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SUMMARY

Biological stability definition and controlling factors 

Water utilities aim at providing drinking water that remains biologically safe and stable 
during distribution. The term biological stability refers to maintaining the microbiological 
quality of drinking water without extensive bacterial growth, either quantitative or 
qualitative, during distribution. Growth of planktonic bacteria or biofilms in water 
distribution networks leads to several problems, such as health threats posed by 
(opportunistic) pathogens, operational problems including bio-corrosion of pipes and 
fittings, and adverse effects on the aesthetic characteristics of drinking water (i.e., taste, 
colour, and odour). Therefore, controlling bacterial growth in distribution systems is an 
important factor in complying with biological stability requirements, which can be achieved 
by the addition of residual disinfectant. However, drinking water in the Netherlands is 
distributed without residual disinfectant because of the health threats associated with the 
formation of disinfection by-products. Alternatively, multi-barrier treatment strategies are 
applied in the Netherlands to remove bacterial growth-promoting nutrients from source 
water. 

Membrane technology, including reverse osmosis (RO) filtration, is increasingly applied 
worldwide in water purification processes, providing an effective solution for retaining 
substances that promote bacterial growth. Water after RO filtration (i.e., RO permeate) lacks 
the essential minerals for human consumption (e.g., calcium and magnesium). Therefore, 
post-treatment including remineralisation of RO permeate is required before distribution. 
However, limited knowledge is available on the effect of post-treatment (remineralisation) 
on the biological stability of ultra-low nutrient drinking water produced by RO filtration.  

This study was conducted at a drinking water production site in the Netherlands where 
anaerobic groundwater is currently treated by conventional means comprising dry sand 
filtration (rapid sand filters fed with spray aerated water), pellet softening, rapid sand 
filtration, activated carbon filtration, and UV disinfection. At the same site, anaerobic 
groundwater is also treated by a pilot-scale unit comprising reverse osmosis and post-
treatment (including remineralisation and aeration). Water samples were collected from 
both conventional and RO-based treatment line and assessed for biological stability using 
the bacterial growth potential (BGP) method. 

Method development 

The main aim of this dissertation was to further develop the current BGP method, using 
flow cytometry (FCM), for the assessment of biological stability of ultra-low nutrient water 
produced by RO and remineralisation. The results showed that cell count by FCM is 
reproducible for this type of water where changes in cell count and fluorescence fingerprints 
could be detected after on-site treatment or adjustments at the laboratory (Chapter 2, 3, and 
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4). Furthermore, the limit of detection of the BGP method could be lowered by using ultra-
pure blank prepared from RO permeate that is remineralised at the laboratory. The lower 
limit of detection ensures obtaining reliable BGP results for water with very low BGP such 
as remineralised RO permeate (Chapter 2). The effect of sample pre-treatment prior to BGP 
measurement was assessed, where pre-treatment by pasteurisation or membrane filtration 
are commonly applied. It was found that membrane filtration has a pronounced negative 
influence on BGP of ultra-low nutrient water due to the leaching of organic filter material 
in water, whereas no significant effect of pasteurisation on the nutrient content of water was 
observed (Chapter 3).  

Pre-treated water samples were inoculated using a natural bacterial consortium originating 
from conventionally treated drinking water, which was accompanied with the addition of 
nutrients to ultra-low nutrient water when a high inoculum concentration was added 
(Chapter 2). Alternatively, using bacteria originating from water produced by RO and 
remineralisation as an inoculum was evaluated, where it was observed that these bacteria 
have limited ability to utilise some types of organic compounds, more specifically organic 
carbon with complex molecular properties (Chapter 3). Therefore, an inoculum 
concentration of 10 × 103 intact cells/mL originating from conventionally treated drinking 
water was considered throughout this research since the associated nutrient addition was 
found to be insignificant (Chapter 2). The developed BGP method was useful for the 
identification of bacterial growth-limiting nutrient in ultra-low nutrient water (Chapter 4). 
Moreover, the developed BGP method was combined with nutrient analysis, adenosine 
triphosphate (ATP) measurement, and 16S rRNA gene sequencing to obtain in-depth 
understanding of why growth occurs (limiting nutrients) and which bacteria grow (dominant 
bacterial genera) in the types of water studied (Chapter 4 and 5). 

Method application 

The application of the developed BGP method showed that the type of water treatment plays 
an important role in determining the biological stability of drinking water, where long term 
monitoring of BGP revealed that RO-based treatment (RO and remineralisation) resulted in 
>75% reduction in BGP compared with conventional treatment (Chapter 3), due to the high 
removal of organic and inorganic nutrients achieved by RO filtration (>99% removal). 
Moreover, it was observed that the BGP of RO permeate was negatively influenced by post-
treatment, where the BGP increased by 100% when RO permeate underwent post-treatment 
processes at the production site. Post-treatment, especially remineralisation by calcite 
contactors, led to the addition of organic and inorganic nutrients in RO permeate (Chapter 
4). For both water types, i.e., conventional drinking water and ultra-low nutrient water, 
organic carbon was the bacterial growth-limiting nutrient, even at very low concentrations 
of phosphate (<1 μg/L PO4-P) (Chapter 4). The type of water treatment also shaped the 
bacterial community of the finished treated water, where the bacterial genera identified in 
RO-treated water were mainly introduced during the post-treatment processes (Chapter 4). 
Furthermore, it was found that the assessment of BGP using both FCM and ATP is 
especially useful as additional complementary information can be obtained from the 
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combined tests, such as the effect of phosphate limitation on bacterial growth, where cell-
yield from phosphate was estimated at 0.70 ± 0.05 × 109 cells/μg PO4-P (Chapter 5). 

Outlook 

This study clearly demonstrated that RO filtration is a promising technology to considerably 
limit bacterial growth in drinking water. However, measures are recommended to mitigate 
the negative influences of post-treatment on BGP, such as using high quality calcite grains 
for remineralisation to prevent the introduction of organic and inorganic nutrients, and more 
frequent maintenance of the aeration towers, or even investigating alternative aeration 
methodologies (e.g., membrane aeration). Further research is needed to investigate the effect 
of RO-treated water on bacterial growth and ecology in the current distribution system, with 
a special focus on the transition period when switching from the current conventionally 
treated drinking water to RO-treated water. In the future, research should also focus on 
improving analytical techniques to elucidate the specific organic compounds that promote 
growth in drinking water as well as ensuring that these specific compounds are adequately 
removed during treatment. 
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SAMENVATTING

Biologische stabiliteit definitie en beïnvloedingsfactoren 

Drinkwaterbedrijven richten zich op het voorzien van biologisch veilig en stabiel drinkwater 
tijdens de distributie en tot aan het punt van consumptie. De term biologische stabiliteit 
impliceert aanhouden van dezelfde kwaliteit van drinkwater tijdens de distributie zonder 
grote veranderingen in hoeveelheid en kwaliteit op het gebied van microbiologische 
kwaliteit. Groei van planktonische bacteriën of biofilm in water distributie netwerken leidt 
tot ernstige problemen. Die brengt gevaren voor de gezondheid van consumenten 
doormiddel van ziekteverwekkers en daarnaast ook onderhoudsproblemen zoals biologische 
corrosie van de leidingen, en negatieve effecten op kleur, geur en smaak van het drinkwater. 
Het controleren van bacteriegroei is daarom een belangrijk component om te kunnen 
voldoen aan de biologische stabiliteit. Deze kan worden bereikt door het toevoegen van 
desinfecterend middelen aan water vóór distributie. In Nederland wordt drinkwater voorzien 
zonder toevoeging van een desinfecterend middel in verband met de daaraan gelinkte 
gezondheidsrisico’s van deze middelen. Als alternatief is er in Nederland intensieve 
waterbehandeling geïmplementeerd om nutriënten te verwijderen uit het water zodat 
bacteriegroei wordt beperkt. Membraan technologie, inclusief omgekeerde osmose (RO) 
technologie, wordt wereldwijd steeds meer toegepast in drinkwaterprocessen. Deze 
technologieën voorzien een effectieve oplossing voor nutriënten verwijdering waardoor 
bacteriegroei wordt gelimiteerd. RO technologie produceert water met een zeer-lage 
concentratie aan nutriënten. Er is echter beperkte kennis op het gebied van de bepaling van 
biologische stabiliteit van water met een zeer-lage concentratie aan nutriënten. Bovendien 
is er weinig bekend over het effect van nabehandeling op RO permeaat. 

Deze studie heeft plaatsgevonden op een drinkwatervoorziening locatie in Nederland waar 
op dit moment drinkwater wordt gewonnen uit zuurstofloos grondwater door middel van 
conventionele technieken bestaande uit droogzandfiltratie (snelle zandfilters gevoed met 
sproei-beluchte water), pelletverzachting, snelle zandfiltratie, actiefkoolfiltratie en UV-
desinfectie. Op dezelfde locatie is ook een pilot installatie aanwezig die gebaseerd is op RO 
technologie en nabehandeling (inclusief remineralisatie en conditionering door middel van 
beluchting). Er worden tijdens dit onderzoek water monsters genomen van beide 
behandeling lijnen, (conventionele en RO-gebaseerde). 

Methode ontwikkeling 

Het doel van deze studie was om de methode voor bacteriegroei potentie (BGP) verder te 
ontwikkelen door middel van flow cytometry (FCM) zodat biologische stabiliteit van zeer-
lage nutriënten RO permeaat kan worden bepaald. De ontwikkeling van de BGP methode 
laten zien dat FCM reproduceerbaar is voor dit type water, waarbij veranderingen in 
bacteriële celtelling en bacterie eigenschappen kunnen worden gedetecteerd (Hoofdstuk 2, 
3 en 4). Daarnaast is de detectie limiet van de BGP methode verlaagd door het gebruik van 
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ultra-puur RO water waaraan mineralen zijn toegevoegd in het laboratorium voor de 
aanpassing van de chemische kwaliteit. Deze lage detectie limiet is nodig om betrouwbare 
resultaten te krijgen voor water met een zeer-lage concentratie aan nutriënten (Hoofdstuk 
2). Bovendien is er gekeken naar het effect van sample voorbereiding (pasteurisatie en 
membraan filtratie) voordat de BGP meting plaatsvindt. Membraan filtratie heeft een 
negatief effect op BGP van water met een zeer-lage concentratie aan nutriënten doordat 
organische componenten van het membraan oplossen. Pasteurisatie heeft geen significant 
effect op de nutriënten concentratie in het water (Hoofdstuk 3).  

Voorbehandelde water monsters zijn geënt met bacteriën die voorkomen in conventionele 
drinkwatervoorzieningen (zogenoemd inoculum). Door het enten van deze bacteriën worden 
er ook extra nutriënten toegevoegd aan het zeer-lage nutriënten water vooral bij hoge 
concentratie inoculum (Hoofdstuk 2). Een alternatief inoculum komend van water na RO 
en remineralisatie was geëvalueerd. Hierbij is geobserveerd dat deze bacteriën een limitatie 
hebben om sommige organische componenten te consumeren, vooral complexe organische 
stoffen (Hoofdstuk 3). Om deze reden is een inoculum concentratie van 10 × 103 intacte 
cellen/mL komende van conventionele drinkwatervoorzieningen gekozen voor dit 
onderzoek omdat de extra nutriënten toevoeging insignificant is (Hoofdstuk 2). De hiervoor 
genoemde BGP methode was bruikbaar voor de identificatie van groei-beperkende 
nutriënten voor de bacteriën in het water (Hoofdstuk 4). Bovendien was de ontwikkelde 
BGP methode gecombineerd met nutriënten analyses, adenosinetrifosfaat (ATP) meting en 
16S RNA gen analyse om kennis op te doen over waarom groei plaatsvindt (beperkende 
nutriënten) en wie groeit (dominante bacteriële gen) in de verschillende types water 
(Hoofdstuk 4). 

Methode toepassing 

De toepassing van de ontwikkelende BGP methode in drinkwater productievoorzieningen 
in Nederland laat zien dat het type waterzuivering een belangrijke rol speelt in het bepalen 
van de biologische stabiliteit van het drinkwater. Lange termijn monitoren laat zien dat 
water behandeling gebaseerd op RO en remineralisatie leidt tot >75% reductie in BGP in 
verhouding met een normale drinkwatervoorziening (Hoofdstuk 3). Deze substantiële 
reductie kan worden toegeschreven aan de significante verwijdering van organische en 
anorganische stoffen door RO filtratie (>99%). De significante BGP reductie door RO-
gebaseerde behandeling werd bereikt ondanks de negatieve invloed van de nabehandeling 
op BGP van RO permeaat, welke is gestegen met 100% na de nabehandeling. Extra 
toevoegingen van organische en anorganische nutriënten door remineralisatie met behulp 
van de calciet contactors is geconstateerd (Hoofdstuk 4). Voor beide conventionele 
drinkwater en zeer-lage nutriënten water was organische koolstof de groei-beperkende 
nutriënt, zelfs met heel lage concentraties van fosfaat (<1 μg/L PO4-P) (Hoofdstuk 4). Naast 
het effect op BGP heeft water behandeling een invloed op de bacteriële gemeenschap van 
het drinkwater. Waarbij bacteriën aanwezig in RO behandeld water later zijn toegevoegd 
tijdens de nabehandeling, omdat geen van de bacteriën overeenkwam met de bacteriële 
gemeenschap van het bronwater (Hoofdstuk 4). Bovendien is gebleken dat de bepaling van 
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BGP met behulp van zowel FCM als ATP vooral nuttig is omdat aanvullende informatie 
kan worden verkregen uit de gecombineerde tests. Bijvoorbeeld het effect van 
fosfaatbeperking op bacteriegroei, waarbij de cel opbrengst van fosfaat werd geschat op 
0,70 ± 0,05 × 109 cellen/μg PO4-P (Hoofdstuk 5). 

Outlook 

Deze studie laat duidelijk zien dat RO filtratie voor het produceren van drinkwater 
veelbelovend is op het gebied van beperken van bacteriegroei in het water en de daarbij 
komende problemen voor gezondheid en onderhoud. Desondanks zijn maatregelen 
aanbevolen om de negatieve effect van nabehandeling te verminderen. Bijvoorbeeld gebruik 
van hoge kwaliteit calciet deeltjes voor remineralisatie ter voorkoming van toevoegingen 
van organische en anorganische nutriënten. Daarnaast is het aanbevolen om de aeratie torens 
vaker te onderhouden of alternatieve aeratie methodes (bijvoorbeeld membraan aeratie) te 
onderzoeken. 
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1.1 Background 

1.1.1 Bacteria in drinking water 

Bacteria are natural inhabitants of source water as well as drinking water, most of which are 
not harmful for human health. However, several diseases related to the presence of 
pathogenic bacteria in drinking water have been identified since the end of the nineteenth 
century, such as the cholera disease and Legionnaires' disease (Colwell, 2004; Vree, 2007). 
Waterborne diseases urged the need for applying adequate water treatment prior to 
distributing drinking water for human consumption. The choice of water treatment strategy 
mainly depends on the source water used, e.g., (deep) groundwater, surface water (lakes, 
rivers), or seawater, aiming at the removal of microorganisms and (micro)pollutants, where 
chemical and microbiological characteristics may considerably differ among water sources 
and geographical locations (Rittmann et al., 1989).  

Water utilities do not only aim at producing high quality drinking water that is safe for 
human consumption, but also maintaining this quality during distribution until water reaches 
the consumer’s tap. Water distribution systems provide a complex environment for bacterial 
growth either in the form of planktonic bacteria or biofilm (Liu et al., 2013c), where such 
systems usually contain pipes of a wide range of diameters and made of various materials, 
in addition to the fluctuating water flow throughout the day. Several studies have shown that 
bacterial growth could take place in water distribution systems whether residual chlorine 
was added or not (Prest et al., 2016b). 

1.1.2 Biological stability of drinking water 

The concept of biological stability of drinking water appeared by the end of the twentieth 
century, where the issue of bacterial growth in water distribution networks has gained 
increasing attention. Biologically stable drinking water does not promote excessive bacterial 
growth in distribution systems and until water reaches the consumption point (Huck, 1990; 
Liu et al., 2013c; van der Kooij and Veenendaal, 2014). Several serious problems are 
associated with biologically unstable water, including threats posed to human health due to 
the growth of (opportunistic) pathogens, deterioration of the aesthetic aspects of water (taste, 
odour, and colour), and operational problems related to bio-corrosion of pipes and fittings 
(Volk and LeChevallier, 1999; Berry et al., 2006).  

To prevent such problems, water utilities in several countries (e.g., USA, Australia, Italy, 
Spain) add residual disinfectant to the treated water just before leaving the production 
location to limit bacterial growth in their distribution systems. However, this strategy is 
associated with the formation of carcinogenic by-products as a result of the reaction between 
residual disinfectant and organic matter present in water (Rook, 1974; Havelaar et al., 2000; 
Sadiq and Rodriguez, 2004; Gopal et al., 2007). The formation of disinfection by-products 
can be minimised if a lower concentration of residual disinfectant is added. However, this 
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approach might not assure full control of bacterial growth along the whole distribution 
system (LeChevallier et al., 1996). For this reason, a few European countries including the 
Netherlands avoid adding residual disinfectant in their water. Instead, they apply a multi-
barrier treatment strategy to reduce the concentration of nutrients that promote bacterial 
growth in water (Smeets et al., 2009; van der Kooij and Veenendaal, 2014). Moreover, 
permanent monitoring of water quality and a high maintenance level of distribution systems 
are practiced in these countries. 

Biological stability of drinking water is traditionally assessed with the presumption that a 
small fraction of organic carbon is promoting bacterial growth. Several laboratory-based 
methods were developed to measure this fraction of organic carbon, namely assimilable 
organic carbon (AOC) method (van der Kooij et al., 1982; van der Kooij and Hijnen, 1984) 
and biodegradable dissolved organic carbon (BDOC) method (Servais et al., 1987). AOC is 
traditionally calculated based on the growth of two pure bacterial strains (P17 and NOX) in 
pasteurised water samples measured with the heterotrophic plate count (HPC) method, after 
which this growth can be converted into AOC concentration using a standard calibration 
curve. On the other hand, BDOC is directly calculated based on the consumption of 
dissolved organic carbon (DOC) during bacterial growth in a water sample. One of the main 
disadvantages of these traditional methods is the use of pure bacterial strains that might not 
completely consume the available organic carbon present in water, resulting in 
underestimation of bacterial growth that could take place in distribution systems where 
diverse bacterial strains are present. 

Major developments in the field of microbiological methods have occurred in the past years, 
allowing for rapid, less laborious, and more accurate measurements of bacteria in water 
samples compared with the traditional HPC method (van Nevel et al., 2017). One of these 
major developments is flow cytometry (FCM) which can be coupled with DNA staining to 
enable complete enumeration of bacterial cells in a water sample (Prest et al., 2016a). FCM 
has been applied for biological stability assessment to measure AOC using natural bacterial 
consortium (Hammes and Egli, 2005), allowing for more accurate estimation of AOC. 
Additionally, FCM has been used for direct measurement of bacterial growth potential 
(BGP) of water expressed as cell count (cells/mL) (Prest et al., 2016a; Farhat et al., 2018; 
Nescerecka et al., 2018; Sousi et al., 2020a), without converting the obtained growth into 
AOC. BGP of water can also be measured with adenosine triphosphate (ATP) as an 
alternative bacterial parameter (Vital et al., 2012; Farhat et al., 2018; Abushaban et al., 
2019). In addition, combining BGP measurements with 16S rRNA gene sequencing enables 
in-depth understanding of bacterial growth characteristics of water during treatment and 
distribution (Li et al., 2017b; Liu et al., 2018; Liu et al., 2020). 
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1.1.3 Reverse osmosis and remineralisation treatment 

As mentioned in the previous section, applying extensive water treatment is the strategy 
followed in the Netherlands and other European countries to control bacterial growth in 
distribution systems. Conventionally, water treatment plants in the Netherlands apply a 
combination of several steps including coagulation, flocculation, sedimentation, and (rapid 
or slow) sand filtration to remove contaminants from water. Activated carbon filtration is 
applied to remove organic matter that causes colour and odour in water (Smeets et al., 2009; 
van der Kooij and Veenendaal, 2014; Vewin, 2017). In addition, disinfection by ultraviolet 
(UV) irradiation, ozonation, or even pre-chlorination is applied in some water treatment 
plants in the Netherlands to assure that bacteria are inactivated before water distribution. 

Advanced water purification by membrane filtration is being increasingly used worldwide 
(Geise et al., 2010; Fane et al., 2015) and in the Netherlands (Schurer et al., 2019; Sousi et 
al., 2020a). Reverse osmosis (RO) is a semi-permeable membrane that is able to retain 
particles, inorganic/organic matter, microorganisms, and ions, resulting in an extremely pure 
product water. Since minerals including calcium and magnesium, and hydrogen carbonate 
are largely removed by RO filtration, RO permeate is considered unhealthy for human 
consumption (i.e., does not meet the WHO guidelines), aesthetically unacceptable in terms 
of taste, chemically unstable, and corrosive towards materials used in the public supply 
systems (Lahav and Birnhack, 2007; Birnhack et al., 2011). Thus, the use of RO permeate 
for human consumption without further post-treatment is not allowed by the Dutch drinking 
water law. 

Post-treatment is a key process to make RO permeate potable and suitable for distribution. 
The process of re-adding the essential minerals to RO permeate is called remineralisation, 
which can be conducted using several methods, including: blending RO permeate with 
source water, direct dosing of chemicals, calcite contactors, and micronized calcite dosing. 
This research focuses on remineralisation by calcite contactors, where RO permeate 
percolates through a calcite bed to dissolve calcium carbonate into calcium (Ca2+) ions and 
hydrogen carbonate (HCO3-). Remineralisation by calcite contactors is widely applied in 
practice since it is a simple and cost-efficient method (Hasson and Bendrihem, 2006; 
Ruggieri et al., 2008).  

Research has shown that bacterial growth-promoting nutrients could be considerably 
removed by RO filtration, resulting in a very low level of bacterial growth in RO permeate 
(Escobar et al., 2000; Park and Hu, 2010; Dixon et al., 2012; Thayanukul et al., 2013). 
However, this may be influenced by post-treatment, more specifically by remineralisation 
since it involves the addition of substances to RO permeate. To the best of our knowledge, 
no research has been conducted to assess the potential influence of remineralisation on the 
bacterial growth potential of RO permeate. 
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1.2 Problem statement 

Although the current drinking water leaving treatment locations in the Netherlands meets 
the “golden” standards set using the traditional methods for biological stability assessment 
(e.g., AOC <10 μg/L as acetate carbon), significant bacterial growth took place in water 
distribution systems, posing a threat to human health (van der Wielen and van der Kooij, 
2010; Beauté et al., 2013). Therefore, there is a need to improve water treatment in the 
Netherlands by applying advanced technologies such as membrane filtration process 
including reverse osmosis (RO), after which water has an ultra-low nutrient content 
(Escobar et al., 2000; Peng and Escobar, 2003; Thayanukul et al., 2013). 

RO filtration is a leading technology for producing drinking water from seawater and 
brackish groundwater with nearly two thirds of the desalination capacity worldwide 
(Villacorte et al., 2015; Anis et al., 2019). However, there is currently a limited number of 
studies about the bacterial growth characteristics of RO permeate, especially after 
remineralisation, which is required to assess the reduction in bacterial growth potential 
(BGP) with RO-based treatment (RO filtration and remineralisation) compared with the 
conventional treatment that is currently applied. Assessing bacterial growth potential of 
(remineralised) RO permeate requires investigating the applicability of the current methods 
for this type of ultra-low nutrient water and, if needed, further developing them to ensure 
reliable results. This includes possible challenges of lowering the detection limit of the 
method and minimising the adverse effect of methodological aspects on bacterial growth 
potential measurement at low levels.  

 

   

Figure 1.1. Examples of bacterial growth on the inner surface of pipes made of different 
materials (Liu et al., 2017). 
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1.3 Research objectives 

The overall aim of this research was to investigate how RO-based treatment (i.e., RO 
filtration and remineralisation) may improve the biological stability of drinking water 
compared with the current conventional water treatment. This involved further developing 
the current methodologies for assessing biological stability with main focus on bacterial 
growth potential (BGP) measurement using flow cytometry (FCM). Additional 
methodologies such as BGP measurement using ATP, and 16S rRNA gene sequencing were 
also explored during this research.  

The aforementioned aim was achieved by studying two water treatment schemes: full-scale 
conventional (340 m3/h) and pilot-scale RO-based (7 m3/h), at the Kamerik drinking water 
treatment plant in the Netherlands (Oasen Drinking Water Company). Both schemes were 
fed with the same anaerobic groundwater source.  

The specific objectives of the study were to: 

i. Further develop the BGP method using FCM for the application of water treated 
by RO and remineralisation, including the following aspects: 

Lowering the detection limit of the method by investigating several blank 
waters. 
Investigating the effect of pre-treatment prior to BGP measurement on the 
nutrient composition. Several methods were compared, including: 
pasteurisation, autoclaving, and membrane filtration. 
Investigating the ability of bacteria originating from remineralised RO 
permeate to utilise organic carbon with various complexity levels. 

ii. Propose a multi-parametric approach to evaluate biological stability of water 
treated by RO and remineralisation as well as the current conventional drinking 
water. This approach includes the changes in bacterial quantification and growth 
potential, nutrient concentration and composition, and the bacterial community 
composition and diversity across steps in both treatment types. 

iii. Explore the combination of BGP measurement using both FCM and ATP, to obtain 
in-depth understanding of bacterial growth characteristics of water treated by RO 
and remineralisation. 
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1.4 Dissertation outline 

This dissertation has been structured in six chapters, as follows: 

Chapter 1 provides a brief background about the topic of biological stability and highlights 
the problem and research gaps in this topic with regard to assessing biological stability of 
ultra-low nutrient water produced by RO and remineralisation. This chapter also introduces 
the specific objectives of this study.  

Chapter 2 investigates the current detection limit of the BGP method, and explores how to 
lower it for the application of ultra-low nutrient water produced by RO and remineralisation, 
by examining different blank waters.   

Chapter 3 investigates developing methodological aspects for measuring BGP of ultra-low 
nutrient water produced by RO and remineralisation, namely, pre-treatment and inoculation. 

Chapter 4 presents the results of the multi-parametric approach proposed to evaluate the 
biological stability of drinking water. Research has been conducted at an existing water 
treatment plant in the Netherlands, where full-scale conventional and pilot-scale RO-based 
treatment schemes are operating. 

Chapter 5 compares measuring BGP using FCM and ATP methods for ultra-low nutrient 
RO-treated water as well as for conventional drinking water.   

Chapter 6 summarizes the main conclusions drawn from this study and provides possible 
directions for future research. 
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Abstract 

Ensuring the biological stability of drinking water is essential for modern drinking water 
supply. To understand and manage the biological stability, it is critical that the bacterial 
growth in drinking water can be measured. Nowadays, advance treatment technologies, such 
as reverse osmosis (RO), are increasingly applied in drinking water purification where the 
produced water is characterised by low levels of nutrients and cell counts. The challenge is, 
therefore, how to measure the low bacterial growth potential (BGP) of such ultra-pure water 
using the available methods which were originally developed for conventionally treated 
drinking water. In this study, we proposed a protocol to assess BGP of ultra-pure drinking 
water produced by RO and post-treatment (including remineralisation). Natural bacterial 
consortium from conventional drinking water was added to all water samples during this 
study to ensure the presence of a wide range of bacterial strains. The method development 
included developing an ultra-pure blank with high reproducibility to lower the detection 
limit of the BGP method (50 ± 20 × 103 ICC/mL) compared with conventional blanks such 
as bottled spring water, deep groundwater treated by aeration and slow sand filtrate of 
surface water supply. The ultra-low blank consists of RO permeate after adjusting its pH 
and essential mineral content under controlled laboratory conditions to ensure carbon 
limitation. Regarding the test protocol, inoculum concentrations of >104 ICC/mL may have 
a significant contribution to the measured low levels of BGP. Pasteurisation of water 
samples before measuring BGP is necessary to ensure reliable bacterial growth curves. The 
optimised method was used to assess BGP of ultra-pure drinking water produced by RO 
membranes and post-treatment (including remineralisation), where the BGP has decreased 
by 85% to a level of 90 ± 20 × 103 ICC/mL compared with conventionally treated water 
(630 ± 70 × 103 ICC/mL). 

2.1 Introduction 

Bacterial (re)growth in drinking water supply systems may lead to problems, such as health 
threats by (opportunistic) pathogens, aesthetic deterioration of water taste and odour, bio-
corrosion of pipes and fittings, and nitrification processes (Volk and LeChevallier, 1999; 
Berry et al., 2006). Currently, this unwanted bacterial growth is being managed either by 
maintaining disinfectant residuals which may react with organic compounds in drinking 
water and form hazardous disinfection by-products (DBPs) (Havelaar et al., 2000; Sadiq 
and Rodriguez, 2004; Gopal et al., 2007), or through producing biologically stable drinking 
water that contains low concentrations of readily available nutrients for bacterial growth 
(van der Kooij, 2000; Hammes et al., 2010a; Liu et al., 2013c), e.g., assimilable organic 
carbon (AOC) below 10 μg/L Ac-C (van der Kooij, 1992). 
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To understand the bacterial (re)growth during distribution and to develop efficient 
management strategies, it is essential to be able to measure and quantify this (re)growth. 
Until now, several batch tests have been developed to assess the potential of drinking water 
to support bacterial growth using different techniques to measure the increase in cell 
abundance. These techniques include: turbidity (Withers and Drikas, 1998; Page et al., 
2002), colony count (van der Kooij et al., 1982; Joret et al., 1991; van der Kooij, 1992; Sack 
et al., 2010; Sack et al., 2011), biomass volume (Servais et al., 1987), cell number (Hammes 
and Egli, 2005; Dixon et al., 2012; Park et al., 2016; Prest et al., 2016a), and cell activity 
based on adenosine triphosphate (ATP) (van der Kooij and Veenendaal, 2001; 2014; van 
der Kooij et al., 2017). Employing flow cytometry (FCM) for cell count was evaluated and 
applied in BGP tests (Dixon et al., 2012; Prest et al., 2016a) because of its advantages of 
being simple, rapid, reproducible and informative (Prest et al., 2013; van Nevel et al., 2017). 

