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ABSTRACT 

 
Assessment of Bacterial Growth Potential in Reverse Osmosis Produced 

Chlorinated Drinking Water 

Alejandra Ibarra Felix 

 

Reverse Osmosis (RO) filtration is capable of producing high quality drinking 

water with an ultra-low nutrient level. Therefore, a very low bacterial growth potential 

(BGP). BGP is a key bioassay to evaluate microbial quality and the biological stability of 

drinking water.  

Current methods to assess BGP in drinking water need to be adapted to the wide 

variety of water types due to results could highly vary from each, providing unreliable 

insights to the biological stability of the assessed water.  

This study evaluates the application of an FCM-based BGP assay for RO produced 

chlorinated drinking water. The approach combines (i) the standardization of a quenching 

agent concentration, (ii) the impact of sample pre-treatment such as filtration and 

pasteurization on the BGP of RO produced chlorinated water, (iii) the effect of different 

inoculums (an indigenous community and a mixture with bottled water) on the bacterial 

growth and their longevity after being stored, (iv) the use of BGP to assess the performance 

of carbon filters in removing chlorine and (v) the use of BGP to assess the effect of the 

addition of magnesium on bacterial growth. The results showed that high concentrations 

of sodium metabisulphite (> 7.5 mg/L) decrease the pH levels of the water, thus, inhibiting 

bacterial growth. Filtration had a significant effect on BGP values (2.62 x 105 intact 

cells/mL) in comparison to pasteurization (9.02 x 104 intact cells/mL), when compared to 
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the control. Using a mixture of water types as inoculum might provide a better insight to 

bacterial growth potential in water due to a higher consumption of nutrients. BGP 

demonstrated to be a sensitive tool to test the performance of carbon filters applied to 

remove chlorine and its applicability to evaluate the biological stability of RO produced 

chlorinated drinking water. The concentrations of magnesium chloride tested in this study 

did not have a significant effect on cell numbers.  

 

Key words: Reverse Osmosis, Bacterial Growth Potential, FCM, quenching agent, pre-

treatment, inoculum, indigenous community 
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Chapter 1. Biological stability of drinking water  

1.1 Introduction 

Bacteria are omnipresent organisms in aquatic environments, and drinking water is 

not an exception. Robert Koch reported the first discovery of pathogen microorganisms in 

water in 1876. A few years later, an outbreak of cholera and typhoid was associated with 

consuming contaminated water. The presence of disease-causing microorganisms raised 

the necessity to establish proper water treatment, incorporating water quality standards in 

regulations.  

Therefore, water suppliers must produce and deliver good quality water by 

optimizing treatment schemes and limiting bacterial growth during distribution (Benarie 

1987). 

 

1.2 Reverse Osmosis Seawater Desalination 

Freshwater scarcity, climate change, and rapidly increasing population require new 

and sustainable freshwater sources. More than 40% of Earth's population lives under water 

stress conditions, and it is expected to rise to up to 50% by 2025 (Service 2006). Thus, 

alternatives such as water reuse and desalination have been developed to satisfy water 

needs worldwide.  

Desalination is the procedure to remove salts from water to produce drinking water. 

Most common processes use thermal or membrane technologies such as nanofiltration (NF), 

electrodialysis, and Reverse Osmosis (RO). RO is the most applied technology to produce 

freshwater from seawater due to its reliability and high-quality product (Greenlee et al., 

2009; Goh et al., 2019). In the last two decades, desalinated water market has grown 
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exponentially with a production capacity of more than 100 million m3/day globally and a 

growth rate of more than 50% per year (Ghaffour et al. 2013). Given that seawater is 

practically an unlimited source, it represents a promising solution to the current and 

increasing fresh water demand.  

The primary water source of desalination processes is seawater. Seawater Reverse 

Osmosis (SWRO) separates and removes dissolved solids, organic and inorganic matter, 

microorganisms, and ions (i.e., salts) from water through a semi-permeable membrane. 

Seawater is pressurized against the membrane, thus enabling selective water transport over 

salt, producing ultra-pure water for human consumption or domestic/industrial use (Lim et 

al. 2021). 

A conventional RO system is comprised of three main pretreatment steps (Figure 

1.1.), pressurization, separation, and post-treatment. Briefly, pretreatment includes 

screening, chlorination, acid treatment, filtration, microfiltration, and dechlorination. This 

process is essential due to the high number of contaminants present, especially in seawater. 

Secondly, high pressure is applied to pump the feed water through the membrane module 

and is followed by the separation of undesired particles from the water. Lastly, post-

treatment is performed to the permeate to enhance the taste of water and accomplish the 

requirements of the final product. Post-treatment includes pH adjustments, re-carbonation, 

degasification of carbon dioxide, and remineralization (Shenvi et al. 2015). 
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Figure 1.1. Scheme of a seawater desalination plant (KAUST, Thuwal, Saudi Arabia) with the 
different steps. Abbreviations used: SWRO — Seawater Reverse Osmosis; BWRO — Brackish 
Water Reverse Osmosis. Modified from Belila et al. 2016.  

 

Although RO membranes have a complete removal of bacteria, AOC is not fully 

retained (about 80% rejection efficiency), providing nutrients for bacteria to grow (X. Liu 

et al. 2015). Regrowth of bacteria can occur due to: suspended and attached 

microorganisms, compounds at undetermined concentrations that act as an energy source, 

materials in contact with water, and hydraulic conditions in distribution systems (Van der 

Kooij 2000). Moreover, RO is capable of producing nearly mineral-free water, which have 

a negative effect on taste and can enhance corrosion in pipelines. Hence, the permeate is 

commonly remineralized (addition of magnesium or calcium) to avoid these issues 

(Vingerhoeds et al. 2016).  Although the effect of a specific mineral has on bacterial growth 

in water has not been yet investigated. 

Methods and microbiological parameters to assess biostability are required to 

optimize water treatment and distribution. Moreover, a deep understanding of bacteria 

dynamics and regrowth in aquatic environments is necessary to develop and interpret tests 

when investigating the growth-promoting characteristics of water. 
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1.3 Biological stability of drinking water 

Biologically stable water implies to maintain the concentration and characteristics 

of the microbial community in drinking water from final production and during distribution 

until consumption (Figure 1.2) (Hammes et al. 2008; Van der Kooij 2000). While typically 

relatively high concentrations of bacteria can be present in the water (103 to 106 cells/mL), 

it can be safe for human consumption as long as there is no opportunistic pathogens present 

(Vital et al. 2012). However, the undesired or excessive growth of microorganisms in 

drinking water distribution systems can lead to issues related to consumer perception, 

safety, and operational aspects (Figure 1.3). For example, aesthetic characteristics such as 

taste, odor, and color could deteriorate due to an immoderate growth of non-pathogenic 

bacteria, usually present in distribution networks as sediments or biofilm and re-suspended 

into water (Prest et al. 2016b). Another aspect is safety, which can be affected due to the 

growth of pathogens that can proliferate in low nutrient environments, such as Legionella 

pneumophila, Pseudomonas spp., and Aeromonas spp., and are a risk to human health (Van 

der Kooij 2000). Moreover, bacteria can adhere to the surfaces of inner pipes and form 

biofilms, causing clogging of pipes and filters and enhanced corrosion of iron pipes leading 

to operational problems, increase in maintenance costs, and taste/odor changes in drinking 

water (Douterelo et al. 2014). 
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Figure 1.2. Schematic definition of (un)changed drinking water over time/distance. Modified 
from  Prest et al. (2016b) 

 

 

 

Figure 1.3. Illustration of factors governing the changes in biological stability in a drinking water 
distribution system. Modified from  Prest et al. (2016b) 
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The production of biologically stable water requires adequate treatment and 

distribution to give little to no change in microbial community/concentration; this can be 

achieved by providing an environment that does not promote bacterial growth. 

