9 3 / 9 0 / 9 0 / 9
Floor drain lidA 120 ± 90 790 ± 1100 7 / 10 7 / 10 5 / 10 8 / 10 1 / 10 1 / 10
Toilet support railC 3 ± 2 3 ± 2 0 / 6 1 / 6 2 / 6 0 / 6 0 / 6 0 / 6
Corridor hand railC 1 ± 0.4 2 ± 1 1 / 18 2 / 18 2 / 18 6 / 18 1 / 18 4 / 18

H
O

S
PI

TA
L Toilet flush buttonB 5 ± 6 73 ± 190 5 / 15 2 / 12 3 / 15 3 / 12 0 / 15 2 / 12

Toilet support railC 0.1 ± 0.2 2 ± 3 2 / 8 1 / 7 1 / 8 2 / 7 0 / 8 1 / 7

Total 16 ± 45 105 ± 430 15 % 15 % 21 % 34 % 3 % 14 %
Material: 1Copper ≥ 99.8% 2Chromed, plastic, painted, or wood
Sampling site: AFloor drain lid BSmall area touch surface, CLarge area touch surface

 
Total bacterial aerobic counts for the studied surfaces showed statistical 
significance between the sampling locations (P < 0.001, N = 214) and further 
divided into three similar groups (P < 0.001) depending on bacterial loads in 
different sampling sites i.e. floor drain lids (A), small area- (B) and large area 
touch surfaces (C).  

Floor drain lids showed highest average bacterial load of 300 ± 730 CFU/cm2 
in surfaces (group A, copper plus reference surfaces). The average bacterial 
counts from floor drain lids were higher in a retirement home copper and 
reference materials as compared to a kindergarten (Table 11). Both frequent 
cleaning and light usage were characteristic of the kindergarten as opposed to 
the retirement home. The floor drain lid was the moistest environment of the 
surfaces under study and supported also the highest occurrence of enterococci 
in the total population (47% and 59%, respectively for copper and reference 
surfaces) and gram-negatives (47% and 71% respectively) compared to other 
surfaces e.g. toilet flush button (29% and 14% enterococci; 18% and 29% gram-
negatives) (Table 11). 

The second group consisted of small area (17–94 cm2) touch surfaces (group 
B in Table 11, toilet flush buttons, door handles, light switches, closet touch 
surfaces) with bacterial loads from 8.0 ± 7.1 to 62 ± 160 CFU/cm2. From small 
area touch samples, 67–85% of reference and 75–93% of copper samples in each 
facility were below the suggested safe limit 20 CFU/cm2 (cleaned and sanitized 
food contact areas) and 0–58% of reference and 23–38% of copper samples 
remained under 2.5 CFU/cm2 (surface hygiene benchmark used in hospitals). 
The variation in cleaning practices and frequency of touching was evident in the 
retirement door handles, as the different apartments had their own cleaning and 
touching habits.  
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The lowest bacterial loads were analysed from large area (260–660 cm2) touch 
surfaces (group C, corridor handrail, front door handle, toilet support rail) with 
bacterial loads from 1.1 ± 1.1 to 1.7 ± 2.4 CFU/cm2. These touch surfaces showed 
steady low total bacteria counts < 3 CFU/cm2 in all studied facilities (Table 11).  

In these real-life circumstances copper containing brass, opposite to pure 
copper, showed no major differences in total bacterial aerobic count loads on 
door handles and front door handles as compared to reference surfaces (20 ± 
70 CFU/cm2 and 9 ± 17, P > 0.05, N = 37). Both brass and reference material 
door handles and front door handles contained a low occurrence of gram-
negatives (10–18%), S. aureus (≤ 17%) and enterococci <6%), respectively. 
Brass touch surface studies showed similar lower (P < 0.001, N = 37) total 
bacterial counts for large surface area (336–365 cm2) front door handles to 
small surface area (70–83 cm2) door handles (0.65 and 18 CFU/cm2, 
respectively), where the human hand touches a smaller surface area. 
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9. Discussion

9.1 Total and active bacterial populations in drinking water 
system (II–III)

 