Regardless of the test type and the parameter to be measured, each conducted test to assess 
the potential of drinking water to support bacterial growth requires using a blank, ideally 
nutrient-free water, which defines the detection limit of the method to obtain reliable and 
reproducible results. Bottled spring water (Evian, France) has been widely investigated and 
used as a blank for BGP measurements due to its low nutrient content (Hammes and Egli, 
2005; Vital et al., 2007; Bucheli-Witschel et al., 2012; Elhadidy et al., 2016; Prest et al., 
2016a; Farhat et al., 2018). In addition, two water types collected at water treatment plants 
in the Netherlands, namely deep groundwater treated by aeration and slow sand filtrate of 
surface water supply, have been used as blanks because of their low nutrient content 
(Bereschenko and Hornstra, 2014; Guo et al., 2014; Mikkers and Magic-Knezev, 2014; van 
der Kooij et al., 2014). Table 2.1 presents the characteristics of each blank. 

 

Table 2.1. Characteristics of the conventional blanks used for biological stability assessment 
tests. 

Water pH 
(-) 

 DOC 
(mg/L) 

AOC  
(μg/L Ac-C) 

BPP14  
(ng ATP/L) 

BGP  
(× 103 cells/mL) 

Bottled spring water 
(Evian, France) 

~7.90  <0.2 10–52 a n.a. c 133 ± 18 
(net growth) 

Deep groundwater treated 
by aeration 

~7.95  0.17–0.4 ~1 b 5–10 100–350 
(max. growth) 

Slow sand filtrate of 
surface water supply 

~8.45  1.7–2.3 3–5 b 30–40 250–600 
(max. growth) 

DOC: dissolved organic carbon; AOC: assimilable organic carbon; BPP: biomass production potential;  
BGP: bacterial growth potential 
a AOC (natural bacterial consortium) (Hammes and Egli, 2005) 
b AOC (P17/NOX) (van der Kooij et al., 1982) 
c n.a., not available 
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Although the lowest reported BGP of those blanks is 100 × 103 cells/mL, they are still 
adequate and reliable blanks for drinking water produced by conventional treatment 
processes with BGP reaching levels of 300 × 103 – 700 × 103 cells/mL (Prest et al., 2016a; 
Nescerecka et al., 2018). However, this becomes problematic if the BGP of treated drinking 
water decreases below 100 × 103 cells/mL as the measurements will no longer be reliable. 
Drinking water produced by reverse osmosis (RO) is an example of such water with 
considerably low BGP (Park and Hu, 2010; Dixon et al., 2012) due to the high efficiency of 
RO to retain bacterial cells (Madaeni, 1999; van der Bruggen and Vandecasteele, 2003; Park 
and Hu, 2010) and the AOC content (Escobar et al., 2000; Hong et al., 2005; Thayanukul et 
al., 2013). Being unable to measure the low levels of BGP with high reliability might limit 
our understanding of the bacteriological water quality of such ultra-pure water and factors 
affecting it. For instance, post-treatment of RO permeate including remineralisation and 
aeration may have a significant impact on its original quality, which cannot be affirmed with 
conventional blanks. Therefore, it is highly necessary to lower the detection limit of the 
BGP method, by introducing an ultra-pure blank with a much lower BGP. This is especially 
true when looking at the increasing number of advanced treatment processes in water 
utilities, including RO treatment plants (Villacorte et al., 2015), in response to more 
stringent water quality regulations, advances in water treatment technologies, and increasing 
awareness of water quality deterioration during distribution (Liu et al., 2017). 

Moreover, there are other variations in the test conditions of current BGP methods, all of 
which may influence the measurement and detection limit of the method, such as (i) 
inactivation procedures of indigenous bacteria (e.g. pasteurisation, filtration or no pre-
treatment) and (ii) introduction of various inoculum types (if applicable). For instance, 
pasteurisation is needed to inactivate natural bacteria before inoculating with pure bacterial 
strains for AOC measurements (van der Kooij et al., 1982; van der Kooij, 1992; Sack et al., 
2010; Sack et al., 2011), whereas filtration is mainly practiced when total inactivation of 
natural bacteria is unnecessary, which is especially true when using a natural bacterial 
consortium for inoculation (Hammes and Egli, 2005; Farhat et al., 2018). 

The main objective of the present study is to develop a protocol to assess the BGP of ultra-
pure drinking water. The research focused on: (i) lowering the detection limit of the method 
by using RO permeate, after adjusting its chemical water quality at the laboratory, as a blank, 
(ii) assessing the need for pre-treatment (i.e., pasteurisation) of water samples prior to 
measuring BGP, and (iii) evaluating the contribution of inoculation to the BGP 
measurements. Finally, the developed protocol was applied to evaluate the change in BGP 
of remineralised RO permeate from a pilot treatment system operated at a drinking water 
pumping station in the Netherlands. 
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2.2 Materials and methods 

2.2.1 Conventional and RO-based water treatment 

This study was conducted at one of the water treatment plants of Oasen Drinkwater (the 
Netherlands). Currently, the anaerobic groundwater is treated by conventional water 
treatment processes at a capacity of 340 m3/h. The treatment comprises aeration, rapid sand 
filtration, softening, granular activated carbon (GAC) filtration, and UV disinfection.  

At the same location, a pilot-scale RO-based water treatment unit (7 m3/h) is operated in 
parallel, which consists of anaerobic RO filtration (Hydranautics ESPA2-LD-4040) with 
75% total recovery, followed by ion exchange (1.4 m3 of LEWATIT S 2568 synthetic resin) 
for further removal of ammonium, remineralisation using traditional calcite contactors for 
the addition of calcium (40 mg/L Ca2+) and hydrogen carbonate (122 mg/L HCO3-), 
magnesium dosing (4 mg/L Mg2+), and lastly tower aeration (packed with 1.24 m3 of 38-8 
plastic Raflux-Rings) for stripping out methane gas (CH4) present naturally in the 
groundwater and excess carbon dioxide (CO2) dosed before the calcite contactors for 
efficient dissolution of calcite grains.  

The term post-treatment used during this study refers to all the treatment units after RO 
filtration, including ion exchange, remineralisation and aeration. The final pH of the product 
water of both treatment schemes is 7.8 ± 0.2. 

2.2.2 Water samples 

Water samples, including conventionally treated groundwater (CTW), groundwater 
collected directly after RO filtration (RO permeate) and post-treated RO permeate at the 
site, i.e., RO permeate after passing ion exchange, remineralisation, and aeration (site-
Remin), were collected at the water treatment location in the period between October 2016 
and April 2017.  

In addition, four AOC-low waters were tested as blanks for the BGP measurements, 
including conventional blanks, i.e., bottled Evian water (BEW), deep groundwater (DGW) 
treated by aeration, and slow sand filtrate of surface water supply (SSF), and the ultra-pure 
blank proposed in this study, i.e., RO permeate after making the necessary chemical 
adjustments of pH and mineral content at the laboratory (as described in the following 
sections and referred to as lab-Remin). The total number of water samples collected during 
the study period was 69 including the site samples and blanks.  

A list of the 6 water types of the current study and their characteristics is given in Table 2.2. 
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Table 2.2. Description, coding, and composition of water samples collected during the current 
study. 

Sample description Code n pH 
(-) 

TDS 
(mg/L) 

DOC 
(mg/L) 

Added P, N 
(μg/L) 

Conventionally treated 
groundwater 

CTW 16 7.80 400 6.2 a - 

Post-treated RO permeate with 
ion exchange, remineralization, 
and aeration 

site-Remin 13 7.80 150 <0.3 a - 

Bottled Evian water BEW 7 7.90 350 <0.2 5, 50 

Deep groundwater DGW 2 7.95 n.a. b 0.17–0.4 5, 50 

Slow sand filtrate of surface 
water supply 

SSF 2 8.45 n.a. b 1.7–2.3 5, 50 

Lab-remineralized RO permeate lab-Remin 19 7.80 140 <0.3 a 5, 50 
a Measured during this study 
b n.a., not available 

2.2.3 Experimental approach 

The experimental approach is shown in Figure 2.1.  

Firstly, the ultra-pure blank (lab-Remin) was compared with conventional blanks (BEW, 
DGW, and SSF), specifically in terms of BGP.  

Secondly, the factors affecting BGP of the lab-Remin blank were studied, including the 
undesired addition of nutrients during chemical adjustments of the lab-Remin blank which 
was assessed by varying the concentrations of NaHCO3, namely: 61, 122 (selected for this 
study), 183 and 244 mg/L HCO3-. The pH remained constant at 7.8 ± 0.2 to guarantee that 
any differences can be attributed to chemical impurities. A similar approach was followed 
to study the undesired addition of nutrients during inoculating the lab-Remin blank with a 
natrual bacterial community from fresh CTW. This effect was assessed for several inoculum 
concentrations, namely: 0.5 × 103 (lowest), 1 × 103, 2 × 103, 5 × 103, 10 × 103 (selected for 
this study), 20 × 103, and 50 × 103 (highest, to ensure obtaining a significant impact) 
ICC/mL, as compared with the non-inoculated lab-Remin blank. The theoretical increase in 
BGP due to inoculation ( BGPconsortium) was calculated, as follows:  

BGPconsortium = (V1/V2) × BGPCTW 

In this expression, V1 and V2 represent volumes of CTW added and lab-Remin blank 
sample, respectively. BGPCTW is the average BGP measured for CTW. 
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Thirdly, the effect of initial cell count on bacterial growth was studied by analysing all water 
samples with and without pasteurisation and observing the resulting bacterial growth curves. 

And lastly, the developed method was applied to assess the BGP of ultra-pure drinking water 
produced by RO membranes and post-treatment (site-Remin) collected at different times 
(i.e., 0, 1, 2, 3, 24, 48, 72, 96, 264, and 336 h) after refilling the calcite contactors with fresh 
calcite grains. The purpose of the latter test was to confirm the applicability of the developed 
method and ultra-pure blank to reliably assess the BGP of such drinking water. 

 

     BGP method development

     BGP method application

Ultra-pure blank (lab-Remin) vs. conventional blanks (BEW, DGW, and SSF)
Including: initial cell count, BGP, reproducibility, and applicability for site-Remin

Factors affecting the BGP of lab-Remin:
Undesired nutrient addition during chemical adjustments and inoculation

Effect of initial cell count on the BGP measurements:
Assessment of the need to pasteurise water samples before the BGP measurements

Case study: 
BGP of site-Remin after refilling the calcite contactors with fresh calcite grains 

 
Figure 2.1. The experimental approach to develop and apply the bacterial growth potential 
(BGP) method for ultra-pure drinking water after RO and post-treatment.

 

2.2.4 Bacterial growth potential (BGP) method 

AOC-free materials: Glassware used for sampling (Duran® graduated clear glass bottles 
with screw plastic cap) and incubation (clear glass vials with screw plastic cap) of water 
samples was made AOC-free as described in previous studies (Weinrich et al., 2009; Prest 
et al., 2016a). In short, the glassware was washed with a cleaning solution (Alconox® 
detergent, 10 g/L in ultrapure water), rinsed three times with ultrapure water (Milli-Q® 
water, Merck Millipore), air-dried overnight, and heat treated in a muffle oven at 550 °C for 
6 h. The plastic lids were cleaned by soaking in heated (60 °C) sodium persulfate solution 
(Na2S2O8, 100 g/L) for 1 h, rinsing three times with ultrapure water, and air drying. 



Further developing the bacterial growth potential method for ultra-pure drinking water 
produced by remineralisation of reverse osmosis permeate 

16 

Moreover, all preparations and procedures for the BGP test were conducted in a clean 
laboratory environment to avoid air-borne contamination. 

Preparation of stock solutions: To create a lab-Remin blank, four different inorganic stock 
solutions were prepared in AOC-free bottles using ultrapure water (i.e., Milli-Q water) with 
final concentrations of 67.2 g/L NaHCO3 (for pH adjustment and buffer addition), 294 g/L 
CaCl2·2H2O and 67 g/L MgCl2·6H2O (for calcium and magnesium addition), 0.219 g/L 
KH2PO4 (for phosphate addition), and 3.607 g/L KNO3 (for nitrogen addition). The prepared 
stock solutions were kept in the fridge at 4 °C and were used for multiple experiments. 
Reagent grade chemicals (>99% purity) were used throughout this study (J.T.Baker® 
Reagents Salts, ACS Grade, the USA). 

Preparation of blanks: The ultra-pure blank, lab-Remin, was prepared by adjusting the pH 
and mineral content of RO permeate by the addition of 2.5 μL/mL of NaHCO3 and 0.5 
μL/mL of CaCl2 and MgCl2 stock solutions to achieve identical concentrations of the 
corresponding elements in site-Remin (final pH of 7.8 ± 0.2, buffer of 122 mg/L HCO3-, 
final concentrations of 40 mg/L Ca2+ and 4 mg/L Mg2+). Moreover, phosphate (5 μg/L PO4-
P) and nitrogen (50 μg N/L) were added to the blanks (BEW, DGW, SSF and lab-Remin) 
to guarantee growth limitation by organic carbon up to 500 μg/L Ac-C (C:N:P = 100:10:1, 
(Hammes and Egli, 2005)). P and N were added by dosing 0.1 μL/mL of both KH2PO4 and 
KNO3 stock solutions. The blanks are made carbon-limited to ensure detecting any potential 
carbon contaminations during the handling of samples, which comes in different forms such 
as: (i) carbon attached to the glassware and caps, (ii) volatile carbon present in the laboratory 
environment, and (iii) carbon contamination present in reagent grade chemicals used in the 
laboratory, in addition to the original carbon content of the blanks. 

Sample pre-treatment and inoculation: To evaluate the influence of initial cell count on 
the BGP measurements, all water types (CTW, site-Remin, BEW, DGW, SSF, and lab-
Remin) were analysed both with and without pasteurisation at 70 °C for 30 min followed 
by cooling the samples to room temperature (c.a. 20 °C) in an ice bath before any further 
handling. A natural bacterial inoculum of CTW collected during each sampling campaign 
was added to all water samples whether pasteurised or not to ensure the presence of a broad 
bacterial community. The final concentration of inoculum in samples was ~10 × 103 
ICC/mL as suggested elsewhere (Hammes and Egli, 2005; Farhat et al., 2018). The added 
volume of CTW for inoculation was determined by its initial cell count (measured by FCM), 
and it was around 18 ± 2 μL/mL (~1.75% v/v) throughout the study period. Due to 
inoculation, trace elements present in CTW were added to the lab-Remin blank as shown in 
Table 2.3. No further amendments have been performed on the practical samples (CTW and 
site-Remin) to measure their actual BGP, whereas P and N have been added to the blanks 
(as described in the following sections). Routinely, addition of the different chemicals and 
inoculum was done using pipettes with sterilised plastic tips which were rinsed 10 times 
with ultra-pure water before using to avoid AOC leaching into the water samples. 
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Table 2.3. Concentration of trace elements added to lab-Remin (lab-remineralised RO 
permeate) as a result of inoculating with CTW (conventionally treated water. 

Element Unit Concentration in 
lab-Remin 

Phosphate μg/L PO4-P 0.15 
Hydrogen carbonate mg/L HCO3

- 4.05 
Calcium mg/L Ca2+ 0.42 
Magnesium mg/L Mg2+ 0.29 
Sodium mg/L Na+ 1.87 
Potassium mg/L K+ 0.08 
Iron μg/L Fe2+ 0.15 
Manganese μg/L Mn2+ 0.09 
Aluminium μg/L Al3+ 0.07 
Copper μg/L Cu2+ 0.01 
Lead μg/L Pb2+ 0.01 
Chromium μg/L Cr2+ 0.01 
Zinc μg/L Zn2+ 0.01 
Ammonium μg/L NH4

+ 0.17 
Nitrate μg/L N- 0.05 
Chloride mg/L Cl- 1.37 
Sulphate mg/L SO4

2- 0.93 
Fluoride μg/L F- 1.66 

 

Test procedures: After performing the aforementioned adjustments, each water sample was 
transferred into three AOC-free glass vials by direct pouring of 20 ± 2 mL per vial (volume 
was measured using a reference vial). The glass vials containing the samples were incubated 
at 30 °C in the dark under static conditions. Aliquots were poured from the incubated vials 
into 1.5 mL Eppendorf tubes to perform FCM analysis on day 0 (initial count), 1, 3, 6, 8, 
10, 13, 16, and 20. BGP was expressed as the maximum count obtained during the 20-day 
incubation period. 

Flow cytometry (FCM) measurement: Flow cytometry (FCM) coupled with fluorescence 
staining has been selected for this study to quantify cell counts in water samples. The FCM 
(BD Accuri C6® FCM, Belgium) is fitted with a 50 mW laser with emission wavelength of 
488 nm, green fluorescence intensity detector (FL1 channel, 533 ± 30 nm), red fluorescence 
intensity detector (FL3 channel, >670 nm), and sideward and forward scattered light 
intensity collectors. The staining protocol described by Prest et al. (2013) was applied during 
this study where two staining solutions were prepared: (i) SYBR® Green I (SG) 1:100 
diluted in filtered (IC Millex – LG, 0.2 μm, Millipore) DMSO for total cell count (TCC), 
and (ii) a mix of SYBR® Green I and propidium iodide (SGPI) with a PI working 
concentration of 0.3 mM and 1:100 diluted SG in filtered DMSO for intact cell count (ICC). 
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The staining protocol includes preheating of 500 μL of sample to 35 ± 2 °C for 5 min, 
staining either with SG or SGPI (10 μL/mL) depending on the desired measurement, 
incubating in the dark at 35 ± 2 °C for 10 min, and lastly measuring with FCM at 35 μL/min 
flow rate and 50 μL of analysed sample volume (identical settings to volumetric calibration 
of FCM) with setting a threshold on FL1 channel of green fluorescence to 700. Data 
acquisition was performed using BD Accuri CFlow® software where a digital gate was set 
on FL1/FL3 density plot to distinguish the stained bacterial cells from inorganic particles of 
water samples and instrument noise. The FCM detection limit is 103 cells/mL. Samples were 
diluted when bacterial counts exceeded 200 × 103 cells/mL. 

2.2.5 Statistical analysis 

Different statistical tools were applied using the Microsoft Excel software, including: (i) Q-
Q plots, Chi-squared tests, and Kolmogorov-Smirnov tests to check the normality of data, 
and (ii) Student’s t-test and one-way analysis of variance (ANOVA) to determine the 
significance of differences. Simple linear regression analysis was conducted for quantitative 
correlation between two variables. A confidence level of 95% was considered (alpha of 
0.05). 

2.3 Results 

2.3.1 Laboratory remineralised RO permeate (lab-Remin) as an 
ultra-pure blank for the bacterial growth potential (BGP)  

As shown in Figure 2.2, the BGP of conventional blanks expressed as absolute maximum 
growth obtained during a 20-day period of incubation was in 80 × 103 – 220 × 103 ICC/mL 
for bottled Evian water (BEW), 100 × 103 – 210 × 103 ICC/mL for deep groundwater (DGW) 
treated by aeration, and 375 × 103 – 500 × 103 ICC/mL for slow sand filtrate (SSF). 
Regarding site samples, conventionally treated groundwater (CTW) had an average BGP of 
630 ± 70 × 103 ICC/mL, whereas the BGP of RO-treated water after post-treatment (site-
Remin) was considerably reduced (by 85%) to 90 ± 20 × 103 ICC/mL, which can no longer 
be affirmed by the BGP detection limit using conventional blanks. Noteworthy, laboratory 
remineralised RO permeate (lab-Remin) had a BGP of 50 ± 20 × 103 ICC/mL, which is 
significantly lower than that of conventional blanks and site-Remin (P < 0.05).  

Furthermore, the lab-Remin blank showed better reproducibility where the standard 
deviation (~20 × 103 ICC/mL) was significantly lower than that observed for the 
conventional blanks (>50 × 103 ICC/mL). This observation can also be confirmed by the 
constant initial cell count of the lab-Remin blank (~2 × 103 ICC/mL) measured on different 
dates, whereas up to 40% variation was observed for conventional blanks (~60 × 103 – 80 × 
103 ICC/mL in average, as shown in Figure 2.3). 
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Figure 2.2. BGP of non-pasteurised ( ) and pasteurised ( ) water samples: CTW 
(conventionally treated groundwater, n = 16), site-Remin (post-treated RO permeate at the 
site, n = 13), BEW (bottled Evian water, n = 7), DGW (deep groundwater treated by aeration, 
n = 2), SSF (slow sand filtrate of surface water supply, n = 2), and lab-Remin (lab-
remineralized RO permeate, n = 19). Each sample was inoculated with CTW. BGP is expressed 
as the maximum bacterial growth during an incubation period of 20 days at 30 °C. Error bars 
represent the measurement variations of "n" separate tests, with triplicate vials per test. 

 

 

 

Figure 2.3. Initial intact ( ), dead ( ), and total ( + ) cell count of the blanks: BEW 
(n = 7), DGW (n = 2), SSF (n = 2), and lab-Remin (n = 19) as measured by FCM. Error bars 
represent the measurement variations of "n" tests, in triplicate each. 
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2.3.2 Influence of chemical addition and inoculation on BGP of 
lab-Remin blank 

The chemical stocks used to adjust pH and mineral content of RO permeate contain 
impurities which can be biodegradable and lead to increase the BGP of lab-Remin blank. 
However, the results showed that the added volumes of NaHCO3 stock solution to obtain 
final concentrations of 61, 122, 183, and 244 mg/L HCO3- (final pH of 7.8 ± 0.2 in all cases) 
led to insignificantly different (P > 0.05) BGP of lab-Remin blank (Figure 2.4). 

 

 
Figure 2.4. Bacterial growth in inoculated lab-Remin blank after adjustment of pH to 7.8 ± 0.2 
with different concentrations of NaHCO3 (in mg/L HCO3

-). Error bars represent the 
measurement variations of triplicate vials. 

 

Introduction of biodegradable compounds can also occur when inoculating the lab-Remin 
blank with natural bacteria of fresh CTW, which may lead to additional BGP. Theoretically, 
this additional BGP depends on inoculum volume and can be calculated (see section 2.2.3) 
as shown in Table 2.4 ( BGPconsortium) for several inoculum concentrations (namely: 0.5 × 
103, 1 × 103, 2 × 103, 5 × 103, 10 × 103, 20 × 103, and 50 × 103 ICC/mL corresponding to 
inoculum volume). The final inoculum concentration selected for this study is 10 × 103 
ICC/mL as suggested elsewhere (Hammes and Egli, 2005; Farhat et al., 2018) to ensure the 
presence of sufficient cells to initiate growth. The theoretical increase in BGP due to the 
selected inoculum concentration, compared with non-inoculated lab-Remin blank, was in 
the range of 11 × 103 – 14 × 103 ICC/mL (Table 2.4), which was also observed 
experimentally with a high significance level (P < 0.05) by conducting a large number of 
tests (n = 18 tests in triplicate, Figure 2.5B). However, this increase was experimentally 
insignificant (P > 0.05) with a small number of tests (n = 1 test in triplicate, Figure 2.5A).  
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Table 2.4. The theoretical ( BGPconsortium) and experimental increase in the BGP of lab-Remin 
blank due to inoculation. 

Inoculum 
concentration  
(× 103 ICC/mL) 

BGPconsortium 
(× 103 ICC/mL) 

Experimental increase 
in BGP a  
(× 103 ICC/mL) 

P-value b 

0.5 ~0.5 14 0.1530 
1 ~1 23 0.0643 
2 2–3 3 0.4017 
5 6–7 6 0.3222 
10 11–14 17 0.2108 
20 22–27 19 0.0914 
50 58–70 80 0.0005 
a BGP Increase compared with non-inoculated lab-Remin (calculated based onFigure 2.5 Figure 
2.5A) 
b significant experimental increase if P-value < 0.05 

 

 

 

Figure 2.5. BGP of the lab-Remin blank (laboratory remineralized RO permeate) with 
different concentrations of CTW inoculum (n = 1, A), and 10 × 103 ICC/mL concentration of 
CTW inoculum (n = 18, B) compared with non-inoculated blank. The BGP was expressed as 
the maximum bacterial growth during an incubation period of 20 days at 30 °C. Error bars 
represent the measurement variations of "n" separate tests, with triplicate vials per test. 
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Although the increase in BGP due to inoculation can be theoretically reduced by decreasing 
the inoculum concentration to 5 × 103 ICC/mL or even lower (Table 2.4), still a larger 
number of BGP tests (n > 150 tests in triplicate, based on student's t-test calculations) will 
be needed to detect this increase experimentally, which is beyond the scope of this study. 
As a result, the BGP of lab-Remin blank without and with inoculation with the selected 
concentration (10 × 103 ICC/mL) was 35 ± 10 × 103 and 50 ± 20 × 103 ICC/mL, respectively. 
Therefore, contribution of inoculum to the measured BGP of lab-Remin blank is about 20–
30%. 

The large number of BGP tests needed is attributed to the higher standard deviation of BGP 
measurements (~20 × 103 ICC/mL) compared with the target theoretical increase in BGP. 
For instance, the measured increase in BGP due to inoculating with 50 × 103 ICC/mL (~80 
× 103 ICC/mL) was according to the theoretical calculations (58 × 103 – 70 × 103 ICC/mL 
> standard deviation of BGP measurements), as shown in Table 2.4, even with a small 
number of tests (n = 1 test in triplicate, Figure 2.5A). 

2.3.3 Effect of initial cell count on the BGP: Is there a need for 
pasteurisation? 

The typical shape of bacterial growth curves was not observed when the initial cell count is 
higher than the maximum bacterial growth that can be maintained by nutrients in water. This 
effect was occasionally observed for non-pasteurised site-Remin samples (Figure 2.6A) 
where the initial cell count of non-pasteurised samples (C0, non-pasteurised = 170 × 103 ICC/mL) 
was substantially higher than the maximum bacterial growth that could be maintained by 
the nutrients available for bacteria (Cmax = 110 × 103 ICC/mL), and thus, bacterial counts 
decreased immediately after incubation. This was observed when fresh calcite grains were 
used in the remineralisation step and the attached bacteria may have washed-out. 

 

Table 2.5. Bacterial growth parameters of non-pasteurised and pasteurised site-Remin 
samples under different operating conditions. 

Case a   Cell count (× 103 ICC/mL) Specific growth rate, 
 Initial Maximum Net growth b   μ (/day) 
Case A: non-pasteurised 170 170 0 n.a.c 
Case A: pasteurised 20 115 95 0.49 
Case B: non-pasteurised 22 96 74 0.74 
Case B: pasteurised 10 98 88 0.85 
a Case A refers to Figure 2.6A and case B refers to Figure 2.6B; b Net growth = maximum cell 
count  initial cell count; c n.a., not applicable 
 

Unlike the non-pasteurised samples, pasteurised site-Remin samples resulted in the typical 
bacterial growth curves where growth parameters could be calculated (Table 2.5). In 
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contrast to the previous case, non-pasteurised as well as pasteurised site-Remin samples 
resulted in the typical bacterial growth curves when the calcite filter was in operation for 
several weeks (Figure 2.6B), and the bacterial growth parameters could be calculated for 
both water samples (Table 2.5). In this case, the maximum growth level for both non-
pasteurised and pasteurised samples was identical (Cmax = ~98 × 103 ICC/mL) regardless of 
the difference in the initial cell count. 

 

 

Figure 2.6. Examples of bacterial growth curves in pasteurised (squares) and non-pasteurised 
(circles) site-Remin samples analysed on two different dates: with fresh calcite grains (C0 for 
non-pasteurised > Cmax, A), and when the calcite contactors have been in operation for several 
weeks (C0 for non-pasteurised < Cmax, B). Each sample was inoculated with CTW. Error bars 
represent the measurement variations of triplicate vials. 

 

2.3.4 Case study: monitoring BGP of drinking water produced 
by RO and post-treatment (site-Remin) 

Figure 2.7 shows the BGP results of pasteurised and inoculated (with 10 × 103 ICC/mL of 
the original water and CTW) site-Remin samples at different time intervals after refilling 
the calcite contactors with fresh calcite grains. BGP decreased dramatically from ~470 × 
103 ICC/mL for the sample collected immediately after starting the operation with the fresh 
calcite grains to a stable level of 80 × 103 – 110 × 103 ICC/mL after 3 h of operation. Similar 
trends were observed for the dissolved organic carbon (DOC) and initial cell count of non-
pasteurised samples. The DOC concentration and initial cell count decreased from 3.1 to 
<0.3 mg/L and from 280 × 103 to 20 × 103 ICC/mL over time, respectively (Figure 2.8). 

For this monitoring test, lab-Remin blanks were measured on each sampling day and the 
average resulting BGP was ~50 × 103 ICC/mL, which was significantly (P < 0.05) lower 
than the BGP of site-Remin samples after reaching stability (80 × 103 – 110 × 103 ICC/mL). 
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Figure 2.7. BGP of pasteurised and inoculated lab-Remin blanks (laboratory remineralised 
RO permeate, ) and site-Remin (post-treated RO permeate at the site, ) collected at 
different time intervals after refilling the calcite contactors with fresh calcite grains (n = 3). 
Each sample was inoculated with CTW. The BGP was expressed as the maximum bacterial 
growth during an incubation period of 20 days at 30 °C. Error bars represent the measurement 
variations of triplicate measurements. 

 

 

 
Figure 2.8. DOC ( ) and initial cell count ( ) of non-pasteurised site-Remin samples 
(post-treated RO permeate at the site) collected at different time intervals after refilling the 
calcite contactors with fresh calcite grains (n = 3). 
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2.4 Discussion 

2.4.1 Composition of the ultra-pure lab-Remin blank and factors 
influencing the BGP measurements at a low nutrient level 

It is proposed to use a lab-Remin blank (which is RO permeate after remineralisation in the 
laboratory to adjust pH to 7.8 ± 0.2 and mineral content) as an ultra-pure blank for BGP 
measurements of very low nutrient drinking water produced by desalination technologies. 
The adjustments of the lab-Remin blank and the addition of phosphate and nitrogen ensure 
that bacterial growth is limited by carbon. The pH adjustment of the lab-Remin blank is 
necessary since low pH may hinder the ability of bacteria to effectively hydrolyse nutrients 
(Russell and Wilson, 1996), and it requires complex adaptive strategies to maintain a neutral 
intracellular pH (Dilworth and Glenn, 1999). This was confirmed by the observation of no 
significant growth with the original pH (5.5) of RO permeate in the present study (data not 
shown). These results might explain the very low bacterial yield observed in the study of 
Elhadidy et al. (2016) for synthetic water comprising Milli-Q water, nitrogen, phosphate, 
and carbon (acetate) without pH adjustment. Besides, mineral addition is essential because 
the low ionic strength of RO permeate may cause osmotic shock in aquatic microorganisms 
(Kaplan et al., 1993).  