Treatment of the source water is a defining step toward the biological stability of 

drinking water. Many different strategies to treat water include oxidation, biological 

filtration, ion exchange, secondary disinfection, and membrane filtration (Prest et al. 

2016a). Membrane filtration has gained popularity in the last years due to high bacterial 

removal (over 99.5%) and reduced suspended solids entering the distribution systems 

(Liikanen et al. 2003).  

Numerous treatment plants worldwide utilize oxidative disinfection (usually 

chlorination) as a final step to ensure no viable bacteria enter the distribution system. 

Chlorination significantly decreases the number of bacteria. However, residual chlorine 

might cause undesirable changes during water distribution (Nescerecka et al. 2014). 

Moreover, disinfection decay within the network could favor bacteria regrowth, increasing 

with a higher water temperature (Van der Wielen and Van der Kooij 2010). These 

microbial changes can be detected with microbial monitoring methods. 

 

1.4  Assessment of biological stability  

Several methods have been developed to assess the biological stability of drinking 

water (Figure 1.4). Some methods are predictive (measurements performed before water 

distribution) to anticipate to what extent bacteria could grow during distribution. Predictive 

methods rely on growth-promoting properties in both water and materials in contact with 

water and apply techniques that are direct indicators of change (bacterial abundance, 
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activity/viability, and community composition) (Prest et al. 2016b). These assays are 

essential for water companies to improve and evaluate the final product and limit microbial 

growth in distributions systems. Other methods determine the water quality at the point of 

use in the network to investigate changes that occurred to the water during distribution.  

 

 

Figure 1.4. Illustration of the different methods to assess the biological stability of drinking water 

 

1.4.1 Biological stability determination methods  

1.4.1.1 Heterotrophic plate count  

Distribution systems and conditions can severely influence bacterial regrowth. 

Therefore, it is essential to evaluate the distribution system conditions' effect on any 

bacterial community/abundance change to indicate biological stability. 
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One of the oldest methods to enumerate bacteria in drinking water was developed 

by Robert Koch in 1881. The method called heterotrophic plate count (HPC) consisted of 

growing and counting microorganisms isolated from water on a solid medium, followed 

by a count of colonies. HPC has been used to monitor drinking water treatment and 

distribution efficacy (Allen et al. 2004). Gauthier et al. (1999) combined the HPC method 

with a characterization of organic components of deposits in a distribution system, 

observing a positive correlation between nutrient concentration (carbon and nitrogen) and 

HPC counts.   

Plate count and biofilm accumulation were compared in different pipe materials: 

cast iron, polyethylene, and polyvinyl chloride, in which the number of planktonic bacteria 

in the effluent water (tap water) was directly correlated to the number of biofilms found in 

each material (Kerr et al. 1999). A study in the USA reported a considerable increase in 

bacterial counts from the distribution system (several sites were sampled with an average 

of 40 HPC/mL) to the household taps (3072 HPC/mL) (Pepper et al. 2004).  

For over a hundred years, HPC was considered one of the best available tools to 

monitor drinking water processes. HPC represented a step towards understanding water 

microbiology due to its low cost and simplicity. Given that the interpretation of results, if 

positive, evidently indicates the cells' viability to form colonies. However, since the 1980s, 

several studies have reported the limitations of this method. For example, Sartory (2004) 

stated that HPC has no hygienic relevance. Other authors argue that it does not reflect the 

actual number of bacteria present in water because not all bacteria are culturable, and some 

culture media are not suitable for all microorganisms found in water. Thus, the bacteria 

detected are not the dominant species in water (Van Nevel et al. 2017).  
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1.4.1.2 Turbidity  

Turbidity, as a measure of the relative clarity of the water, is a helpful and 

straightforward indicator of changes in drinking water since it is caused by suspended 

particles, organic and inorganic matter and other microorganisms (Allen and Copes 2014). 

Still, turbidity is a poorly reliable method due to the many factors affecting the turbidity of 

water and has no specific results, has poor predictive value (especially for the occurrence 

of pathogens), and sporadic high turbidity in water can overwhelm treatment processes 

(Tomperi et al. 2022). 

 

1.4.1.3 Cultivation independent methods  

1.4.1.3.1 Adenosine triphosphate  

More sensitive quantitative and cultivation-independent methods have emerged for 

water quality analysis in the last two decades. The active microbial biomass in distributed 

drinking water can be determined by quantifying adenosine triphosphate (ATP) as it is a 

metabolic compound found in all active organisms. Van der Wielen and Van der Kooij 

(2010) tested the suitability of ATP as an indicator parameter for bacterial growth in water 

in a distribution system by analyzing different parameters such as water composition, 

distance, and season effect and compared to total cell numbers, HPC and Aeromonas plate 

count. Results from higher biofilm formation rates were in concordance with high ATP 

concentrations. These concentrations varied between seasons and higher concentrations in 

the proximal and central distance than in the distal distribution, indicating that biofilm 

utilizes large amounts of biodegradable compounds at the beginning and middle of the 
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distribution system. Moreover, the authors found no direct relationship between ATP and 

HPC or Aeromonas numbers, but distribution systems with high ATP concentrations 

exceeded the Aeromonas standard. Thus, ATP is a suitable method to monitor and detect 

changes in microbial activity in water.  

In another study (Van der Kooij et al. 2017), the authors demonstrated the 

unreliability of using the AOC method as a sole parameter to measure biological stability 

by coupling with ATP assays as biomass production potential (BPP). BPP in samples from 

the effluent after slow sand filtration in a water treatment plant was tested. Conclusions 

were: (1) indigenous community as well as foreign bacteria (in this case, from river water) 

inoculums are needed for a reliable BPP test, as full utilization of easily and slow 

biodegradable compounds is assured, (2) the maximum ATP concentration attained was 

highly correlated to AOC found in the slow sand filtrates and this strong linear relation 

indicates that both AOC and BPP measured the same type of biodegradable compounds 

and (3) samples at a lower temperature (2°C), the BPP results showed growth-promoting 

compounds that were not detected with the AOC assay, demonstrating the limitations of 

AOC and the importance of the use of ATP as a measure to assess BGP in drinking water.  

ATP can be used to determine the biomass in a treatment plant (Hammes et al. 

2010), assess biological stability in a distribution system (Nescerecka et al. 2014), and at a 

consumer's tap (Vital et al. 2012). It is a rapid method with low detection limits, is relatively 

low-cost, does not require laboratory experts and is helpful to monitor biological water 

quality, and can measure all active microorganisms in drinking water (Zhang et al. 2019). 

However, this method is used by researchers as an auxiliary parameter to analyze the 

biostability of water indirectly. In this method, extracellular ATP can influence the viable 
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microbial biomass (Hammes et al. 2008) (the addition of disinfection can release 

extracellular ATP). Bacteria can differ in ATP levels depending on species and 

physiological states, which can interfere significantly with converting ATP concentrations 

to bacterial concentrations (Nescerecka et al. 2014). Methods based on ATP only can be 

unreliable or inaccurate; therefore, combining other tools to assess biological stability in 

drinking water is necessary to obtain an accurate and fast analysis of the general water 

microbiology (Zhang et al. 2019; Prest et al. 2016b). 

As an alternative, Keon et al. (2021) evaluated the use of enzyme activity for 

monitoring biological processes in biofilters with different pretreatments and water sources 

and compared it to ATP analysis. Results observed a strong relationship between enzyme 

activity and DOC and disinfection by-products (DBP) removal, thus demonstrating that 

ATP was an unreliable measurement of biological activity as it does not relate to filter 

performance in terms of DOC and DBP removal. Similarly, Farhat et al. (2018) compared 

BGP analysis using ATP and Flow Cytometry (FCM) by testing how bacterial indigenous 

communities would grow in the same water type. The authors found a discrepancy between 

measurements from the two methods attributed to the nature of the ATP approach, which 

can lead to an inaccurate interpretation of the growth. An analog study was performed by 

Sousi et al. (2021). 