9.1.1 Common bacterial members in rRNA and rDNA libraries by next-
generation sequencing 

 
In full-scale (II) and pilot-scale studies (III) rRNA-based methods were used to 
reveal active members (Kapoor et al., 2015; Keinänen-Toivola et al., 2006; 
Pitkänen et al., 2013; Revetta et al., 2011) in the bacterial communities. In order 
to evaluate human health implications, rRNA-based rather than rDNA-based  
methods may be preferable as the prior may better describe the active bacterial 
fraction (Pérez-Osorio et al., 2010). By using the NGS method, in both full-scale 
and pilot-scale systems, the majority of the total OTUs was observed to consist 
of ten most abundant bacteria with proportions over 60%, highlighting the most 
abundant bacterial dominance as also found by others (Chiao et al., 2014). The 
NGS method revealed more bacterial species i.e. greater species richness, 
determined by the Chao1 index, in rDNA libraries compared to rRNA libraries 
in full-scale water and biofilms (II) while the opposite occurred in pilot-scale 
biofilms (III). In the cold water system with regular water consumption profiles, 
rRNA and rDNA libraries showed mostly the same bacteria (e.g. genera 
Sphingomonas, Methylobacterium, Zymomonas, Gemmata) in the full-scale 
system water and biofilms (II) and pilot-scale systems’ biofilm samples (III).  

The bacterial community compositions of the full- and pilot-scale office 
building cold water and biofilms were similar to communities reported 
previously in other drinking water systems, dominating mainly by Alpha- and 
Betaproteobacteria (Pinto et al. 2012; Wang et al. 2014). In the full-scale 
system, the slightly higher proportion of some genera, especially Sphingomonas 
and Methylobacterium in biofilms suggest that shedding may increase their 
presence in bulk water (Douterelo et al., 2014; Lehtola et al., 2006). These 
genera or order Sphingomonadales and Rhizobiales were reported earlier in 
drinking water systems (Douterelo et al., 2014; Hong et al., 2010; Liu et al., 
2012) and also represent the most common bacteria in pilot-scale biofilms. After 
one year of operation in a full-scale office building, the bacterial species richness 
was higher in the water phase as compared to biofilms that have been reported 
by others (Keinänen et al., 2002; Liu et al., 2014), and suggests that all bacteria 
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of the bulk water are not able to attach into the pipeline biofilms and survive 
there (e.g. genus Methylotenera).   

 

9.1.2 Legionella spp. occurrence by different methods 

 
The activity of bacteria is important for human health implications. Few genera 
that have known bacterial pathogens as members e.g. Legionella spp. 
(Kusnetsov et al., 2001; Schwartz et al., 1998; Thomas et al., 2006) and 
Mycobacterium spp. (see chapter 9.2) (Falkinham, 2011; Holinger et al., 2014), 
that have been been isolated from various man-made water systems were found 
in both full-scale and pilot-scale systems (II–III). The qPCR of biofilms showed 
Legionella spp. occurrence only in the cold water system of normal water 
consumption sites while no cultivable Legionella spp. were found (I). NGS 
analyses revealed Legionella spp. reads in the rDNA library in both full-scale 
(II) and pilot-scale systems (III) but not in the rRNA libraries in regularly 
chlorinated samples. Possibly the Legionella spp. populations identified in the 
rDNA library (II–III) and by Legionella-specific qPCR assay (I) are linked to 
inactive cells of Legionella spp. Legionella was not detected in the rRNA-based 
NGS library (II) nor cultivation (I) despite the positive qPCR result (I). 
Furthermore, the share of Legionella spp. reads in the rDNA libraries was low 
(o.o8–0.1%) in both systems and phylogenetic analyses did not show an 
association with any pathogenic Legionella species. Therefore, the health-risks 
by the Legionella-like populations in this site can be considered nonsignificant. 
Subsequently, the feasibility of the use of DNA-based Legionella spp. qPCR 
assays to assess the real heath risk is questioned, as has been noted also by 
others (Ditommaso et al., 2014). The interpretation of sequencing results from 
rare members of the bacterial communities should be done with caution due to 
the uncertainties associated with the low number of reads and the potential 
sequencing bias (Takahashi et al., 2014). Similar to this study, earlier studies 
have found some consistency between high-throughput sequencing and qPCR 
at the order level of taxomony (Korajkic et al., 2015) and even at the species level 
(Wang et al., 2014). 

 

9.2 The effects of pipeline materials shaping the bacterial 
communities in the water systems (I–III)

 