The BGP of lab-Remin might also be limited by the absence of trace elements required for 
bacterial growth, such as iron and manganese (Durand and Kawashima, 1980; Takashima 
et al., 1990). In this regard, it is assumed that the minimum required concentrations of such 
elements are added to lab-Remin when inoculating with CTW which contains sufficient 
amounts of these elements (Table 2.3). This was confirmed by the observation of no 
additional growth in the inoculated lab-Remin blank when a trace elements broth (Fe, Zn, 
B and Co up to 200 g/L) was added (data not shown). Additionally, Church et al. (2000) 
also found that Fe concentration similar to that available in the lab-Remin blank after 
inoculation (0.15 μg/L Fe, Table 2.3) is sufficient for bacterial growth. All the 
aforementioned adjustments, together with the addition of phosphate and nitrogen, 
guarantee that the BGP of lab-Remin (50 ± 20 × 103 ICC/mL) is limited by organic carbon 
rather than the inorganic constituents. Therefore, any potential carbon contamination that 
may significantly influence the low levels of BGP can be detected. 

The addition of chemicals to adjust water quality of RO permeate is a source of 
contamination, where even using reagent grade chemical stock solutions (>99% purity) may 
cause unwanted addition of nutrients that could increase the BGP of lab-Remin blank. It is 
ideal to use AOC-free chemical stock solutions for necessary water quality adjustments. 
However, they are commercially not available (Kaplan et al., 1993), because chemical 
manufacturing for laboratory and commercial purposes involves the usage of additives and 
impurities (Patnaik, 2003). Nonetheless, the results revealed that there was no significant 
effect of NaHCO3 chemical impurities (>99.5% purity) on the BGP of lab-Remin blank. 
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Therefore, other chemical stocks (i.e., reagent grade CaCl2 and MgCl2, >99% purity) are 
assumed to have insignificant effects as well, since their final concentration (~145 mg/L 
CaCl2·2H2O and 35 mg/L MgCl2·6H2O) in the lab-Remin blank was lower than that of 
NaHCO3 (~170 mg/L NaHCO3). 

Although RO permeate should be totally bacteria-free due to the smaller pore size of RO 
membranes (<1 nm) compared with bacterial cells (typically >200 nm), it still contains 
bacteria that are able to grow and reproduce. This is a common observation in several RO 
studies (Park and Hu, 2010; Dixon et al., 2012; Fujioka et al., 2018). The practical aspects, 
such as leakage in membrane systems (e.g., O-rings of interconnectors) (Liu et al., 2013a; 
Pype et al., 2016) or bacterial growth in the permeate side, are possible reasons for this 
observation. Despite the bacterial content of RO permeate, fresh bacterial inoculum of CTW 
was always added to the lab-Remin blank to ensure the presence of a broad bacterial 
community in addition to its original cell load. As a result of using fresh CTW for 
inoculation, unwanted increase in nutrient content of the lab-Remin blank could occur. The 
consistent and simple approach in this study of inoculating with fresh CTW ensures the 
viability and activity of cells, even though protocols to prepare AOC-free natural bacterial 
inoculum are suggested (Hammes and Egli, 2005). The additional BGP of lab-Remin blank 
caused by increase in nutrients due to inoculation could be quantified ( BGPconsortium, Table 
2.4) as the characteristics of the inoculum are known. Therefore, the measured BGP of lab-
Remin blank can be corrected where the actual BGP can be expressed as BGPactual = 
BGPmeasured – BGPconsortium. This correction can be applied for all inoculated blanks and 
samples but it will be more critical in the case of ultra-low-nutrient water such as the lab-
Remin blank, where BGPconsortium can reach 30% of the measured BGP when inoculating 
with 10 × 103 ICC/mL of CTW, and the site-Remin samples, where this percentage 
decreases to 10–15%. However, this additional BGP is insignificant for CTW samples (less 
than 2%). In this study, no correction was made because all the blanks and samples were 
inoculated with the same concentration of CTW bacteria (10 × 103 ICC/mL), and hence, the 
absolute differences will remain unchanged with and without correction. 

Interestingly, the results (Table 2.4) showed that the increase in BGP of the lab-Remin blank 
after inoculation is solely attributed to nutrient content of CTW inoculum. This suggests 
that the indigenous bacteria in RO permeate are capable of utilising all the nutrients 
available in the lab-Remin blank, and thus, the BGP of the non-inoculated lab-Remin blank 
reflects the total nutrient content of the RO permeate. However, we argue here to inoculate 
the lab-Remin blank in all cases (for any future study) before measuring BGP to ensure no 
growth limitation occurs because of the limited diversity of the bacterial strains in RO 
permeate. 
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2.4.2 Comparing the ultra-pure lab-Remin blank with 
conventional blanks 

In the present study, the detection limit of the BGP method was further decreased to 
50 ± 20 × 103 ICC/mL after using the ultra-pure lab-Remin blank compared with 
conventional blanks, namely: bottled Evian water (BEW), deep groundwater (DGW) treated 
by aeration, and slow sand filtrate (SSF) of surface water supply, which have BGP ranging 
from 100 × 103 – 600 × 103 ICC/mL, as reported elsewhere (Vital et al., 2007; Bucheli-
Witschel et al., 2012; Bereschenko and Hornstra, 2014; Guo et al., 2014; Mikkers and 
Magic-Knezev, 2014; van der Kooij et al., 2014; Prest et al., 2016a) and affirmed in this 
study.  

The lower BGP of the lab-Remin blank compared with conventional blanks was found 
whether pasteurisation was applied before measuring BGP or not. This observation can be 
explained by the lower organic nutrient content (DOC) of the lab-Remin blank (<0.3 mg/L, 
detection limit) compared with the conventional blanks ( 0.5 mg/L). Furthermore, the 
measured BGP of the lab-Remin blank with flow cytometry can be expressed as AOC 
concentration using the reported yield factor of 1 × 107 cells/ g Ac-C (Hammes and Egli, 
2005; Prest et al., 2016a). The estimated AOC concentration of the lab-Remin blank is 
5 ± 2 g/L Ac-C and is lower than the reported AOC content of BEW (10–52  g/L Ac-C 
(Vital et al., 2007; Bucheli-Witschel et al., 2012)) measured using a natural bacterial 
consortium according to Hammes and Egli (2005). However, the estimated AOC 
concentration of the lab-Remin blank is slightly higher than that of DGW and SSF (1–4  

g/L Ac-C (Bereschenko and Hornstra, 2014; van der Kooij et al., 2014)) measured using 
pure bacterial strains (P17 and NOX) according to van der Kooij et al. (1982). The latter 
appears to contradict the BGP results obtained in this study where the lab-Remin blank was 
found to support much lower bacterial growth than DGW and SSF. The reason is that the 
AOC measuring protocol has a pronounced effect on the obtained concentrations, as 
previously highlighted (Ross et al., 2013). The critical methodological aspects are the pre-
treatment of water samples and the inoculum type, where the pure bacterial stains (P17 and 
NOX) are known to lead to lower AOC content compared with the natural bacterial 
communities (Hammes and Egli, 2005). However, the estimated AOC content of BEW, 
DGW and SSF, using the measured BGP in the present study and the yield factor of 
1 × 107 cells/ g Ac-C (Hammes and Egli, 2005; Prest et al., 2016a), is in the range of 10–
60  g/L Ac-C and is significantly higher than that of the lab-Remin blank. 

Another advantage of the lab-Remin blank over the conventional blanks is the high 
reproducibility. The results show that the lab-Remin blank is more reproducible (standard 
deviation of 20 × 103 ICC/mL) compared with BEW, DGW and SSF (standard deviation 
of >50 × 103 ICC/mL). The reproducibility of the lab-Remin blank can be attributed to high 
nutrient removal efficiency and constant performance of RO treatment regardless of feed 
water quality and environmental factors (Escobar et al., 2000; Hong et al., 2005; Park and 
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Hu, 2010; Thayanukul et al., 2013). For conventional blanks, they are prone to water quality 
changes influenced by operating conditions, for instance, switching extraction wells in the 
case of groundwater and fluctuating treatment efficiency. This explanation can be confirmed 
by the lower variation in the measured initial cell count of RO permeate compared with that 
of conventional blanks (up to 40%). The higher reproducibility of the lab-Remin blank 
implies that any contamination during BGP measurements could be detected more easily 
compared with conventional blanks. 

Although the BGP of lab-Remin blank might be overestimated due to the addition of 
phosphate and nitrogen, it is still lower than the actual BGP of ultra-pure drinking water 
produced by RO and post-treatment including remineralization (site-Remin) measured 
without any amendments. Using a lab-Remin blank, the BGP of the site-Remin samples 
could be reliably measured and was considerably lower (85%) than that of conventionally 
treated water from the same groundwater source. The difference in BGP observed between 
the remineralized RO permeate under controlled conditions (lab-Remin blank) and at the 
site (site-Remin samples) in this study indicate that leaching of nutrients could occur during 
post-treatment of RO permeate at the site (e.g., leaching of AOC and microbially available 
phosphate (Lehtola et al., 2002) from the calcite grains). This leaching was mainly observed 
when the calcite contactors were refilled with fresh calcite grains for remineralisation of RO 
permeate as a higher DOC concentration was measured in the instant effluent. Preventing 
water quality deterioration of RO permeate during post-treatment processes is a challenging 
from a practical standpoint, where RO permeate comes in contact with different materials 
(e.g., chemicals, fittings, pipes) which might leach nutrients. 

Despite the increase in the BGP of RO permeate after the post-treatment processes, the BGP 
of site-Remin samples is still significantly lower (85%) than that of CTW. The considerable 
reduction in BGP reflects the effectiveness of RO treatment in retaining bacterial cells and 
AOC content (Madaeni, 1999; Escobar et al., 2000; van der Bruggen and Vandecasteele, 
2003; Hong et al., 2005; Park and Hu, 2010; Thayanukul et al., 2013; Belila et al., 2016) 
from the water to be treated, and thus limiting bacterial growth. AOC concentration in the 
site-Remin samples is estimated at 9 ± 2 g/L Ac-C using yield factors reported by Hammes 
and Egli (2005) and Prest et al. (2016a), and is in line with the findings of Park and Hu 
(2010). Although higher AOC concentrations have been reported for RO permeate (32–60 

g/L Ac-C) (Hong et al., 2005; Meckes et al., 2007; Thayanukul et al., 2013), it comprised 
the lowest AOC concentrations among all the tested waters in those studies. The variation 
in AOC content of RO permeate can be largely attributed to the different methods applied 
to measure it (Ross et al., 2013) as discussed above. Moreover, different design of RO 
systems in the aforementioned studies (including post-treatment) may also affect the final 
AOC concentration. 
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2.4.3 Is there a need for pasteurisation as part of the BGP 
method?

Pasteurisation is applied in several biological stability assessment methods to guarantee 
complete inactivation of indigenous bacteria before inoculating with pure bacterial strains 
(van der Kooij et al., 1982; Joret et al., 1991; van der Kooij, 1992; Sack et al., 2010; Sack 
et al., 2011). Some researchers argued that there is no need for pasteurisation to measure the 
extent of indigenous bacterial growth (Prest et al., 2016a) because of its potential effects on 
modifying the nutrients composition (e.g., proteins denaturing) which may increase the 
uncertainty of the measured values (Ross et al., 2013). However, in the present study, 
pasteurisation of water samples prior to BGP measurement was found to be necessary, even 
when considering indigenous bacteria for inoculation, to avoid the possible influence of 
abnormally elevated initial cell count on the typical shape of bacterial growth curves, and 
hence, BGP outcome. This was occasionally observed for non-pasteurised site-Remin 
samples when using fresh calcite grains for remineralisation where bacteria attached to the 
grains were washed-out. Similar fluctuations in cell concentrations in the effluent of 
biological filters have been previously observed and linked to the operating conditions 
(Servais et al., 1994; Velten et al., 2011). 

However, under normal operating conditions, pasteurised and non-pasteurised samples after 
the calcite contactors reached comparable maximum levels regardless of their initial cell 
counts. This indicates that expressing the BGP results as the absolute maximum growth, 
rather than the net bacterial growth, is a better reflection of the actual total nutrient content 
of these water samples. For instance, considering net growth implies that part of the nutrients 
that are utilised by the cells initially present in the sample is totally neglected. This becomes 
even more critical and misleading when comparing waters with different initial levels of 
bacterial cells, which is the case of this study (i.e., CTW and site-Remin samples). Based 
on the aforementioned discussion, the comparable maximum growth levels in water samples 
without and with pasteurisation, under normal operating conditions, suggests that any 
modification to the nutrient content due to pasteurisation is limited. However, further 
research is recommended to investigate in depth the potential effect of pasteurisation on 
BGP measurement. Another advantage of pasteurisation, besides the fact that it controls the 
initial cell count in all samples quantitatively, is that it ensures that the bacterial species used 
for the test are the species that naturally grow in water. The case of an abnormal initial cell 
count implies that the bacterial species in the non-pasteurised sample are mostly attached 
bacteria onto calcite grains which may differ from the bulk water bacteria (Martiny et al., 
2005; Bonadonna et al., 2009), and consequently have different yields. As a result, the 
attached bacteria may dominate the growth characteristics of the water samples, rather than 
the bulk water bacteria which are the target of the test. This is especially critical when bulk 
water bacteria vary significantly from bacteria that may be released from a filter bed. 
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Alternatively, pre-treatment of water samples with 0.22 μm pore size filtration is another 
option to obtain a clear distinction between the initial and final cell count during the growth 
of natural bacterial consortia (i.e., net growth and specific growth rate) (Percherancier et al., 
1996; Hammes and Egli, 2005). However, pre-treatment by pasteurisation is preferred over 
0.22 m filtration in this study because of the ultra-low nutrient concentration and high 
sensitivity of RO permeate samples (i.e., lab-Remin and site-Remin) as even minor leaching 
of nutrients from the flushed filters can have significant influences on BGP measurement 
(as similarly observed for the influence of inoculation, i.e., BGPconsortium). 

2.4.4 Practical implications of measuring low levels of BGP 

A new ultra-pure blank for the BGP method based on a laboratory remineralised RO 
permeate is proposed and applied in this study to assess the BGP of water produced by a 
pilot-scale RO system. There is no doubt that measuring the changes in microbiological 
water quality is essential for understanding and managing biological stability of drinking 
water. Thus, using an ultra-pure blank (including the lower detection limit and better 
reproducibility) makes it possible to push forward the monitoring and understanding of 
bacterial growth and microbiological quality of drinking water. This is especially true for 
drinking water with ultra-low levels of nutrients and cell counts produced by RO systems. 
Moreover, the lower detection limit of the BGP method can capture the potential of bacterial 
water quality deterioration after RO treatment. 

However, it should also be clarified that the measurable increase in cell number does not 
necessarily mean that drinking water is biological unstable, or that there are problems 
associated with drinking water bio-safety. For instance, despite the release of cells and 
nutrients from the calcite contactors leading to measureable levels of bacterial growth, the 
finished water has 85% lower growth potential compared with conventionally treated water. 
The lower detection limit of the BGP methods has improved the sensitivity so that small 
water quality changes can be measured and acted upon. 

Other researchers have suggested that a combination of cell number and bacterial 
community assessment can offer more insight into both the process of bacterial (re)growth 
and whether there is improvement or deterioration regarding health related bio-safety issues 
(Prest et al., 2014; Liu et al., 2018). Besides the biological stability (including both bacterial 
count and community), it is also interesting to look into how applying advanced water 
purification technologies can help to control the growth of target (opportunistic) pathogens. 
For instance, the relationship between BGP of total cells and BGP of Legionella spp., 
Aeromonas spp. or other pathogens (Vital et al., 2010), and to what extent drinking water 
with ultra-low levels of nutrients will be able to limit their growth in case of pipe cracks and 
bacterial intrusion into drinking water, especially when considering that organic carbon is 
not the growth-limiting factor for a group of the opportunistic pathogens, e.g., Legionella 
pneumophila (Williams et al., 2015). 
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2.5 Conclusions 

The conclusions that can be drawn from this study are: 

The ultra-pure blank proposed in this study, laboratory remineralised RO permeate, 
has much lower BGP (50 ± 20 × 103 ICC/mL) and higher reproducibility than 
conventional blanks (100 × 103 – 600 × 103 ICC/mL), which led to lowering the 
detection limit of the BGP method. 

Depending on the concentration of the natural bacterial consortium used as inoculum 
(>10 × 103 ICC/mL), it may have a significant influence on the measured BGP.   

Pasteurisation of water samples prior to measuring BGP is necessary to lower the 
initial number and ensure similar communities of cells in all samples. Further 
research is needed to assess the potential effect of pasteurisation on denaturing the 
organic nutrient content of water. 

Expressing BGP results as the absolute maximum growth, rather than the net growth, 
is a better reflection of the actual nutrient content of the water. This becomes even 
more critical when comparing the BGP of water with different backgrounds (e.g., 
initial number of cells).  

The BGP of finished drinking water has been reduced by 85% with RO filtration and 
post-treatment compared with conventional treatment of groundwater, from 
630 ± 70 × 103 to 90 ± 20 × 103 ICC/mL. 
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Abstract 

Bacterial growth potential (BGP) bioassay involves sample preparation and inoculation, 
which may introduce contaminants in ultra-low nutrient water (e.g., remineralised RO 
permeate) leading to unreliable BGP results. More specifically, sample pre-treatment can be 
performed by (i) pasteurisation, which may lead to denaturing of nutrients, or (ii) membrane 
filtration, which may leach/remove nutrients into/from water samples. In this study, the 
effect of pasteurisation and membrane filtration on the BGP of remineralised RO permeate 
was compared. In addition, inoculating remineralised RO permeate samples with bacteria 
naturally present in conventional drinking water may lead to undesired nutrient addition, 
and thus, increased BGP of the sample. In order to limit nutrient addition during inoculation, 
a bacterial inoculum originating from remineralised RO permeate was evaluated by 
comparing their ability to utilise organic carbon of various levels of complexity (acetate, 
glucose, laminarin, gelatin, and natural DOC) with the ability of other bacterial inocula 
originating from conventional drinking water and anaerobic groundwater. The results 
showed that membrane filtration pre-treatment increased the BGP of remineralised RO 
permeate by 140–320% despite extensive soaking and flushing of the filters (>350 hrs), 
whereas no effect was observed on the BGP of conventional drinking water owing to its 
high nutrient content. Pasteurisation pre-treatment had insignificant effects on the BGP of 
both water types. Bacteria in (remineralised) RO permeate showed limitations in utilising 
complex organic carbon which was effectively utilised by bacteria naturally present in 
conventional drinking water. In conclusion, the BGP bioassay for ultra-low nutrient water 
(e.g., remineralised RO permeate) should consider pasteurisation pre-treatment, and not 
using remineralised RO permeate bacteria for inoculation.  

3.1 Introduction 

Bacterial growth in water supply systems, whether in the form of planktonic bacteria or 
biofilms attached to surfaces in contact with water, is associated with health threats (e.g., 
diseases caused by pathogenic bacteria, such as Legionella pneumophila (Prest et al., 
2016b)), operational problems of water supply (e.g., bio-corrosion of pipe material), and 
adverse effects on the aesthetic characteristics of drinking water (Volk and LeChevallier, 
1999; Berry et al., 2006; Liu et al., 2017).  

Controlling bacterial growth during water distribution, especially in non-chlorinated 
systems, requires the production of biologically stable drinking water with a very low 
concentration of biodegradable organic compounds that provide energy for bacterial 
bioprocesses and proliferation (Prest et al., 2016b; Nescerecka et al., 2018). Reverse 
osmosis (RO) filtration is capable of producing drinking water with ultra-low nutrient level, 
and thus, very low bacterial growth potential (BGP) (Park and Hu, 2010; Dixon et al., 2012). 
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However, Sousi et al. (2018) demonstrated that the existing BGP bioassays are not suitable 
for ultra-low nutrient water, such as remineralised RO permeate (BGP = 50 × 103 – 100 × 
103 cells/mL), because of their high detection limit. Additionally, more care should be taken 
when measuring the BGP of ultra-low nutrient water samples due to the high susceptibility 
of this water type to sample preparation procedures that can introduce contamination (i.e., 
BGP increase). There are several methodological aspects that can affect obtaining reliable 
BGP results, including glassware preparation, surrounding laboratory environment, 
chemicals addition, sample pre-treatment, and inoculation. This study, however, focused on 
the last two aspects (i.e., sample pre-treatment and inoculation) due to their potentially high 
effect, and the variation of sample pre-treatment methods and inoculum types proposed in 
the literature as explained below. 

Sample pre-treatment is performed to inactivate or remove indigenous bacteria, where 
membrane filtration (0.1-μm or 0.2-μm) (Servais et al., 1987; Percherancier et al., 1996; 
Hammes and Egli, 2005), pasteurisation (60 or 70 °C) (van der Kooij et al., 1982; Joret et 
al., 1991; van der Kooij, 1992; Sack et al., 2010; Sack et al., 2011), or a combination of 
these two methods (Park et al., 2016) are used. Alternatively, some bioassays consider no 
sample pre-treatment (i.e., direct incubation) (Prest et al., 2016a), arguing that it may affect 
the nutrient nature in water (Ross et al., 2013). However, Sousi et al. (2018) demonstrated 
that pre-treatment is needed for ultra-low nutrient water samples in which initial cell count 
exceeded the available nutrients for bacterial growth (e.g., wash-out of bacterial loads from 
filtration units), leading to a decreasing number of cells over time directly after starting the 
bioassay. The main disadvantage of pasteurisation is that it may affect the nature of organic 
compounds in water, whereas filtration may either remove or leach nutrients from/into water 
(Khan and Subramania-Pillai, 2006), resulting in unreliable BGP outcome. Although 
researchers in this field are aware of these potential drawbacks (Ross et al., 2013), no 
explicit studies have been conducted to assess the effects of sample pre-treatment on the 
BGP outcome. 

Inoculating ultra-low nutrient water samples after pre-treatment with natural bacteria is 
essential to initiate growth, where undesired nutrient addition can occur when using 
nutrient-rich water as an inoculum source (Sousi et al., 2018). Instead, ultra-low nutrient 
water (e.g., remineralised RO permeate) can be used as an inoculum source to reduce the 
undesired nutrient addition, especially that (remineralised) RO permeate bacteria are best 
adapted to grow in their own water without the need for an external inoculum as 
demonstrated by Sousi et al. (2018), which was also observed for other water types (Farhat 
et al., 2018). However, investigating the ability of (remineralised) RO permeate bacteria to 
utilise organic carbon of various complexity levels is first needed, especially with the 
considerably low diversity of the RO permeate bacterial species (Belila et al., 2016). 

The BGP bioassay based on cell count is considered for this study, where the results can be 
expressed as the maximum cell count obtained during the incubation period (Sousi et al., 
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2018), or as the net bacterial growth which is the difference between the initial and 
maximum cell counts as in the direct incubation methods (Prest et al., 2016a; Nescerecka et 
al., 2018). 

The objective of this study was, therefore, to assess the effect of sample pre-treatment by 
pasteurisation and membrane filtration on the BGP (i.e., maximum and net bacterial growth) 
of ultra-low nutrient drinking water produced by RO filtration and remineralisation. In 
addition, the possibility of using bacteria naturally present in remineralised RO permeate as 
inoculum for BGP measurements was investigated by testing their ability to utilise organic 
carbon with various molecular characteristics. 

3.2 Materials and methods 

3.2.1 Water samples 

This study was conducted on the Oasen’s drinking water treatment plant (Kamerik, 
Netherlands), which produces 340 m3/h of drinking water by conventional treatment of 
anaerobic groundwater. The treatment consists of dry sand filtration, pellet softening, rapid 
sand filtration, activated carbon filtration (15 min), and medium-pressure ultraviolet 
disinfection (20 mJ/cm2). For research purposes, anaerobic groundwater is also treated by a 
pilot-scale advanced treatment unit (7 m3/h) comprising anaerobic RO filtration (75% total 
recovery), followed by post-treatment processes: ion exchange, remineralisation using 
calcite contactors, and tower aeration. Finished waters of both treatment lines, i.e., 
conventionally treated water after the clean water reservoir (CTW) and site-remineralised 
RO permeate after all post-treatment processes (site-Remin), were sampled for BGP 
measurement. Properties and composition of CTW and site-Remin are given in Table 3.1. 
In addition, water collected directly after RO filtration (i.e., RO permeate) was used as a 
blank for BGP measurements as described in the following section. Lastly, anaerobic 
groundwater (AGW) and activated carbon filtrate (ACF) were used as sources for natural 
bacterial inoculum. Samples were collected on a monthly basis in the period between 
October 2016 and December 2018. 

3.2.2 Bacterial growth potential (BGP) bioassay 

The BGP bioassay proposed by Sousi et al. (2018) was applied in this study, in short:  

Sample collection: water samples were collected in AOC-free glassware, which have been 
muffled at 550 °C for 6 h (Prest et al., 2016a).  

Sample handling: water samples were pre-treated to inactivate indigenous bacteria prior to 
the addition of a natural bacterial inoculum. The full pre-treatment and inoculation details 
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are given in the following section. Thereafter, each water sample was divided into three 
AOC-free glass vials, which were incubated in the dark at 30 °C for 20 days.  

Flow cytometry (FCM): cell count in the incubated water samples was measured (more 
frequently in the first week) using BD Accuri C6® FCM (BD Biosciences, Belgium) as 
described by Prest et al. (2016a), where only intact cell count (ICC) was reported as the 
increase in total cell count was mainly due to the new intact cells formed (Figure 3.1). Intact 
cells were stained with a mix of SYBR Green I (1:100) and propidium iodide (0.3 mM PI), 
where 5 μL stain was added to 500 μL of pre-heated samples at 35±2 °C. Thereafter, samples 
were post-heated at the same temperature for 10 min before conducting the FCM 
measurements.  

The blank: The BGP blank was prepared by remineralising RO permeate at the laboratory 
with 122 mg/L HCO3  (final pH of 7.8 ± 0.2), 40 mg/L Ca2+, 4 mg/L Mg2+, 5 g/L PO4-P, 
and 50 g-N/L. The blank (laboratory-remineralised RO permeate) is denoted as lab-Remin 
and has a BGP of 50 ± 20 × 103 ICC/mL. 

 

Table 3.1. Properties and composition of conventionally treated water (CTW) and site-
remineralised RO permeate (site-Remin).

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
n.a., not available 

 

Parameter (unit) CTW site-Remin 
T  (°C) 11.8 12.7 
pH (-) 8.1 7.8 
Turbidity (FTE) <0.1–0.4 <0.1–0.3 
O2 (mg/L) 8.3 9.1 
SI (-) -0.07–0.18 -4.38–0.23 
Total hardness (mmol/L) 1.2 1.1 
Conductivity (mS/m) 63.225 20.94063 
Hydrogen carbonate (mg/L) 219.5 132.2 
Cl (mg/L) 74.6 n.a. 
F (mg/L) 0.1 <0.02 
Al (μg/L) 3.8 n.a. 
SO4 (mg/L) 50.7 n.a. 
Na (mg/L) 101.6 n.a. 
Fe (mg/L) 0.01 n.a. 
Mg (mg/L) 15.5 3.5 
Mn (mg/L) <0,005 <0,005 
Ca (mg/L) 22.7 40.4 
DOC (mg-C/L) 6.4 <0.2 
NH4 (mg/L NH4-N) <0.02 <0.02 
NO2 (mg/L NO2-N) <0.003 <0.003 
NO3 (mg/L NO3-N) 2.89 0.23 
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Figure 3.1. The relationship between the increase in total and intact bacterial cells in lab- and 
site-remineralised RO permeate (lab-Remin, site-Remin, A) and conventionally treated water 
(CTW, B). 

 

3.2.3 Experimental approach 

The following methodological aspects were investigated: 

i. The effect of sample pre-treatment was studied by measuring the BGP of lab-Remin, 
site-Remin, and CTW samples with different pre-treatments: pasteurisation at 70 °C 
for 30 min using a water bath (type 1008 Water Bath, GFL, Germany), autoclaving 
at 121 °C for 15 min (3870 ELV autoclave, Tuttnauer Europe, Netherlands), and 
membrane filtration using gamma-sterilised polyethersulfone filters (0.22-μm pore 
size, 33-mm diameter, Merck Millipore Ltd., Ireland). Pre-treatment by 
pasteurisation or autoclaving was carried out on 200 mL of water sample contained 
in 250 mL Duran glassware, where the effective heating time was calculated after 
the water samples reached the required temperature. Thereafter, samples were 
cooled down to room temperature (~20 °C) in an ice bath before any further 
handling. Moreover, pasteurisation for a longer duration (45, 60, 90, and 120 min) 
was carried out on CTW samples to investigate the effect of heat duration on 
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denaturing of nutrients. Regarding membrane filtration, all filters and syringes were 
thoroughly cleaned before using by soaking for 360 h in ultra-pure water (Milli-Q® 
water, Merck Millipore) interspersed with daily flushing (200 mL Milli-Q water) to 
avoid leaching of organic carbon in the samples. Water samples were filtered in 250 
mL Duran glassware before distributing in triplicate vials. Additionally, BGP of 
non–pre-treated samples was measured as a control. The potential denaturing of 
nutrients due to sample pre-treatment was studied by analysing the water samples 
before and after pre-treatment for: AOC (P17/NOX) (van der Kooij and Hijnen, 
1984), dissolved organic carbon (DOC) (Shimadzu TOC-L, Japan), and liquid 
chromatography–organic carbon detection (LC–OCD) (Huber et al., 2011) to 
measure the biodegradable fractions of DOC (e.g., biopolymers and humic 
substances). 

ii. The ability of (remineralised) RO permeate bacteria to utilise readily available 
(glucose and acetate) and complex (laminarin, gelatin, and natural DOC) organic 
compounds was tested. The bacterial yield (based on BGP at 0, 50, and 500 μg-C/L 
final concentration in the sample) was calculated for lab-Remin (the blank) without 
inoculation (i.e., only indigenous bacteria of RO permeate are present, <103 ICC/mL 
with FCM) and with the addition of 4 different natural bacterial inocula: site-Remin, 
CTW , ACF, or AGW. The final inoculum concentration in the water sample was in 
the range of 2 × 103 – 10 × 103 ICC/mL (1.7 ± 0.2%, v/v), depending on the initial 
cell count of the inoculum source, which was in average: 25 × 103, 600 × 103, 500 × 
103, and 290 × 103 ICC/mL, for site-Remin, CTW, ACF, and AGW, respectively. 
Stock solutions (1,000 ± 50 mg-C/L) of sodium acetate, glucose, laminarin (from 
Laminaria digitata), and gelatin (type B, from bovine skin) were prepared using 
Milli-Q water in AOC-free bottles and kept at 4 °C. Additionally, RO concentrate 
was used as a source of natural DOC (~33 mg-C/L), where it was filtrated (0.45-μm 
pore size, PVDF, 33-mm Ø, Merck Millipore Ltd., Ireland), pasteurised (70 °C for 
30 min), and then filtrated again (0.45-μm) to ensure complete removal of suspended 
particles and bacteria. The treated RO concentrate was added to lab-Remin at a ratio 
of ~8% to obtain a final DOC concentration of 2.7 mg-C/L. Phosphate (5 μg/L PO4-
P) and nitrogen (50 μg-N/L) were added to all the samples, regardless of the added 
carbon concentration, to ensure that carbon was the growth-limiting factor during 
the test. 