 

1.4.1.3.2 Flow cytometry  

Flow cytometry (FCM) is rapidly becoming an essential tool in aquatic ecology and 

water treatment facilities to evaluate biostability in water (Wang et al. 2010). It is a fast, 

quantitative and reproducible approach to counting total cell number (live and dead) in a 



 21 

sample when a general nucleic acid stain is added or viable bacteria with viability stains 

(S. Van Nevel et al. 2017). FCM quantifies suspended cells by either adding a stain (e.g., 

bacteria with SYBR GREEN I or propidium iodide) or particles that can be autofluorescent 

(e.g., some algae). Combining the two stains allows the discrimination between live and 

dead cells (cells with intact or damaged membrane) (Figure 1.5). These cells pass through 

a light source (usually a laser beam) and get excited, emitting a higher wavelength, 

enabling the equipment to quantify each cell (Hammes et al. 2010). 

 

 

Figure 1.5. FCM principle of total cell concentration (TCC) and intact cell concentration (ICC) 
measurements. TCC is based on SYBR Green, which stains all cell bacteria, regardless of 
membrane condition. ICC is based on dual stains (SYBR Green I and propidium iodide PI), of 
which PI can only penetrate and stain bacteria with damaged membranes (S. Van Nevel et al. 
2017). 

 

A gating strategy is needed to identify bacterial cells commonly found in drinking 

water samples. Density plots are fixed to a green fluorescence channel (FL1) of 533 nm 

(the closest to the emission of SYBR GREEN I) and red fluorescence (FL2) to >670 nm, 
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which allows for an optimal distinction between bacterial cells and instrument noise (Fig. 

1.6A) (Hammes and Egli 2005;  Prest et al. 2013). A green fluorescence intensity histogram 

is obtained from the staining of bacteria (Fig. 1.6B), which can be interpreted as the 

principal fingerprint for the bacterial community, and low (LNA) and high nucleic acid 

(HNA) content bacteria can be distinguished. 

 

 

Figure 1.6. Gating strategy of FCM. (A) fixed gate (red dotted line) on the green/red fluorescence 
density plot distinguishing aquatic bacteria from background noise. (B) Green fluorescence 
histogram from the collected data (A) and bacterial clusters of high and low nucleic acid content 
(Prest et al. 2013) 

 

FCM detects bacterial cell concentration as low as 100 cells/mL. In theory, FCM 

could quantify bacterial growth from the consumption of 0.1 µg-C/L. In comparison, other 

methods' sensitivity range from 1-10 µg-C/L (AOC) or DOC detection limit goes from 10 

µg-C/L (Prest et al. 2016b). 
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1.4.1.4 Molecular based methods 

In recent years, molecular-based techniques emerged as specific detection tools, 

mainly for pathogens in drinking water, such as DNA microarrays, qPCR, and 

pyrosequencing (Aw and Rose 2012). qPCR is a convenient method to evaluate virus 

removal efficiency in water treatment plants due to its low cost and rapid process (2-6 h). 

A quantification of human adenoviruses (HadV) and JC polyomavirus (JCPyV) was 

performed in the different steps of a water treatment plant, finding positive results for HadV 

in post-chlorinated samples (Albinana-Gimenez et al. 2009). Although qPCR is a sensitive, 

specific, and cost-effective tool to detect waterborne bacterial, viral, and protozoan 

pathogens, a microbial water quality monitor still lacks information. This method is limited 

by known sequence information, and it is necessary to select a range of pathogens to be 

considered in a specific assay. Moreover, it requires trained laboratory personnel, specific 

water sampling, and routine diagnoses (Aw and Rose 2012).  

16S rRNA-gene sequencing based methods could identify a change in microbial 

community composition, which is an indicator of instability (Lautenschlager et al. 2013). 

This high throughput technique have been used in a large number of studies on drinking 

water. El-Chakhtoura et al. (2018) used 16S rRNA gene pyrosequencing to evaluate the 

impact of distribution and the presence of a drinking water microbiome, as well as the 

impact of flushing tap water on the microbial community. Gene sequencing also served as 

a tool to identify bacteria that could survive disinfection regimes in RO chlorinated 

drinking water (Farhat et al. 2022). 
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1.4.2 Predictive biological stability determination methods 

1.4.2.1 Assimilable organic carbon (AOC) and Biodegradable dissolved organic 

carbon (BDOC) 

Predictive methods evaluate the water before distribution by measuring growth-

promoting properties. Bacteria growth potential (BGP) quantifies the degree of microbial 

growth in a sample over time, under defined conditions (Farhat et al. 2018a). Bacterial 

growth potential can be evaluated by determining the concentration of easily assimilable 

organic carbon (AOC). This bioassay was first proposed by Van der Kooij et al. (1982), 

where AOC in tap water is determined by measuring the growth of a single strain of 

bacteria (e.g., Pseudomonas fluorescens strain P17). P17 is inoculated in water samples, 

quantified using colony-forming counts (CFU), and converted into AOC units (µg-C/L). 

The growth yield of the bacteria used is derived from calibration curves of concentrations 

of organic compounds (acetate or oxalate). The results showed a linear relationship 

between the concentration of acetate added to the samples and the maximum growth of the 

strain used. This method was also used as a tool to measure biological stability in a 

distribution system (Liu et al. 2002). It was found that the distributed water did not meet 

the biostability criteria, highlighting the importance of the quality of the water source. An 

increase in AOC concentration also occurred due to the oxidation of organic matter caused 

by chlorination and temperature (seasonal fluctuations). 

A different approach was studied by Servais et al. (1987) with two bioassays to 

determine biodegradable organic carbon (BDOC) in waters. Unlike previous studies, they 

used an indigenous community of bacteria as an inoculum, arguing that more accurate 

results can be obtained due to natural bacteria's adaptation to the studied environment. The 
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two measurements of BDOC consisted of either the reduction of dissolved organic carbon 

(DOC) during incubation or the determination of bacterial biomass and mortality during 

the incubation period. Results showed a 10-60% BDOC as a fraction of the total DOC 

(depending on the water source), contrasting the 2.1-2.6% from Van der Kooij (1982). 

In another study (Escobar and Randall 2001), the authors suggested the importance 

of coupling AOC and BDOC measurements methods as indicators of biologically stable 

water, especially for chlorinated systems, since BDOC indicates the reduction in chlorine 

demand or disinfection by-product formation. The discussion is that one single parameter 

might not be a good tool or can give under/over-estimated results.  

Both AOC and BDOC methods gave insights into the composition of the produced 

water and its potential to grow bacteria. However, as they use pure cultures of bacteria 

(Pseudomonas fluorescens strain P17 and Spirillum sp. NOX), results can be under-

estimated since these strains have limited degradation capacity and cannot consume other 

molecules such as polysaccharides or proteins. Additionally, carbon is considered the only 

growth-limiting compound in these studies, and procedures are time-consuming and 

require expertise (Ross et al. 2013).  

 

1.4.2.2 Biofilm formation potential  

The potential of water to produce biofilm is another approach that has been used to 

analyze biostability, namely biofilm formation potential (BFP). A study with biofilm 

potential monitors (BPM) assessed biofilm development on coupons of three different 

materials: MDPE, PVC, and cement, which are commonly used in pipes. Results revealed 

that biofilm activity was influenced more by the chlorine concentration of treated water 
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rather than the pipe material (Hallam et al. 2001). Similarly, Lehtola et al. 2004 coupled 

the BFP method with heterotrophic bacteria plate count (HPC) and reported a higher 

biofilm formation in new plastic pipes (i.e., polyethylene PE) than in copper pipes, 

mentioning that the material influenced the microbial community structure in biofilms and 

water.   