9.2.1 Evaluation of antibacterial properties of copper  

 
Multiple studies have shown that pipeline materials may affect microbial 
biomass or communities in water systems (Buse et al., 2014a; Douterelo et al., 
2014; Lehtola et al., 2004; Lu et al., 2014; van der Kooij et al., 2005; Wang et 
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al., 2014). Copper has been shown to lower biofilm formation capacity due to its 
antibacterial properties at the beginning of pipeline implementation in many 
studies (see Table 2) up to 200 days (Lehtola et al., 2004). Other studies have 
further shown that copper pipelines in the drinking water system possess 
comparable amount of biomass to stainless steel in mature biofilms during days 
200 to 800, i.e. one to two year old biofilms (Jang et al., 2011; van der Kooij et 
al., 2005; Wingender and Flemming, 2004). In this research, the material 
(copper, PEX) did not seem to have a major effect on the microbial biomass 
formation on the 10 to 12 month-old biofilms under study in the full-scale 
system (II) or pilot-scale system (III). Moreover, the microbiological quality of 
water by HPC was similar in copper versus PEX pipelines (II–III). Thus, copper 
pipelines in this study did not pose antimicrobial behaviour to reduce cultivable 
bacteria in stagnated water despite minor copper leaching from copper pipes 
(up to 490 μg/L) in the full-scale system (II). Others have reported antibacterial 
effects of copper at concentrations of 200 to 400 μg/L (Domek et al., 1984; 
Huang et al., 2008; Lehtola et al., 2004; Lin et al., 2002; Sudha et al., 2012). 
The lack of antibacterial effects of copper in stagnated water in this study might 
be due to bacteria detachment from biofilms that provided protection against 
copper (Teitzel and Parsek, 2003; Zacheus et al., 2001). Copper may have also 
been chemically unavailable for bacteria attack (Lin et al., 2002) or cultivable 
DWDS bacteria were resistant to copper (Ladomersky and Petris, 2015; Lemire 
et al., 2013). 
 

9.2.2 Evaluation of nutrients leaching from plastic materials 

 
In contrast to slower biofilm formation potential or suppressed microbial 
growth due to copper ions, enhanced growth is reported to occur in plastic pipes 
even up to 2 years (van der Kooij et al. 2005). Plastics can leach nutrients 
available for microbial growth (Lehtola et al., 2004; van der Kooij et al., 2005). 
These nutrients include e.g. carbon in a form of AOC (Bucheli-Witschel et al., 
2012) or phosphorus (Lehtola et al., 2004). In the full-scale water samples 
during the first year of operating (I), higher AOC concentrations in PEX pipes 
were noted. As AOC increased within the system as compared to incoming 
water, the increase might be due to leaching of organic material from the PEX 
pipes. Also the observation of higher MAP concentration could be due to 
phosphorus leaching from PEX pipes at the high temperature as found earlier 
(Lehtola et al., 2004). However, the increased AOC or MAP concentrations did 
not show an increased growth in the biofilms of these sampling sites. 
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9.2.3 The effect of copper pipelines on bacterial populations compared to 
PEX pipelines and other abiotic factors 

 
NGS methods can reveal the entire microbial community, and by using rRNA 
and rDNA as sequencing targets, the diversity differences between copper and 
PEX materials were found to be minimal in comparable samping sites in both 
full-scale water and biofilms (II) and pilot-scale biofilms (III) as clear clusters 
were lacking in beta-diversity plots. Other studies instead have shown separated 
beta-diversity clusters between different materials in stagnated water or 
biofilms (Ji et al., 2015; Lu et al., 2014). In both water systems in this present 
study, copper and PEX materials shared the most abundant bacterial groups in 
biofilms (Sphingomonas spp., Methylobacterium spp., Gemmata spp., 
Zymomonas spp., Rhizobiales order taxa) with some differences in abundances. 
The same phenomena in bacterial class level is reported between copper and 
PVC biofilm coupons (Gomez-Alvarez et al., 2016). In pilot-scale that contained 
parallel biofilm samples in a controlled environment, differences in relative 
abundances included higher abundance of genera Methylobacterium and 
Blastomonas in PEX pipelines and order Rhizobiales in copper pipelines. This 
is opposite to one study which shows different family taxa between copper and 
plastics (PVC) biofilms over one year old biofilms (Buse et al., 2014a). In full-
scale biofilms, slightly higher alpha-diversity existed in the rRNA library of PEX 
pipelines than in copper pipelines whereas contradictions were found in pilot-
scale results but still at the same order of magnitude. Earlier studies (rDNA) 
have indicated higher species diversity in plastic compared to cast iron pipes 
(Douterelo et al., 2014). Biofilms in copper pipelines have shown both slightly 
higher (Buse et al., 2014a) and lower species richness (Gomez-Alvarez et al., 
2016) compared to plastic pipes.  