Lastly, BGP results can be expressed as maximum bacterial growth (BGPmax) or net 
bacterial growth (BGPnet) as illustrated in Figure 3.2. Both ways of expressing BGP results 
were assessed by measuring the BGP of pasteurised CTW after inoculation with three 
different concentrations of bacteria originating from the same water type: 10 × 103, 100 × 
103, and 250 × 103 ICC/mL. The BGP of non–pre-treated and non-inoculated CTW was 
measured as a control. 
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Figure 3.2. Typical bacterial growth curve illustrating the different ways of expressing 
bacterial growth potential (BGP) results: maximum bacterial growth (BGPmax) and net 
bacterial growth (BGPnet). 

 

3.2.4 Statistical analysis 

Student’s t-test and one-way analysis of variance (ANOVA) were used to determine the 
significance of differences between samples with normally distributed data (affirmed by Q-
Q plots, Chi-squared tests, and Kolmogorov-Smirnov tests). In addition, a simple linear 
correlation between two quantitative variables was applied. The Microsoft Excel software 
was used for statistical analysis with 95% confidence (alpha of 0.05). 

3.3 Results 

3.3.1 Expressing BGP results 

The maximum bacterial growth (BGPmax) of pasteurised and inoculated conventionally 
treated water (CTW) remained in the range of 650 × 103 – 700 × 103 ICC/mL regardless of 
the initial cell count which varied from 100 × 103 – 600 × 103 ICC/mL (Figure 3.3). As a 
result, the net bacterial growth (BGPnet) varied significantly among the samples (P < 0.05). 
Interestingly, pasteurisation (at 70 °C for 30 min) was not sufficient to completely remove 
intact cells, where 100 × 103 ICC/mL were found in the pasteurised CTW before inoculation. 
Those pasteurisation-resistant cells seemed to be inactive, as no bacterial growth was 
observed in the pasteurised but not inoculated CTW samples during the 20-day incubation 
period. However, a long term test showed that bacterial growth occurred at a very low rate, 
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where the bacterial count reached 280 × 103 ICC/mL after about 80 days of incubation (data 
not shown). 

 

 
 

Figure 3.3. Initial cell count, maximum bacterial growth potential (BGPmax), and net bacterial 
growth potential (BGPnet) of pasteurised conventionally treated water with varying inoculum 
concentration (10 × 103, 100 × 103 and 250 × 103 ICC/mL) originating from the same water. 
Error bars represent the measurement variations of 3 separate tests, with triplicate vials per 
test. 

 

3.3.2 Effect of sample pre-treatment on BGP 

The effect of sample pre-treatment on the BGP of water was highly dependent on the type 
of water. The results (Figure 3.4) revealed that the BGPmax of CTW was comparable (P > 
0.05) whether the samples were non–pre-treated (677 ± 60 × 103 ICC/mL, the control) or 
pre-treated by pasteurisation (610 ± 25 × 103 ICC/mL) or 0.22-μm filtration (655 ± 40 × 103 
ICC/mL). Moreover, pasteurisation of the CTW samples for a longer period (45, 60, 90, and 
120 min) had minor influences on the BGPmax (Figure 3.5). In contrast, the BGPmax of the 
autoclaved CTW samples increased by 75–85% (to 1,180 ± 160 × 103 ICC/mL).  

For ultra-low nutrient water (i.e., the lab-Remin blank and site-Remin), insignificant (P > 
0.05) differences in BGPmax were observed between the pasteurised and non–pre-treated 
(the control) samples. The BGPmax of lab-Remin was 41 ± 8 × 103 and 40 ± 5 × 103 ICC/mL 
for the pasteurised and non–pre-treated samples, respectively, and the corresponding 
BGPmax of site-Remin was 98 ± 2 × 103 and 94 ± 5 × 103 ICC/mL. Unlike the results for 
CTW, 0.22-μm filtration had a substantial influence on the BGPmax of lab-Remin, which 
increased by 140–320% (to 180 ± 60 × 103 ICC/mL) in the samples pre-treated by filtration. 
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Figure 3.4. Maximum bacterial growth potential (BGPmax; 20 days at 30 °C) of non–pre-
treated, pasteurised (70 °C for 30 min), sterilised (121 °C for 15 min), and 0.22-μm filtrated 
water samples of lab-remineralised RO permeate (lab-Remin, the blank), site-remineralised 
RO permeate (site-Remin), and conventionally treated water (CTW). All samples were 
inoculated with CTW whether pre-treated or not. Error bars represent the measurement 
variations of 3 separate tests, with triplicate vials per test. N/A, not available. 

 

Notably, the AOC concentration in the samples (slightly) increased after any pre-treatment 
(Table 3.2) including pasteurisation which had minor effects on the BGP results. The 
increase in AOC concentration ranged from 1 (in lab-Remin and site-Remin) to 8 μg/L Ac-
C (in CTW) depending on the pre-treatment applied, and it was not strongly correlated with 
the increase in BGPmax (R2 = 0.40). Moreover, the concentrations of DOC and biodegradable 
carbon fractions measured by LC–OCD remained unchanged (Table 3.2, DOC: 5.9 ± 0.1 
mg-C/L for CTW, and <0.2 mg-C/L for site-Remin and lab-Remin) regardless of the pre-
treatment applied. 

 

3.3.3 Assessing the ability of (remineralised) RO permeate 
bacteria to utilise organic carbon 

The growth of natural bacterial consortia on organic carbon varied according to the source 
of bacteria as well as the type of organic carbon (Figure 3.6). The BGPmax of lab-Remin 
increased linearly with the addition of glucose and acetate, whether lab-Remin was not 
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different natural bacterial consortia (i.e., site-Remin, ACF, CTW, and AGW). Moreover, 
the BGPmax was obtained within 2 to 5 days of incubation, reflecting the high 
biodegradability of glucose and acetate. The bacterial yield on glucose and acetate was 
comparable (P > 0.05) irrespective of the inoculum type, where the average yield was 5.00 
± 0.65 × 106 cells/μg-C for glucose (Figure 3.7A) and 4.45 ± 0.35 × 106 cells/ g-C for 
acetate (Figure 3.7B).  

 

                                  Initial cell count         BGPmax 

 

Figure 3.5. Initial cell count and maximum bacterial growth potential (BGPmax) of 
conventionally treated water (CTW) with different pasteurisation durations. Inoculum of 10 
× 103 ICC/mL originating from the same water was added. Error bars represent the 
measurement variations of 3 separate tests, with triplicate vials per test (in total, n = 9). Growth 
rate (μ) was in the range of 0.85–1.00 day-1 for all samples. 

 

On the other hand, the BGPmax on complex organic carbon (i.e., laminarin, gelatin, and 
natural DOC) was obtained within 10 to 15 days of incubation, and it was highly dependent 
on the inoculum type. For instance, the BGPmax obtained for non-inoculated lab-Remin was 
significantly (P < 0.05) lower than that obtained for inoculated lab-Remin. The growth in 
non-inoculated lab-Remin was partially limited when laminarin was used as the sole carbon 
source (Figure 3.7C), where the bacterial yield was 2.25 ± 0.75 × 106 cells/μg-C compared 
with the average of 4.10 ± 0.35 × 106 cells/μg-C observed for the other inocula combined. 
Moreover, the growth in non-inoculated lab-Remin was considerably low when gelatin was 
used as the sole carbon source (Figure 3.7D), where the bacterial yield was negligible (0.05 
± 0.04 × 106 cells/μg-C). The yield in lab-Remin spiked with gelatin was also limited when 
AGW was used an inoculum (1.95 ± 0.45 × 106 cells/μg-C) compared with site-Remin, 
ACF, and CTW inocula (5.70 ± 0.80 × 106 cells/μg-C).  
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Figure 3.6. Maximum bacterial growth potential (BGPmax; 20 days at 30 °C) on different 
carbon sources. Samples of lab-remineralised RO permeate (lab-Remin) were either non-
inoculated (indigenous bacteria of RO permeate, A) or inoculated with bacteria originating 
from site-remineralised RO permeate (site-Remin, B), activated carbon filtrate (ACF, C), 
conventionally treated water (CTW, D), or anaerobic groundwater (AGW, E). Error bars 
represent the measurement variations of 3 separate tests, with triplicate vials per test (in total, 
n = 9). 
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Regarding the growth on natural DOC (2.75 mg-C/L) prepared from the pasteurised RO 
concentrate, the results revealed that the type of bacterial inoculum also significantly (P < 
0.05) influenced the growth (Figure 3.8). The highest growth in lab-Remin was observed 
when natural bacterial inocula originating from CTW (350 ± 15 × 103 ICC/mL), ACF (300 
± 45 × 103 ICC/mL), and AGW (270 ± 35 × 103 ICC/mL) were used. Lower growth was 
observed with site-Remin inoculum (124 ± 8 × 103 ICC/mL), and the indigenous bacteria of 
RO permeate (i.e., no inoculation, 87 ± 4 × 103 ICC/mL). 
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Figure 3.7. Bacterial yield in lab-Remin without inoculation or after inoculating with natural 
bacteria originating from: site-Remin, ACF, CTW, and AGW. Four sources of organic carbon 
were used: glucose (A), acetate (B), laminarin (C), and gelatin (D). Error bars represent the 
measurement variations of 3 separate tests, with triplicate vials per test (in total, n = 9). 
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Figure 3.8. Maximum bacterial growth potential (BGPmax; 20 days at 30 °C) of lab-
remineralised RO permeate (lab-Remin) without inoculation or after inoculating with natural 
bacteria originating from: site-remineralised RO permeate (site-Remin), activated carbon 
filtrate (ACF), conventionally treated water (CTW), and anaerobic groundwater (AGW). The 
growth was measured after the addition of natural DOC (2.75 mg-C/L) originating from RO 
concentrate. Error bars represent the measurement variations of 3 separate tests, with 
triplicate vials per test (in total, n = 9).

 

3.3.4 Monitoring BGP of conventionally treated and RO-treated 
drinking water 

The initial intact cell count and BGP of lab-Remin, site-Remin, and CTW were monitored 
for a period of 2 years (Figure 3.9). The results demonstrated superior performance of the 
RO-based treatment line, where the initial cell count of lab-Remin (<103 ICC/mL) and site-
Remin (25 × 103 – 200 × 103 ICC/mL) were systematically lower than that of CTW (400 × 
103 – 600 × 103 ICC/mL). Similarly, the BGP was subsequently reduced by >75% with the 
RO-based treatment line compared with the conventional one, where no pronounced 
seasonal variations were observed and the BGP was stable around 35 × 103 – 60 × 103, 90 
× 103 – 150 × 103, and 500 × 103 – 700 × 103 ICC/mL for lab-Remin, site-Remin, and CTW, 
respectively. 
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Figure 3.9. Initial intact cell count (A) and maximum bacterial growth potential (BGPmax, B) 
of lab-remineralised RO permeate (lab-Remin, the blank), site-remineralised RO permeate 
(site-Remin), and conventionally treated water (CTW). All samples were pasteurised (70 °C 
for 30 min) and inoculated with CTW. Error bars represent the variations of triplicate 
measurements.

 

3.4 Discussion  

This study focused on: assessing the effect of sample pre-treatment on the BGP of ultra-low 
nutrient water, and examining the ability of (remineralised) RO permeate bacteria to utilise 
readily available as well as complex organic carbon. Expressing the BGP results in the most 
appropriate way is essential to accurately interpret the test outcome, allowing for achieving 
the objectives of this study. Currently, the BGP results are expressed either as BGPnet for 
pre-treated (Vital et al., 2010; Park et al., 2016) and non–pre-treated (i.e., direct incubation) 
(Prest et al., 2016a; Nescerecka et al., 2018) samples, or as BGPmax (Joret et al., 1991; 
Percherancier et al., 1996; Sousi et al., 2018).  

The results of the present study suggest that BGPmax gives a better representation of the BGP 
of water, since the effect of initial cell count is ruled out. On the other hand, several BGPnet 
values were obtained for the same water type due to the variation in the initial cell count 
even though the nutrient content did not change, where this phenomenon was also observed 
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for pure bacterial cultures that reached the stationary growth phase (Fujikawa et al., 2004; 
Pla et al., 2015). Therefore, BGPmax reflects the total number of bacteria that can be 
maintained in water depending on the total nutrients available, part of which is utilised to 
maintain the initial bacteria and the remaining part is used for producing new bacteria. Only 
the latter part is considered when reporting BGPnet. BGPnet of directly incubated samples 
(Prest et al., 2016a; Nescerecka et al., 2018) is relevant to predict the extent of bacterial 
growth that could occur in water distribution systems (Prest et al., 2016b). However, BGPnet 
may be misleading when comparing the BGP of water types that are different in initial cell 
count and nutrient content. For instance, the comparable BGPnet (50 × 103 – 100 × 103 
ICC/mL) of directly incubated conventionally treated water (CTW) and RO-treated water 
(site-Remin) might indicate a similar degree of biological stability, whereas the organic 
nutrients were much lower in the case of site-Remin.  

Based on the previous discussion, reporting both BGPmax (after pre-treatment) and the initial 
cell count (before pre-treatment) may provide more information about the BGP of water: 
BGPmax is linked to the total growth-promoting nutrients, and the extent of bacterial growth 
during distribution can be estimated based on the difference between BGPmax and the initial 
cell count. Lastly, it could be argued that BGPmax does not reflect the literal meaning of the 
test name (i.e., bacterial growth potential, BGP) because it does not include only the new 
cells produced (i.e., growth), but also the cells initially present in water. Therefore, adjusting 
the test name might be considered in the future. 

3.4.1 Effect of sample pre-treatment on BGP 

Although pasteurisation is used in many bioassays for assessing the biological stability of 
drinking water (van der Kooij and Hijnen, 1984; Sack et al., 2011; Park et al., 2016; Sousi 
et al., 2018), there is still a knowledge gap regarding its potential effect on the BGP of water. 
The comparable BGPmax of the pasteurised and non–pre-treated (the control) water samples 
suggests that pasteurisation does not lead to significant changes in the concentration of 
organic compounds available for bacterial consumption. This was observed in this study for 
the different types of water, i.e., conventional drinking water (CTW) containing relatively 
high nutrients and water produced by RO treatment (site-Remin and lab-Remin) containing 
ultra-low nutrients, which is in line with previous findings (Sousi et al., 2018). DOC and its 
fractions (characterised using LC-OCD) did not significantly change after pasteurisation, 
even for the biodegradable part of DOC such as biopolymers and humic substances, which 
is in agreement with the BGP results. However, the LC-OCD characterisation could not 
explain the considerable increase in BGPmax with the other pre-treatments (i.e., autoclaving 
for CTW and 0.22-μm filtration for lab-Remin), where the level of biodegradable DOC 
remained unchanged compared with non–pre-treated samples. In addition, the weak 
correlation between BGPmax and AOC concentration can be attributed to the different nature 
of each test. For instance, the increase in AOC concentration in the pasteurised and 
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autoclaved CTW was comparable despite the large difference in BGPmax, indicating that 
some biodegradable compounds formed during autoclaving could not be consumed by the 
specific bacterial strains used in the AOC (P17/NOX) test unlike the natural bacterial 
communities used in the BGP bioassay (Hammes and Egli, 2005; Ross et al., 2013). 
Moreover, the slight increase (1 μg/L Ac-C) in AOC concentration after pasteurising lab-
Remin and site-Remin might be insignificant to be observed with the BGP test based on cell 
count, where low AOC concentrations did not lead to significant bacterial growth in 
drinking water (van der Kooij, 1992; Wang et al., 2014). 

The systematic increase in BGPmax of the autoclaved CTW samples (75–85%) may be 
attributed to their relatively high nutrients, which increases the chance of nutrient 
denaturing, and/or to the autoclaving process that can convert the large DOC molecules to 
more biodegradable compounds (Servais et al., 1987). On the other hand, the considerable 
increase (140–320%) in BGPmax of ultra-low nutrient water (i.e., RO-treated water) pre-
treated by 0.22-μm filtration was likely due to the leaching of biodegradable compounds 
from the filters (Khan and Subramania-Pillai, 2006), despite the intensive cleaning before 
using. The effect of filtration was exclusive for ultra-low nutrient water owing to the high 
sensitivity of such water even to slight leaching, whereas no measurable effect of filtration 
was observed for CTW that has a relatively higher nutrient content. Therefore, BGP 
bioassays based on pre-treatment by filtration may lead to misleading results for ultra-low 
nutrient water such as remineralised RO permeate, whereas those bioassays can still be 
applied for waters with rather high organic nutrients such as those included in the study of 
Farhat et al. (2018). As a result, pasteurisation is a suitable pre-treatment for ultra-low 
nutrient water as well as conventional drinking water with a relatively higher nutrient 
content. 

3.4.2 The ability of bacteria originating from (remineralised) RO 
permeate to utilise organic carbon 

Several water types have been used for the addition of natural bacterial inocula, including 
activated carbon filtrate, tap water, bottled water, and raw water (Hammes and Egli, 2005; 
Park et al., 2016; Prest et al., 2016a; Nescerecka et al., 2018). In addition to those inoculum 
types, this study examined the ability of bacteria naturally present in (remineralised) RO 
permeate to utilise organic carbon with various molecular characteristics. The results clearly 
demonstrated that the readily available organic carbon of acetate or glucose was effectively 
consumed by (remineralised) RO permeate bacteria, despite the very low cell count and the 
potentially limited number of bacterial species (especially in lab-Remin) (Belila et al., 
2016). These results indicate that (remineralised) RO permeate bacteria possess the 
metabolic pathways to extract energy from glucose and acetate, which are commonly 
present in several bacterial species (Gray et al., 1966; Berg et al., 2002; Karakashev et al., 
2006). The small molecular size of glucose and acetate (belong to monosaccharides), and 
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the possibility to convert them into energy by a broader range of bacteria may be the reasons 
that lab-Remin and site-Remin bacteria were able to consume it as effectively as the other 
bacterial inocula. The average yields considering all inocula on glucose (5.00 ± 0.65 × 106 
cells/μg-C) and acetate (4.45 ± 0.35 × 106 cells/μg-C) were in line with the reported values 
(e.g., acetate, 1 × 106 to 1 × 107 cells/μg-C) for natural bacteria (Hammes and Egli, 2005; 
Prest et al., 2016a; Farhat et al., 2018) or pure strains (van der Kooij et al., 1982). 

In contrast to glucose and acetate, variations in bacterial growth between the studied inocula 
were observed when complex organic carbon was used. Laminarin is a polysaccharide of 
glucose, consisting of polymers varying in the molecular size (<5,000 Da) (Percival and 
Ross, 1951; Smith et al., 2011). These characteristics of laminarin indicate that the 
indigenous RO permeate bacteria (i.e., in non-inoculated lab-Remin) lack the enzymes 
required for the extracellular hydrolysis of high molecular weight (HMW) polymers present 
in the laminarin mixture to glucose (Boraston et al., 2004; Hrmova and Fincher, 2009). 
Hence, they were able to grow only on the low molecular weight (LMW) polymers in the 
laminarin mixture. The similar yields on glucose and laminarin for all the other inocula (i.e., 
site-Remin, ACF, CTW, and AGW) suggests that they contain more diverse consortia that 
are able to completely hydrolyse laminarin to glucose and subsequently to energy 
molecules. The degradation of gelatin indicates the presence of extracellular enzymes (e.g., 
gelatinase) that are produced by certain bacterial species to liquefy gelatin (Vroman and 
Tighzert, 2009). However, the indigenous RO permeate bacteria (i.e., in non-inoculated lab-
Remin) seem to completely lack such enzymes, as the growth was negligible compared with 
the other inocula. Although aerobic (Stewart and Halvorson, 1953; Shiba and Simidu, 1982; 
Narayan et al., 2008) and, to a lesser extent, anaerobic bacteria (Hoeffler, 1977; Whaley et 
al., 1982; Bruns et al., 2001) are capable of hydrolysing gelatin, the results of this study 
suggest that the aerobic bacteria are more effective in degrading the complex gelatin 
(40,000–50,000 Da (Sack et al., 2014)) into smaller compounds (e.g., amino acids) that can 
be further utilised for cell maintenance and proliferation. This higher effectiveness was 
demonstrated in previous studies (Knowles and Smith, 1970; Tran and Unden, 1998; 
Trchounian et al., 1998), where aerobes obtained more energy from gelatin compared with 
anaerobes. 

Taken together, the results suggest that BGP on the model carbon (glucose, acetate, 
laminarin, and gelatin) is dependent on: the natural bacterial inoculum used (i.e., the 
composition of bacterial communities); and the organic carbon characteristics (i.e., the 
complexity and molecular size). The aerobic bacterial consortia originating from treated 
water showed the highest yield factors for all the carbon sources. However, each carbon 
source may promote the growth of different aerobic bacterial species, as shown elsewhere 
(Sack et al., 2014) for biofilm grown in drinking water installations, where gelatin was 
utilised by a broader range of bacterial strains compared with polysaccharides. Therefore, 
further research would be needed to investigate this phenomenon for bulk water bacteria. 
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Regarding the bacterial growth on the natural DOC, the observed different growth for each 
inoculum type suggests that some bacterial strains are incapable of effectively utilising the 
organic carbon present naturally in water. A similar effect was demonstrated by Joret et al. 
(1991), where different pure bacterial strains inoculated separately in the same water type 
showed considerably different abilities to convert the biodegradable DOC to new cells. 
Therefore, the most likely reason for the results of this study is the limited number of 
bacterial strains, particularly in (remineralised) RO permeate, to utilise the HMW organic 
compounds that form the largest proportion of the natural DOC in fresh water (Amon and 
Benner, 1996; Regan et al., 2017). This explanation is in line with the results discussed 
above, where the growth of certain bacterial communities on HMW compounds of the 
model carbon was limited. The BGP of indigenous RO permeate bacteria (i.e., in non-
inoculated lab-Remin), that could efficiently utilise LMW compounds, on the natural DOC 
was only 25% of that of the aerobic ACF and CTW bacteria, that could efficiently utilise 
LMW and HMW compounds. This suggests that the natural DOC contains at least 75% of 
HMW compounds, as previously observed by Amon and Benner (1996). Furthermore, the 
growth on the natural DOC was equivalent to AOC concentrations of 40–70 μg/L Ac-C 
(calculated using the yield obtained in this study), forming 1.5–2.7% of the natural DOC 
(~2.75 mg-C/L). This ratio is consistent with previous findings for various water types (van 
der Kooij et al., 1989; Hu et al., 1999; Hem and Efraimsen, 2001; Shi-Hu et al., 2008; Prest 
et al., 2016b). Understanding the ability of bacteria to utilise HMW compounds is essential, 
since such compounds form a significant fraction of DOC in drinking water. Moreover, the 
actual bacterial growth in distribution systems was found to be strongly influenced by the 
concentration of HMW compounds, rather than easily biodegradable substances (Hijnen et 
al., 2018). 

Based on the previous discussion, an aerobic bacterial inoculum originating from treated 
water, such as activated carbon filtrate or finished conventionally treated water, seems to 
effectively consume the available organic carbon resulting in reliable BGP outcomes. 

3.4.3 Practical implications

The optimised BGP bioassay for ultra-low nutrient water was applied for RO-treated 
drinking water. The results confirmed the superior effectiveness of RO treatment in reducing 
the BGPmax of drinking water as previously reported (Park and Hu, 2010; Sousi et al., 2018). 
Moreover, the stable BGPmax over the seasons can be attributed to the small variation in 
nutrients of the source groundwater (Nescerecka et al., 2018). RO treatment is a promising 
technology to produce drinking water with a high degree of biological stability, which 
highlights the need for sensitive bioassays to measure the BGP. 
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3.5 Conclusions 

The optimised BGP bioassay for ultra-low nutrient water considers: 

Expressing the BGP results as the maximum bacterial growth obtained during the 
incubation period after pre-treatment (BGPmax). Moreover, reporting the initial cell 
count (before pre-treatment) together with BGPmax provides more information about 
the predicted bacterial growth during water distribution. 

Pre-treatment of water samples by pasteurisation, where no effect on the BGPmax 
was observed for ultra-low nutrient water (remineralised RO permeate) and 
conventional drinking water. On the other hand, pre-treatment by autoclaving and 
0.22-μm membrane filtration resulted in a considerable increase in BGPmax for some 
water types, where the filtration effect was exclusively observed for ultra-low 
nutrient water. 

Not using (remineralised) RO permeate bacteria as inoculum, where significant 
limitations in their ability to utilise complex organic carbon (laminarin, gelatin, and 
natural DOC) were observed. Instead, aerobic bacteria of conventional drinking 
water should be used to ensure utilising the majority of organic compounds, and 
thus, obtaining a reliable estimation of the BGP of water. 

By using the optimised BGP bioassay over a 2-year period, the BGPmax of drinking water 
was significantly reduced (>75%) by applying RO-based treatment to produce ultra-low 
nutrient water that can limit bacterial growth. 
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Abstract 

Although water produced by reverse osmosis (RO) filtration has low bacterial growth 
potential (BGP), post-treatment of RO permeate, which is necessary prior to distribution 
and human consumption, needs to be examined because of the potential re-introduction of 
nutrients/contaminants. In this study, drinking water produced from anaerobic groundwater 
by RO and post-treatment (ion exchange, calcite contactors, and aeration) was compared 
with that produced by conventional treatment comprising (dry) sand filtration, pellet 
softening, rapid sand filtration, activated carbon filtration, and UV disinfection. The multi-
parametric assessment of biological stability included bacterial quantification, nutrient 
concentration and composition as well as bacterial community composition and diversity. 
Results showed that RO permeate remineralised in the laboratory has an extremely low BGP 
(50 ± 12 × 103 ICC/mL), which increased to 130 ± 10 × 103 ICC/mL after site post-treatment. 
Despite the negative impact of post-treatment, the BGP of the finished RO-treated water 
was >75% lower than that of conventionally treated water. Organic carbon limited bacterial 
growth in both RO-treated and conventionally treated waters. The increased BGP in RO-
treated water was caused by the re-introduction of nutrients during post-treatment. 
Similarly, OTUs introduced during post-treatment, assigned to the phyla of Proteobacteria 
and Bacteroidetes (75–85%), were not present in the source groundwater. 
Conversely, conventionally treated water shared some OTUs with the source groundwater. 
It is clear that RO-based treatment achieved an extremely low BGP, which can be further 
improved by optimising post-treatment, such as using high purity calcite. The multi-
parametric approach adopted in this study can offer insight into growth characteristics 
including limiting nutrients (why) and dominating genera growing (who), which is essential 
to manage microbiological water quality in water treatment and distribution systems. 

4.1 Introduction 

Water utilities are aiming at producing biologically safe and stable drinking water, i.e., water 
that does not promote excessive bacterial growth during distribution. To achieve that, source 
water undergoes different treatment processes to remove bacteria and growth-promoting 
nutrients. The multi-barrier treatment approach is especially needed in the Netherlands, 
where chlorine is neither used for primary disinfection nor for maintaining disinfectant 
residual in the distribution network. Groundwater accounts for about two-thirds of total 
drinking water in the Netherlands (van der Kooij and Veenendaal, 2014; Vewin, 2017), and 
typically contains high concentrations of methane and inorganic compounds (Prest et al., 
2016b). Groundwater is conventionally treated by aeration, rapid sand filtration, activated 
carbon filtration, and sometimes UV disinfection before pumping the water into distribution 
systems (de Vet et al., 2010; van der Kooij et al., 2017). Though drinking water of high 
quality is produced and supplied in the Netherlands, the assimilable organic carbon (AOC) 
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may occasionally be higher than the biological stability guideline of 10 μg/L Ac-C (van der 
Wielen and van der Kooij, 2010).  

To ensure the best microbiological water quality (AOC ~1 μg/L Ac-C), Oasen drinking 
water utility is constructing a treatment plant based on reverse osmosis (RO) filtration, 
which can efficiently reduce cell count, AOC, and bacterial growth potential (BGP) 
(Escobar et al., 2000; Park and Hu, 2010; Dixon et al., 2012; Thayanukul et al., 2013). One 
of the clear advantages of applying RO in drinking water treatment is that it can achieve a 
significant reduction in biofilm formation compared with conventional treatment, which 
controls the growth of L. pneumophila to a large extent (Learbuch et al., 2019). To comply 
with drinking water regulations, post-treatment of RO permeate is necessary for 
remineralisation (e.g., calcium and magnesium), maintaining chemical stability, and 
improving taste (Vingerhoeds et al., 2016). However, the post-treatment steps are likely to 
re-contaminate RO permeate by introducing organic and inorganic components, such as the 
observed increase in BGP caused by the re-introduction of growth-promoting nutrients in 
the permeate (Sousi et al., 2018).  

Until now, the potential negative effects of post-treatment on biological stability and its 
control strategies are still poorly documented. Several methodologies and protocols have 
been developed for the assessment of drinking water biological stability, including 
measuring the nutrients as AOC and biodegradable organic carbon (BDOC), and 
enumerating bacteria as BGP and biofilm formation potential (BFP). Recently, bacterial 
community profiling has been introduced as a complementary tool, which elevates the 
assessment of biological stability to include both quantity and community aspects. 
Lautenschlager et al. (2013) and Prest et al. (2014) applied a multi-parametric approach that 
combined flow cytometric cell counting and 16S rRNA sequencing, which examined 
different aspects of microbiological water quality and captured the changes that cannot be 
reflected by single parameter studies. As the type and composition of nutrients are important 
for both bacterial growth and shaping the bacterial community (Elhadidy et al., 2016; 
Nescerecka et al., 2018), including a detailed analysis of carbon, phosphate, and nitrogen 
fractions in the multi-parametric approach is necessary to understand the driving force for 
bacterial growth. Such an integral multi-parametric approach will be especially powerful 
for comparing treatment plant performance, and/or diagnosing problems related to bacterial 
growth in drinking water. 