Pipe material affects not only biofilm formation but also microbial diversity. A 16S 

rDNA analysis along with a BFP bioassay performed on six different materials (copper, 

polyvinyl chloride, polybutylene, polyethylene, stainless steel, and steel coated with zinc) 

found that plastic pipes are more suitable for plumbing applications due to their low BFP 

when compared to copper, in contrast with Lehtola et al. (2004) (Yu et al. 2010). 

 

1.4.2.3 Flow cytometry-based BGP methods  

Several studies used FCM as a tool to measure events in drinking water treatment 

and distribution systems, such as assessment of chemical disinfection efficacy (Hammes et 

al. 2008; Vital et al. 2012); assessment of membrane filtration efficacy (Hammes et al. 

2010); temporal (in)stability in microbiological water quality (Prest et al. 2016a; 

Nescerecka et al. 2014), identification of growth-limiting-promoting factors in water 

(Nescerecka et al. 2018)  and water quality deterioration in building plumbing 

(Lautenschlager et al. 2013). 

BGP and FCM analysis provided a potential tool to indirectly assess membrane 

biofouling in a spiral wound RO membrane (Dixon et al. 2012). The data obtained from 

this combination suggested the presence of biofouling in the RO membrane. Similarly, 

Dhakal et al. (2021) demonstrated the applicability of an FCM-based BGP method to 
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evaluate biofouling potential in SWRO systems by sampling water from the different steps 

in a desalination plant. This method showed a good linear relationship (R2 ~ 0.9) between 

carbon concentration and live bacterial growth. 

Pretreatment of the water sample is a crucial step to avoid any contamination and 

introduction of undesired organic compounds and to obtain reliable results in a BGP assay, 

especially in low-nutrient content water as RO produced drinking water. Pasteurization 

(usually at 70°C) is performed to inactivate the bacteria present and is used in many 

assessments of the biostability of drinking water. Some studies consider pasteurization as 

not necessary (e.g., direct incubation) (Prest et al. 2016a). However, it was demonstrated 

that pretreatment is needed for ultra-pure water because the initial cell count surpasses the 

nutrients available for bacterial growth, affecting new cells' growth over time (Sousi et al. 

2018). Similarly, Sousi et al. (2020) assessed the effect of filtration (0.22 µm to remove 

indigenous bacteria) and pasteurization as pretreatment in remineralized RO permeate 

(ultra-low nutrient drinking water) and conventionally treated water. Results showed that 

pasteurization did not affect the BGP count. In contrast, filtration had a considerable 

increase in BGP for RO permeate exclusively and can be linked to the leaching of 

biodegradable compounds from the filter. However, filtration might not significantly affect 

the water with higher organic nutrients like the ones in Farhat et al. (2018) study. 

Inoculation of water samples after pretreatment is essential to initiate growth and 

obtain a standard growth curve. It has been discussed whether using an indigenous 

community or from a different water source as inoculum is better. Farhat et al. (2018) 

proposed using an indigenous community as inocula in BGP assays by testing different 

water types. The results showed the highest increase in total cell concentration in samples 
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inoculated with indigenous bacteria, and bacterial communities had a normal batch growth 

kinetics, indicating that bacteria indigenous to the sample grow better than foreigners.   

On the contrary, Sousi et al. (2020) tested an inoculum prepared from a natural 

consortium of bacteria in RO-produced water. Results demonstrated that, since very low-

nutrient content water was used as an inoculum, bacteria could not utilize complex organic 

carbon compounds resulting in variations in bacterial growth. In contrast, RO permeate 

bacteria could utilize small molecular size organic compounds such as acetate and glucose, 

which presented a linear growth according to the concentration of carbon. Authors suggest 

using aerobic bacteria from conventionally treated water as inoculum to ensure the 

utilization of the majority of organic compounds.  

 

1.5 Research gaps in BGP methodology 

In most recent years, researchers have focused on modifying the FCM-based 

bioassay as required depending on the water source or treatment, addressing different 

methodological aspects such as glassware preparation (Prest et al. 2016a), chemical 

addition (Dhakal et al. 2021; Sousi et al. 2018), sample pre-treatment (Sousi et al. 2018; 

2020) and inoculation (Farhat et al. 2018a; Sousi et al. 2020). However, water types are 

highly diverse, and protocols to determine microbial changes for each water type vary. 

Free chlorine damages cell membranes and DNA (Ziemba et al. 2019). Therefore, 

it is vital to quench chlorine before BGP assessment when analyzing chlorinated drinking 

water to ensure bacterial growth in a treated sample. Different methods are used to remove 

residual chlorine from water, such as activated carbon or chemical reducing agents. Sodium 

metabisulphite (SMBS) is a common agent that removes free chlorine. SMBS is also used 
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as a biostatic agent. However, current BGP methods, assessing chlorinated drinking water, 

report varying doses of a quenching agent to dechlorinate water or lack information on this 

step.   

 

1.6 Summary 

The assessment of the biological stability of drinking water involves a broad area 

of different parameters, approaches, and methodologies. Water treatment plants and 

distribution systems are required to deliver high-quality, biologically stable water. This can 

only be achieved by adequate monitoring of microbial communities and dynamics and by 

controlling its growth over time/distribution. In the past three decades, research has 

significantly developed valuable tools to evaluate bacterial growth in drinking water and 

given more insight into biological processes occurring. Researchers are still focusing on 

creating, standardizing, and improving different approaches to analyzing and obtaining 

reliable data, such as molecular and analytical methods (sequencing or flow cytometry). 

Evaluation of bacterial growth potential for RO-produced chlorinated drinking 

water requires investigating the applicability of current methods for this type of water and 

the standardization of the bioassay to ensure reliable results.  This includes the analysis of 

possible effects of methodological aspects in BGP results.  

 
 

1.7 Research objectives  

The objective of this study was to optimize and standardize a bacterial growth 

potential (BGP) assay for Reverse Osmosis (RO)-produced chlorinated drinking water 
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based on intact cell concentration (ICC). Quantification of ICC was performed with Flow 

Cytometry (FCM). The specific objectives are: 

I. To develop an FCM-based method to measure bacterial growth potential by 

quantifying bacterial abundance in RO produced chlorinated drinking water 

II.  To standardize a chemical reducing agent concentration to be used to 

dechlorinate water samples for BGP 

III. To test the impact of different pre-treatments such as filtration and 

pasteurization in the BGP values 

IV. To evaluate the effect of different inoculums such as an indigenous community 

or a mixed consortium in bacterial growth in water samples 

V. To use the BGP method to evaluate carbon filters performance in removing 

chlorine 

VI. To test the impact on BGP after the addition of magnesium 

VII. To apply the developed methods to monitor the biological stability of RO 

produced chlorinated drinking water 
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Chapter 2. Bacterial growth potential of reverese osmosis produced chlorinated drinking 
water  

 
2.1 Materials and methods 

2.1.1 AOC-free materials 

AOC-free bottles (DuranÒ, Germany) and vials (Qorpark, USA) were prepared as 

described previously (Prest et al. 2016b). In short, all glassware wear soaked overnight 

with a cleaning solution (AlconoxÒ detergent, 10 g/L in ultrapure Mili-QÒ water), rinsed 

three times with ultrapure water, air-dried and heat treated in a muffle oven at 550 °C for 

12 h. PTFE caps were rinsed three times with ultrapure water and heat treated in a muffle 

oven at 75 °C for 12 h.  

 

2.1.2 Water samples  

Reverse Osmosis produced chlorinated drinking water was collected from the tap 

(after distributon) (King Abdullah University of Science and Technology, Saudi Arabia). 

The chlorinated tap water is produced by seawater desalination using RO membranes 

(Figure 2.1). For detailed information on the desalination process, refer to Farhat et 

al.(2020). Tap water was left flushing for five minutes, collected in a 1L glass bottle, and 

closed with Teflon-lined caps.  

