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ABSTRACT 

 

Despite the long history of water research, understanding drinking water microbiome 

continuum spanning from source water, treatment in the production process, distribution 

network, and up to the point where water enters a building is rather challenging owing to 

the complexity in community assembly, water matrices, physical structure, and chemical 

gradients from source to tap. Previous studies on drinking water microbiomes have 

primarily investigated “who are there?” and “how do they change over time and across 

space?” in selected stages of drinking water systems. However, it is important to ask 

additional questions that include but are not limited to “what are they doing?”, “why are 

they there?” and more critically “who is doing what?”, and “what are the 

interrelationships among them, and between them and their environment?”. To answer 

these questions, it requires not only the advent of new methods, but also the 

transformation of drinking water microbiology from a descriptive discipline to a 

hypothesis-driven science that attempts to elucidate mechanisms with the intention to 

predict and shape the microbiome continuum. 

The studies included in this dissertation resolved the ecological patterns of a 

groundwater-sourced drinking water microbiome at different scales. At the community 

level, the treatment process could be viewed as ecological disturbances on the drinking 

water microbiome continuum over space in the system by combining 16S rRNA gene 

amplicon sequencing and metagenomics. Abstraction caused a substantial decrease in 

both the abundance and number of functional genes related to methanogenesis and 

syntrophs in raw water. The softening process reduced microbial diversity and selected 

an Exiguobacterium-related population, which was attributed to its ability to use the 

phosphotransferase system (PTS) as regulatory machinery to control the energy 

conditions of the cell. After disinfection and entering the distribution system, microbial 

populations and their functions remained relatively stable. Predation by eukaryotic 
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populations could be another disturbance to the bacterial microbiome, which could 

further drive the diversification of the bacterial community.  

At the population level, nine draft genomes of pathogen-related species from the genera 

Legionella, Mycobacterium, Parachlamydia, and Leptospira were constructed and 

characterized in relation to their abundance, diversity, potential pathogenicity, genetic 

exchange, and distribution across the groundwater-sourced drinking water system. The 

presence/absence of specific virulence machinery could be effectively used to determine 

the pathogenicity potential of these genomes. Clustered regularly interspaced short 

palindromic repeats-CRISPR-associated proteins (CRISPR-Cas) genetic signatures were 

identified as a potential biomarker in the monitoring of Legionella related strains across 

different drinking water systems.  

At the multi-species level, methano-/methylo-trophs were investigated, which were 

overlooked populations dominant and prevalent in drinking water microbiomes of 

groundwater systems. Using genome-resolved metagenomics, 34 methylotroph-related 

draft genomes were recovered together with another 133 draft genomes belonging to a 

variety of taxa. Both Type I and Type II methanotrophs dominated the finished water and 

distribution system. They mostly possessed methylotrophy pathways involving many 

enzymes rather than single enzyme systems. Network analysis determined potential 

species interaction between methanotrophs and a number of non-methanotrophic 

methylotrophs and other heterotrophs. The latter two groups had the capability to supply 

essential metabolites to methanotrophs as indicated by metabolic interdependency 

analysis.  

This series of studies established a framework to understand the drinking water 

microbiome continuum through the inference of evolutionary and ecological processes 

that shape the microbiome from genomic/metagenomic data. They also offered new 

perspectives to some questions waiting to be answered by future studies, including “How 

to define a ‘healthy’ microbiome and microbial indicators?”, “How to effectively monitor 
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opportunistic pathogens in drinking water microbiomes?”, and “Can drinking water 

microbiomes be predict and intentionally shaped?”.  
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CHAPTER 1  INTRODUCTION 

 

1.1  The history of drinking water treatment 

The history of drinking water treatment can be traced back to 4000 BC, when methods 

including filtering through charcoal, exposing to sunlight, boiling, and straining were 

recorded in ancient Sanskrit and Greek writings. It was reported that in 1500 BC, the 

Egyptians used chemical alum to facilitate the settling of suspended particles (Halliday, 