Previous studies have shown that copper may suppress the growth of 
pathogenic bacteria such as L. pneumophila (Rogers et al., 1994a) and 
Pseudomonas aeruginosa (Moritz et al., 2010). The antimicrobial effect might 
be temporarily due to the soft deposit accumulation and biofilm formation that 
cover the copper pipeline inner surfaces over a prolonged time. Furthermore, L. 
pneumophila suppression on copper materials by culture techniques might be 
overestimated whereas an indirect effect might still occur through key species 
of the water system (Gião et al., 2015). The literature reveals that contradicting 
results occur for Legionella spp., in which copper has shown both inhibitory 
(Rogers et al., 1994b; van der Kooij et al., 2005) and growth promoting (Buse et 
al., 2014a; Lu et al., 2014) effects. In this research, Legionella spp. were equally 
found in both PEX and copper pipelines (see chapter 9.1).  

Also another genus i.e. Mycobacterium that contains pathogenic species, was 
found in this research. In the full-scale system, Mycobacterium spp. were 
detected by NGS only in the PEX pipeline and was absent in the copper 
pipelines. Similar trends occurred in the pilot-scale, where less (by rDNA reads) 
Mycobacterium spp. (0.02%) were found in copper pipes than in PEX pipes 
(0.2%). Similar low abundances (ca. 0.01−1%) mycobacteria in biofilms have 
also been reported earlier in Finland (Torvinen et al., 2004). Despite low 
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detection frequency of these rare members in NGS analysis, results in both full-
scale and pilot-scale showed less of mycobacteria in copper than in PEX pipes 
suggesting that mycobacteria as a part of the biofilm bacterial communities 
might be affected by pipe material. Others report either no differences between 
copper and plastic (PVC) pipelines, or more mycobacteria in copper pipelines 
(Lu et al., 2014; Norton et al., 2004). Phylogenetic analysis showed that the two 
Mycobacterium spp. OTUs that were found in pilot-scale biofilms are, affiliated 
closely to species M. terrae and M. nonchromogenium, which are commonly 
presumed to be non-pathogenic. However, a few dozen cases of infections such 
as tenosynovitis and pulmonary disease have been linked to the M. terrae 
complex (Smith et al., 2000). Eight mycobacteria OTUs were found in pilot-
scale (II) biofilms that were mostly different to mycobacteria OTUs found in the 
full-scale (III) system; this might be explained by the different inauguration 
times of the systems. Further phylogenetic analysis found one mycobacteria 
OTU to be closely related to potentially pathogenic M. haemophilum, which has 
shown to be detrimental especially to immunocompromised patients 
(Falkinham, 1996). From a health perspective, even minor differences in the 
occurrence of more rare members (e.g. pathogens) might be meaningful as in 
the right circumstances they might multiply to a level able to cause disease.    

In this research, despite some differences that occurred between copper and 
PEX pipeline biofilms, other factors such as water system (II), location (II) and 
disinfection (III) showed more effect on the bacterial diversity and most 
abundant bacteria occurrence (see next chapter 9.3). Similarly, a few previous 
studies suggested flushing (Douterelo et al., 2016), water utility (Ji et al., 2015) 
and disinfection (Wang et al., 2014, 2012b) to have more impact on some 
bacterial members (e.g. L. pneumophila, M. avium) and microbial community 
than the effects of pipeline materials. Indeed, the similarity of full- and pilot-
scale systems highlight the role of water origin and process (i.e. raw source 
water, water treatment and distribution process) on the water distribution 
system microbiome, which is in agreement with other studies (Ji et al., 2015; 
Roeselers et al., 2015). 

 

9.3 The effects between cold and hot water systems and 
stagnation on microbiological quality of water and biofilms (I-
III)

9.3.1 Effect of water system  

 
The total cell counts (DAPI) in the full-scale system one-year old biofilms (I) 
were found to be quite similar among both of the cold and hot water systems. 
Higher values of HPC and ATP occurred in the cold water than in hot water 
system biofilms. This suggests a higher proportion of a dead microbial 
population in the biofilms of the hot water system. In other words, the 
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circulating hot water system contained less viable and cultivable microbial 
biomass, and the constant high temperatures (mean 51.4°C) were adequate to 
prevent microbial growth. To support this conclusion, it was evident that an 
increase in both cultivable and viable microbial biomass in the biofilms occurred 
in the hot water system dead-end location due to a long stagnation period and 
decreased temperatures. In water samples from the full-scale system, in 
addition to HPC, also DAPI counts were higher in the cold water system than in 
the hot circulating water system in contrast to an earlier study on stagnant 
conditions and lower temperatures (Bagh et al., 2004). In the study of Bach et 
al. (2004), the water was preheated from 11 to 31°C before entering the hot water 
tank (57–60°C) in contrast to our circulating hot water system with a constant 
high water temperature of 48–53°C. In the cold water system, the temperatures 
varied from fresh network temperatures (range 6–16°C) to room temperatures 
in stagnated water. Stagnation events led to increased bacterial growth in cold 
water where the temperature probably contributed to some extent to enhanced 
microbial growth (Chowdhury, 2012). Due to other factors in stagnated water, 
the exact effect of temperature in cold water of the study site could not be 
evaluated. 