The objective of this study was to conduct a multi-parametric comparison of biological 
stability of drinking water produced from anaerobic groundwater by RO-based treatment 
(RO filtration and post-treatment) and conventional treatment. The integral comparison 
includes the changes in bacterial quantification and growth potential, nutrient concentration 
and composition, and the bacterial community composition and diversity across steps in the 
different treatment lines, based on which the treatment performance was evaluated and 
recommendations were given on optimising the quality of RO-treated drinking water. 
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4.2 Materials and methods 

4.2.1 Water samples 

The Kamerik drinking water treatment plant (Oasen Drinking Water Company, Gouda, 
Netherlands) currently produces 340 m3/h of drinking water from anaerobic groundwater 
(AGW) by conventional water treatment processes, which are given in Figure 4.1A in the 
following order: spray aeration on the surface of rapid sand filters (so-called dry sand 
filtration, DSF), tower aeration, pellet softening (SOF), carry-over submerged rapid sand 
filtration (RSF), granular activated carbon filtration (ACF), and UV disinfection (UVD) 
before storing the conventionally treated water (CTW) in the clean water reservoir.  

Installed in parallel for research purposes, a pilot-scale advanced treatment line with a 
capacity of 7 m3/h treats the same source water with the following processes (Figure 4.1B): 
anaerobic RO filtration (RO) with a total recovery of 75%, followed by post-treatment 
comprising anaerobic ion exchange (IEX) to remove residual ammonium, remineralisation 
using anaerobic calcite contactors (CC) to correct the calcium and bicarbonate 
concentrations to the required level (40 mg/L Ca2+, 122 mg/L HCO3-), magnesium dosing 
(MgCl2, 4 mg/L Mg2+), and tower aeration for the introduction of oxygen and the removal 
of methane and excess carbon dioxide. The finished drinking water after RO filtration and 
all post-treatment processes is denoted as site-Remin and has a final pH of 7.8 ± 0.2. The 
full treatment details are given in Table 4.1.  

Water samples were collected after each treatment step in both the conventional and RO-
based treatment lines. The main sampling campaign was conducted in March 2019 where 
all the analyses mentioned in the following section were performed. An additional campaign 
was conducted in May 2019 where only intact cell count (ICC) and ATP analyses were 
performed. 

4.2.2 The multi-parametric comparison components 

i. Intact cell count (ICC): ICC was measured using flow cytometry (BD Accuri C6® 

FCM, BD Biosciences, Belgium) coupled with DNA staining as previously 
described by Prest et al. (2016a). In short, each sample (500 μL per replicate) was 
stained with 5 μL of a mix of SYBR® Green I and propidium iodide stains and heated 
for 10 min before FCM measurement using similar settings and gating. The FCM 
detection limit is 103 ICC/mL, which was determined using ultrapure water (Milli-
Q® water, Merck Millipore). Moreover, the size of bacteria was classified between 
large and small using high and low nucleic acid (HNA and LNA) characteristics 
obtained by the FCM (Wang et al., 2009).  

ii. Adenosine triphosphate (ATP): Microbial intra-cellular ATP was measured 
according to the filtration-based method described by Abushaban et al. (2019) using 



Multi-parametric assessment of biological stability of drinking water produced from 
groundwater: reverse osmosis vs. conventional treatment 

59 

the Water-Glo testing kit (lysis reagent and detection reagent) and GloMax®-20/20 
Luminometer (Promega Corp., USA). The detection limit is 0.1 ng ATP/L. 

iii. Bacterial growth potential (BGP): BGP of water was measured according to Sousi 
et al. (2018). In short, samples were taken in AOC-free glassware, pre-treated by 
pasteurisation (70 °C for 30 min) to remove indigenous bacteria, inoculated with a 
natural bacterial consortium (~104 ICC/mL) originating from CTW freshly collected 
at each sampling campaign, distributed into three individual AOC-free vials (i.e., 
triplicate measurements per sample), incubated in the dark at 30 °C, and lastly 
measured for ICC over a growth period of 3 weeks, commonly on day 0, 1, 3, 6, 8, 
10, 13, 16, and 20. The results were expressed as the maximum cell count obtained 
during the incubation period (BGPmax).  

The blank was prepared by adjusting the mineral content of RO permeate at the 
laboratory using chemical stock solutions with high purity: NaHCO3 (pH of 7.8±0.2, 
122 mg/L HCO3 ), CaCl2 (40 mg/L Ca2+), and MgCl2 (4 mg/L Mg2+). The blank 
(laboratory-remineralised RO permeate) is denoted as lab-Remin, and was spiked 
with KH2PO4 (5 g/L PO4-P) and KNO3 (50 g-N/L) to ensure that carbon was the 
growth-limiting nutrient, unless otherwise mentioned. Ion exchange effluent 
samples were also remineralised with the same concentration of NaHCO3, CaCl2, 
and MgCl2 to ensure that bacterial growth is not limited by minerals. It is worthwhile 
to mention that the BGP of anaerobic groundwater (AGW) might be underestimated 
because of the very high nutrient content (e.g., phosphate and humic substances), 
which might have formed complexes (e.g., with iron) when oxygen was introduced 
during the test, and thus, limiting the bioavailability of those nutrients. 

iv. Bacterial growth-promoting nutrients: Each water sample was analysed for 
organic carbon (C) and phosphate (PO4-P) concentrations. Liquid chromatography 
– organic carbon detection (LC-OCD) analysis was performed at Het 
Waterlaboratorium (Haarlem, Netherlands) to measure the concentration of carbon 
fractions as described by Huber et al. (2011). The carbon fractions were 
distinguished based on their molecular weight (MW), and they are (from largest to 
smallest): biopolymers (proteins and polysaccharides), humic substances, building 
blocks, low molecular weight acids, and neutrals. The reporting limit of LC-OCD 
analysis is 100 g-C/L for biopolymers and 200 g-C/L for the other fractions.  

Phosphate was measured at the Rijkswaterstaat laboratory (Lelystad, Netherlands) 
using the ascorbic acid method. The method implied the reaction of ammonium 
molybdate and antimony sodium tartrate with orthophosphate (PO43-) in an acidic 
medium to form a complex that was reduced to a blue-coloured compound by 
ascorbic acid. The blue colour intensity was measured within 30 min by 
spectrophotometry (880 nm), and then converted to phosphate using a calibration 
line. The detection limit was 0.3 μg/L PO4-P.  
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Table 4.1. Detailed configurations of each step of the conventional and RO-based treatment 
lines at the drinking water treatment plant.

 Treatment step Details 

C
on

ve
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Dry sand filtration 5 units (2 m bed height, 28 m2 surface area) 
Residence time ~ 2.5–5 min 
Backwash: every 48 hrs, 20 min cycle, 250 m3 volume 

Tower aeration 2 units (3 m height, 2.5 m2 surface area) 
Packing material: Pall-rings, 100 mm 
Co-current air flow 
RQ ~5–10 

Pellet softening 4 units (5 m height, 1.4 m2 surface area) 
Residence time ~5.5 min 
Chemical: NaOH (pH ~8.5–10)  
Sand grains: 0.15–0.40 mm 

Submerged sand filtration 3 units (2 m bed height, 18 m2 surface area) 
Hydraulic retention time ~ 21 min 
Backwash: every 60 hrs, 15 min cycle, 100 m3 volume 

Granular activated carbon 
filtration 

3 units (2 m bed height, 10 m2 surface area) 
Residence time ~12–15 min 
Regeneration: Every 37,500 m3/m3 bed volume 

UV disinfection Medium-pressure UV unit 
UV dose = 20 mJ/cm2 

Clean water reservoir Total volume = 7,430 m3 

   

R
O
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 w

at
er

 tr
ea

tm
en

t 

RO filtration Total recovery = 75%  
3 filtration stages: 9, 3, and 1 pressure vessels 
3 elements per vessel 
Membrane surface area = 7.43 m2 
Feed water pre-treatment: cartridge filter 

Ion exchange LEWATIT S 2568 synthetic cation resin 
Volume = 0.70 m3 
Residence time ~1.5–2.25 min 

Remineralisation calcite contactors 
EBCT ~ 15–20 min 

Tower aeration 2 units (Volume = 1.24 m3) 
Packing material: 38-8 plastic Raflux-Rings, 15 mm 
Counter-current air flow 
Ratio of air to water flow (RQ) ~10–15 
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To identify bacterial growth-limiting nutrients, BGP of water samples was measured with 
the addition of different combinations of nutrients as previously described by Prest et al. 
(2016a), and shown in Table 4.2. The used nutrient stocks were carbon (1.07 g/L 
C2H3NaO2), phosphate (0.219 g/L KH2PO4), nitrogen (3.61 g/L KNO3), and a broth of 
trace elements (5 mg/L CoCl2.6H2O, 10 mg/L H3BO3, 10 mg/L CaSO4.5H2O, 500 mg/L 
MnSO4.7H2O, 10 mg/L ZnSO4.7H2O, 300 mg/L FeSO4.7H2O). Nutrients were added 
according to the ratio of C:N:P = 100:10:1 (Hammes and Egli, 2005). The blank (lab-Remin) 
and samples of the finished drinking water produced by the RO-based and conventional 
treatment lines (site-Remin and CTW, respectively) were tested. 

 

Table 4.2. BGP test matrix to identify the bacterial growth-limiting nutrient in water 
samples. 

Test # C 
(C2H3NaO2) 

P 
(KH2PO4) 

N 
(KNO3) 

TE* Investigation 

1 – – – – actual BGP 
2 – + + + C-limited BGP 
3 + – + + P-limited BGP 
4 + + – + N-limited BGP 
5 + + + – TE-limited BGP 
6 + + + + positive control 

* Trace elements including Co, B, S, Mn, Zn, and Fe 

 

v. DNA extraction, sequencing, and data processing: Genomic DNA extraction was 
performed as previously described by Liu et al. (2018). In short, water samples (500 
mL, duplicate) were filtered using 0.22 μm cellulose ester membranes 
(GPWP04700, Millipore, Ireland), and afterwards pre-treated using FastDNA Spin 
Kit for Soil (MP Biomedicals, Solon, OH, USA) as demonstrated in the instruction 
manual. Thereafter, 16S rRNA gene of the extracted genomic DNA was amplified, 
targeting the V3–V4 regions (a primer set of 341F: 5’-
CCTACGGGNGGCWGCAG-3’ & 785R: 5’-GACTACHVGGGTATCTAATCC-
3’). Illumina MiSeq platform (300 bp paired reads) was used for sequencing at 
BaseClear (Leiden, Netherlands), where the Illumina sequencing adaptors were 
appended to the 5’ end. The sequencing data is available in the NCBI database 
(BioProject ID: PRJNA631515) and information about the sample origin is given in 
Table 4.3.  
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Table 4.3. Sample origin of each sequencing library submitted to NCBI database. 

Object ID Library ID 
14871010 anaerobic groundwater (AGW) 1 
14871011 dry sand filtration (DSF) 1 
14871012 softening (SOF) 1 
14871013 rapid sand filtration (RSF) 1 
14871014 activated carbon filtration (ACF) 1 
14871015 UV disinfection (UVD) 1 
14871016 conventionally treated water (CTW) 1 
14871017 anaerobic groundwater (AGW) 2 
14871018 dry sand filtration (DSF) 2 
14871019 softening (SOF) 2 
14871020 rapid sand filtration (RSF) 2 
14871021 activated carbon filtration (ACF) 2 
14871022 UV disinfection (UVD) 2 
14871023 conventionally treated water (CTW) 2 
14871024 RO filtration (RO) 1 
14871025 ion exchange (IEX) 1 
14871026 calcite contactors (CC) 1 
14871027 finished RO-treated water (site-Remin) 1 
14871028 RO filtration (RO) 2 
14871029 ion exchange (IEX) 2 
14871030 calcite contactors (CC) 2 
14871031 finished RO-treated water (site-Remin) 2 

The sequences generated from the Illumina Miseq analysis of the 16S rRNA gene 
amplicons were processed (i.e., filtered, clustered, and taxonomically assigned and 
aligned) using the Quantitative Insights Into Microbial Ecology (QIIME2, v2018.6) 
pipeline with the default settings. Raw sequences were first processed using 
DADA2, including quality filtering, denoising, paired-end sequence merging, and 
chimera filtering. DADA2 generated unique amplicon sequence variants that were 
equivalent to 100% similarity operational taxonomic units (OTUs) in the 
conventional practice. In this publication, the term OTU is used for the purpose of 
simplicity. Taxonomy was assigned using q2-feature-classifier, customized for the 
primer set used in this study with Silva SSU database release 132. Multiple sequence 
alignment and phylogenetic tree construction were performed using the QIIME2 
plugin q2-phylogeny. Alpha and beta diversity analyses were performed using the 
QIIME2 plugin q2-diversity. Weighted and unweighted UniFrac distance matrices 
were constructed from the phylogenetic tree (Liu et al., 2020). OTUs with relative 
abundance in the samples of >0.5% were considered dominant. The absolute 
abundance of selected OTUs was calculated by multiplying their relative abundance 
by total cell count (TCC) obtained using FCM as proposed by Props et al. (2017). 
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4.2.3 Statistical analysis 

The significance level of observed differences between samples was examined using 
Student’s t-test and one-way analysis of variance (ANOVA) test after affirming the data 
normality (Q-Q plots, Chi-squared tests, and Kolmogorov-Smirnov tests). Canonical 
correspondence analysis (CCA) was carried out using XLSTAT (version 2019.4.2.63762) 
to investigate the influence of nutrients (LC-OCD fractions and phosphate) on 
microbiological parameters and community composition. 

Principal coordinates analysis (PCoA) was conducted to visualise (dis)similarities of DNA 
sequences based on weighted UniFrac distance matrix, where the significance of 
(dis)similarities has been tested using permutational multivariate analysis of variance 
(PERMANOVA). 

4.3 Results 

4.3.1 Intact cell count (ICC) and ATP concentration across 
treatment lines

The trends in intact cell count (ICC) and ATP concentration across the conventional and 
RO-based treatment lines from two sampling campaigns are shown in Figure 4.2, 
respectively, where similar trends were observed except for concentrations in the source 
anaerobic groundwater (AGW). This section focuses on the results of the first sampling 
campaign. ICC and ATP concentration in the source anaerobic groundwater (AGW) were 
215 ± 40 × 103 ICC/mL and ~0.5 ng ATP/L, which increased by a factor of 3 and 28, 
respectively, after dry sand filtration (DSF) and softening (SOF) in the conventional 
treatment line where oxygen was introduced in the water. Thereafter, ICC decreased along 
the following conventional treatment units reaching 390 ± 11 × 103 ICC/mL in the finished 
conventionally treated drinking water (CTW). This decrease in ICC was accompanied with 
a considerable decrease (~70%) in ATP to the range of 4–5 ng ATP/L after RSF and until 
the end of the conventional treatment (CTW). 

In the RO-based treatment line, the ICC after RO filtration and ion exchange were lower 
than the FCM detection limit (<103 ICC/mL, >99.6% removal), which increased to 30 ± 5 
× 103 ICC/mL after calcite contactors (CC) and further to 90 ± 1 × 103 ICC/mL after tower 
aeration (site-Remin). Similarly, ATP dropped below the detection limit after RO filtration 
(<0.1 ng ATP/L) and remained at this level after ion exchange (IEX). Thereafter, it increased 
after post-treatment with CC to 2 ng ATP/L and further to 7.5 ng ATP/L in the finished RO-
treated water after tower aeration (site-Remin). 

The percentage of high nucleic acid bacteria (HNA bacteria) within ICC decreased across 
the conventional treatment from 60% after DSF and SOF to 40–45% after RSF and until 
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CTW. However, this percentage increased across the RO-based treatment and reached up to 
85% in CC and site-Remin. 
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Figure 4.2. ATP concentration, HNA bacterial count, LNA bacterial count, and intact cell 
count (HNA + LNA) of water samples after each treatment step in the conventional (A) and 
RO-based (B) treatment lines during two sampling campaigns. Error bars represent the 
standard deviation of triplicate measurements.
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Figure 4.3. Correlation between HNA bacterial count and ATP concentration in conventional 
(n = 12, R2 = 0.65) and RO-based (n = 4, excluding values below the detection limit, R2 = 0.77) 
treatment. 

 

A good correlation was found between HNA bacteria and ATP (Figure 4.3, R2 = 0.77, RO-
based treatment; R2 = 0.65, conventional treatment). Remarkably, ICC in RO-treated water 
was >75% lower than that of conventionally treated water, whereas the contrary was 
observed for ATP, which resulted in a significantly higher (P < 0.05) ATP per cell value for 
RO-treated water than conventionally treated water (average of two sampling campaigns; 
9.07 × 10-17 vs. 1.71 × 10-17 g ATP/cell, Table 4.4), indicating different community 
composition between the two treatment lines. 

 

Table 4.4. ATP per cell for conventionally treated and RO-treated water.

Treatment line Sample × 10-17 g ATP/cell 
Campaign 1 Campaign 2 Average 

Source water AGW 0.25 0.77 0.51 
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DSF 2.78 2.36 2.57 
SOF 2.21 1.73 1.97 
RSF 1.04 1.39 1.22 
ACF 0.70 1.41 1.06 
UVD 1.18 1.33 1.26 
CTW 1.18 2.24 1.71 
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 RO n.a. n.a. n.a. 

IEX n.a. n.a. n.a. 
CC 6.06 11.32 8.69 
site-Remin 7.88 10.25 9.07 

n.a., not applicable because values were below the detection limit (103 ICC/mL and 0.1 ng ATP/L) 
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4.3.2 BGP and nutrient composition of conventionally treated 
drinking water and RO-treated water  

The profiling of the two treatment lines showed considerably different degrees of BGP and 
nutrient removal. The conventional treatment line reduced the BGP by ~60% (from 1,250 ± 
100 × 103 in AGW to the range of 450 × 103 – 550 × 103 ICC/mL across the different 
treatment steps), where the BGP of conventionally treated water (CTW) was 515 ± 5 × 103 
ICC/mL (Figure 4.4A). Meanwhile, DOC decreased from 7.2 mg/L in AGW to 6.0 mg/L in 
CTW (Table 4.5). Notably, the humic substances, which accounted for >70% of DOC in 
AGW, showed the highest removal in the conventional treatment line (from 5.2 mg/L to 4.3 
mg/L).  

Phosphate was also considerably reduced, mainly during DSF (>98%, from 553 μg/L PO4-
P in AGW to 7 μg/L PO4-P in DSF), reaching down to 1 μg/L PO4-P in CTW (Table 4.5). 
Similarly, ammonium was also reduced below 0.02 mg/L NH4-N (limit of detection) by the 
conventional treatment (Table 4.5). The results showed that nitrification was the main 
mechanism for ammonium removal, where ammonium (NH4+) in AGW (2.90 ± 0.10 mg/L 
NH4-N) was completely converted into nitrate (NO3-) in CTW (2.77 ± 0.40 mg/L NO3-N). 
Methane, which was present at 2,000–4,000 μg-CH4/L in AGW, was reduced to 10–20 μg-
CH4/L in CTW. 
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Figure 4.4. Bacterial growth potential (BGP) at each step of the conventional (A) and RO-
based (B) treatment lines. BGPs of RO permeate and ion exchange effluent were measured 
after remineralisation at the laboratory (i.e., lab-Remin and IEX respectively). Error bars 
represent the standard deviation of triplicate measurements. 
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The RO-based treatment showed a substantial BGP reduction (>96%) from ~1,250 ± 100 × 
103 ICC/mL in AGW to ~50 ± 12 × 103 ICC/mL in lab-Remin (i.e., RO permeate after 
remineralisation at the laboratory, Figure 4.4B). However, the BGP increased by 160% after 
remineralisation using calcite contactors (CC) and tower aeration (site-Remin), reaching 
130 ± 10 × 103 ICC/mL. The LC-OCD analysis revealed that all organic matter fractions 
were considerably retained by RO filtration to levels below the reporting limit (Table 4.5).  

Despite the increase in BGP after post-treatment, there was no detectable increase in any 
DOC fraction by the LC-OCD. For phosphate, a sharp decrease from 553 to 1 μg/L PO4-P 
was observed after RO filtration, followed by an increase across the post-treatment to 7 μg/L 
PO4-P (Table 4.5). In contrast to conventional treatment, nitrification was insignificant 
within the RO-based treatment line, where ammonium in AGW was mostly retained by the 
RO membrane (0.17 ± 0.02 mg/L NH4-N in RO permeate), and was further removed by 
absorption in ion exchange resins (<0.02 mg/L NH4-N). This resulted in a low concentration 
of nitrate in RO-treated water (0.23 ± 0.05 mg/L NH4-N) (Table 4.5). Methane in RO-treated 
water was at similar concentrations as in CTW. 

The investigation of the growth-limiting nutrient (Figure 4.5) revealed that the growth in the 
examined water types was limited by organic carbon. For all samples, the difference 
between the actual BGP (i.e., without nutrient addition to the sample) and the C-limited 
BGP (i.e., samples spiked with all nutrients except for carbon) was insignificant (P > 0.05). 
Contrarily, the BGP of samples with limited phosphate, nitrogen, and trace elements (Fe, 
Mn, Zn, Co, and B) was significantly (P < 0.05) higher than the actual BGP of the 
corresponding sample. Interestingly, the P-limited BGP of site-Remin was 50% higher than 
that of CTW and lab-Remin. 

 

 

 
 BGPmax (ICC/mL) 

Figure 4.5. BGP of lab-Remin (the blank, A), site-Remin (B), and CTW (C) with the addition 
of different nutrients as given in Table 4.2 (Lower nutrient concentrations were added in the 
case of lab-Remin and site-Remin). Actual BGP: no nutrients added, –C: no carbon added, –
P: no phosphate added, –N: no nitrogen added, –TE: no trace elements added, Combined 
limitation: all nutrients added. Error bars represent the standard deviation of triplicate tests. 
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4.3.3 Bacterial community  

In total, 29526 sequences were generated for 22 samples, which were assigned to 295 
bacterial genera. The rarefaction curve became plateaued after 1750 and 650 sequences were 
retrieved for conventional and RO-based treatment lines, respectively, indicating that 
sufficient sample coverage was obtained (Figure 4.6). Library size per sample is given in 
Table 4.6, which showed that few sequences were obtained for RO-treated water due to the 
too low DNA content in the sample. The average sequences per sample for the entire dataset 
was 1400, which was low compared with other recent studies. 

 

 
Figure 4.6. Rarefaction curve of all samples. The sequences per sample are shown in Table 4.6. 

 

Beta diversity. The similarity in the communities obtained for the duplicate samples 
reflected high reproducibility and reliability (Figure 4.7, PCoA plot) of the present study. 
Moreover, the plot shows that the treatment shaped the composition of bacterial 
communities, where the observed differences between the three clusters were significant as 
affirmed using PERMANOVA (P < 0.05, Table 4.7). The bacterial community of source 
water (AGW) were clearly distinguished from that of treated water, especially for the RO-
based treatment. For the conventional treatment, the bacterial communities shifted across 
the steps, where water after DSF, SOF, and RSF contained similar communities, but 
different from those detected after ACF, UVD, and CTW. For the RO-based treatment, the 
communities of post-treated RO permeate were closely clustered, indicating a high 
similarity among the samples after IEX, CC, and site-Remin. 
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Table 4.6. Sequences per sample. 

Water sample Library size (sequencing reads) 
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 AGW 2,504 

 
996 
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DSF 2,056  
1,532 

SOF 1,303  
1,392 

RSF 1,866 
1,229 

ACF 2,356 
2,730 

UVD 1,660 
2,014 

CTW 1,513 
1,318 

R
O
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RO 4 
0 

IEX 548 
478 

CC 711 
554 

site-Remin 1,551 
 1,211 

 

 

Alpha diversity. Looking into the dominant OTUs (genus level, relative abundance >0.5%) 
among all water samples, there were 197 OTUs assigned to 120 genera as shown in the 
heatmap (Figure 4.8, Table 4.8 for taxonomy information). The Venn diagrams (Figure 4.9) 
show that no dominant OTUs were shared between source (anaerobic) groundwater (AGW; 
15 dominant OTUs) and water after any steps in the RO-based treatment line (IEX, CC, and 
site-Remin; 14, 10, and 33 dominant OTUs, respectively). Conversely, there were three 
dominant OTUs shared between AGW and CTW (23 dominant OTUs), which were 
assigned to the class of Deltaproteobacteria, Parcubacteria, and Omnitrophicaeota, whereas 
the only OTU shared between CTW and site-Remin was assigned to the family of 
Oligoflexaceae. 
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Figure 4.7. PCoA plot of weighted UniFrac distances for samples collected from source water 
(AGW), conventional treatment line (DSF, SOF, RSF, ACF, UVD, and CTW), and RO-based 
treatment line (IEX, CC, and site-Remin). DNA sequences of RO permeate were too few. 

 

 

Table 4.7. PERMANOVA output showing the significance level of differences observed 
between bacterial communities found in samples. 

Water type 1 Water type 2 Sample size Permutations pseudo-F P-value* q-value 
Conventional 
treatment 

RO-based 
treatment 

18 999 10.20909 0.001 0.003 

Conventional 
treatment 

Source water 14 999 3.942895 0.017 0.0255 

RO-based 
treatment 

Source water 8 999 10.57956 0.036 0.036 

* Difference is significant if P-value is < 0.05 
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Figure 4.8. Heatmap showing the dominant OTUs (genus level) and their relative abundance 
(average of duplicate) in water samples. DNA sequences of RO permeate were too few. The 
full taxonomy information of the dominant OTUs is given in Table 4.8. Black marks on the y-
axis represent the OTU number given, red marks represent methanotrophs, and green marks 
represent nitrifiers. 
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Table 4.8. The full taxonomy information of the dominant OTUs in water samples (genus level, relative 
abundance of >0.5%). 

ID Taxonomy 
Phylum Class Order Family Genus 

1 Acidobacteria Holophagae Holophagales Holophagaceae Geothrix 
2 Bacteroidetes Bacteroidia Chitinophagales Chitinophagaceae Heliimonas 
3 Bacteroidetes Bacteroidia Sphingobacteriales NS11-12 marine 

group 
uncultured bacterium 

4 Bacteroidetes Bacteroidia Sphingobacteriales env.OPS 17 metagenome 
5 Bacteroidetes Bacteroidia Sphingobacteriales env.OPS 17 uncultured 

Bacteroidetes bacterium 
6 Bacteroidetes Ignavibacteria OPB56   
7 Chlamydiae Chlamydiae Chlamydiales Simkaniaceae uncultured 
8 Chlamydiae Chlamydiae Chlamydiales Simkaniaceae  
9 Cyanobacteria Melainabacteria Obscuribacterales uncultured 

cyanobacterium 
uncultured 
cyanobacterium 

10 Elusimicrobia Elusimicrobia Lineage IV Elusimicrobia 
bacterium 
RIFCSPHIGHO2_02
_FULL_61_10 

 

11 Epsilonbacteraeota Campylobacteria Campylobacterales Thiovulaceae Sulfuricurvum 
12 Patescibacteria Gracilibacteria JGI 0000069-P22   
13 Patescibacteria Gracilibacteria    
14 Patescibacteria Microgenomatia Candidatus 

Collierbacteria 
uncultured bacterium uncultured bacterium 

15 Planctomycetes Planctomycetacia Pirellulales Pirellulaceae uncultured 
16 Planctomycetes vadinHA49 uncultured soil 

bacterium 
uncultured soil 
bacterium 

uncultured soil 
bacterium 

17 Proteobacteria Alphaproteobacteria Caulobacterales Caulobacteraceae Caulobacter 
18 Proteobacteria Alphaproteobacteria Caulobacterales Hyphomonadaceae SWB02 
19 Proteobacteria Alphaproteobacteria Dongiales Dongiaceae Dongia 
20 Proteobacteria Alphaproteobacteria Reyranellales Reyranellaceae Reyranella 
21 Proteobacteria Alphaproteobacteria Rhizobiales Rhizobiaceae Mesorhizobium 
22 Proteobacteria Alphaproteobacteria Rhizobiales Rhizobiales Incertae 

Sedis 
uncultured 

23 Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Novosphingobium 
24 Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Sphingomonas 
25 Proteobacteria Deltaproteobacteria Bdellovibrionales Bdellovibrionaceae Bdellovibrio 
26 Proteobacteria Deltaproteobacteria Desulfuromonadales Geobacteraceae Geobacter 
27 Proteobacteria Gammaproteobacteria Betaproteobacteriales Burkholderiaceae Aquabacterium 
28 Proteobacteria Gammaproteobacteria Betaproteobacteriales Burkholderiaceae Burkholderia-

Caballeronia-
Paraburkholderia 

29 Proteobacteria Gammaproteobacteria Betaproteobacteriales Burkholderiaceae Leptothrix 
30 Proteobacteria Gammaproteobacteria Betaproteobacteriales Burkholderiaceae [Polyangium] 

brachysporum group 
31 Proteobacteria Gammaproteobacteria Betaproteobacteriales Chitinibacteraceae Formivibrio 
32 Proteobacteria Gammaproteobacteria Betaproteobacteriales Nitrosomonadaceae GOUTA6 
3 Proteobacteria Gammaproteobacteria Betaproteobacteriales Rhodocyclaceae Propionivibrio 
34 Proteobacteria Gammaproteobacteria Betaproteobacteriales Sulfuricellaceae Ferritrophicum 
35 Proteobacteria Gammaproteobacteria Betaproteobacteriales Sulfuricellaceae Sulfuricella 
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ID Taxonomy 
Phylum Class Order Family Genus 

36 Proteobacteria Gammaproteobacteria Methylococcales Methylomonaceae Methylovulum
37 Proteobacteria Gammaproteobacteria Methylococcales Methylomonaceae uncultured 
38 Proteobacteria Gammaproteobacteria Gammaproteobacteria 

Incertae Sedis 
Unknown Family Acidibacter 

39 Proteobacteria Gammaproteobacteria Methylococcales Methylomonaceae Methylobacter 
40 Proteobacteria Gammaproteobacteria Xanthomonadales Rhodanobacteraceae Tahibacter 
41 Proteobacteria Gammaproteobacteria    
42 Verrucomicrobia Verrucomicrobiae Chthoniobacterales Terrimicrobiaceae Terrimicrobium 
43 Verrucomicrobia Verrucomicrobiae Verrucomicrobiales Verrucomicrobiaceae uncultured 
44 Proteobacteria Gammaproteobacteria Salinisphaerales Solimonadaceae Nevskia 
45 Bacteroidetes Bacteroidia Sphingobacteriales KD3-93 uncultured 

Bacteroidetes bacterium 
46 Bacteroidetes Bacteroidia Cytophagales Microscillaceae uncultured 
47 Planctomycetes BD7-11 uncultured bacterium 

PHOS-HE93 
uncultured bacterium 
PHOS-HE93 

uncultured bacterium 
PHOS-HE93 

48 Proteobacteria Deltaproteobacteria Oligoflexales Oligoflexaceae uncultured 
49 Proteobacteria Gammaproteobacteria Betaproteobacteriales Burkholderiaceae Curvibacter 
50 Proteobacteria Gammaproteobacteria Diplorickettsiales Diplorickettsiaceae uncultured 
51 Proteobacteria Gammaproteobacteria Methylococcales Methylomonaceae Crenothrix 
52 Omnitrophicaeota uncultured bacterium uncultured bacterium uncultured bacterium uncultured bacterium 
53 Patescibacteria ABY1 Candidatus 

Uhrbacteria 
Candidatus 
Uhrbacteria bacterium 
RIFOXYC12_FULL_
57_11 

 

54 Nitrospirae Nitrospira Nitrospirales Nitrospiraceae Nitrospira 
55 Nitrospirae Thermodesulfovibrionia uncultured uncultured 

Thermodesulfovibrio 
spp. 

uncultured 
Thermodesulfovibrio 
spp. 