2004). The knowledge was forgotten in medieval Europe, and waste and wastewater were 

discharged in cities and a series of waterborne disease outbreaks including cholera and 

typhoid fever occurred (USEPA, 2000). It was not until the 1700s that Europe re-

established the regular use of drinking water treatment filtration technologies as an 

effective means of removing particles from water (USEPA, 2000). The effectiveness of 

these water treatment technologies could not be successfully measured to understand why 

water treatment using both filtration and disinfection were essential until after the 

invention of cultivation technique and the germ theory of disease between 1850s and 

1890s (Koch and Duncan, 1894). Currently, drinking water treatment and distribution are 

practiced in two ways based on the consideration of chlorination for biological safety and 

the exposure to harmful substances from disinfection by-products (DBPs). One proposes 

to maintain a minimal level of residual disinfectants to suppress microbial regrowth in 

distribution system (DS) and the other (the Netherlands, Switzerland, Austria, and 

Germany) tries to substantially reduce available carbon for regrowth during distribution 

instead of adding disinfectant residuals. Clearly both approaches recognize the 

importance of microbes in drinking water systems.  Concurrently, regulatory agencies 

have implemented rules and regulations for drinking water quality to protect public 

health. However, the microbiological standard of drinking water still relies on 

heterotrophic plate count and indicator microorganisms (Escherichia coli and total 
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coliforms) proposed more than 100 years ago to determine the adequacy of water 

treatment and the integrity of the DS.  

 

1.2  The development of microbial ecology of drinking water systems 

Accurate description of microbes in drinking water systems (DWSs) from source water, 

treatment in the production process, distribution network, and up to the point where water 

enters a building is rather challenging owing to its complexity in water matrices, physical 

structure and chemical gradients from source to tap. In the United States (US) alone, 34 

billion gallons of water is produced daily by > 151,000 public water systems and passes 

through almost 1 million miles of pipelines to individual households (National Research 

Council, 2006; USEPA, 2017). A typical surface water system usually consists of 

abstraction, coagulation, sedimentation, filtration, disinfection, and distribution. More 

complex systems include ozonation, (biological) activated carbon, membrane separation, 

and ultraviolet disinfection (Rosario-Ortiz et al., 2016). A municipal water DS further 

consists of pipes, pumps, valves, storage tanks, reservoirs, meters, fittings, and other 

hydraulic accessories made of many different materials (National Research Council, 

2006).  

As early as 1945, Wilson described the concept of microbial ecology in drinking water 

DS (Wilson, 1945), and suggested that the ecological niches inside a DS could be 

determined by knowing the type and number of bacteria developed. After more than 70 

years, we are beginning to gain a glimpse of the microbial ecology of drinking water 

systems and appreciate the complexity of such ecosystems with the invention of new 

detection methods. As Koch said, “As soon as the right method was found, discoveries 

came as easily as ripe apples from a tree.”. The inventions of Leeuwenhoek’s simple 

spherical lenses, the electron microscope, pure culture technique, and recombinant DNA 

all support such a paradigm shift, and elevate our understandings of the microbial world. 

Over the past 20 years, cultivation-independent approaches that primarily base on the use 
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of rRNA gene sequences have transformed our understanding of the microbial world 

from deep sea, to human microbiome, and now to drinking water microbiome in a 

remarkable way. 

 

1.3  Organization of this dissertation 

This dissertation describes the ecological patterns of a groundwater-sourced drinking 

water microbiome at different scales.  

• Chapter 1 provides background including the history of drinking water treatment 

and the development of microbial ecology of drinking water systems.  

• Chapter 2 reviews our current understandings on drinking water microbiome, 

which is closely related to the advent of new methods for monitoring and 

characterizing microbial communities. The potential of using omics technologies 

to study drinking water microbiomes is also discussed.  

• Chapter 3 resolves the ecological patterns observed at the community level, 

including structural diversity and metabolic potential of drinking water 

microbiome continuum under disturbances from the treatment process and 

predation from eukaryotes. 

• Chapter 4 concentrates on pathogen-related species at the population level with 

regard to their abundance, diversity, potential pathogenicity, genetic exchange, 

and distribution across the studied drinking water system. 

• Chapter 5 expands to the multi-species level, investigating the compositional and 

functional diversity, interspecies relationship, and metabolic interdependency of 

methano-/methylo-trophic bacteria.  