 

2.1.3 Quenching of chlorine  

To test an effective method to quench chlorine from chlorinated drinking water, 

different volumes of a 0.3% (w/v) solution of sodium metabisulphite (SMBS, Na2S2O5) 

were added to the tap water samples to reach a concentration of: 0, 0.5, 1, 2.5, 5, 7.5, 18.75, 

37.5 and 75 (mg/L). Chlorine concentration was measured with a chlorine pocket 
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colorimeter (HachÒ, USA) after the addition of SMBS to test the reducing agent 

effectiveness. pH was measured with a pH meter to evaluate the effect of SMBS on BGP 

values. Both analyses were done as described in the users’ manual. After the procedures, 

samples were divided into vials in triplicates by pipetting 40 ml in each vial. 

 

 

Figure 2.1. Schematic diagram of the water desalination process in a drinking water treatment plant 
at KAUST, Thuwal, Saudi Arabia. Modified from Farhat et al. (2020) 

 

2.1.4 Impact of pre-treatment and inoculation 

To evaluate the impact of pre-treatment and inoculation on BGP measurements, all 

water samples were analyzed with or without pre-treatment, such as pasteurization: at 

70 °C for 30 min in a water bath, followed by a room-temperature cooling in an ice bath 

before any further handling. For the second type of pre-treatment, samples were filtered 

with a 0.22 µm pore size filter (Syringe filter, Corning Incorporated, Germany) which was 

previously rinsed with 200 mL of ultrapure water to remove any organic carbon 

contamination.  

Furthermore, two different inoculums were tested in this study (Table 2.1). First, 

for the Inoculum 1 (I1) an indigenous community was prepared by collecting 200 mL the 

tap water treated by carbon filters (to remove chlorine) in carbon-free glassware and 
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incubating at 30 °C for 21 days. The Inoculum 2 (I2) was prepared by mixing commercially 

available bottled water (Evian, France) and tap water treated by carbon filters at a 1:1 ratio 

and treated as described above. Inoculum 1 reached a concentration of 3.80 x 104 intact 

cells/mL while Inoculum 2 had a final concentration of 5.10 x 104 intact cells/mL. Both 

inoculums were stored in a fridge at 4 °C until used in further experiments.  

Each triplicate set of vials was then inoculated with a fixed volume of the different 

inoculums to reach a final concentration of 1x103 intact cells/mL, as suggested in previous 

studies (Farhat et al. 2018). To avoid carbon leaching into the samples, all inoculum 

additions were performed with autoclaved pipette plastic tips. Samples used as control were 

not pre-treated nor inoculated. All vials were incubated at 30 °C for 3 days. A schematic 

of the BGP measurement method is shown in Figure 2.2. 

 
Table 2.1 Composition and intact cell concentration of the two prepared inoculums 

Name Water type Final intact cell 
concentration (cells/mL) 

Inoculum 1 (I1) RO produced water de-
chlorinated by carbon filters 

3.80 x 104 

Inoculum 2 (I2)* 1. RO produced water 
de-chlorinated by 
carbon filters 

2. Conventionally treated 
drinking water 

5.10 x 104 

*= Mixture of the two water types at 1:1 ratio 

 

2.1.5 Addition of carbon source (acetate) to test inoculum consumption 

A concentrated sodium acetate (2000 µg-C/L) solution in ultra-pure water was 

prepared to reach different concentrations of acetate-carbon (0-100 µg-C/L) in the samples. 

Water samples of 30 mL were distributed in 40 mL AOC-free vials. All samples were done 

in triplicates. Acetate was added at a final concentration of 25, 50, 75 and 100 µg-C/L.  
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Samples were inoculated with either of the two types of inoculums, as specified in the 

further discussion, and incubated for 3 days at 30°C.  

 

2.1.6 Assessment of the performance of carbon filters 

Two different sets of carbon filters, namely Set 1 and Set 2, were installed after a 

tap water outlet to remove residual chlorine. Samples of the de-chlorinated water were 

taken at day 1, 3, 5 and 7 after installation and the total cell concentration was measured 

right after sample collection and after 3 days of incubation at 30°C. Chlorine concentration 

from each was measured as mentioned in section 2.2.3. 

 

2.1.7 BGP monitoring 

To analyze the seasonal change in BGP of the RO produced chlorinated drinking 

water, 1L of tap water was collected monthly, dechlorinated as aforementioned, divided 

into three AOC-free glassware vials, and incubated for 30 days, taking measurements of 

intact cell concentration weekly.  

 

Figure 2.2. Schematic of the growth potential measurement method.  
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2.1.7 Impact of the addition of magnesium 

A solution of magnesium chloride (4700 mg/L) was added to the samples to reach 

a concentration of magnesium of 4, 8, and 12 mg/L. Water samples were inoculated with 

an indigenous community and handled as described in section 2.2.6.  

 

2.1.8 Measurements  

After the abovementioned procedures, samples’ ICC was measured on days 0 and 

3, unless otherwise specified. Flow cytometry (FCM, BD Accuri C6® FCM, Belgium) was 

used for this study to quantify intact cell concentration in water samples, as mentioned 

elsewhere (Van Nevel et al. 2013). In short, 700 µL of sample from the vials were pipetted 

into 1.5 mL Eppendorf tubes and stained with 7 µL of a mix of SYBR® GREEN I (1:100 

diluted in 0.22 µm filtered TRIS buffer (10mM, pH 8)) and propidium iodide (PI) (40µM). 

The sample's final concentration of SYBR® GREEN I and propidium iodide (PI) was 1 X 

and 0.4 µM. The staining protocol is followed by incubating the samples in the dark at 35 

± 2 °C for 10 min before FCM measurements. Lastly, intact cell concentration is measured 

with 50 µL of the sample at a flow rate of 66 µL/min with the threshold set on green 

fluorescence (FL1; 600 a.u.). Bacteria were gated on the green/red fluorescence density 

plot to determine intact cell concentration. Additionally, an online FCM was used for BGP 

measurements (refer to Buysschaert et al. (2018) for a detailed information of the 

equipment and use). In short, samples were automatically taken every 20 min to measure 

cell concentration. The obtained data was used to plot a bacterial growth curve over time 

(3 days). 
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2.1.9 Statistical analysis  

Shapiro-Wilk test and Wilcoxon non-parametric test as an analysis for variance 

were used to determine the significance between the samples with distributed data. The 

Microsoft Excel software was used for statistical analysis. 

 

 

2.2 Results  

2.2.1 Quenching agent  

The impact of the addition of different concentrations of SMBS on BGP values 

from tap water is shown in Figure 2.3. For the samples with 18.75, 37.5, and 75 mg/L of 

sodium metabisulphite, the growth of bacteria was suppressed, and no increase in the 

bacterial cell concentration was observed after 3 days. On the contrary, the lowest 

concentration tested in this batch (7.5 mg/L) showed the highest bacterial growth (9.1 ± 

0.1 x 104 cells/mL). Negligible growth was seen when no quenching agent was added (0 

mg/L), indicating cell death due to the presence of residual disinfectant.  



 37 

 

Figure 2.3. Impact of the addition of high concentrations of SMBS on BGP before and after 
incubation (Day 0 and Day 3, respectively) for 3 days at 30°C. ICC = intact cell concentration. 
Error bars indicate standard deviation from triplicate samples. 

 

 

The pH of the sampled water showed a decreasing trend with the higher SMBS 

concentration (Figure 2.4B), with a decrease from 8.5 at 0 mg/L SMBS, to 6.6 at 75 mg/L 

of SMBS. Although chlorine was quenched (Figure 2.4A) negligible bacterial growth was 

obtained.  
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Figure 2.4. Chlorine (A) and pH levels (B) of tap water after adding different concentrations of 
SMBS. 