NGS analysis of the full-scale system biofilms (II) further showed different 
bacterial community compositions between the cold water community with 
regular water consumption and the circulating hot water community. This was 
supported by previous observations of the predominant taxonomic classes of 
biofilm bacterial community composition and the concomitant differences 
between cold and hot water systems (Henne et al., 2013). The biofilm sample 
from the circulating hot water system was different from the active bacterial 
community (rRNA: mainly Gammaproteobacteria i.e. Pseudomonas spp., 
Yersinia spp.) and total community (rDNA: mainly Betaproteobacteria e.g. 
Limnohabitans spp., Methylotenera spp., Comamonadaceae family and 
Actinobacteria e.g. Corynebacterium spp.).  

The water in the office building (I) was considered to be a typical limited 
phosphorus and high carbon type of water with microbial growth being limited 
by phosphorus rather than organic carbon (Miettinen et al., 1997). This was 
based on the observation that water in the full-scale office building contained 
normal low phosphorus concentrations but total organic carbon levels (average 
4.1 mg/L) were higher than the values typical in Finland (2.0 mg/L in 2000–
2007) (Mäkinen, 2008). Higher AOC concentrations occurred in the hot water 
system than the cold water system (I) without increase of the microbial counts. 
Indeed, high AOC concentrations may be due to dead microbes in DWDS as they 
can lyse to AOC (Jegatheesan et al., 2003). In the water under study, AOC was 
thus evaluated to have a negligible effect on biofilm formation similar to an 
earlier study which found biofilm formation to be phosphorus limited (Lehtola 
et al., 2002). Microbially available phosphorus (MAP) showed higher 
concentrations in the hot water collected from the PEX pipeline. The biofilm of 
this site after one year of operating did not show increased microbial counts 
despite the potential for increased microbal growth due to increased MAP. The 



Discussion

95 

lack of growth despite this adequate growth nutrient concentration may be due 
to unfavorable high temperatures. 

9.3.2 Effect of stagnation  

 
Cultivable bacteria increased in the full-scale and pilot-scale system water after 
overnight or over-weekend stagnation (II–III). The increase of HPC suggested 
microbiological water quality deterioration after the weekend similar to earlier 
studies of increased heterotrophic bacterial counts in the distribution networks 
(Zacheus et al., 2001) or buildings (Lautenschlager et al., 2010; Siebel et al., 
2008). Although HPC is not a direct indicator for hygienic quality of water, it 
describes the general quality and biological stability of drinking water (Siebel et 
al., 2008). Furthermore, the European guidelines suggest unusual changes 
should not occur in plate counts at 22°C (Directive 98/83/EC). In order to study 
unusual use of water and the effect of longer stagnation, both cold and hot water 
were allowed to stagnate for one to four weeks prior to sampling in the 3rd floor 
dead-end sampling location that led to increased bacterial counts. Stagnation 
periods of even a half a day have been shown to change total microbial 
composition and community diversity  (Ji et al., 2015; Lautenschlager et al., 
2010; Ling et al., 2018). In this study, NGS method (II) using rRNA as a 
template showed increased activity of some bacteria in the biofilms of the 
stagnated sampling locations, especially Limnohabitans spp. (third floor) and 
Rhizobiales order taxa (first floor ca. 12 hours stagnation). The feed of fresh 
water, which contains new nutrients, might have promoted the growth of the 
active bacteria (rRNA) in these biofilm samples. Furthermore, these active 
bacteria seemed to increase their levels in the corresponding water samples, 
probably due to the shedding of bacteria to water from biofilms after fluctuating 
flow conditions (Lehtola et al., 2006).  

 

9.4 The effects of extra disinfection and magnetic water 
treatment on biofilm bacterial communities (III)

 