• Chapter 6 finishes with the conclusions from this research and identifies 

challenges we are facing and suggestions for further work. 
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CHAPTER 2  CURRENT UNDERSTANDING ON DRINKING WATER 

MICROBIOMES 

 

2.1  Abstract 

To advance the understandings on drinking water microbiomes, this review concentrates 

on i) what cultivation-independent tools have been developed for the analyses of drinking 

water microbiomes; ii) what knowledge we have gained so far on the population 

dynamics and microbial ecology of drinking water microbiomes; and iii) how the next-

generation techniques are able to provide new perspectives on the complexity of the 

microbial community within drinking water ecosystem. The goal is to guide operational 

practices in water utilities to create and maintain a “healthy” microbiome in the 

distribution system (DS), and to enlighten future research on drinking water 

microbiomes.  

 

2.2  Current methods for drinking water microbiome monitoring 

To routinely monitor and characterize drinking water microbiomes, a suite of methods 

has been developed (Figure 2.1). These methods are mainly used to measure microbial 

density, microbial composition, and microbial activities, and detailed description has 

been reported previously (Liu et al., 2013a; Douterelo et al., 2014b).  It should be noted 

that no single method can provide all the information, including the presence/absence and 

concentrations of specific opportunistic pathogens, microbial density, community 

composition and structure, and spatial arrangement.  The current strategy is to combine 

several methods to improve the view of the microbiome in the studied system. Also, all 

the methods have known biases associated with and should be used with caution. 
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Figure 2.1 History on the development of major microbiological methods (upper half), 

and the introduction of key regulations and rules in drinking water production, primarily 

based on the US system (bottom half).   

 

Table 2.1 Summary of methods used to measure microbial density, microbial 

composition, and microbial activities in drinking water microbiome studies.  

Microbial density Microbial composition Microbial activities 

Cultivation methods (HPC, 

selective and differential media) 

Community fingerprint 

(DGGE, T-RFLP, PCR-ALH, 

SSCP) 

ATP assay 

Cell counting (microscopic 

counts, FCM) 

16S rRNA gene amplicon 

analysis (clone library and 

Sanger sequencing, NGS) 

Enzymatic activity tests 

Molecular methods (qPCR, 

viable qPCR, ddPCR) 

16S rRNA gene hybridization 

(DNA microarray) 

Assimilable organic carbon 

(AOC) 

 Spatial distribution (FISH, SEM)  

 

Methods for measuring microbial density    Cultivation is still the most widely-used 

technique to quantify microbial density in drinking water sector since the late 18th 

century. Heterotrophic plate count (HPC) and bacterial indicators (i.e., total coliforms 

and E. coli) were introduced to determine the adequacy of water treatment and the 

integrity of the DS (Frankland, 1894)(Koch and Duncan, 1894)(Payment et al., 2003)(US 



 

 

 

7 

EPA 1984)(Bartram et al., 2004). Isolating and enumerating disease-causing 

microorganisms is always a priority in drinking water studies. Thus, selective and 

differential media techniques have been developed to cultivate many known pathogens. 

For example, the buffered charcoal yeast extract (BCYE) agar is a selective medium 

developed to isolate the once difficult-to-culture L. pneumophila in 1980s that caused the 

outbreak of Legionnaires' disease in 1976 (Pasculle et al., 1980; Edelstein, 1981).  

An alternative and most direct way to quantify microbial density is cell counting. Cells in 

water samples can be directly counted using a microscopy, or stained with fluorescent 

dyes and counted under an epifluorescence microscope or flow cytometry (FCM) as total 

cell count (TCC). The usage of FCM in DSs and premise plumbing is still limited to 

systems without residual disinfectants. For drinking water containing residual 

disinfectants, pretreatment using membrane filtration to concentrate bacteria at an 

appropriate density is required due to low cell number and the interference of bacteria-

like particles (Lautenschlager et al., 2013; Besmer et al., 2016; Van Nevel et al., 2017), 

which is time-consuming and subjective (Santic et al., 2007).  

Since the mid-1980s, various forms of molecular methods (e.g., quantitative PCR 

(qPCR), viable qPCR and digital droplet PCR (ddPCR) have been developed to provide 

qualitative and quantitative information related to total or specific bacterial cells, and to 

the ratio of live and dead cells (Chen and Chang, 2010; Yanez et al., 2011; Lee et al., 

2015). These molecular tools are mostly based on the use of a key biomarker known as 

16S rRNA gene (Woese 1987). The 16S rRNA gene sequence is conserved among the 

domains Bacteria and Archaea and composed of regions that are variable enough to be 

used for phylogenetic classification at different levels of specificities (i.e., species, 

genera … phyla and domains) (Liu and Stahl, 2007). 