 

The sampled water showed a higher bacterial growth when lower concentrations of 

SMBS were added (Figure 2.5), with a mean value of 1.3 ± 0.3 x 105 cells/mL at doses 

ranging from 0.5 to 5 mg/L. Chlorine levels at these concentrations (Figure 2.6A) 

decreased to values lower than 0.02 mg/L (Detection limit, DL), indicating that a small 

dose such as 0.5 mg/L is effectively quenching the chlorine present in water. pH levels 

(Figure 2.6B) remained in the range of the original tap water when it was initially sampled 

(8.7 ± 0.2), denoting the minimum or no effect that the addition of low concentrations of 

SMBS has on water.  
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Figure 2.5. Impact of low concentrations of SMBS on BGP before and after incubation (Day 0 and 
Day 3, respectively) for 3 days at 30°C. ICC = intact cell concentration. Error bars indicate standard 
deviation from triplicate samples. 

 

 

Figure 2.6. Chlorine (A) and pH levels (B) of tap water after the addition of different concentrations 
of SMBS (lower concentrations). 
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2.4.2 Effect of sample pre-treatment  

The impact of sample pre-treatment on the tap water's BGP is shown in figure 2.7. 

A significant difference (P < 0.05) was observed between the two pre-treatments for the 

inoculated sample (I1) after 5 days of incubation. The intact cell concentration reached 26 

± 11 x 104 cells/mL and 90 ± 6 x 103 cells/mL when filtration and pasteurization were 

performed, respectively, despite the similar initial cell concentration in both cases (260 ± 

20 cells/mL).  On the contrary, the BGP from the pre-treated non-inoculated sample in both 

pre-treatments (46 ± 2 cells/mL) were comparable (P > 0.05) and, as expected, did not 

show any growth signifying the pre-treatment success. The control (non-pretreated nor 

inoculated sample) had a final concentration of 37 ± 5 x 103 intact cells/mL. The total 

incubation time was five days to allow the non-inoculated and the control samples without 

pre-treatment to reach maximum growth.   

 

Figure 2.7. Comparison of BGP (5 days; 30°C) after two different pre-treatments, filtration (0.22 
µm pore size filter) and pasteurization (70°C for 30 min). Samples were inoculated after pre-
treatment (blue) and a control with no pre-treatment performed nor inoculum added (gray). ICC = 
intact cell concentration. Error bars indicate standard deviation from triplicate samples. 
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2.2.3 Impact of the addition of inoculum 

As shown in Figure 2.8, the bacterial growth potential of tap water inoculated with 

an indigenous community was 9.5 x 104 cells/mL, and with no inoculum added (direct 

incubation of the sample) had a total cell concentration of 3.7 x 104 cells/mL. This 

experiment was assessed with an automated online FlowCytometer for a total of 3 days of 

incubation. The obtained data were expressed as a growth curve, allowing us to observe 

each sample's batch growth kinetics. The addition of inoculum led to a reduction of the lag 

phase when compared to a non-inoculated sample. In this experiment, the inoculated 

sample was not pre-treated to compare the indigenous community growth directly. 

Moreover, FCM quantified the ability of an indigenous community to consume acetate 

carbon (Supplementary Figure 1). Proportionality in growth with an increase in carbon 

concentration was observed. The bacterial growth was proportional to the carbon acetate 

concentration, with an increase from 4.7 ± 4 x 104 to 2.1 ± 0.5 x 105 cells/mL with 0 and 

50 µg/L of acetate-carbon, respectively. The final bacterial cell concentration of the sample 

with 0 µg/L resulted from the naturally present AOC in the water.  
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Figure 2.8. The growth curve in time of tap water with the addition of an indigenous bacterial 
community inoculum (blue dots) and with no inoculum added (green triangles). TCC = total cell 
concentration. 

 

2.4.4 Effect of inoculum type on BGP 

The effect of inoculum type on the BGP was compared using two inoculums: Tap 

water indigenous community (I1) and tap water indigenous community combined with 

bottled water (Evian) as inoculum (I2). The BGP of samples inoculated with I2 reached 

the highest intact cell concentration (22 ± 10 x 104 cells/mL) after five days of incubation 

(Figure 2.10). The samples with natural bacterial consortium used solely as the inoculum 

(I1) reached an ICC of 90 ± 4 x 103 cells/mL, despite having nearly two times the initial 

cell concentration of the sample inoculated with I2 (290 ± 10 cells/mL and 160 ± 50 

cells/mL, respectively). The control (non-pretreated nor inoculated sample) had a final 

concentration of 37 ± 5 x 103 intact cells/mL. 
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Figure 2.9. Comparison of the bacterial growth of water inoculated with two different inoculum 
types: I1, indigenous community (dark blue); I2, a mix of an indigenous community and bottled 
water (Evian) in a 1:1 ratio (green); and a control (tap water with no pre-treatment/no inoculum 
added) (gray). Error bars indicate standard deviation from triplicate samples. 

 

The ability of the intact cells from the indigenous community inoculum (I1) to grow 

in tap water was monitored for six months (Figure 2.11). The BGP after three days, when 

using a freshly prepared inoculum (after 21 days of incubation) and after three months of 

storage in a fridge at 4°C were comparable  (P > 0.05) with a final concentration of 90 ± 6  

and 93 ± 26 x 103 cells/mL, respectively. Whereas after six months of storage, a significant 

difference was seen (P < 0.05) in the growth after three days with an ICC of 70 ± 15 x 104 

cells/mL in comparison with a fresh and a three months old inoculum.  
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Figure 2.10. Assessment of the bacterial growth potential of tap water inoculated with a freshly 
prepared inoculum (I1 after 21 days of incubation) (light blue) and an inoculum (I1) stored for three 
and six months (dark blue and gray-blue, respectively). Inoculum age refers to the time the 
inoculum was stored in a fridge at 4°C for further use in BGP studies (Fresh = used immediately 
after 21 days of incubation). ICC = intact cell concentration. Error bars indicate standard deviation 
from triplicate samples. 

 

A tap water sample inoculated with a 6-month-old stored mixed inoculum (I2) 

(Figure 2.12), however, showed an opposite trend in growth compared to the same sample 

inoculated with 6-month-old inoculum 1. The net growth from I2 was 26 ± 4 x 103 intact 

cells/mL, whereas I1 had a net growth of 47 ± 4 x 103 intact cells/mL (P < 0.05). 
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Figure 2.11. Net growth (final - initial intact cell concentration; 3 days of incubation at 30°C) of 
tap water inoculated with I1 (light blue) and I2 (dark blue) after six months of inoculum storage 
at 4°C. Error bars indicate standard deviation from triplicate samples. 

 

The total and intact cell abundance present in both of the inoculums (I1 and I2) 

were measured over 180 days (Figure 2.13). For the mixed inoculum, results showed a 

normal batch growth kinetics, with a stationary phase from day 7 to 30 and a sharp decrease 

of nearly 1 log of intact cells at day 180 (from 3.4 x 104 to 3.6 x 103 cells/mL). Conversely, 

an increase in both TCC and ICC in the indigenous community was observed after six 

months of storage (from 9.1 x 104 to 3.2 x 105 total cells/mL and from 2.8 x 104 to 2.1 x 

105 intact cells/mL). This change in intact cells in I1 and I2 was evident in the BGP results 

shown in Figures 2.11 and 2.12, respectively. 
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Figure 2.12. Total and intact cell concentration of the two inoculums (I1 and I2) over time after 
incubation (7-21 days) and being stored at a fridge at 4°C for 180 days. 