56 Patescibacteria Parcubacteria Candidatus 
Kaiserbacteria 

Parcubacteria 
bacterium OLB19 

Parcubacteria bacterium 
OLB19 

57 Patescibacteria Parcubacteria Candidatus 
Kaiserbacteria 

  

58 Proteobacteria Gammaproteobacteria Betaproteobacteriales Gallionellaceae Gallionella 
59 Proteobacteria Alphaproteobacteria Rickettsiales SM2D12 metagenome 
60 Proteobacteria Gammaproteobacteria Methylococcales Methylomonaceae  
61 Proteobacteria Deltaproteobacteria Bdellovibrionales Bacteriovoracaceae Bacteriovorax 
62 Proteobacteria Gammaproteobacteria Betaproteobacteriales Nitrosomonadaceae Nitrosomonas 
63 Proteobacteria Alphaproteobacteria Micavibrionales Micavibrionaceae uncultured 
64 Proteobacteria Alphaproteobacteria Micavibrionales uncultured  
65 Proteobacteria Alphaproteobacteria Micavibrionales uncultured Alphaproteobacteria 

bacterium 
CG1_02_46_17 

66 Proteobacteria Alphaproteobacteria Micavibrionales uncultured metagenome 
67 Bacteroidetes Bacteroidia Flavobacteriales Crocinitomicaceae uncultured 
68 Proteobacteria Deltaproteobacteria Sva0485   
69 Nitrospirae Thermodesulfovibrionia uncultured uncultured Nitrospirae 

bacterium 
uncultured Nitrospirae 
bacterium 
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ID Taxonomy 

Phylum Class Order Family Genus 
70 Patescibacteria Parcubacteria Candidatus 

Lloydbacteria 
Candidatus 
Lloydbacteria 
bacterium 
RIFOXYC12_FULL_
46_25 

 

71 Patescibacteria Parcubacteria Candidatus 
Moranbacteria 

uncultured bacterium uncultured bacterium 

72 Patescibacteria Parcubacteria Candidatus 
Nomurabacteria 

uncultured bacterium uncultured bacterium 

73 Patescibacteria Parcubacteria Candidatus 
Portnoybacteria 

  

74 Patescibacteria Parcubacteria Candidatus 
Zambryskibacteria 

Parcubacteria group 
bacterium 
GW2011_GWA2_40
_14 

 

75 Patescibacteria Parcubacteria UBA9983 uncultured bacterium uncultured bacterium 
76 Patescibacteria Parcubacteria uncultured 

Parcubacteria group 
bacterium 

uncultured 
Parcubacteria group 
bacterium 

uncultured 
Parcubacteria group 
bacterium 

77 Patescibacteria Parcubacteria uncultured bacterium uncultured bacterium uncultured bacterium 
78 Patescibacteria Parcubacteria uncultured soil 

bacterium 
uncultured soil 
bacterium 

uncultured soil 
bacterium 

79 Patescibacteria Parcubacteria    
80 Patescibacteria WWE3 uncultured bacterium uncultured bacterium uncultured bacterium 
81 Omnitrophicaeota Omnitrophica WOR-2 bacterium 

RIFCSPLOWO2_12_
FULL_51_24 

  

82 Omnitrophicaeota uncultured Omnitrophica 
bacterium 

uncultured 
Omnitrophica 
bacterium 

uncultured 
Omnitrophica 
bacterium 

uncultured 
Omnitrophica bacterium 

83 Omnitrophicaeota uncultured beta 
proteobacterium 

uncultured beta 
proteobacterium 

uncultured beta 
proteobacterium 

uncultured beta 
proteobacterium 

84 Omnitrophicaeota     
85 Patescibacteria ABY1 Candidatus 

Falkowbacteria 
uncultured bacterium uncultured bacterium 

86 Patescibacteria ABY1 Candidatus 
Falkowbacteria 

  

87 Patescibacteria ABY1 Candidatus 
Kerfeldbacteria 

Candidatus 
Falkowbacteria 
bacterium RBG13 39 
14 

 

88 Patescibacteria ABY1 Candidatus 
Kerfeldbacteria 

uncultured bacterium uncultured bacterium 

89 Patescibacteria ABY1 Candidatus 
Magasanikbacteria 

uncultured bacterium uncultured bacterium 

90 Patescibacteria ABY1 Candidatus 
Uhrbacteria 

  

91 Patescibacteria Gracilibacteria Candidatus 
Peregrinibacteria 
 

uncultured bacterium uncultured bacterium 
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ID Taxonomy 
Phylum Phylum Phylum Phylum Phylum 

92 Patescibacteria Gracilibacteria Candidatus 
Peribacteria 

uncultured bacterium 
GKS2-30 

uncultured bacterium 
GKS2-30 

93 Patescibacteria Gracilibacteria Candidatus 
Peribacteria 

  

94 Patescibacteria Parcubacteria Candidatus 
Kaiserbacteria 

uncultured bacterium uncultured bacterium 

95 Patescibacteria Parcubacteria Candidatus 
Kaiserbacteria 

uncultured soil 
bacterium 

uncultured soil 
bacterium 

96 Patescibacteria Parcubacteria Candidatus 
Adlerbacteria 

uncultured bacterium uncultured bacterium 

97 Proteobacteria Deltaproteobacteria Syntrophobacterales Syntrophaceae uncultured 
98 Proteobacteria Gammaproteobacteria Beggiatoales Beggiatoaceae uncultured 
99 Proteobacteria Gammaproteobacteria Salinisphaerales Solimonadaceae Solimonas 
100 Proteobacteria Gammaproteobacteria Salinisphaerales Solimonadaceae uncultured 
101 Acidobacteria Subgroup 6    
102 Actinobacteria Actinobacteria Propionibacteriales Nocardioidaceae Nocardioides 
103 Bacteroidetes Bacteroidia Sphingobacteriales KD3-93  
104 Cyanobacteria Melainabacteria Vampirovibrionales uncultured bacterium uncultured bacterium 
105 Firmicutes     
106 Proteobacteria Alphaproteobacteria Rhodospirillales uncultured uncultured soil 

bacterium 
107 Proteobacteria Alphaproteobacteria Rickettsiales AB1 uncultured bacterium 
108 Proteobacteria Alphaproteobacteria Rickettsiales Mitochondria metagenome 
109 Proteobacteria Alphaproteobacteria Rickettsiales SM2D12 uncultured bacterium 
110 Proteobacteria Alphaproteobacteria uncultured uncultured bacterium uncultured bacterium 
111 Proteobacteria Deltaproteobacteria Desulfobacterales Desulfobulbaceae uncultured 
112 Proteobacteria Deltaproteobacteria Oligoflexales 0319-6G20  
113 Proteobacteria Gammaproteobacteria Betaproteobacteriales Burkholderiaceae Polaromonas 
114 Proteobacteria Gammaproteobacteria Betaproteobacteriales Gallionellaceae Candidatus Nitrotoga 
115 Proteobacteria Gammaproteobacteria Betaproteobacteriales Gallionellaceae Sideroxydans 
116 Proteobacteria Gammaproteobacteria Betaproteobacteriales Nitrosomonadaceae MND1 
117 Proteobacteria Gammaproteobacteria Betaproteobacteriales TRA3-20  
118 Proteobacteria Gammaproteobacteria Gammaproteobacteria 

Incertae Sedis 
Unknown Family Candidatus Berkiella 

119 Proteobacteria Gammaproteobacteria Methylococcales Methylomonaceae Methyloglobulus 
120 Synergistetes Synergistia Synergistales Synergistaceae JGI-0000079-D21 
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(A) (B) 

  

(C) (D) 

  

Figure 4.9. Venn diagrams showing the dominant OTUs shared between water samples after 
each step in conventional treatment line (A and B), RO-based treatment line (C), and between 
source water (AGW) and finished water of both treatment lines (D). 

 

Community composition. The column plots at phylum, class, and order levels are 
presented in Figure 4.10. At phylum level, Proteobacteria was significantly present in all 
samples irrespective of the treatment, where the relative abundance ranged from 10% in 
source water (AGW) to 20–50% after conventional treatment and 55–80% in water after 
RO-based treatment. Patescibacteria was more abundant in conventionally treated water 
(20–60%) than RO-treated water (<5%). Omnitrophicaeota and Nitrospirae were dominant 
in source water only (AGW, ~30%), where their relative abundance decreased to 1–19% 
after conventional treatment, and below 0.5% after RO-based treatment. 
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Synergistia vadinHA49
Planctomycetacia Belonging to phylum Omnitrophicaeota
uncultured beta proteobacterium uncultured Omnitrophica bacterium
uncultured bacterium Kiritimatiellae
Belonging to phylum Firmicutes Elusimicrobia
Melainabacteria Chlamydiae
Ignavibacteria Holophagae
Aminicenantia Actinobacteria
Subgroup 6 BD7-11
Belonging to phylum Patescibacteria WWE3
Microgenomatia Gracilibacteria
Gracilibacteria (taxa;Ambiguous) Campylobacteria
Bacteroidia Omnitrophica WOR (2 bacterium RIFCSPLOWO2)
Thermodesulfovibrionia Deltaproteobacteria
Nitrospira uncultured bacterium
ABY1 Parcubacteria
Alphaproteobacteria Gammaproteobacteria
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Figure 4.10. Bacterial community composition at phylum level (top), class level (middle), and 
order level (bottom). Relative abundances were calculated based on the average of duplicate 
measurements for each sample. 
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Betaproteobacteriales Caenarcaniphilales Campylobacterales
Candidatus Abawacabacteria Candidatus Adlerbacteria Candidatus Azambacteria
Candidatus Beckwithbacteria Candidatus Brennerbacteria Candidatus Collierbacteria
Candidatus Curtissbacteria Candidatus Falkowbacteria Candidatus Jacksonbacteria
Candidatus Kaiserbacteria Candidatus Kaiserbacteria (Ambiguous) Candidatus Kerfeldbacteria
Candidatus Komeilibacteria Candidatus Kuenenbacteria Candidatus Lloydbacteria
Candidatus Magasanikbacteria Candidatus Moranbacteria Candidatus Nomurabacteria
Candidatus Peregrinibacteria Candidatus Peribacteria Candidatus Portnoybacteria
Candidatus Uhrbacteria Candidatus Uhrbacteria (Ambiguous) Candidatus Vogelbacteria
Candidatus Woesebacteria Candidatus Wolfebacteria Candidatus Zambryskibacteria
Caulobacterales Chitinophagales Chlamydiales
Chthoniobacterales Clostridiales Coxiellales
Cytophagales Desulfarculales Desulfobacterales
Desulfuromonadales Diplorickettsiales Dongiales
Fimbriimonadales Flavobacteriales FULL
Gammaproteobacteria Incertae Sedis Gemmatimonadales GWB1-42-6
Holophagales Holosporales JGI 0000069-P22
Lineage IV metagenome metagenome
metagenome Methylococcales Micavibrionales
Micrococcales MSBL5 MSBL9
Myxococcales Nitrospirales Obscuribacterales
Obscuribacterales (Ambiguous) Oligoflexales OPB56
Opitutales Paceibacterales Paracaedibacterales
Pedosphaerales Phycisphaerales Pirellulales
Piscirickettsiales PLTA13 Propionibacteriales
Pseudomonadales Reyranellales Rhizobiales
Rhodospirillales Rickettsiales Salinisphaerales
SAR324 clade(Marine group B) Sphingobacteriales Sphingomonadales
Sva0485 Synergistales Syntrophobacterales
taxa UBA9983 uncultured Thermodesulfovibrionia
uncultured Alphaproteobacteria uncultured Gammaproteobacteria uncultured LD1-PA32
uncultured Sericytochromatia uncultured bacterium uncultured bacterium
uncultured Berkelbacteria uncultured Gracilibacteria uncultured Parcubacteria
uncultured WS6 (Dojkabacteria) uncultured WWE3 uncultured OM190
uncultured vadinHA49 uncultured uncultured Holophagae bacterium
uncultured Omnitrophica bacterium uncultured beta proteobacterium uncultured Parcubacteria group bacterium
uncultured soil bacterium (Parcubacteria) uncultured bacterium PHOS-HE93 uncultured Planctomycetales bacterium
uncultured soil bacterium (vadinHA49) Vampirovibrionales wastewater metagenome
Verrucomicrobiales WCHB1-41 Xanthomonadales
Class: Subgroup 6 Class: Lineage IIc Phylum: Firmicutes
Class: 4-29-1 Phylum: Omnitrophicaeota Class: ABY1
Class: Gracilibacteria Class: Microgenomatia Class: Parcubacteria
Phylum: Patescibacteria Class: Gammaproteobacteria Phylum: Proteobacteria
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At genus level, OTUs belonging to families characterised as methanotrophs (methane-
oxidising bacteria) were detected in both treatment lines after steps where oxygen was 
introduced (Figure 4.8): 4 OTUs for conventional treatment exclusively after DSF and SOF, 
4 OTUs for RO-based treatment exclusively after CC and site-Remin, among which 1 OTU 
was shared by all (Table 4.9). Interestingly, all 8 OTUs were assigned to type I 
methanotrophs that belong to Methylomonaceae, including Methylovulum spp. (1%), 
Methylobacter spp. (6%), Methyloglobulus spp. (2%), Crenothrix spp. (2–3%), and other 
uncultured genera (2–5%). OTUs belonging to the families which characterised as nitrifiers 
were specifically found in the water after the first steps of conventional treatment (i.e., DSF, 
SOF, and RSF, Figure 4.8) with different relative abundances. The OTUs were assigned to 
ammonium-oxidising bacteria (AOB, e.g., Nitrosomonas 6%) and nitrite-oxidising bacteria 
(NOB, e.g., Candidatus Nitrotoga 1% and Nitrospira 2–10%). Conversely, none of them 
were found in RO-treated water except for a poorly documented OTU, namely, GOUTA6 
belonging to AOB of Nitrosomonadaceae (Table 4.9). The absolute abundance of 
methanotrophs and nitrifiers after each treatment step is shown in Figure 4.11. The 
methanotrophs ranged from 3 × 103 – 70 × 103 ICC/mL, and the nitrifiers from 6 × 103 – 
165 × 103 ICC/mL, both of which were more abundant in treatment lines after oxygen was 
introduced. 

 

Table 4.9. The classifications and relative abundances of methanotrophic and ammonium-
oxidising OTUs found in samples. 

 Genus OTU 
ID* 

AGW DSF SOF RSF ACF UVD CTW IEX CC site-
Remin

M
et

ha
no

tro
ph

s 

Methylovulum 36 0% 0% 0% 0% 0% 0% 0% 0% 0% 1% 
uncultured  37 0% 0% 0% 0% 0% 0% 0% 0% 0% 2% 
Methylobacter 39 0% 0% 0% 0% 0% 0% 0% 0% 6% 0% 
Crenothrix 51 0% 0% 2% 0% 0% 0% 0% 0% 3% 0% 
uncultured
Methylomonaceae

60 0% 5% 3% 0% 0% 0% 0% 0% 0% 0% 

Methyloglobulus 119 0% 0% 2% 0% 0% 0% 0% 0% 0% 0% 

N
itr

ifi
er

s 

GOUTA6 32 0% 0% 0% 0% 0% 0% 0% 0% 54% 5% 
Nitrosomonas 62 0% 0% 6% 0% 0% 0% 0% 0% 0% 0% 
MND1 116 0% 0% 0% 0% 2% 0% 3% 0% 0% 0% 
Candidatus
Nitrotoga 

114 0% 0% 1% 0% 0% 0% 0% 0% 0% 0% 

uncultured
Omnitrophicaeota

81 0% 0% 0% 0% 2% 0% 2% 0% 0% 0% 

uncultured
Omnitrophicaeota

84 0% 0% 0% 1% 0% 0% 0% 0% 0% 0% 

Nitrospira 54 0% 7% 10% 2% 0% 0% 0% 0% 0% 0% 
uncultured
Nitrospirae

69 4% 3% 0% 0% 0% 0% 0% 0% 0% 0% 

* As given in Table 4.8 
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There were several genera present in RO-treated water known for iron, manganese, and 
sulfur oxidation such as Sulfuricurvum (12%), Ferritrophicum (5%), Leptothrix (5%), 
Geobacter (3%), and Geothrix (2%). Similarly, OTUs belonging to families of characterised 
iron-oxidisers (e.g., the Family Gallionellaceae), were found in the conventional treatment 
line. 

 

To
ta

l c
el

l c
ou

nt
 (T

C
C

/m
L)

 

 

A
bs

ol
ut

e 
ab

un
da

nc
e 

(c
el

ls
/m

L)
 

 

Figure 4.11. Total cell count (TCC) and the absolute abundance of methanotrophs and 
nitrifiers after each step in the conventional (A) and RO-based (B) treatment lines. 

 

4.3.4 Correlation between nutrients and microbiological 
parameters 

The influence of nutrients (LC-OCD fractions and phosphate) on microbiological 
parameters (ICC, ATP, and BGP) and community composition (OTUs with relative 
abundance >0.5%) was investigated using CCA. The results revealed that bacterial growth 
either within the treatment units (ICC and ATP) or at the laboratory (BGP) was strongly 
correlated to the concentration of DOC fractions, more specifically building blocks, humic 
substances, and neutrals, rather than phosphate (Figure 4.12A). The growth was not 
influenced by biopolymers and acids because their concentrations were below the reporting 
limit for all water samples. Regarding community composition (Figure 4.12B), about 50% 
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of the dominant OTUs found in samples were strongly correlated to the concentration of 
building blocks, humic substances, and neutrals (group 1), whereas 23% were fairly well 
correlated to phosphate (group 2). However, no clear trend was observed with respect to 
which OTUs could grow on each nutrient fraction. 

 

 

 
 

Figure 4.12. CCA ordination tri-plot representing variations in microbiological parameters 
(ICC, ATP, and BGP) (A) and community composition (OTUs with relative abundance 
>0.5%) (B) with respect to nutrient concentration (LC-OCD fractions and phosphate). OTUs 
of groups 1, 2, 3, and 4 are given in Table 4.10. 
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Table 4.10. OTUs ID per group displayed in Figure 4.12. The full taxonomy information of the 
OTUs is given in Table 4.8. 

Group OTUs 
1 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 64, 65, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 

78, 79, 80, 81, 82, 83, 84, 85, 86, 87, 88, 89, 90, 93, 94, 95, 96, 97, 99, 100, 101, 102, 
103, 104, 105, 106, 107, 109, 110, 111, 112, 113, 115, 116, 117, 120 

2 3, 4, 5, 6, 7, 8, 12, 13, 14, 15, 16, 18, 19, 20, 22, 25, 36, 37, 40, 41, 42, 43, 45, 46, 47, 
48, 50 

3 1, 10, 11, 26, 29, 32, 33, 34, 39, 51 
4 2, 9, 17, 21, 23, 24, 27, 28, 30, 31, 35, 38, 44, 49 

4.4 Discussion 

The multi-parametric comparison approach applied in this study enabled better 
understanding of the microbiological water quality at different stages of the treatment. This 
approach included measuring several microbiological parameters and studying the 
relationship between them. The parameters included are the dynamics of bacterial load 
measured as numbers (cell count), bacterial activity (ATP concentration), and composition 
(16S rRNA gene sequencing) across treatment, as well as the growth potential of these 
bacteria in water (BGP) and the driving factors for this growth (nutrients). This multi-
parametric approach was used to compare conventionally and RO-treated drinking water as 
discussed below. 

4.4.1 Characterisations of bacterial cells: ICC, ATP and ATP per 
cell

As quantified by cell count and ATP concentration, bacteria were better retained by the RO 
membrane (>99.6% removal), where the values in RO permeate were below the detection 
limit (<103 ICC/mL; <0.1 ng ATP/L). This complies with the fact that RO membrane is an 
effective barrier for microorganisms (Madaeni, 1999; Pype et al., 2016). However, this 
superior RO permeate quality could be influenced by the post-treatment processes (Sousi et 
al., 2018), which was also observed in the present study as increased ICC and ATP after the 
pilot-scale remineralisation (calcite contactors) and tower aeration units. The deterioration 
of biological water quality could be attributed to practical factors, such as bacteria 
sloughing off the surface biofilm of calcite grains and/or packing material filling the 
aeration tower. 

Interestingly, it is noticed that the increase in ATP was particularly correlated to the 
increased percentage of HNA bacteria within ICC for both RO-treated water (R2 = 0.77) 
and conventional treatment (R2 = 0.65), which agrees with previous findings (Siebel et al., 
2008; Liu et al., 2013b) and can be attributed to the high activity and large cell size of HNA 
bacteria (Lebaron et al., 2001; Proctor et al., 2018). The changes in HNA bacteria and ATP 
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across the treatment lines can be explained by the nature of treatment applied. For instance, 
the highest removal of HNA bacteria by the conventional treatment line (~30%) occurred 
within the rapid sand filters, where physical retention of larger bacterial cells is more 
efficient (Vital et al., 2012; Fujioka et al., 2019) and significant ATP reduction could be 
obtained (Liu et al., 2013b). 

Regarding the calculated ATP per cell, the obtained values (ranging from 0.70 × 10-17 – 
11.32 × 10-17 g ATP/cell) were in line with previous findings of Hammes et al. (2010b) for 
different aquatic environments (average; 1.75 × 10-10 nmol/cell  equivalent to 8.89 × 10-17 g 
ATP/cell), but lower than reported values for bacteria growing under starvation condition 
(up to 30 × 10-17 g ATP/cell) (Webster et al., 1985). The latter value was obtained for 
specific bacterial species and might not be applicable to others, and these values were 
calculated based on heterotrophic plate count, which would significantly underestimate the 
cell count and result in higher ATP per cell values (van Nevel et al., 2017).  

Comparing the two treatment lines in the present study, the ATP per cell of the post-treated 
RO permeate was >5 times higher than that of conventionally treated water (9.07 × 10-17 vs. 
1.71 × 10-17 g ATP/cell). This could be partially explained by the percentage of large and 
active cells (i.e., HNA bacteria) in each water type (>85% vs. ~40–45%). Nonetheless, the 
low ATP per cell for the conventionally treated water was in line with previously reported 
values for water after granular activated carbon filtration (Magic-Knezev and van der Kooij, 
2004). Moreover, the composition of bacterial communities present in water could influence 
ATP per cell values (Eydal and Pedersen, 2007). As confirmed by the bacterial community 
analysis, members of the Patescibacteria, which (remarkably) pass 0.2 μm and even 0.1 μm 
filters (Herrmann et al., 2019), were more abundant in conventionally treated water (20–
60%) than in post treated RO permeate (<5%). On the other hand, members of 
Proteobacteria and Bacteroidetes, that are generally known for large cell size based on FCM 
findings (Proctor et al., 2018), accounted for 75–85% of bacterial communities in RO-
treated water. 

4.4.2 BGP and the factors driving bacterial growth (nutrients)  

The present study also confirmed the effectiveness of RO filtration in controlling the BGP 
of water because of its high efficiency of nutrient removal (>97% carbon, >99.5% 
phosphate), which complies with previous studies (Jacobson et al., 2009; Park and Hu, 2010; 
Thayanukul et al., 2013). Though the post RO treatment caused an increase in BGP, the 
BGP of RO-treated water was still lower than that of conventionally treated water by a factor 
of 4. As reported in a recent study with the same water, ~10 times lower biofilm formation 
potential (BFP) was found for RO-based treatment compared with that of conventionally 
treated water (Learbuch et al., 2019), indicating even higher efficiency in controlling biofilm 
formation by RO filtration and possibly different growth dynamics between planktonic 
bacteria and biofilm. 
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The increased BGP after post-treatment can be attributed to the introduction of growth-
promoting nutrients during those processes, as confirmed by phosphate measurement which 
increased more than 7 times (from <1 to 7 μg/L PO4-P) after calcite contactors. As 
demonstrated by the nutrient limitation tests, the P-limited BGP of site post-treated RO 
permeate was higher than that of lab post-treated RO permeate and conventionally treated 
water (2,089 × 103 vs. 1,144 × 103 vs. 1,383 × 103 ICC/mL), confirming again the higher 
phosphate concentration in site post-treated RO permeate (compared with lab-Remin and 
CTW) introduced by calcite contactors.  

Though the introduction of carbon was not detectable using LC-OCD analysis since the 
concentrations both before and after the post-treatment were below the reporting limit, it 
was confirmed by the nutrient limitation tests, where carbon was the growth-limiting 
nutrient before and after the post-treatment regardless of the BGP value. The carbon 
limitation has been commonly found in many types of water (Huck, 1990; Hu et al., 1999; 
van der Kooij, 2000; Liu et al., 2015; Prest et al., 2016a), as observed also for water types 
tested in this study even when the phosphate concentration was very low (<1 μg/L PO4-P). 
Moreover, the carbon limitation in all samples was confirmed with the canonical 
correspondence analysis (CCA) without identifying which carbon fraction was the most 
relevant for growth, where a previous study showed that these bacteria could grow on carbon 
with different molecular characteristics ranging from readily available to more complex 
organic carbon (Sousi et al., 2020b). Similarly, the link between the presence of different 
OTUs and carbon fractions needs to be further explored. 

4.4.3 Shifts in bacterial communities  

The present study showed that both the diversity and composition of bacterial communities 
were largely influenced by water treatment processes, which complies with previous studies 
on different drinking water treatment processes (Ivone et al., 2013; Liao et al., 2015; Li et 
al., 2017a; Liu et al., 2018). Since RO filtration could effectively remove bacteria present 
in source water, the developed bacterial community in post-treated RO permeate was 
completely different from the source. This can be used as a control for the observations in 
the conventional treatment scheme. For example, RO filtration completely removed the 
dominant phyla (i.e., Nitrospirae and Omnitrophicaeota) from source anaerobic 
groundwater. However, only the strictly anaerobic members of the Nitrospirae, e.g., 
Thermodesulfovibrionia (Garrity et al., 2001), were effectively removed in the very first 
conventional treatment step (i.e., DSF). Similarly, the relative abundance of the 
Omnitrophicaeota decreased across the conventional treatment line because most of the 
species within this phylum were anaerobic, which could not survive in oxygen-rich fresh 
water (Rivas-Marín and Devos, 2018). 

Moreover, it is interesting to observe the shifts in methane-oxidising bacteria (MOB), 
ammonium-oxidising bacteria (AOB) and nitrite-oxidising bacteria (NOB) across the 
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treatment lines. The high concentration of CH4 (2–4 mg/L) in source groundwater and the 
introduction of oxygen during aeration contributed to the presence of MOB in both 
conventional and RO-based treatment schemes (Nicol et al., 2003; DiSpirito et al., 2016). 
Only type I methanotrophs were detected (e.g., Methylovulum spp., Methylobacter spp., and
Methyloglobulus spp.), which is typical for drinking water (Lipponen et al., 2004). The 
presence of only type I methanotrophs indicates that the residence time of methane within 
the aeration towers was short, as those bacteria are known to rapidly oxidise methane in an 
oxygen-rich environment (Graham et al., 1993; Hanson and Hanson, 1996). Since methane 
is the sole carbon source for these bacteria, their presence in the DSF and SOF treatment 
steps indicates that methane was considerably removed in these treatment units, resulting in 
~20 μg/L CH4 in the following conventional treatment steps.  

The nitrification activity within the conventional treatment line was clearly higher than that 
in the RO-based line. For example, the AOB (e.g., Nitrosomonas spp.) and NOB (e.g., 
Candidatus Nitrotoga spp., Nitrospira spp.) (Prosser et al., 2014; Koch et al., 2015; 
Kitzinger et al., 2018) were detected in conventional treatment units (DFS, SOF, and RSF), 
but not in the RO-based scheme. The same observation was confirmed by the complete 
oxidation of ammonium present in source groundwater (2.90 ± 0.10 mg-N/L) to nitrate in 
the conventionally treated water (2.77 ± 0.40 mg-N/L) (Table 2). Whereas the nitrification 
activity within the RO-based treatment scheme was minimal, where AOB and NOB were 
absent because the ammonium was physically retained by RO membrane (to 0.17 mg-N/L), 
and further absorbed by post ion exchange (<0.02 mg-N/L) without conversion to nitrate. 
Lastly, the presence of several bacterial genera in RO-treated water that are known to be 
involved in the oxidation of iron, manganese, and sulfur, e.g., Sulfuricurvum, 
Ferritrophicum, Leptothrix, Geobacter, and Geothrix (Hedrich et al., 2011; Schmidt et al., 
2014), indicates that these metals were re-introduced during post-treatment. Nonetheless, 
the presence of such genera in conventionally treated anaerobic groundwater (e.g., the 
Family Gallionellaceae) has been previously reported (Hallbeck and Pedersen, 2014). 