Methods measuring microbial composition    Characterizing and monitoring microbial 

populations is an important first step to elucidate the complexity of microbial ecology in 

DWSs. Two major types of PCR amplification methods can be carried out.  The first type 
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of PCR-based methods is generally termed “community fingerprint".  It analyzes the 

amplified 16S rRNA genes and generates a pattern-based profile of community structure, 

most commonly represented by a banding pattern of nucleic acid fragments resolved by 

gel electrophoresis.  In general, these community fingerprinting methods allow one to 

rapidly examine the microbial diversity within a microbial ecosystem, or compare the 

differences and similarities on the microbial community structure among different 

ecosystems.  Many studies have also demonstrated the capabilities of these molecular 

tools to provide more rapid and better insights into microbial diversity than cultivation 

methods in different natural and engineered environments (Liu and Stahl, 2007). In the 

last decade, many microbial fingerprinting methods have been developed to facilitate the 

determination of microbial diversity in various ecosystems.  Commonly used methods 

including DGGE (denaturing gradient gel electrophoresis), T-RFLP (terminal restriction 

fragment length polymorphism), PCR-ALH (amplicon length heterogeneity), and SSCP 

(single-strand-conformation polymorphism) were detailed previously (Liu and Stahl, 

2007).   

The second type of molecular methods is to obtain a dataset of 16S rRNA gene sequences 

from the extracted community genomic DNA. Initially, this was achieved through clone 

library construction of 16S rRNA gene sequences. In recent years, the composition of 

16S rRNA gene sequences in a microbial sample can be obtained using the next-

generation sequencing (NGS) technology. Both approaches describe the microbial 

composition based on the number of unique 16S rRNA sequences and the abundance of 

individual 16S rRNA sequences. The 16S rRNA sequences can be further compared with 

all 16S rRNA sequences stored in a public database. This allows one to infer the 

phylogeny affiliation of individual 16S rRNA sequences and determine whether the 

sequences are novel or related to known organisms based on the similarity of sequence 

homology (e.g., <97% for defining a new species). Furthermore, based on the sequence 

information, one can design oligonucleotide probes specific for a target organism or a 

group of organisms, and then apply them in whole-cell hybridization or membrane 
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hybridization for confirming the presence of the targeted organisms or for quantitative 

measurement of those targeted organisms in the environment. Likewise, the active 

members within the microbial community can be determined using the corresponding 

RNA-based analysis instead of DNA-based methods. 

DNA microarray technology has emerged as a high-throughput platform for nucleic acid 

analysis in environmental microbiology studies (Zhou, 2003; Bodrossy and Sessitsch, 

2004; Li and Liu, 2004). For microbial identification and community analysis, this 

platform generally uses rRNA genes as the phylogenetic marker (Guschin et al., 1997; 

Liu et al., 2001; Small et al., 2001; Loy et al., 2002; Wilson et al., 2002; Peplies et al., 

2003). Initially, hundreds up to thousands of rRNA-based oligonucleotide probes with a 

length between 15 and 25 nt are designed to target the rRNA gene sequences of interested 

microorganisms at different levels of specificities (i.e., species, genera … phyla and 

domains), and then spotted or in-situ synthesized onto a microarray substrate (Loy et al., 

2002; Wilson et al., 2002). Followed by hybridization with fluorescently labeled 

rRNA/rDNA targets and washing at optimal conditions, signals are measured and 

statistically analyzed to infer microbial community structures in complex environmental 

samples (Small et al., 2001; El Fantroussi et al., 2003; Peplies et al., 2004). 