 

2.4.5 Carbon filters performance  

The growth potential method was used to evaluate the performance of carbon filters 

used to remove the residual chlorine from the tap water. For seven days, two sets of carbon 

filters were assessed by measuring chlorine concentration (Figure 2.14A) and bacterial 

growth potential (Figure 2.14B) of the effluent water. Set 2 evidently showed a poor 

performance in removing chlorine from tap water since the first day after installation, with 

chlorine concentrations ranging from 0.07 to 0.16 mg/L. Hence, as seen in figure 2.14, the 

BGP was inhibited by the presence of disinfectant. No bacterial growth after three days of 

incubation at 30°C was seen in water samples taken on days 1, 5, and 7 of the filter age, 

and a negligible growth on day 3 was observed. Interestingly, the BGP from Set 1 followed 

a similar trend starting from day 3 of filter age, with a more evident decrease in BGP on 

day 7, although chlorine concentration measurements were below 0.02 mg/L all over the 7 
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days of the test. The results observed from samples taken after carbon filter set 1 highlight 

the sensitivity of the BGP method compared to chlorine measurements. Trace amounts of 

chlorine present and not detected by chlorine measurements due to the detection limit of 

the technique were able to suppress bacterial growth. The BGP method's sensitivity was 

able to better evaluate the performance of the carbon filters compared to the chlorine 

measurements.  

 

Figure 2.13. Chlorine concentration (A) and total cell concentration (TCC) (B) of water effluent 
from 2 sets of carbon filters over filter age (operating time of the filter set after installation). Values 
on day 0 show the TCC from the day that the sample was collected; values on day 3 show the TCC 
from the collected sample after 3 days of incubation at 30°C. The dashed line in plot A indicates 
the detection limit of the chlorine pocket colorimeter (0.03 mg/L). Error bars indicate standard 
deviation from triplicate samples. 
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2.4.6 Addition of magnesium  

Criteria for safe drinking water should be the absence of harmful microorganisms 

and substances and the presence of certain essential elements such as magnesium (Mg) and 

calcium (Ca). The water will not be aggressive or corrosive and has improved taste when 

minerals are added. 

The BGP of tap water after the addition of different concentrations of magnesium 

is shown in Figure 2.15. The results of intact cell concentration from each sample were 

comparable (P > 0.05) to the control (sample with no magnesium added) with values of 60 

± 25 x 103, 40 ± 20 x 103, 35 ± 13 x 103 and 41 ± 10  x 103 cells/mL with 0, 4, 8 and 12 

mg/L of magnesium chloride, respectively.   

 

Figure 2.14. Impact of the addition of different magnesium concentrations in the BGP of 
chlorinated tap water after 3 days of incubation at 30°C. Error bars indicate standard deviation from 
triplicate samples.  
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What is presented here is the preliminary assessment for a follow-up study with a 

larger objective. The follow-up study will use the BGP assay developed in this thesis to 

assess the effect of different sources and concentrations of Mg on the bacterial abundance 

dynamics and biofilm formation.  

 

 
2.3 Discussion  

The present study focused on standardizing an FCM-based BGP method to assess 

the bacterial growth potential in Reverse Osmosis produced chlorinated drinking water. 

Assessment of the effect of different: (i) concentrations of a chemical reducing agent, (ii) 

pre-treatments, (iii) inoculum type, and (iv) the addition of magnesium on the BGP values 

were carried out. Similarly, the proposed BGP assay was tested to examine carbon filters' 

performance in removing chlorine compared with chlorine measurements.  

Results expressed as BGP values refer to the total number of cells that grew after a period 

of incubation (3-5 days), regardless of the initial cell count (unless specified i.e., net 

growth), as suggested by Sousi et al. (2020) due to a better representation of the bacteria 

that can be maintained in water depending on the available nutrients.  

 

2.3.2 Standardization of a quenching agent concentration for the BGP method 

Several BGP assays utilize a chemical reducing agent such as SMBS or sodium 

thiosulfate to study chlorinated water. Yet the concentration used is not specified or vary 

between methods. As demonstrated in this study, higher doses than 7.5 mg/L of SMBS 

reduced the pH of the tap water to the acidic scale, hindering bacterial growth. A low pH 

would suppress the ability of bacteria to hydrolyze nutrients successfully and maintain a 
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neutral intracellular pH. Therefore, a complex adaptation would be required (Russell and 

Wilson 1996). This growth inhibition of the bacteria would give misleading results and 

misinterpretations of the water growth properties. Sodium metabisulphite is an agent 

commonly used by water companies to remove free chlorine. However, it is also widely 

used as a preservative to inhibit microbial proliferation, and when mixed with water, this 

chemical becomes a corrosive acid (Yoo et al. 2018). In theory, 1.34 mg of sodium 

metabisulphite removes 1.0 mg/L of free chlorine. However, in practice the dose added is 

3 times higher. The results shown in this study revealed that a concentration as low as 0.5 

mg/L of SMBS could effectively remove up to 0.3 mg/L of chlorine from water and had 

an insignificant effect on the pH, allowing the bacteria to grow to its maximum growth 

potential. While chlorine levels in drinking water can rise to 4 mg/L (EPA 2010), the 

removal efficiency of higher Cl2 concentrations should be tested. 

 

2.3.3 Effect of sample pre-treatment on BGP 

Different pre-treatments such as filtration (F. A. Hammes and Egli 2005; Farhat et 

al. 2018b) and pasteurization (van der Kooij et al. 1982; Sousi et al. 2020) are commonly 

utilized in the assessment of the biological stability of drinking water to remove indigenous 

bacteria and start the test with a lower known concentration of cells. Although some studies 

suggest the direct incubation to avoid the alteration of nutrient nature from water (E. I. 

Prest et al. 2016; Ross et al. 2013), it has been demonstrated that sample pre-treatment is 

especially important for low-nutrient drinking water owed to that the total number of cells 

usually exceed the nutrients available in water (Sousi et al. 2018). Results from figure 2.7 

revealed a significant difference in BGP values between filtration and pasteurization when 
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the samples were inoculated, despite the similar initial cell concentration after both pre-

treatments. These results were similar to those found by Sousi et. al (2020) in which low-

nutrient content water (i.e., RO permeate) was tested. Unlikely, this effect was not 

significant in water with higher nutrient content, such as conventionally treated water or 

river water (Farhat et al. 2018b). The increase in BGP after filtration could be attributed to 

the leaching of biodegradable compounds from the filters, although a thorough rinse using 

200mL of MQ water was made for each filter prior to use. This step is especially important 

when studying water like RO produced due to the sensitivity to the introduction of nutrients. 

In this study, the higher growth potential after filtration versus pasteurization was exclusive 

to the samples where inoculum was added. In comparison, the filtered or pasteurized 

sample without inoculum addition did not show any bacterial growth signaling the success 

of the pre-treatment method. The decay of bacterial growth from the non-inoculated 

samples indicates the effective removal (from filtration) and inactivation (from 

pasteurization) of bacteria. Lastly, the control from this test had a lower BGP compared to 

the inoculated samples in both pre-treatments. As this sample is not pre-treated nor 

inoculated, the bacteria already present in chlorinated water might have a decreased 

viability due to the effect of disinfectant (Nescerecka et al. 2014). However, a directly 

incubated sample of chlorinated drinking water (chlorine quenched, non-pretreated and 

non-inoculated) was monitored for 35 days (Supplementary figure 2). Total and intact cell 

concentration reached the highest value on day 3 (11 ± 0.15 x 104 cells/mL), followed by 

a decrease in both TCC and ICC with a final concentration of 65 x 103 and 22 x 103 cells/mL, 

respectively, at day 35. These results remark that, when disinfectant is quenched, bacterial 

growth occurs, and that viable bacteria is present in water despite the addition of chlorine.  
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2.3.4 Impact of the addition of inoculum 

As seen in figure 2.7, adding inoculum is an important step in initiating growth in 

a sample after pre-treatment. Figure 2.8 shows a reduced lag phase of the growth curve 

when an inoculum prepared from an indigenous community is added. A lag phase occurs 

when a bacterial population is in a metabolically slow state (i.e., stationary or death phase) 

(Vonshak 1985), and an increase in the duration of the lag phase could lead to a decline in 

growth rate and the final numbers of cells (Prabhakar and Mallika 2014). Hence, it is 

especially important to add an inoculum when the BGP of chlorinated tap water is studied 

due to the implication that the addition of Cl2 has on a biological system, such as a reduction 

of cell viability and membrane damage (Nescerecka et al. 2014). 