9.4.1 Effect of extra disinfection 

 
Disinfection by chlorine is a common practise to ensure safe drinking water to 
consumers. Water without disinfectant residual have shown to contain more 
bacterial species (number of OTUs) than chlorinated or chloraminated water 
(Bautista-de los Santos et al., 2016). The water sampled from the office building 
contained free chlorine between 0.02 to 0.5 mg/L during the first year of 
operation. Full-scale office building biofilms analysed by NGS (II) showed 
higher occurrence of Sphingomonas spp. in the cold water biofilms that were 
frequently fed with fresh chlorinated water, than the biofilms in the third floor 
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dead-end locations with low chlorine residuals. It is presumable that chlorine-
tolerant species such as the genus Sphingomonas (Sun et al., 2013)  enrich their 
abundance in the pipeline locations with higher residual chlorine 
concentrations. A similar trend occurred in the pilot-scale biofilm studies (III), 
in which extra disinfection (increase of total chlorine from ca. 0.5 to 1 mg/L, free 
chlorine from 0.1 to 0.5 mg/L) at two months’ time decreased the species 
richness and increased Sphingomonas spp. abundance in the rRNA library. 
Thus, disinfection affected the active fraction of bacterial biofilm communities, 
as it is supposed to do when acting efficiently. Disinfection type and chlorine 
dosage affect to the microbial diversity significantly (Gomez-Alvarez et al., 2016; 
Mi et al., 2015) as was seen in this study with different chlorine dosages. Long-
term effects of the changes caused by increased chlorine dosing are less studied, 
with only one recent study showing resilience i.e. returning back to stable state 
of the bacterial community after disinfection disturbance (Gomez-Alvarez et al., 
2016). Reduction of species richness in a chlorinated environment is 
presumably a result from selection pressure and sensitivity of most bacterial 
community members to changed conditions (Hwang et al., 2012; Roeder et al., 
2010; Wang et al., 2014). In this study, many bacteria especially the genera 
Methylobacterium spp. and Blastomonas spp. and order Rhizobiales and 
Erythrobacteraceae were found to be sensitive to chlorine based on their 
decrease in abundance under extra disinfection. The most abundant bacteria 
found in this study (i.e. Sphingomonas spp., Methylobacterium spp.) have been 
found also from other chlorinated water systems (Hwang et al., 2012; Sun et al., 
2013; Wang et al., 2014). In the rDNA libraries, species richness was not 
reduced as intensively as in rRNA libraries, supporting previous findings 
suggesting a stronger effect on the active fraction than on the total bacterial 
DNA by disinfection (Chiao et al., 2014; Kauppinen et al., 2012). These studies 
are supported by the HPC and ATP, which showed reduction of 0.2–0.4 LOG 
due to extra disinfection in both biofilms and water.  

 Clear diversity differences of active bacterial biofilm community members 
(rRNA) existed between copper and PEX pipes in extra-disinfected pilot-scale 
biofilms. Instead of material effect, it is possible that separate disinfection feed 
systems and variation in their functionality might have affected the results. 
More intensive chlorine consumption in copper pipes compared to polyethylene 
pipes has been found earlier (Lehtola et al., 2005) and different inactivation rate 
of free chlorine within these two pipeline materials can also explain the 
differences. Indeed, after overnight stagnation in our study, slightly more free 
chlorine occurred in water collected from the PEX pipes as compared to copper 
pipes.  

 

9.4.2 Effect of magnetic water treatment 

 
Magnetic water treatment (MWT) are known to possess effects on scale control 
in water systems (Kobe et al., 2002; Parsons et al., 1997), and is reported to 
affect crystallization of CaCo3 product (Kobe et al., 2002; Zaidi et al., 2014). The 
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effect of MWT to microbiological quality of water is much less studied despite 
some studies of the effect to single bacteria. Research of Streptococcus mutans, 
S. aureus and E. coli conclude mainly MWT with negative effects on the growth 
or survival of the bacteria (Fojt et al., 2004; Ji et al., 2009; Kohno et al., 2000; 
Strasak et al., 2002). Others report enhanced growth or activity e.g. in 
photosynthetic bacteria Rhodobacter sphaeroides or algae Spirulina platensis 
(Li et al., 2007; Utsunomiya et al., 2003). In this study, the impact of MWT on 
bacterial communities of biofilms seemed more pronounced in copper pipes 
than in PEX pipes (III). Whereas MWT did not greatly affect HPC or DAPI in 
water or biofilms, the treatment still seemed to have a minor effect on biofilm 
microbial community in the copper pipeline (but not in the PEX pipeline). 
Especially active bacteria (rRNA library) (III), showed slightly different most 
abundant bacteria profiles (e.g. Sphingomonas spp. increase, 
Methylobacterium spp. decrease), a minor increase in species richness, and a 
difference in beta-diversity as compared to control biofilms. These changes in 
copper pipes might be due to changed surface morphology i.e. less compact 
structure possibly caused by the magnetic field (Latva et al., 2016). Different 
bacteria might also possess different magnetic susceptibility (Zaidi et al., 2014). 
The biofilm formation phenomenon in the presence of MWT is yet to be 
discovered. In fact, the mechanism still remains unknown and contradicting 
results have been reported (Zaidi et al., 2014).   