4.4.4 Practical insights for managing microbiological water 
quality 

Despite the influences of post-treatment on the quality of RO permeate, the finished RO-
treated water had much lower cell count and BGP compared with conventionally treated 
water. To mitigate the negative influences of post-treatment, it is recommended to use high 
quality calcite grains for remineralisation to prevent the introduction of organic and 
inorganic nutrients. Furthermore, aeration towers should be maintained and cleaned more 
frequently to reduce bacterial growth on the packing material. It should be noted that the 
current study was conducted with groundwater and the sampling period did not cover the 
whole seasons. The observations might be different for surface water systems subjected to 
significant seasonal variations, for which a sampling program including different seasons is 
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high recommended. Though the effect of seasonal variations on the analysed parameters 
was beyond the focus of this study, negative influences of post-treatment were previously 
demonstrated throughout the year (Sousi et al., 2020b). 

The multi-parametric evaluation discussed above offered an integral understanding of the 
stability and changes in microbiological water quality between two treatment lines 
considering the bacterial quantity and activity, nutrient concentration and composition as 
well as bacterial community composition and diversity. Beyond the simple number of cells 
and/or bioactivity, the comprehensive dataset obtained in this study allows in-depth 
assessment of which bacteria are growing and why in each step of the treatment process. 
Besides regular monitoring, the methodology proposed is especially useful when water 
quality deteriorates during treatment and remedial actions are required to manage biological 
water quality. Although multi-parametric monitoring is expensive, it is recommended as a 
complementary approach when water quality deterioration is detected during regular 
monitoring. 

For the microbiology of drinking water distribution system, attributed to its high efficiency 
in removing nutrients, the RO-based treatment will be useful in controlling the growth of 
both planktonic bacteria and biofilm. Regarding the microbes, the comparison between 
conventional and RO-based treatment demonstrated the possible quantitative and qualitative 
control of drinking water microbiology by using RO membranes as an absolute barrier for 
cells. Considering produced water is the seed for the microbes to thrive in water, biofilm, 
and loose deposits in the downstream drinking water distribution system (Liu et al., 2018), 
it could be a reasonable vision to manage the microbial ecology of drinking water 
distribution systems by introducing probiotic microbes, rather than microbial 
contamination, through post RO treatment to occupy the niches and form a predictable and 
predefined microbial ecology. 
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4.5 Conclusions 

The following conclusions can be drawn based on this study: 

RO filtration significantly reduced the BGP of source groundwater to an extremely 
low level of 50 ± 12 × 103 ICC/mL in lab-remineralised RO permeate, which 
increased again to 130 ± 10 × 103 ICC/mL when RO permeate underwent site post-
treatment. 

Despite this increase, the BGP of post-treated RO permeate was >75% lower than 
that of conventionally treated water (130 ± 10 × 103 vs. 450 × 103 – 550 × 103 
ICC/mL). 

Carbon was the bacterial growth-limiting nutrient for both RO-treated and 
conventionally treated water. Phosphate did not limit bacterial growth even at very 
low concentrations (<1 μg/L PO4-P). 

The type of water treatment shaped the bacterial community of the finished treated 
water. Some genera were shared between source anaerobic groundwater and 
conventionally treated water, whereas the bacterial genera in post-treated RO 
permeate were mainly introduced during post-treatment. 

Beyond quantitative assessment, the multi-parametric approach suggested in this 
study is useful in understanding and managing microbiological water quality in 
drinking water treatment and distribution systems. 
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Abstract 

The bacterial growth potential (BGP) of drinking water is widely assessed either by flow 
cytometric intact cell count (BGPICC) or adenosine triphosphate (BGPATP) based methods. 
Combining BGPICC and BGPATP measurements has been previously applied for various 
types of drinking water having high to low growth potential. However, this has not been 
applied for water with ultra-low nutrient content, such as remineralised RO permeate. To 
conduct a sound comparison, conventionally treated drinking water was included in this 
study, which was also used as an inoculum source. BGPICC, BGPATP, intact cell-yield (YICC), 
and ATP-yield (YATP) were determined for conventionally treated drinking water (Tap-
water) and remineralised RO permeate (RO-water). In addition, both BGPICC and BGPATP 
methods were used to identify the growth-limiting nutrient in each water type. The results 
showed that the BGPICC ratio between Tap-water/RO-water was ~7.5, whereas the BGPATP 
ratio was only ~4.5. Moreover, the YICC ratio between Tap-water/RO-water was ~2 (9.8 ± 
0.6 × 106 vs. 4.6 ± 0.8 × 106 cells/μg-C), whereas the YATP ratio was ~1 (0.39 ± 0.12 vs. 
0.42 ± 0.06 ng ATP/μg-C), resulting in a consistently higher ATP per cell in RO-water than 
that of Tap-water. Both BGPICC and BGPATP methods revealed that carbon was the growth-
limiting nutrient in the two types of water. However, with the addition of extra carbon, 
phosphate limitation was detected only with the BGPICC method, whereas BGPATP was not 
affected, suggesting that a combination of carbon and phosphate is essential for biomass 
synthesis, whereas carbon is probably utilised for cellular activities other than cell synthesis 
when phosphate is limited. It was estimated that the intact cell-yield growing on phosphate 
would be 0.70 ± 0.05 × 109 cells/μg PO4-P 

5.1 Introduction 

Delivering safe and biologically stable potable water is the aim of drinking water utilities 
worldwide. Biologically stable drinking water is especially important for non-chlorinated 
drinking water distribution systems (van der Kooij and Veenendaal, 2014) to limit bacterial 
growth that might take place during transport and distribution. Traditionally, biological 
stability is assessed by the available nutrients to support bacterial growth in water, namely 
biodegradable dissolved organic carbon (BDOC) (Servais et al., 1987; Huck, 1990) and 
assimilable organic carbon (AOC) (van der Kooij et al., 1982; Hammes and Egli, 2005). In 
addition to nutrient measurement, biological stability has been recently assessed by direct 
measurement of the bacterial growth potential (BGP) of water, which is defined as the level 
of bacterial growth that can occur in water samples under predefined conditions in the 
laboratory (Prest et al., 2016a). 

The BGP can be measured based on cell count by flow cytometry (FCM) or adenosine 
triphosphate (ATP) by luminometer under various environmental conditions (Prest et al., 
2016b; Nescerecka et al., 2018). FCM is a rapid bacterial quantification tool based on 
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fluorescence staining of total and intact cells, while ATP is the energy currency of all living 
cells measured based on bioluminescence analysis, which is an indicator of viability 
(Abushaban et al., 2019). BGP assessment by FCM or ATP overcomes the limitations of 
the traditional biological stability assessment methods that are based on plate counting, in 
terms of rapidity, accuracy, and laborious demands (Hammes et al., 2010b; Prest et al., 
2016b; van Nevel et al., 2017). However, there are no guidelines based on FCM or ATP as 
these parameters are still used for research purposes. Moreover, FCM and ATP 
measurements are beneficial for the complete detection of bacterial cells in water, allowing 
for using a natural bacterial inoculum for BGP tests to ensure the consumption of a wider 
range of organic compounds present in the water (Hammes and Egli, 2005). 

Several studies have used both FCM and ATP in field-testing for monitoring water quality 
in treatment plants and distribution systems (Vital et al., 2012; Farhat et al., 2018), where 
the relationship between instant FCM and ATP measurements has been investigated. By 
measuring BGP of different water types, Farhat et al. (2018) found that ATP and FCM 
results did not show the same trend due to the nature of each method, where ATP measures 
variable energy carrier compounds within cells, while FCM measures the numerical growth 
of bacteria. Based on these observations, the authors suggested combining both methods for 
more insight into bacterial growth potential. However, the reason behind the different BGP 
trends with FCM and ATP and the interpretation of this difference still need further 
investigation for conventional drinking water and more especially for ultra-low nutrient 
drinking water such as remineralised reverse osmosis (RO) permeate. The latter water type 
is the focus of this study where a very low BGP has been reported for drinking water 
produced by RO-based treatment (Sousi et al., 2018). 

Therefore, the objective of this study was to combine the outcome of BGP obtained by FCM 
intact cell count (BGPICC) with that by ATP (BGPATP). Two water types were used to 
conduct this comparison, namely: conventionally treated drinking water with a relatively 
high nutrient content versus ultra-low nutrient water produced by RO-based treatment (RO 
and remineralisation). The comparison included the ratio between the BGPICC and BGPATP 
of these types of water, as well as the ratio between intact cell-yield (YICC) and ATP-yield 
(YATP) obtained for each water type. Moreover, nutrient limitation was investigated in each 
water type with both BGPICC and BGPATP. 

5.2 Materials and methods 

5.2.1 Water samples 

This study was conducted at the Oasen drinking water treatment plant located in Kamerik, 
the Netherlands, which supplies 340 m3/h of drinking water. The detailed description of 
treatment and water quality is given in Sousi et al. (2020a). In short, the plant currently treats 
anaerobic groundwater by conventional means comprising dry sand filtration (rapid sand 
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filters fed with spray aerated water), pellet softening, rapid sand filtration, activated carbon 
filtration, and UV disinfection. The finished conventionally treated drinking water (Tap-
water) is stored in the clean water reservoir, from which samples were collected during this 
study. A pilot-scale advanced treatment scheme (7 m3/h) is installed at the same location to 
treat anaerobic groundwater directly by reverse osmosis (RO) with a total recovery of 75%. 
Thereafter, RO permeate is post-treated with ion exchange, remineralisation by calcite 
contactors, magnesium dosing, and tower aeration. Additional details about the 
conventional and RO-based water treatment schemes can be found in Table 5.1.  

 

Table 5.1. The detailed configurations of the conventional and RO-based treatment lines at the 
drinking water treatment plant. 

 Treatment step Details 
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Dry sand filtration 5 units (2 m bed height, 28 m2 surface area) 
Residence time ~ 2.5–5 min 
Backwash: every 48 hours, 20 min cycle, 250 m3 volume 

Tower aeration 2 units (3 m height, 2.5 m2 surface area) 
Packing material: Pall-rings, 100 mm 
Co-current air flow 
RQ ~5–10 

Pellet softening 4 units (5 m height, 1.4 m2 surface area) 
Residence time ~5.5 min 
Chemical: NaOH (pH ~8.5–10)  
Sand grains: 0.15–0.40 mm 

Submerged sand filtration 3 units (2 m bed height, 18 m2 surface area) 
Hydraulic retention time ~ 21 min 
Backwash: every 60 hours, 15 min cycle, 100 m3 volume 

Granular activated carbon 
filtration 

3 units (2 m bed height, 10 m2 surface area) 
Residence time ~12–15 min 
Regeneration: Every 37,500 m3/m3 bed volume 

UV disinfection Medium-pressure UV unit 
UV dose = 20 mJ/cm2 

Clean water reservoir Total volume = 7,430 m3 
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RO filtration Total recovery = 75%  
3 filtration stages: 9, 3, and 1 pressure vessels 
3 elements per vessel 
Membrane surface area = 7.43 m2 
Feed water pre-treatment: cartridge filter 

Ion exchange LEWATIT S 2568 synthetic cation resin 
Volume = 0.70 m3 
Residence time ~1.5–2.25 min 

Remineralisation calcite contactors 
EBCT ~ 15–20 min 

Tower aeration 2 units (Volume = 1.24 m3) 
Packing material: 38-8 plastic Raflux-Rings, 15 mm 
Counter-current air flow 
Ratio of air to water flow (RQ) ~ 10–15 
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The blank was prepared by correcting the mineral content of water collected directly after 
RO filtration (i.e., RO permeate) at the laboratory using ultrapure chemical stock solutions, 
where the final concentrations were as follows: NaHCO3 (pH of 7.8±0.2, 122 mg/L HCO3 ), 
CaCl2 (40 mg/L Ca2+), and MgCl2 (4 mg/L Mg2+). The blank (laboratory-remineralised RO 
permeate) is denoted as RO-water. The water quality analysis of Tap-water and RO-water, 
including LC-OCD analysis and AOC determined according to van der Kooij et al. (1982), 
is shown in Table 5.2. The cell count in RO permeate (2 × 103 total cells/mL and 103 intact 
cells/mL) was lower than that reported in other studies (Dixon et al., 2012; Thayanukul et 
al., 2013; Buysschaert et al., 2018; Fujioka et al., 2018), which might be attributed to the 
anaerobic operation of RO in this study that resulted in limited bacterial growth on RO 
membranes, or different methods used for cell counting. 

 

Table 5.2. The properties of conventionally treated water (Tap-water) and laboratory-
remineralised RO permeate (RO-water). 

 n.a. not measured  

 

Parameter Tap-water RO-water 
T (°C) 11.8 12.7 
pH 8.1 7.8 
Turbidity (FTE) <0.1–0.4 <0.1–0.3 
O2 (mg O2/L) 8.3 9.1 
SI -0.07–0.18 -4.38–0.23 
Total hardness (mmol/L) 1.2 1.1 
Conductivity (mS/m) 63.2 20.9 
Bicarbonate (mg HCO3/L) 219.5 132.2 
Cl (mg Cl/L) 74.6 n.a. 
F (mg F/L) 0.1 <0.02 
Al (μg Al/L) 3.8 <2 
SO4 (mg SO4/L) 50.7 n.a. 
Na (mg Na/L) 101.6 n.a. 
Fe (mg Fe/L) 0.01 n.a. 
Mg (mg Mg/L) 15.5 3.5 
Mn (mg Mn/L) <0.005 <0.005 
Ca (mg Ca/L) 22.7 40.4 
Ortho P (μg/L PO4-P) <1.0 <1.0 
AOC P17, NOX (μg/L Ac-C) 4.2 ± 0.3 3.8 ± 0.2 
DOC (μg C/L) 5980 <200 
     Biopolymers (μg-C/L) <100 <100 
     Humic substances (μg-C/L) 4260 <200 
     Building blocks (μg-C/L)  969 <200 
     Neutrals (μg-C/L) 764 <200 
     Acids <200 <200 
NH4 (mg N/L) <0.02 <0.02 
NO2 (mg N/L) <0.003 <0.003 
NO3 (mg N/L) 2.89 0.23 
Total cell count by FCM (× 103 cells/mL) 740 ± 93 2 ± 0.5 
Intact cell count by FCM (× 103 cells/mL) 539 ± 58 1 ± 0.3 
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5.2.2 Bacterial growth potential (BGP) test 

The bacterial growth potential (BGP) of water was measured according to Sousi et al. 
(2018). In short, samples of Tap-water and RO-water were collected in AOC-free glassware 
that is treated at 550 °C for 6 h. Thereafter, samples were pre-treated at the laboratory by 
pasteurisation (70 °C for 30 min) to inactivate indigenous bacteria before inoculating with 
~104 ICC/mL (ICC: intact cell count) of a natural bacteria consortium originating from Tap-
water, where using RO permeate bacteria as an inoculum is not recommended due to their 
limited ability to consume complex organic carbon (Sousi et al., 2020b). Pre-treated samples 
were distributed between three individual AOC-free vials (i.e., triplicate measurements per 
sample), incubated in the dark at 30 °C, and lastly measured for intact cell count (ICC) or 
ATP over a growth period of 20 days. BGP was expressed as the maximum intact cell count 
or ATP concentration obtained during the incubation period. BGP based on intact cell count 
by FCM is denoted as BGPICC whereas BGP based on ATP is denoted as BGPATP. Moreover, 
a broth of trace elements was used for growth limitation experiments, where two stock 
solutions were prepared (pH ~7): stock solution A containing 5 mg/L CoCl2.6H2O and 10 
mg/L H3BO3; and stock solution B containing 500 mg/L MnSO4.7H2O, 10 mg/L 
ZnSO4.7H2O, and 300 mg/L FeSO4.7H2O. The stock solutions were kept in the dark at room 
temperature. Aliquots of 4 and 3.7 mL/L from stock solutions A and B, respectively, were 
added in water samples, resulting in final concentrations of 5 μg/L Co, 6.5 μg/L B, 359 μg/L 
Mn, 8.5 μg/L Zn, 215 μg/L Fe, and 345 μg/L S. Moreover, adding phosphate and nitrogen 
was accompanied with the addition of 29.2 μg/L K, as elaborated in the following sections. 

5.2.2.1 Intact cell count (ICC) 

ICC was measured using flow cytometry (BD Accuri C6® FCM, BD Biosciences, Belgium) 
coupled with DNA staining (a mix of SYBR® Green I and propidium iodide stains) as 
previously described by Prest et al. (2016a). The detection limit is 103 ICC/mL. Moreover, 
data obtained by FCM, namely the ratio of high and low nucleic acid bacteria (HNA and 
LNA) as well as forward and sideward scatter signals (FSC and SSC), were analysed for 
both water types as described by Wang et al. (2009). 

5.2.2.2 Adenosine triphosphate (ATP) 

Intracellular ATP from microorganisms was measured according to the filtration-based 
method described by Abushaban et al. (2019) using a Water-Glo testing kit (lysis reagent 
and detection reagent) and a GloMax®-20/20 Luminometer (Promega Corp., USA). The 
detection limit is 0.1 ng ATP/L. An ATP calibration line was prepared for each water type 
(Tap-water and RO-water) to convert the measured emitted light (relative light units, RLU) 
into intracellular ATP concentration, as shown in Figure 5.1. 
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Figure 5.1. The ATP calibration line prepared for conventionally treated water (CTW, A) and 
laboratory-remineralised RO permeate (lab-Remin, B) to convert the measured emitted light 
(RLU) into intracellular ATP concentration. 

 

5.2.3 Experimental approach 

Experiments were conducted with two types of water: conventionally treated water (Tap-
water) and ultra-low nutrient drinking water prepared by remineralising RO permeate (RO-
water). Samples of Tap-water and RO-water were pasteurised and inoculated with bacteria 
originating from Tap-water as described in the previous section. Thereafter, six different 
nutrient combinations (carbon, phosphate, and nitrogen) were added to these samples prior 
to BGP measurement, as shown in Figure 5.2, where: 

- zone A represents the actual BGP of Tap-water or RO-water without the addition of 
nutrients (results presented in Figure 5.3);  

- zone B represents BGP measurement with the addition of C:N:P up to a ratio of 
100:10:1 according to bacterial elemental composition (Hammes and Egli, 2005) 
(results presented in Figure 5.6); and  

- zone C represents BGP measurement with the addition of extra carbon considering 
a C:N:P ratio of 100-300:10:1 (results presented in Figure 5.10). 

Nutrients were added from the following stock solutions: 0.219 g/L KH2PO4 (for phosphate 
addition), 3.607 g/L KNO3 (for nitrogen addition), and 1,000 ± 50 mg/L Ac-C (for carbon-
acetate addition). Bacterial yield (Y) is calculated from the slope of the linear increase in 
ICC or ATP with the standard carbon addition. 
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Figure 5.2. The experimental approach and test zones (A, B, and C) showing the possible 
scenarios for the BGP of conventionally treated water (Tap-water) and remineralised RO 
permeate (RO-water) with the addition of nutrients. Zone A: BGP without the addition of 
nutrients (results given in Figure 5.3); zone B: BGP with the addition of C:N:P up to a ratio of 
100:10:1 (results given in Figure 5.6); and zone C: BGP with the addition of extra carbon 
considering a C:N:P ratio of 100-300:10:1 (results given in Figure 5.10). 

 

Based on the BGP results, the following calculations were made:  

Ratio BGPICC = (BGPICC of Tap-water) / (BGPICC of RO-water) 

Ratio BGPATP = (BGPATP of Tap-water) / (BGPATP of RO-water) 

Ratio YICC = (YICC of Tap-water) / (YICC of RO-water) 

Ratio YATP = (YATP of Tap-water) / (YATP of RO-water) 

In addition to the previous calculations, the growth-limiting nutrient was determined using 
BGPICC and BGPATP as described in Sousi et al. (2020a). 

5.2.4 Statistical analysis 

The significance level of observed differences between samples was examined using 
Student’s t-test and one-way analysis of variance (ANOVA) test after affirming the data 
normality (Q-Q plots, Chi-squared tests, and Kolmogorov-Smirnov tests). In addition, a 
simple linear correlation between two quantitative variables was applied. Calculations for 
statistical analysis were conducted using the Microsoft Excel software (version 2013) 
considering 95% confidence interval (alpha of 0.05). 
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5.3 Results 

5.3.1 The ratio of BGPICC and BGPATP between Tap-water and 
RO-water 

The BGPICC of Tap-water and RO-water without the addition of any nutrient were 436 ± 20 
× 103 and 58 ± 3 × 103 ICC/mL, respectively, as shown in Figure 5.3A, which resulted in a 
BGPICC ratio of about 7.5 between the two water types. The corresponding BGPATP under 
the same conditions were 20.10 ± 1.40 and 4.32 ± 1.10 ng ATP/L, respectively, as shown in 
Figure 5.3B, the ratio of which was about 4.5. The results of BGPICC and BGPATP clearly 
demonstrated that the ratio of BGP between Tap-water and RO-water was significantly 
influenced by the parameter used (i.e., ICC by FCM vs. ATP). Moreover, based on the 
aforementioned observations, the ATP per cell for Tap-water (4.6 × 10-17 g ATP/cell) was 
considerably lower than that of RO-water (7.4 × 10-17 g ATP/cell). 

 

 

 

Figure 5.3. The reduction in BGPICC (7.5 times, A) and BGPATP (4.5 times, B) obtained by 
applying RO treatment (RO-water) as compared with conventional water treatment (Tap-
water) (zone A in Figure 5.2). 

 

5.3.2 The intact cell-yield (YICC) and ATP-yield (YATP) based on 
the growth curves of Tap-water vs. RO-water 

The BGPICC and BGPATP were determined for each carbon concentration (0-300 μg/L Ac-
C) based on the 14 days’ growth curves of ICC (Figure 5.4) and ATP (Figure 5.5). The ATP 
concentration after pasteurisation on the first test day was <0.1 ng/L in both water types. 
However, the corresponding ICC in RO-water was <103 ICC/mL, whereas Tap-water 
contained around 100 × 103 ICC/mL of pasteurisation-resistant cells, which could not grow 
during the growth test period (Sousi et al., 2020b). 
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For RO-water, it was observed that the growth peak was quicker obtained with ATP than 
ICC (3 days vs. 4-7 days) for all carbon concentrations. Similar phenomenon was observed 
for Tap-water when >5 μg/L Ac-C was added, where a second ATP peak was also observed 
after 7-10 days. However, for Tap-water with low carbon concentrations (0-5 μg/L Ac-C), 
both ATP and ICC peaks were obtained after 7-10 days. In addition, Figures 5.4 and 5.5 
clearly demonstrate that ATP concentration significantly dropped after reaching the peak, 
especially with the addition of high carbon concentrations, irrespective of the type of water. 
On the contrary, ICC was maintained around the peak value until day 14 when considering 
low carbon concentrations (0-100 μg/L Ac-C), whereas a drop in ICC was observed after 
day 4 to 6 at carbon concentrations of 200 and 300 μg/L Ac-C.  

 

 

 
  

Figure 5.4. The growth (30 °C; 14 days) of bacteria originating from conventionally treated 
water in their own water (A) and RO-treated water (B) obtained by FCM after inoculating 
with ~104 ICC/mL. Each curve represents the growth on a certain carbon concentration (0-
300 μg/L Ac-C). Error bars represent the standard deviation of triplicate samples.  
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Figure 5.5. The growth (30 °C; 14 days) of bacteria originating from conventionally treated 
water in their own water (A) and RO-treated water (B) obtained by ATP. Each curve 
represents the growth on a certain carbon concentration (0-300 μg/L Ac-C). Error bars 
represent the standard deviation of triplicate samples. 

 

The analysis of FCM data showed that 80% of the cells growing in Tap-water and RO-water 
were HNA bacteria. However, both FSC and SSC signals were higher for RO-water than 
Tap-water at all carbon concentrations, indicating larger bacterial cells in RO-water, i.e., an 
average of 2,200 vs. 880 for FSC and 2,100 vs. 1,200 for SSC, respectively (Table 5.3). 

 

Table 5.3. The ratio of high nucleic acid (HNA) bacteria and maximum forward scatter (FSC) 
and sideward scatter (SSC) of HNA bacteria during the growth in Tap-water and RO-water. 

Tap-water RO-water 
C (μg/L Ac-C) HNA% FSC SSC HNA% FSC SSC 
0 65% 903 1,218 81% 1,091 2,351 
5 61% 889 1,186 83% 1,753 2,172 
50 80% 749 1,093 84% 2,137 1,812 
100 88% 769 1,093 85% 2,643 2,629 
200 89% 911 1,279 86% 2,483 1,767 
300 91% 1,081 1,423 86% 3,231 1,981 
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YICC and YATP for both water types were determined based on the slope of the linear increase 
in BGPICC and BGPATP with the standard addition of carbon up to 100 μg/L Ac-C (Figure 
5.6), where carbon was not limiting the growth due to the addition of phosphate (1 μg/L 
PO4-P) and nitrogen (10 μg/L NO3-N) according to the ratio of C:N:P = 100:10:1. The YICC 
for RO-water was 4.6 ± 0.1 × 106 cells/μg-C, which was not influenced by the addition of 
trace elements (K, Co, H3BO3, Mn, Zn, Fe, and S, Figure 5.7), indicating that these trace 
elements were not the limiting factor for bacterial growth even in the ultrapure RO-treated 
water.  

For Tap-water, the YICC was 9.8 ± 0.6 × 106 cells/μg-C, which was ~2 times higher than that 
in the RO-water (Figure 5.6A). Conversely, the YATP for both water types was similar (ratio 
of ~1), which was 0.39 ± 0.12 and 0.42 ± 0.06 ng ATP/μg-C for Tap-water and RO-water, 
respectively (Figure 5.6B). 

 

                       

 

 
 

Figure 5.6. The intact cell-yield (YICC, cells/μg-C) and ATP-yield (YATP, ng ATP/μg-C) obtained 
for conventionally treated water (Tap-water) and laboratory-remineralised RO permeate 
(RO-water) at a carbon range of 0 (no carbon added) to 100 μg/L Ac-C. Phosphate (1 μg/L 
PO4-P) and nitrogen (10 μg/L NO3-N) were added to all samples (zone B in Figure 5.2). 
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Figure 5.7. The BGPICC obtained for laboratory-remineralised RO permeate (RO-water) at 
different carbon concentrations ranging from 0 (no carbon added) to 100 μg/L Ac-C, with and 
without the addition of trace elements (K, Co, H3BO3, Ca, Mn, Zn, Fe, and S). Phosphate (1 
μg/L PO4-P) and nitrogen (10 μg/L NO3-N) were added to all samples. Cell-yield is calculated 
based on the slope of each line. 

 

Based on the ICC and ATP results, the maximum ATP per cell was calculated for each 
carbon concentration (Figure 5.8). The ATP per cell values for RO-water were consistently 
2-4 times higher than these for Tap-water, where the spike of carbon in RO-water resulted 
in an increase of 50% in ATP per cell, even at 5 μg/L Ac-C. While for Tap-water, the ATP 
per cell values were stable around the same level for the whole carbon range of 0-300 μg/L 
Ac-C.  

           

 
 

Figure 5.8. ATP per cell for conventionally treated water (Tap-water) and laboratory-
remineralised RO permeate (RO-water) at different carbon concentrations ranging from 0 to 
300 μg/L Ac-C. Phosphate (1 μg/L PO4-P) and nitrogen (10 μg/L NO3-N) were added to all 
samples. 

 

 -
 100,000
 200,000
 300,000
 400,000
 500,000
 600,000

0 20 40 60 80 100

B
G

P I
C

C
(I

C
C

/m
L)

Carbon (μg/L Ac-C)

Without trace elements
With trace elements

Tap-water RO-water

0

1E-16

2E-16

3E-16

4E-16

5E-16

0 50 100 150 200 250 300

g 
A

TP
/c

el
l

Carbon (μg/L Ac-C)



Comparing the bacterial growth potential of ultra-low nutrient drinking water assessed by 
growth tests based on flow cytometric intact cell count versus adenosine triphosphate 

104 

5.3.3 Growth-limiting nutrient identified by BGPICC and BGPATP

for Tap-water vs. RO-water  

As shown in Figure 5.9, both BGPICC and BGPATP of Tap-water without the addition of 
nutrients were comparable to these of Tap-water with 1 μg/L PO4-P and 10 μg/L NO3-N 
added. Similarly, no significant difference was observed between the BGPICC and BGPATP 
of RO-water with or without the addition of carbon. Therefore, both BGPICC and BGPATP 
revealed that carbon was the growth-limiting nutrient in Tap-water as well as RO-water. 

 

  

  

Figure 5.9. The BGPICC and BGPATP obtained for conventionally treated water (Tap-water, A 
and B) and laboratory-remineralised RO permeate (RO-water, C and D) without the addition 
of nutrients or with the addition of phosphate and nitrogen (no carbon added). 

 

When carbon was added, clear differences were observed (Figure 5.10). For Tap-water, a 
linear increase in BGPICC was observed until the addition of 100 μg/L Ac-C when the ratio 
of added C:N:P was 100:10:1 (Figure 5.10A, left). Afterwards, a plateaued curve was 
established, where the difference in BGPICC was insignificant for 100, 200, or 300 μg/L Ac-
C addition (P <0.05) (Figure 5.10A, right). The BGPICC of Tap-water increased from 454 ± 
65 × 103 ICC/mL with no carbon addition to the level of 1,500 × 103 ICC/mL with the 
addition of 100, 200, or 300 μg/L Ac-C, indicating that there might be other elements (e.g., 
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phosphate) limiting cell multiplication. On the contrary, such a trend was not observed for 
BGPATP. With the addition of carbon from 0 to 300 μg/L Ac-C, the BGPATP of Tap-water 
showed a linear increase from 21.41 ± 1.62 ng ATP/L to 130.32 ± 27.14 ng ATP/L (Figure 
5.10B). The different trends observed for BGPICC and BGPATP indicate that though the cell 
number reached a stable level due to the limitation on cell multiplication, the cellular activity 
kept increasing. To obtain a holistic view, the actual C:N:P ratio was calculated by including 
the internally available nutrients in Tap-water and RO-water (Table 5.4). The original AOC 
in Tap-water was ~45 μg/L Ac-C (~10 times higher than AOC P17 and NOX) considering 
the YICC obtained in Figure 5.6A, meaning that the actual C:N:P ratio was 145:2910:~2 with 
the addition of 100 μg/L Ac-C. On the other hand, for RO-water, both BGPICC and BGPATP 
increased linearly along the whole range of carbon addition from 0 to 300 μg/L Ac-C (Figure 
5.10A and B), indicating that there was no growth or activity limitation observed for RO-
water. Remarkably, the BGPICC for RO-water was approaching but did not reach the cell 
number limitation observed for Tap-water (1,327 ± 48 × 103 vs. 1,500 × 103 ICC/mL). 