 

2.3.5 Effect of the use of different inoculums in the BGP of chlorinated drinking 

water 

Distinct water types have been used as inoculums in several bacterial growth 

potential studies, such as bottled water, activated carbon filter water, and bacteria 

indigenous to the tested water  (E. I. Prest et al. 2016; F. A. Hammes and Egli 2005; Farhat 

et al. 2018b; Sousi et al. 2020). This study examined the effect of adding two different 

inoculums on bacterial growth in chlorinated tap water. Various authors suggest using an 

indigenous community owing to better environmental adaptation. Therefore, most likely, 

the maximum amount of available nutrients will be consumed (E. I. Prest et al. 2016; Farhat 

et al. 2018b). However, results from figure 2.10 revealed a higher bacterial growth in 

samples inoculated with a mixed community of water effluent from carbon filters and 
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conventionally treated water (bottled water, Evian) (I2) in comparison with the BGP from 

the use of a natural consortium (I1). A combination of different water types in an inoculum 

(including the use of natural bacteria) would broaden the bacterial community, allowing a 

broader ability of the cells present in the water to convert the biodegradable DOC into new 

cells and leading to a more accurate extent of bacterial growth (Sousi et al. 2020; Sack et 

al. 2014). Sousi and colleagues suggested using an aerobic bacterial consortium when 

studying low-nutrient water, considering the nature of bacteria indigenous to this type of 

water might lack abilities to consume complex organic carbon. As seen, using different 

water types (and considering other communities) could lead to higher bacterial growth.  

Although the water effluent from carbon filters is considered an indigenous 

consortium in this report, the natural bacterial community of tap water might be altered 

after the treatment, and the microbial community analysis was out of the scope of this study. 

Therefore, further research on the changes in the community and potential effects on BGP 

when using this inoculum should be investigated.   

Additionally, the longevity of the viable cells in the two inoculums was investigated. 

Figure 2.11 shows the BGP of tap water inoculated with I1 at different inoculum ages: 

freshly prepared (right after an incubation period of 21 days), 3 and 6 months after being 

stored in a fridge. Results from 0 and 60 days of inoculum age demonstrated a highly 

similar BGP, unlike at day 180 when the BGP had a considerable increase. This 

phenomenon was later explained in figure 2.12. The number of total and intact cells in I1 

increased by nearly half log after an extended stationary phase (around 30 days) and had a 

direct effect on BGP. This could be attributed to possible contamination during 
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manipulation of the inoculum (multiple uses) or the decay of cells providing nutrients for 

growth. 

On the contrary, the number of intact cells of the inoculum I2 decreased by nearly 

1 log after 180 days, while the total cells remained at the stationary phase, with a slight 

decrease, and was directly reflected in the BGP shown in figure 2.13. These results 

highlight the importance of preparing a fresh inoculum to have the desired number of viable 

cells and perform a reliable and accurate bacterial growth potential test. As demonstrated 

here, it could be stored for up to 3 months at 4°C and correct handling should be carried 

out to avoid the introduction of nutrients.  

 

2.3.6 Use of BGP as a method to test the performance of carbon filters  

Chlorine-type disinfectants are often dosed into the RO feed to prevent bacteria 

proliferation and biofilm formation on desalination membranes. However, most commonly 

used membranes (i.e., polyamide (PA)) have a low tolerance to disinfectant residuals, 

resulting in a decrease in permeability, salt rejection, membrane life, and an increase in 

maintenance cost (Stolov and Freger 2019; Surawanvijit et. al 2016). Carbon filters can 

remove residual disinfectants through a catalytic reduction reaction (DeSilva 2000) and are 

commonly used in water desalination plants to dechlorinate the feed water before the 

membrane desalination process (Alawadhi 1997). The BGP method proposed in this study 

was used to test if the carbon filters were effectively removing chlorine from tap water. 

Results from figure 2.14 showed two different cases with similar results. In set 2, amounts 

of chlorine were detected by a colorimeter on the first day after installation, and it was 

directly reflected in the BGP of the samples taken at different stages of the filters, where 
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an increase in the concentration of chlorine resulted in a negligible and even negative net 

growth of cells.  

On the contrary, chlorine levels from set 1 were below the detection limit, denoting 

minor to zero amounts of disinfectant in the water. However, bacterial growth decreased 

over filter age, despite the low detections of chlorine and high initial cell count. The 

reduced number of cells after three days of incubation in this experiment suggested the 

presence of chlorine in the tap water, which inhibited the growth of bacteria. BGP assay of 

this study proved to be a more sensitive and valuable tool to detect trace amounts of residual 

disinfectant in water that could not be identified with conventionally used devices/solutions. 

This is a straightforward and fast method that water treatment companies could easily use 

to test the chlorine removal efficiency of the carbon filters.  

 

2.3.7 Potential effect of the addition of magnesium in BGP 

 The Reverse Osmosis process not only removes salts and bacteria from water but 

produces an almost mineral-free water permeate (Vingerhoeds et al. 2016). Low mineral 

content of water can have a negative effect on taste. Therefore, remineralization of the 

produced water is performed by water companies to improve taste and reduce corrosion-

aggressiveness properties. Magnesium is an essential element for humans, and its intake 

from drinking water has beneficial effects on health (Kozisek 2004). However, desalinated 

water usually has a low magnesium concentration (less than 900 µg/L) compared to 

conventionally treated water, i.e., bottled water (Evian has 27000 µg/L). The impact of the 

addition of magnesium on the bacterial growth potential of RO-produced drinking water 

was evaluated (Figure 2.15). No significant effect was found with the addition of different 
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concentrations of magnesium chloride, such as an increase/decrease of bacterial cells, when 

compared to a sample with no magnesium added. These results are preliminary studies of 

further research that should focus on different aspects such as its potential effect on biofilm 

formation, biofilm structure, and the impact on the microbial community. Similarly, other 

magnesium compounds (i.e., MgSO4) should be tested.  

 

2.4 Conclusions 

The present study proposed a standardized bacterial growth potential method to 

measure the biological stability of RO-produced chlorinated drinking water. The results 

showed: 

• A low concentration of a quenching agent (SMBS, 0.5 mg/L) efficiently removes 

up to 0.3 mg/L of disinfectant residual from chlorinated drinking water and does 

not alter the pH, making it a suitable concentration to use in BGP studies. 

• Filtration with a 0.22 µm pore size filter might affect BGP values of RO-produced 

water. Pasteurization is a more suitable pre-treatment for this type of water 

• The addition of inoculum is an especially essential step to initiate growth in low-

nutrient desalinated tap water 

• A mixture of different water types used as an inoculum in BGP assay could lead to 

a better consumption of nutrients in the water. Therefore, a more reliable bacterial 

growth extent. Moreover, inoculums are preferred to be used when freshly 

prepared 

• The BGP is a suitable method to test the performance of carbon filters in removing 

disinfectant 
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• Magnesium did not have a significant effect on the bacterial growth potential for 

this type of water 

• This BGP approach, if combined with molecular-based techniques such as 16S 

rRNA-gene sequencing to detect effects or changes in microbial communities, 

could provide an in-depth analysis of the drinking water ecology  
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Supplementary figures 

Supplementary figure 1. Growth of an indigenous community in tap water (30°C; 3 days) in 
water spiked with either 0 or 50 µg/L acetate-carbon. ICC = intact cell concentration. Error bars 
indicate the standard deviation from triplicate samples. 

 

Supplementary figure 2. BGP (total and intact cells) of a directly incubated sample after 
quenching of chlorine over time (35 days of incubation at 30°C). Error bars indicate standard 
deviation on triplicate samples. 
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