 

9.5 Copper antibacterial efficiency in touch surfaces at different 
locations and facilities (IV)

 

9.5.1 Antibacterial effects of copper on total and indicator bacteria 

 
In addition to the gradually growing biofilm being discovered in the water 
distribution system, increased cumulative soiling has also been found on copper 
touch surfaces (but not on stainless steel surfaces) after repeated cleaning and 
soiling cycles were performed (Airey and Verran, 2007). Soiling on copper 
surfaces can decrease its antimicrobial efficiency (Noyce et al., 2006a; Tolba et 
al., 2007). Thus, studies of antimicrobial efficiency of copper in touch surfaces 
require research in contaminated real-life situations. In this real-life 
environmental study (IV) in different facilities (office, kindergarten, retirement 
home, hospital), copper was efficient in reducing total bacterial load after 
multiple cleaning cycles as well as in more infrequent cleaning practices (up to 
seven days). In all facilities, regardless of varying usage profiles and cleaning 
procedures, copper touch surface materials supported lower total bacterial 
loads as compared to chromed, plastic or wooden reference surfaces. All pure 
copper products under study, excluding closet push plate, showed 0.3–1.3 LOG 
(48–95%) lower bacterial counts than reference surfaces. These lower bacterial 
counts in copper touch surfaces are in agreement with earlier findings in the 
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hospital environment (Casey et al., 2010; Karpanen et al., 2012; Mikolay et al., 
2010; Schmidt et al., 2012).  

The occurrence of two indicator bacteria under study i.e. S. aureus and gram-
negatives, was lower on copper surfaces as compared to reference surfaces 
similar to previous laboratory studies (Faúndez et al., 2004; Gould et al., 2009; 
Grass et al., 2011; Michels et al., 2009; Souli et al., 2013; Tian et al., 2012).

Instead, the occurrence of gram-positive enterococci in this study was found to 
be similar on copper and reference surfaces. In contrast to this result, laboratory 
studies report antimicrobial efficiency of copper against E. faecalis, E. faecium 
and E. gallinarum species including vancomycin resistant enterococci (VRE) 
(Elguindi et al., 2011; Gould et al., 2009; Warnes et al., 2010; Warnes and 
Keevil, 2011). This has been supported by hospital studies performed in real-life 
settings in which lower occurrence of VRE  have been found on copper surfaces 
as compared to non-copper surfaces (Karpanen et al., 2012; Schmidt et al., 
2012). Contradicting results may be due to natural variation as the group of 
gram-positive enterococci includes a variety of different bacterial species and 
strains (incl. pathogenic and non-pathogenic strains; antibiotic resistant and 
susceptible strains). Furthermore, in natural environments, different types of 
enterococci occur with different abundances. 

 

9.5.2 Bacterial loads between different locations  

 
Bacterial load measured by cultivation from the studied surfaces showed three 
distinct groups in decreasing order that consisted of floor drain lids (average 
300 CFU/cm2), small area surfaces (toilet flush buttons, door handles, light 
switches, closet touch surfaces) and large area surfaces (corridor hand rail, front 
door handle, toilet support rail). The floor drain lid represented the moistest 
environment of the studied surfaces and supported the highest total bacteria 
counts, but also contained higher occurrence of enterococci and gram-negatives 
compared to other surfaces. Furthermore, the floor drain lids are not actual 
touch surfaces and thus this location is not considered the most important site 
for antimicrobial solutions.  

Copper surfaces showed generally low average bacterial counts excluding 
office toilet buttons and retirement home floor drain lids. The majority of small 
area touch samples in all facilities were below the suggested safe limit of 20 
CFU/cm2 for cleaned and sanitized food contact areas (Sneed et al., 2004) and 
many even remained under a surface hygiene benchmark of 2.5 CFU/cm2 used 
in hospitals (Mulvey et al., 2011). From the small area touch surfaces, increased 
bacterial counts and high variability existed on reference toilet flush buttons in 
the office and hospital, and especially on the retirement home reference door 
handles, most probably due to the variation in cleaning practices and frequency 
of touching. To support this, higher bacterial loads have been found with 
frequent use surfaces of e.g. door handles (Wojgani et al., 2012). It is suggested 
that pure copper products be used in small frequently touched locations where 
the highest bacterial load is found. The reduction in bacterial load on inanimate 
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surfaces cannot be directly linked to improved health despite lower loads of 
bacteria are linked to a lower risk for disease acquisition in a hospital 
environment (Salgado et al., 2013). In addition, studies report less HCAIs in 
patient rooms surfaced with hard copper touch surfaces (Salgado et al., 2013) 
or copper containing linens (Lazary et al., 2014) as compared to non-copper 
references. 