 

           

 

Figure 5.10. The differences observed in intact cell-yield (YICC, A) and ATP-yield (YATP, B) 
between conventionally treated water (Tap-water) and RO-treated water when phosphate was 
theoretically limiting bacterial growth: 100-300 μg/L Ac-C, 1 μg/L PO4-P, and 10 μg/L NO3-N 
(zone C in Figure 5.2). 
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Table 5.4. The actual C:N:P ratio under different conditions in Tap-water and RO-water. 
Internal AOC was calculated based on YICC obtained in Figure 5.6A. The concentrations of N 
and P were calculated based on the water quality analysis in Table 5.2.  

  C:N:P ratio 
 Carbon added (μg/L Ac-C)  μg/L Ac-C μg/L NO3-N μg/L PO4-P 

T
ap

-w
at

er
 

no addition (Actual ratio) 45 2900 ~ 1 
0 45 + 0 2900 + 10 ~ 1+1 
5 45 + 5 2900 + 10 ~ 1+1 
50 45 + 50 2900 + 10 ~ 1+1 
100 45 + 100 2900 + 10 ~ 1+1 
200 45 + 200 2900 + 10 ~ 1+1 
300 45 + 300 2900 + 10 ~ 1+1 

R
O

-w
at

er
 

no addition (Actual ratio) 10 250 ~ 1 
0 10 + 0 250 + 10 ~ 1+1 
5 10 + 5 250 + 10 ~ 1+1 
50 10 + 50 250 + 10 ~ 1+1 
100 10 + 100 250 + 10 ~ 1+1 
200 10 + 200 250 + 10 ~ 1+1 
300  10 + 300 250 + 10 ~ 1+1 

 

5.4 Discussion  

Intact cell count (ICC) and ATP measurements were used to evaluate the bacterial growth 
potential of conventionally treated water (Tap-water) and ultra-low nutrient water prepared 
by remineralising RO permeate (RO-water). Combining the results obtained by intact cell 
count and ATP allowed for integral understanding of the bacterial growth characteristics of 
each water type. In addition, trace elements, N, P, and different concentrations of acetate 
carbon were added for performing a matrix of BGP tests, which allowed for the investigation 
of growth limiting factors and the comparison between ICC and ATP for measuring 
bacterial growth dynamics.  

5.4.1 Reduction in BGPICC and BGPATP achieved by RO-based 
treatment

In the present study, both BGPICC and BGPATP showed that RO-based treatment (RO-water) 
resulted in a significantly lower BGP than that of conventional treatment (Tap-water) 
(Figure 5.3), which is in line with previous findings on RO performance for controlling 
bacterial growth (Park and Hu, 2010; Thayanukul et al., 2013; Sousi et al., 2020a). This 
could be explained by the high AOC rejection efficiency of RO membrane (Escobar et al., 
2000; Hong et al., 2005). In addition, although the same bacterial consortium was inoculated 
in both water types, the difference in water matrix might have also contributed to the 
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reduction in BGP achieved by RO treatment, such as the difference in inorganic and/or trace 
elements. For example, the conductivity in RO-water was 3 times lower than that of Tap-
water (20.9 mS/m vs. 63.2 mS/m, Table S2). The BGP tests performed on RO-water with 
addition of Ca, Mg, HCO3-, and other essential trace elements (i.e. K, Co, Zn, Fe, Mn, S, 
and hydrogen borate) confirmed that none of these elements was the growth limiting factor 
in the ultra-low nutrient RO permeate. Based on the previous observations, it is hypothesised 
that bacterial in RO-treated water might be limited not only by organic compounds but also 
by certain inorganic constituents that were present in Tap-water at extremely low 
concentrations, which were not included in this study. 

However, the results revealed that the magnitude of BGP reduction was dependent on the 
parameter used, where BGPICC showed a higher reduction ratio (7.5 times) compared with 
BGPATP (4.5 times). The different degree of bacterial growth measured by ICC and ATP 
was previously reported, and attributed to the discrepancy of the two measurements and the 
possibility of missing the ATP peak because of the rapid increase and collapse in ATP values 
when readily available carbon such as acetate is added (Farhat et al., 2018). Such 
discrepancies were observed in the present study, where the measurement of bacterial 
growth with the addition of acetate carbon revealed that the ATP peak was obtained after 3 
days while the ICC reached the peak within 4-7 days (Figures 5.4 and 5.5). Moreover, Farhat 
et al. (2018) argued that both methods are accurate and reliable, while the definition of 
growth in terms of cell multiplication or active biomass formation dictates which method 
evaluates the growth better, and suggested that the combination of BGPICC and BGPATP, 
together with the parameter ATP per cell offers more insight into growth potential. 

Although the same bacteria originating from conventionally treated water were used as an 
inoculum in the present study, the ATP per cell of RO-water was consistently higher (2-4 
times) than that of Tap-water, indicating that there might be different bacteria thrived in the 
two water types. The higher ATP per cell in RO-water was in line with the FCM data (FSC 
and SSC signals), which were higher in RO-water compared with Tap-water, affirming the 
larger cell size in RO-water (Wang et al., 2009; Sousi et al., 2020a). It is well known that 
the level of ATP production is influenced by environmental conditions (Hespell and Bryant, 
1979; Boström and Törnblom, 1990), where ATP production would be affected when cells 
are subjected to conditions that are different from their original environment, which could 
explain the higher ATP per cell in RO-water compared with Tap-water. Moreover, the 
standard carbon addition tests showed that the Tap-water bacterial consortium inoculated in 
RO-water converted carbon into ATP for bioactivities (e.g., synthesis of reserve materials, 
mobility (Hammes et al., 2010b; Mempin et al., 2013)) as efficient as in their own water, 
where a comparable YATP was observed in both water types. However, two ATP peaks were 
observed in Tap-water, corresponding to the added readily available organic carbon (first 
peak) and the natural organic compounds present in water (second peak) (van der Kooij et 
al., 2017). The second peak was not observed in RO-water because of its ultra-low nutrient 
content, specifically complex organic compounds as measured by LC-OCD (Table 5.2). The 
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concentration of ATP quickly dropped after the first peak in both water types, which could 
be attributed to the rapid response of ATP production to environmental changes i.e., the 
addition and consumption of acetate in this case. The drop in intracellular ATP 
concentrations could imply increasing extracellular ATP during growth (Mempin et al., 
2013; Ihssen et al., 2021), or an actual decrease in intracellular ATP due to physiological 
reasons (i.e., less active cells). The quick drop in intracellular ATP was not accompanied 
with a significant decrease in cell numbers, indicating that cells were maintaining 
themselves with low levels of energy and bioactivities. 

Bacterial growth in term of intact cell count, and thus intact cell-yield, was significantly 
affected by the change in the surrounding environment (Tap-water vs. RO-water), where the 
rate of cell synthesis in RO-water was hindered. According to this comparison, it is 
suggested that bacteria inoculated in an unfavourable environment (RO-water) tend to 
convert available nutrients into energy source (ATP) for surviving rather than synthesising 
new cells. Although the same inoculum was used, there might be different bacteria thrived 
in Tap-water and RO-water, especially considering the significantly different ATP per cell 
between the two water types. For future research, it is recommended to investigate the 
dynamics of bacterial communities and identify which members become dominant during 
bacterial growth in each water type, which will be valuable for understanding bacterial 
growth from community composition and structure level. This is especially important 
considering that each water type contained different bacterial communities (Sousi et al., 
2020a). 

5.4.2 The role of phosphate in bacterial growth and the 
maximum intact cell-yield per μg PO4-P

In the present study, both BGPATP and BGPICC clearly showed that carbon was the growth 
limiting nutrient in Tap-water and RO-water. However, different trends of bacterial growth 
were observed when >100 μg/L Ac-C was added, which could be attributed to the phosphate 
limitation established in Tap-water. This is because nitrogen limitation could be clearly 
excluded as a result of the data presented in Table 5.2, i.e., excess NO3-N at 2910 and 260 

g/L in Tap-water and RO-water, respectively. Additionally, no growth-limitation effect 
was observed for a wide range of trace elements (K, Ca, Mg, Mn, Co, Zn, Fe, H3BO3, and 
S, Figure 5.7), where even in RO-water, there were sufficient trace elements for cell 
multiplication until the addition of 300 μg/L Ac-C (Figure 5.10A). Therefore, trace elements 
limitation was excluded. As such, the actual C:P ratio when changing from carbon-limited 
(Figure 5.2, zone B) to carbon-excess (Figure 5.2, zone C) conditions in Tap-water was 
145:2, which is between the Redfield ratio of 100:1 (Hammes and Egli, 2005) and the 50:3 
ratio for exponentially growing cells under carbon-limited conditions (Egli, 2009). This 
complies with the consensus of variable microbial cell composition, which is highly 
dependent on the cultivation conditions (Herbert, 1961). 
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The difference regarding the BGPICC and BGPATP trends of Tap-water with phosphate 
limitation suggested that phosphate is an essential element necessary for biomass synthesis 
(Jansson, 1988; Miettinen et al., 1997), but phosphate limitation did not influence the 
formation of bacterial ATP, because carbon was the main nutrient needed by bacteria to 
produce ATP required for bio-activities regardless whether new biomass was synthesised or 
not (Giorgio and Cole, 1998). In other words, this finding indicates that BGPATP cannot be 
used to detect phosphate limitation in water or to measure growth potential in term of cell 
synthesis when phosphate is the growth limiting nutrient. 

Interestingly, the maximum number of cells obtained in Tap-water at 100 μg/L Ac-C 
addition and in RO-water at 300 μg/L Ac-C addition was in the same range (1.3-1.5 × 106 
ICC/mL). Therefore, it is reasonable to hypothesise that this is the maximum intact cell 
count which could be synthesised out of the total available phosphate (i.e., phosphate 
already present in water as well as the added 1 μg/L PO4-P). Assuming that the already 
present phosphate in water was around the method detection limit of 1 μg/L PO4-P (reported 
values were 0.8-0.9 μg/L PO4-P for both water types), intact cell-yield growing on 
phosphate could be estimated in the range of 0.70 ± 0.05 × 109 cells/μg PO4-P, indicating 
that significant bacterial growth could be promoted at extremely low phosphate 
concentrations (Miettinen et al., 1997). 

To the best of our knowledge, this is the very first study discussing the potential intact cell-
yield quantified by FCM on phosphate in drinking water, where there was no data available 
for comparison. The reported yield based on the standard plate count method was about 3.73 
× 105 CFU/μg PO4-P (Lehtola et al., 1999), which is much lower than that obtained based 
on FCM. This difference might be caused by the fact that only Pseudomonas 
fluorescens P17 was used and less than 1% of bacteria in water could be plate cultivated 
(Hammes and Egli, 2005; van Nevel et al., 2017). It is worthwhile to mention that a different 
cell-yield based on phosphate can be obtained for other types of water, which was observed 
in this study for cell-yield based on carbon (i.e., different cell-yield between Tap-water and 
RO-treated water). 

5.4.3 Practical insights 

BGP test: BGPICC and BGPATP are increasingly applied for the assessment of biological 
stability of drinking water. In general, it is agreed that both methods are rapid, accurate, and 
reproducible, where BGPICC measures cell synthesis and BGPATP measures cellular activity 
(Vital et al., 2012; Prest et al., 2016a; van der Kooij et al., 2017; Farhat et al., 2018; Sousi 
et al., 2020a). As reported in this study and elsewhere, the combination of BGPICC and 
BGPATP, in addition to the traditional methods for cell measurement such the determination 
of cell density and bio-volume, can provide more insight into the bacterial growth, e.g., in-
depth understanding of cell growth stages and the role of growth limiting nutrients. In 
addition, the present study has also demonstrated BGPATP could not reveal the BGP of 
phosphate-limited samples. Therefore, for the choice of BGP method, BGPICC would be 
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suitable for all cases, while BGPATP should be applied only on the carbon-limitation cases. 
Since most of drinking water is carbon-limited (van der Kooij et al., 1982; Huck, 1990; 
Schurer et al., 2019; Sousi et al., 2020a), both methods are suitable to be used for bacterial 
growth potential assessment. 

Microbially available phosphate (MAP). As discussed in this study and elsewhere, it is 
clear that even a very low concentration of phosphate (<1 μg/L PO4-P) can promote 
extensive microbial growth (e.g. >106 ICC/mL) (Lehtola et al., 1999; Nescerecka et al., 
2018). However, the traditional method for phosphate measurement with the current 
detection limit of 1 μg/L PO4-P can hardly be helpful for bacterial growth evaluation. Using 
Pseudomonas fluorescens P17 and plate count, Lehtola et al. (1999) was able to develop a 
sensitive bioassay for determining MAP in water, with a detection limit of 0.08 μg/L PO4-
P. The present study demonstrated that by using natural bacterial consortium as an inoculum 
and applying FCM for intact cell quantification, the MAP bioassay could be significantly 
improved regarding the representativity and sensitivity (i.e., lower limit of detection). Such 
a bioassay will be especially valuable for the ultra-low nutrient drinking water, where 
phosphate concentration is below the current detection limit, but the bacterial growth in 
water might be phosphate-limited. Another advantage of such a bioassay is that it can be 
used to measure all types of phosphate that are of importance for bacterial growth in drinking 
water. 
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5.5 Conclusions 

The assessment of bacterial growth potential (BGP) using both flow cytometric intact cell 
count (ICC) and adenosine triphosphate (ATP) is especially useful as additional 
complementary information can be obtained from the combined tests (BGPICC and BGPATP). 
Comparing conventionally treated drinking water (Tap-water) and ultra-low nutrient water 
prepared by remineralising RO permeate (RO-water) using both methods revealed that: 

Although the same bacterial inoculum (originating from Tap-water) was used, the 
BGPICC ratio between Tap-water/RO-water was about 7.5, whereas the BGPATP ratio 
was about 4.5. 

Regarding the yield of bacteria growing on acetate, a comparable ATP-yield was 
obtained for Tap-water and RO-water (0.39 ± 0.12 vs. 0.42 ± 0.06 ng ATP/μg-C, 
respectively), whereas the intact cell-yield was significantly different (9.8 ± 0.6 × 
106 vs. 4.6 ± 0.8 × 106 cells/μg-C).  

A consistently higher ATP per cell was observed for RO-water compared with Tap-
water, which could be attributed to the fact that the inoculum used was adapted to a 
significantly higher salinity and a broader range of trace elements than these present 
in remineralised RO permeate. This indicates that bacterial growth in ultra-low 
nutrient water could be limited not only by organic compounds, but also inorganic 
constituents. 

Carbon was identified as the growth-limiting nutrient in the two types of water 
studied by both BGPICC and BGPATP. With the addition of extra carbon, phosphate 
limitation was detected with BGPICC but not BGPATP, suggesting that a combination 
of carbon and phosphate is essential for the synthesis of new cells, whereas carbon 
is probably used as an energy source for other bacterial activities measured by ATP 
when phosphate is limited. 

The intact cell-yield growing on phosphate was estimated at 0.70 ± 0.05 × 109 
cells/μg PO4-P, indicating that significant bacterial growth could be promoted when 
extremely low concentrations of phosphate are available.
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This dissertation presented a detailed investigation of the development and application of 
current biological stability assessment methods for ultra-low nutrient drinking water 
produced by reverse osmosis (RO) and remineralisation, taking into consideration the high 
sensitivity of such water to external contamination during measurement. The main 
methodology followed in this dissertation to assess biological stability was measuring the 
bacterial growth potential (BGP) of water using flow cytometry (FCM), which was 
combined with other methods, including measuring BGP by adenosine triphosphate (ATP) 
and describing bacterial community composition by 16S rRNA gene sequencing, to obtain 
a holistic perspective of biological stability of this type of drinking water. 

To achieve the aim of this research, a pilot-scale treatment scheme comprising anaerobic 
RO filtration, ion exchange, remineralisation by calcite contactors, and lastly tower aeration 
has been installed in a drinking water treatment plant in the Netherlands, where the existing 
full-scale treatment scheme comprises conventional treatment technologies set-up in the 
following order: (dry) sand filtration, tower aeration, pellet softening, carry-over submerged 
rapid sand filtration, granular activated carbon filtration, and lastly UV disinfection. Both 
conventional and RO-based treatment schemes purified anaerobic groundwater, and the 
product water of each treatment line was collected and assessed for biological stability. The 
following sections summarise the general conclusions and future perspectives that can be 
drawn from this dissertation.  

6.1  General findings 

The findings of this dissertation can be divided into three main directions with respect to 
BGP measurement of water, with a special focus on ultra-low nutrient drinking water 
produced by RO and remineralisation, as follows: 

Further development of the bacterial growth potential method using flow cytometry 
for ultra-low nutrient drinking water produced by RO and remineralisation (Chapter 
2 and 3). 

On-site application of the improved BGP method to compare water produced by RO 
and remineralisation with that of conventionally treated drinking water that is 
currently distributed in the Netherlands (Chapter 2, 3 and 4). 

Exploring the combination of BGP measurement using FCM and other biological 
stability assessment methods, namely: BGP measurement using ATP and bacterial 
community composition using 16S rRNA gene sequencing, to obtain in-depth 
understanding of bacterial growth characteristics of ultra-low nutrient water treated 
by RO and remineralisation (Chapter 4 and 5). 
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The following sections highlight the main findings that can be drawn from each 
aforementioned aspect. 

6.1.1 Bacterial growth potential method development 

The main objective of this dissertation was to further develop the current BGP method, using 
FCM, for the assessment of biological stability of ultra-low nutrient water produced by RO 
and remineralisation (i.e., RO-treated water). 

The development of methodological aspects of the BGP method showed the following: 

FCM analysis is reproducible for RO-treated water where changes in bacterial cell 
count and fluorescence fingerprints could be detected after on-site post-treatment 
processes or laboratory-adjustments of RO permeate samples (e.g., standard nutrient 
addition) (Chapter 2, 3, and 4). 

The current limit of detection of the BGP method was suitable for drinking water 
produced by conventional treatment means such as sand filtration and activated 
carbon filtration. However, the limit of detection was significantly higher than the 
BGP of water produced by RO and remineralisation, urging the need for a lower 
limit of detection in order to be able to reliably measure the BGP of ultra-low nutrient 
water. This has been achieved by producing ultra-pure blank water after adjusting 
the chemical content of RO permeate (at the laboratory) to levels similar to that in 
drinking water (Chapter 2). Moreover, the protocol proposed in this chapter to 
produce an ultra-pure blank can be applied to other types of water (e.g., distilled 
water). 

The purpose of pre-treatment of water samples in traditional biological stability 
assessment methods was to inactivate indigenous bacteria prior to inoculating with 
a controlled consortium of pure bacterial strains. The development of analytical 
methods to measure bacteria in water (e.g., FCM and ATP) allowed for using natural 
bacterial consortium as inoculum in the BGP test, as a result of which some 
researchers proposed new methods omitting any pre-treatment step. In this 
dissertation, however, pre-treatment was essential for samples of ultra-low nutrient 
water produced by RO and remineralisation to ensure the reliability of BGP results. 
For instance, sloughing of bacterial cells from the treatment unit was observed under 
certain conditions, resulting in initial cell counts higher than the maximum growth 
(Chapter 2). Commonly, available methods of biological stability assessment 
consider pre-treatment by pasteurisation or membrane filtration. The latter had a 
pronounced negative influence on BGP of ultra-low nutrient water due to leaching 
of organic compounds from membrane filters despite extensive flushing prior to use. 
On the other hand, no significant effect of pasteurisation on the nutrient content of 
water was observed for ultra-low nutrient water as well as for conventionally treated 
drinking water tested in this study (Chapter 3). 



Conclusions and future insights 

116 

 

Inoculating water samples with a natural bacterial consortium is essential for BGP 
measurement to ensure complete consumption of a wide range of organic nutrients, 
and thus reliable BGP results. Due to the ultra-low nutrient content of water 
produced by reverse osmosis and remineralisation, inoculating this type of water 
with bacteria originating from conventionally treated drinking water resulted in 
undesired addition of nutrients, especially at high inoculum concentrations (Chapter 
2). Alternatively, inoculating ultra-low nutrient water produced by RO and 
remineralisation with bacteria originating from the same water type was evaluated, 
where these bacteria were found to have limited ability to utilise some types of 
organic compounds, more specifically organic carbon with complex molecular 
properties (Chapter 3). Therefore, throughout this dissertation, an inoculum 
concentration of 10 × 103 intact cells/mL originating from conventionally treated 
drinking water was considered since insignificant nutrient addition was observed at 
this concentration (Chapter 2). 

The developed BGP method is useful for the identification of factors and nutrients 
limiting bacterial growth in ultra-low nutrient water produced by RO and 
remineralisation (Chapter 4). 

The multi-parametric approach based on the combination of BGP measurement, 
nutrient analysis, and 16S rRNA gene sequencing offers in-depth insight into 
bacterial growth characteristics, as well as improving our understanding of why 
growth occurs (limiting nutrients) and which bacteria grow (dominant bacterial 
genera) in any type of water studied (Chapter 4). 

Measuring BGP using both FCM and ATP is useful to obtain an in-depth 
understanding of the growth characteristics of water as additional complementary 
information can be obtained from the combined tests. In this dissertation, the 
response of BGP measured by FCM to the limitation of inorganic nutrients in water 
was more pronounced than that of BGP measured by ATP, where a cell-yield from 
phosphate was estimated at 0.70 ± 0.05 × 109 cells/μg PO4-P (Chapter 5). 

6.1.2 Influence of reverse osmosis treatment on biological 
stability 

Application of the developed BGP method at a water treatment plant producing drinking 
water from anaerobic groundwater in the Netherlands, showed the following: 

The type of water treatment plays an important role in determining the biological 
stability of the final product water. Long term monitoring at a water treatment utility 
producing drinking water from anaerobic groundwater showed that treatment based 
on RO and post-treatment including remineralisation (i.e., RO-based treatment) has 
substantially reduced (>75%) the BGP compared with conventional treatment means 
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(Chapter 3 and 4). This reduction in BGP was mainly associated with the significant 
removal of organic and inorganic growth-promoting nutrients achieved by RO 
filtration (>99% removal) (Chapter 4).  

Within RO-based treatment, BGP was negatively influenced by post-treatment, 
where BGP of water samples collected directly after RO filtration (RO permeate) 
increased by 100% after the post-treatment processes as observed during long term 
monitoring (Chapter 3). This increase in BGP was accompanied by an increase in 
organic and inorganic nutrients due to the post-treatment processes (Chapter 4). 
Remineralisation by calcite contactors was the main source of additional nutrients, 
which was very high at the beginning of operating the units with fresh calcite grains 
(Chapter 2). 

No significant seasonal variations in BGP were observed from drinking water 
produced by advanced RO-based treatment (i.e., RO and post-treatment including 
remineralisation) or from conventional treatment (Chapter 3). This is associated with 
the relatively stable nature of groundwater (e.g., temperature, chemical composition, 
and organic content).  

For both types of treatment, organic carbon was the bacterial growth-limiting 
nutrient in the final water, even at very low concentrations of phosphate (<1 μg/L 
PO4-P) (Chapter 4). 

In addition to its effect on BGP, the type of water treatment also shaped the bacterial 
community of the finished treated water. Several bacterial genera were common 
between the anaerobic groundwater source water and the finished conventionally 
treated water. On the other hand, the bacterial genera identified in finished RO-
treated water were mainly introduced during the post-treatment processes, with no 
genera shared with the source anaerobic groundwater (Chapter 4).  

The aforementioned observations clearly demonstrate that applying RO filtration for 
producing drinking water is promising to considerably limit bacterial growth in water and 
the associated health and operational problems.  
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6.2 Future insights 

Achieving biological stability in non-chlorinated water distribution systems requires the 
production of drinking water that does not support excessive bacterial growth. RO filtration 
is a superior barrier for bacteria and growth-promoting nutrients in water, as a result of 
which RO-treated has a high degree of biological stability. The following sections present 
insights for future research. 

6.2.1 Methodological aspects 

In this dissertation, the current BGP method was further developed for ultra-low nutrient 
water produced by RO and remineralisation. The developed BGP method can, however, be 
applied for other ultra-low nutrient water types (e.g., distilled water), where further 
methodological developments could be considered. First of all, the limit of detection of the 
BGP method might be further lowered by testing different types of water as a blank other 
than RO permeate (proposed in this dissertation), for instance, distilled water produced at 
the laboratory under controlled conditions. Moreover, further investigation on the impact of 
various steps in the procedure can be carried out, such as glassware materials and methods 
of collecting aliquots from incubated glassware. 

Another factor that could be critical for other types of ultra-low nutrient water is the 
contamination caused by inoculation, even though this effect was negligible for the 
inoculum concentration used in this dissertation. Preparing AOC-free inoculum could be, 
therefore, considered, where regular validation is required by testing the ability of this 
inoculum to consume readily available as well as complex organic carbon in addition to 
performing 16S rRNA gene sequencing analysis for diversity control. 

The multi-parametric approach proposed in this dissertation to evaluate biological stability 
of drinking water offers in-depth insight into the stability and changes in microbiological 
water quality between different treatment lines considering bacterial growth potential 
assessment, nutrient measurement, and bacterial community composition analysis. The 
multi-parametric approach is recommended as a complementary approach when water 
quality deterioration is detected during regular monitoring at both the treatment and 
distribution stage of water production.  

It is important to highlight that bacterial growth due to the presence of methane was not 
considered in this research, where the proposed BGP method was carried out under aerobic 
conditions, allowing methane to escape during testing. The development of a method to 
measure BGP under anaerobic conditions is required to assess the impact of methane, which 
represents a challenge due to the volatile nature of methane. 
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6.2.2 Practical standpoint 

The developed BGP method in this dissertation is useful for practical applications, either as 
a standalone test or in combination with other analyses (i.e., nutrient measurement and 
bacterial community composition). The proposed method can be applied for regular 
monitoring of drinking water quality either at the treatment location or in the distribution 
network, where the frequency of monitoring is dependent on the source water used, as no 
seasonal variation was observed during this research for drinking water produced from 
anaerobic groundwater. In addition, this approach is useful for in-depth investigation of 
water quality deterioration or for future research purposes. For instance, the application of 
the proposed methods in this dissertation to a drinking water production site in the 
Netherlands revealed shortcomings of post-treatment processes that led to the deterioration 
of RO permeate quality. Therefore, some measures are recommended to mitigate the 
negative influences of post-treatment, such as using high quality calcite grains for 
remineralisation to prevent the introduction of organic and inorganic nutrients, and more 
frequent maintenance of the aeration towers to reduce internal bacterial growth on the 
packing material, or even investigating alternative remineralisation and aeration 
methodologies (e.g., extracting bivalent ions from RO concentrate, membrane aeration). 
Moreover, the findings of this dissertation were based a pilot-scale RO treatment scheme, 
and more work is needed to validate them on a full-scale treatment plant employing RO 
filtration.   

Looking from a different angle, the comparison between conventional and RO-based 
treatment in this dissertation demonstrated the possible quantitative and qualitative control 
of drinking water microbiology by using RO membranes as an absolute barrier for cells. 
Therefore, a reasonable future vision could be to manage the microbial ecology of drinking 
water distribution systems by introducing probiotic microbes through post RO treatment to 
occupy the niches and form a predictable and predefined microbial ecology in the 
distribution system. 

And lastly, this dissertation focused on drinking water at the production site. However, it is 
highly recommended to carry out further research to investigate the effect of RO-treated 
drinking water on microbial growth and ecology in the current distribution system fed with 
conventional drinking water, with a special focus on the transition period when switching 
from conventionally treated drinking water to RO-treated water. 
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ACF Activated carbon filtrate  

AGW Anaerobic groundwater  

ANOVA One-way analysis of variance  

AOB Ammonium-oxidising bacteria  

AOC Assimilable organic carbon 

ATP Adenosine triphosphate  

BDOC Biodegradable dissolved organic carbon  

BEW Bottled Evian water  

BFP Biofilm formation potential  

BGP Bacterial growth potential 

BGPATP Bacterial growth potential based on adenosine triphosphate  

BGPICC Bacterial growth potential based on intact cell count 

BGPmax Maximum bacterial growth potential 

BGPnet Net bacterial growth potential 

CC Calcite contactors  

CCA Canonical correspondence analysis  

CTW Conventionally treated drinking water  

DBPs Disinfection by-products  

DGW Deep groundwater  

DOC Dissolved organic carbon  

DSF Dry sand filtration  

FCM Flow cytometry  

GAC Granular activated carbon  

HMW High molecular weight polymers 

HNA High nucleic acid bacterial cells 

HPC Heterotrophic plate count 

ICC Intact cell count  

IEX Ion exchange  

lab-Remin laboratory-remineralised RO permeate 

LC–OCD Liquid chromatography–organic carbon detection 

LMW Low molecular weight polymers 

LNA Low nucleic acid bacterial cells 
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MOB Methane-oxidising bacteria  

NOB Nitrite-oxidising bacteria  
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PCoA Principal coordinates analysis 
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The aim of this thesis was to compare 
reverse osmosis and remineralisation with 
conventional treatment in terms of the 
Bacterial Growth Potential (BGP) of drinking 
water. However, existing BGP methods were 
unsuitable as the detection level was too high 
to measure ultra-low nutrient water produced 
by RO. Hence, the focus of this thesis was 
to: (i) further develop the method to reliably 
measure the BGP of RO permeate, (ii) apply 
the improved BGP method to compare RO 
and conventional treatment.  
Several improvements were made to the BGP 
method, resulting in >2.5-fold reduction in 
its detection limit, due to using an ultra-pure 
blank prepared from laboratory-remineralised 
RO permeate. Applying the improved method 
showed that the BGP of drinking water was 

reduced by >75% after RO compared with 
conventional treatment as >99% nutrient 
removal (carbon and phosphate) was 
achieved with RO. Moreover, remineralisation 
adversely affected RO permeate quality, and 
measures are recommended to mitigate the 
impact of post-treatment on BGP. 
The improved BGP method can be used to 
reliably monitor BGP of ultra-low nutrient 
water. This development opens up new 
avenues of research towards improved 
analytical techniques to identify compounds 
utilised by bacteria for growth and how to 
remove these during treatment as well as 
understanding the effect of ultra-low nutrient 
water on bacterial growth and ecology in 
distribution systems.  

This book is printed on paper 
from sustainably managed 
forests and controlled sources
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