Finally, the microbial composition can also be determined by examining the spatial 

distribution of microorganisms in-situ. Fluorescence in-situ hybridization (FISH) and 

scanning electron microscope (SEM) are the most commonly used methods to show the 

spatial structure and arrangement of microbial communities. The development of SEM in 

the 1950s (Fischer et al., 2005) has enabled the visualization of 3-dimensional 

topography of biofilm in water meters (Hong et al., 2010). Using 16S rRNA gene as a 

biomarker, FISH technique has been introduced in the late 1980s to identify and quantify 

microbial populations at different phylogenetic levels, and in combination with other 

techniques to determine microbial functions in their natural positions (Delong et al., 

1989; Amann et al., 1990).  
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Methods measuring microbial activities    To measure microbial activity, the currently 

available methods included ATP assay, enzymatic activity tests, and assimilable organic 

carbon (AOC) tests (Vanderkooij et al., 1982; Stutz et al., 1986; Manz et al., 1993; Henne 

et al., 2012; Lautenschlager et al., 2014). ATP assay determines all biologically active 

microorganisms based on the total amount of ATP measured through 

bioluminescence assay (Stutz et al., 1986). Enzymatic activity tests quantify specific 

enzymes by monitoring the increase of fluorescence intensities or absorbance owing to 

the degradation of substrates by specific enzymatic activities such as polysaccharide-

degrading enzymes (α- and β-glucosidase, cellobiohydrolase, xylosidase, chitinase) as a 

function of time (Roskoski, 2007; Lautenschlager et al., 2014). AOC concentration 

represents the fraction of dissolved organic carbon that may readily support microbial 

growth and is determined by measuring the maximum level of growth of two bacterial 

isolates (Pseudomonas fluorescens P-17 and Spirillum sp. strain NOX) in a water sample, 

which usually takes 5-7 days (Vanderkooij et al., 1982). However, activity measurements 

have not been widely incorporated in drinking water microbiome studies because they are 

time-consuming and labor-intensive.  

Limitations of current methods    Current methods for the monitoring of drinking water 

microbiomes do have limitations. Cultivation-based methods are known to be time-

consuming, low in sensitivity, and ineffective in recovering most organisms (Staley and 

Konopka, 1985; Berney et al., 2008; Hammes et al., 2008).  Thus, current studies mostly 

rely on molecular tools to gain insights into drinking water microbiomes. We 

systematically summarize biases that can occur or be associated with key steps from 

sampling to data interpretation in those molecular-based methods (Table 2.2). Firstly, 

experimental design in technical and biological replicates is critical to statistically 

determine variations between samples, but is often not considered due to time, 

manpower, and cost (Brooks et al., 2015). For example, sample-to-sample heterogeneity 

often occur during biofilm samplings. Sampling biofilm in replicates in full-scale systems 

can be difficult because of limited access, high cost, and high chances of contamination 
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(Gomez-Smith et al., 2015; Ling et al., 2016). The sample-to-sample heterogeneity can 

become more significant when analyses of molecules at different metabolic levels (i.e., 

DNA, RNA, proteins, and metabolites) are integrated (Muller et al., 2013). Sample 

volume and concentration methods also play a crucial role in determining whether 

enough biomass can be successfully obtained for downstream molecular analyses. At 

present, no standard practice has been established for the minimal sampling volume 

required and the concentration method used. Sample volume ranging from 100 mL to 

2000 L is necessary and often dependent on downstream analyses and research 

objectives. The extraction efficiency of DNA, RNA, and protein from collected samples 

can vary from 35 to 85%, and can sometimes influence the taxonomic outcomes of 

microbiota assessments (Hwang et al., 2012b; Guo and Zhang, 2013; Henderson et al., 

2013; Moran et al., 2013; Stark et al., 2014; Tsementzi et al., 2014; Brooks et al., 2015). 

Biases can also occur during PCR amplification (30-50%) (Brooks et al., 2015), due to 

differences in GC content of microbes (Duhaime et al., 2012), rRNA gene copy number 

(Klappenbach et al., 2001), and primer annealing efficiency (Wu et al., 2009). All these 

factors can lead up to 10% variation in estimating the relative abundance of specific 

microbial groups (Angly et al., 2014). During DNA sequencing, various degrees of error 

can occur depending on the sequencing platforms with error rate ranging from <1% up to 

14% (Roberts et al., 2013; Ross et al., 2013; Feng et al., 2015; Jain et al., 2016).  Last but 

not the least, 16S rRNA is the most commonly used biomarker for identifying microbial 

populations. As short sequence reads are often used, the classification of microbial 

populations is only accurate to the genus or family level (Schloss, 2010). Also, 16S 

rRNA gene sequence cannot accurately provide the physiological function unlike whole 

genome-based methods (Jain et al., 2017).  This can be a significant problem in 

distinguishing pathogenic strains from commensals (Steele and Streit, 2005; Edberg, 

2009).   
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Table 2.2 Limitations of current methods as shown by systematic errors reported in the 

literature. 