9.5.3 Antimicrobial effects of brass at different locations 

 
Brass touch surfaces in this study showed lower total bacterial counts for large 
surface area (only front door handles) as compared to small surface area (door 
handles) where the human hand touches a smaller surface area. However, 
possibly due to lower sample size and variation, copper containing brass touch 
surfaces did not show major differences in bacterial loads in comparison to 
reference surfaces. Earlier studies, despite being less efficient than pure copper, 
have reported antimicrobial efficiency of brass (Koseoglu Eser et al., 2015; 
Noyce et al., 2006b; San et al., 2015).   
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10. Conclusions

This thesis deepened the understanding of the microbiology of indoor 
environments utilizing up-to-date technologies and real-life environments. The 
unique niches in drinking water distribution systems and touch surfaces were 
revealed, especially the very different role of copper in these environments. 

 
The main findings of this research are: 

The use of up-to date high-throughput sequencing techniques utilizing 
ribosomal RNA (rRNA) as a template successfully revealed the active 
and dormant bacterial inhabitants of the drinking water system in both 
real-life and pilot-scale circumstances. With especial public health 
relevance, the detected Legionella spp. were suggested as being non-
pathogenic and inactive. 
Copper as a drinking water system pipeline material did not reduce 
bacterial biomass in drinking water and mainly showed the same 
biofilm bacterial community characteristics than identified in PEX 
pipes in both real real-life and pilot-scale circumstances. A low 
abundance of Mycobacterium spp. occurred in PEX pipes but was 
mostly absent in copper pipelines. 
In touch surfaces, copper showed antibacterial properties in varying 
real-life environments by traditional cultivation techniques. In the 
future, collecting enough biomass is needed to enable use up-to-date 
NGS technologies for microbial community characterization. Small 
frequently touched items are suggested as the initial sites for 
antibacterial solutions as they possessed the highest microbial counts.    
In the drinking water environment, traditional and up-to-date 
technologies showed the importance of the water system properties 
such as temperature, stagnation and disinfectant concentration in 
creating environmental niches that affect the bacterial communities in 
building drinking water system. 
Magnetic water treatment did not affect bacterial communities in PEX 
pipelines. Minor effects on bacterial community diversity with copper 
seemed to occur.    

 
The antibacterial properties of copper were shown to depend greatly on the 
surrounding environment. Based on these findings, copper is recommended as 
an antibacterial material in touch surface environments. To assist 
microbiologically safe drinking water this study emphasizes the importance of 
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use of only fresh water for drinking water usage in accordance with current 
recommendations. This study support utilization of ribosomal RNA (rRNA) 
approach together with other up-to-date technologies to reveal active bacterial 
communities.  
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11. Future research possibilities

Bacterial communities in touch surface environments have been revealed 
utilizing high-throughput sequencing techniques that target 16S rRNA gene 
(rDNA) in many studies with varying locations and circumstances. Utilising 
these up-to-date techniques in this study successfully revealed the active 
population of bacterial communities (e.g. by using rRNA as a target) in the water 
environment. These kinds of comprehensive studies that reveal active bacteria 
by targeting rRNA in real-life circumstances would similarly contribute to 
deeper understanding of the touch surface bacterial inhabitants and 
antibacterial outcomes of copper touch surfaces.   

Techniques are evolving fast, and future microbiome research in both 
drinking water and touch surface environments may also try to find answers to 
the questions “what will they do” in addition to “who is there”. Metagenomic 
approaches can identify which genes and metabolic pathways are present in a 
certain environment, and disclosure an interesting future in a field of 
environmental and water microbiology research. 

This study focused on bacteria and opportunistic pathogens. Future research 
could be focused further to heavily selective environments such as drinking 
water distribution systems or copper touch surface materials, and their possible 
role as possibly spreading antibiotic resistance.  

Managing microbial communities require understanding of the entire 
microbiome including eukaryotes that interact with bacteria. Possibly, in the 
future the knowledge of microbial communities and their interactions might be 
utilized to intentionally control the microbial communities to beneficial 
directions. The importance of drinking water from the “protective” side of the 
microbial exposure is important because diverse microbial exposure might 
protect humans from allergic diseases. It has been proposed that diverse 
microbial exposure might protect humans from allergic diseases  (Heederik and 
von Mutius, 2012) and potential beneficial effects of the microbial exposure 
through drinking water consumption (von Hertzen et al., 2007) are important 
to study further. The protective role of microorganisms present in a typical 
water environment pose an interesting research question, as well as the 
magnitude of this type of exposure compared to overall microbial exposure from 
other souces (air, dust, food). 
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