Experimental/analytical 

steps  

Range Systematic error References 

Sample number 

(technical and 

biological replicates) 

2-15 5% (Prosser, 2010; Brooks et al., 2015; 

Bautista-de los Santos et al., 2016b) 

Sample volume and 

concentration methods 

100 ml - 2000 

L 

N/A (APHA et al., 1998; Chao et al., 

2013; Liu et al., 2013b; Wang et al., 

2017; Zhang et al., 2017) 

DNA extraction 

efficiency 

1 – 100% 35-85% (Hwang et al., 2012b; Guo and 

Zhang, 2013; Henderson et al., 2013; 

Brooks et al., 2015) 

RNA extraction 

efficiency 

1 – 100% 50%-80% (Moran et al., 2013; Stark et al., 

2014; Tsementzi et al., 2014) 

Protein extraction 

efficiency 

1 – 100% 50%-60% (Keiblinger et al., 2012; Hansen et 

al., 2014) 

PCR biases 1.4N – 2N 30%-50% (Duhaime et al., 2012; Brooks et al., 

2015) 

rRNA gene copy 

number 

~ 1 – 20  ~10% in 

abundance 

estimate 

(Klappenbach et al., 2001; Vetrovsky 

and Baldrian, 2013; Angly et al., 

2014) 

DNA sequencing 90 – 100% 0.1%-10% (Lee et al., 2012; Roberts et al., 

2013; Ross et al., 2013; Feng et al., 
2015; Jain et al., 2016) 

16S rRNA resolution 

(length and targeted 

variable regions) 

genus - family 12-15% in 

underestimating 

diversity 

(Brooks et al., 2015; Jain et al., 2017) 

 

 

Figure 2.2 The configuration of typical DWSs. A) A complex system in Switzerland, B) 

a simple system in a mid-size town in the US. 
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2.3  Current understandings on drinking water microbiomes 

2.3.1  Changes in drinking water microbiomes due to environmental factors 

Current drinking water production plants apply physical and chemical means to remove 

unwanted chemicals and microorganisms, and some use microbiological processes such 

as sand filters and granular activated carbon filters to biologically remove excessive 

nutrients and break down soluble organic matters (Figure 2.2). The produced water with 

or without residual disinfectants is then delivered to consumers through complex 

distribution network. Thus, it is important to understand how drinking water microbiomes 

can be influenced by different environmental factors, including source water matrices, 

treatments within drinking water production plant, DSs prior to entering indoor 

plumbing, and indoor plumbing (Table 2.3). Due to the substantial difference between the 

water system before water meter and premise plumbing, this review focuses mostly to the 

former. Readers can refer to the following reviews published dedicatedly to premise 

plumbing (Wang et al., 2013; Dai et al., 2017; Wang et al., 2017). 

Effect of source water matrices    Surface water and groundwater are the two types of 

source waters most commonly used to produce drinking water, and can contain distinct 

microbial populations owing to differences in physical and chemical gradients. These 

microbial populations present can ‘seed’ downstream microbiota in the treatment train, 

the DS, and indoor plumbing. Groundwater systems are mostly known to be anoxic or 

anaerobic with relatively high concentrations of compounds (i.e., iron, manganese, 

ammonia, sulfur compounds, methane, and dissolved organic carbon) supporting the 

growth of anaerobic communities (van der Wielen et al., 2009; Holinger et al., 2014; 

Albers et al., 2015; Ling et al., 2016; Bruno et al., 2017; Zhang et al., 2017). Due to 

aeration on abstraction, most of these anaerobes cannot survive under the oxidative stress 

and are generally not detected downstream (Roeselers et al., 2015; Zhang et al., 2017).  
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Table 2.3 Treatment effects on drinking water microbiomes from the literature.  

Treatment 

stages 

Purpose Impacts on drinking water microbiome References 

Source water Water supply - Serve as inoculum to downstream microbiota.  

- Seeding effect is more significant in surface 

water systems than groundwater systems.  

- Seasonal variations in surface water influences 

changes in downstream microbiota.  

- Biofilm community in surface water systems 

have slightly higher diversity than ground water 

systems.  

(Pinto et al., 2012; 

Pinto et al., 2014; Sun 

et al., 2014; Gomez-

Alvarez et al., 2015; 

Roeselers et al., 2015; 

Revetta et al., 2016; 

Douterelo et al., 2017; 

Zhang et al., 2017) 

Softening Hardness removal - Softening effluent is dominated by a single 

bacterial population.  

(Zhang et al., 2017) 

Coagulation 

and 

sedimentation 

Removal of turbidity, 

infectious agents, and 

DBP precursors 

- Their influence on microbial community is 

relatively small.  

(Eichler et al., 2006; 

Poitelon et al., 2010; 

Zeng et al., 2013; Lin 

et al., 2014) 

Ozonation Disinfection and 

removal of NOM 

- It has significant impacts on total cell counts and 

community diversity. 

- The resulting AOC supports a different 

community in downstream biofilters compared 

with incoming water. 

(Vaz-Moreira et al., 

2013; Zeng et al., 

2013; Lautenschlager 

et al., 2014) 

Filtration Removal of turbidity, 

pathogens, and 

various contaminants 

- Filtration is the key step shaping downstream 

microbiota through removal of incoming particles 

and seeding of outflow owing to the sloughing of 

biofilms on filter media.  

- Various biological processes can occur in filters.  

- Some groups have greater potential to seed 

downstream. 

- Eukaryotes play an important role in bacterial 

dynamics in filters. 

(Cerrato et al., 2010; 

Kasuga et al., 2010a, b; 

White et al., 2012; 

Zearley and Summers, 

2012; Feng et al., 

2013; Liao et al., 2013; 

Holinger et al., 2014; 

Lautenschlager et al., 

2014; Albers et al., 

2015; Gulay et al., 

2016; Marcus et al., 

2017) 

Disinfection Pathogen inactivation - Disinfection treatments can lead to decreases in 

microbial diversity, in particular, on the active 

members. 

- Chlorination and chloramination might select for 

different bacterial populations.  

- The molecular mechanism of chlorine resistance 

is attributed to glutathione synthesis.  

(Eichler et al., 2006; 

Gomez-Alvarez et al., 

2012; Hwang et al., 

2012a; Chao et al., 

2013; Chiao et al., 

2014; Sun et al., 2014; 

Wang et al., 2014b; 

Bautista-de los Santos 

et al., 2016a) 

Distribution Water transportation - Drinking water microbiota are involved in many 

important processes in DSs, i.e., the formation of 

biofilms and loose-deposits on pipe walls, 

harboring pathogens in biofilm, nitrification, 

manganese oxidation, methane oxidation, and 

inducing pipe corrosion. 

- Many factors have been determined to play a 

role in microbial regrowth, such as temperature; 

the amount of usable carbon; flow regime 

(hydrodynamics); water residence time; pipe 

materials; and the presence of corrosion products. 

(LeChevallier et al., 

1996; Camper et al., 

1999; Berry et al., 

2006; Lautenschlager 

et al., 2010; Liu et al., 

2013a; Ji et al., 2015; 

Proctor et al., 2015; 

Bautista-de los Santos 

et al., 2016a; Dai et al., 

2017) 
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In comparison, the seeding effect, or treatment breakthrough, has been reported in 

treatment processes using surface water as source water (Pinto et al., 2012; Gomez-

Alvarez et al., 2015).Seasonal variations in bulk water community are also commonly 

observed with seasonal changes in surface water (Pinto et al., 2014; Douterelo et al., 

2017). 

Softening    Softening is used to remove calcium, magnesium, and certain other metal 

cations that contribute to hardness, with concurrent benefit to the removal of heavy 

metals, natural organic matter, turbidity, and pathogens (Peters, 2011). During the 

softening process, lime and soda ash are added to raise pH rapidly to 10.3 for calcium 

precipitation or 11.0 for magnesium precipitation. It is anticipated that not many 

microbes can survive under this drastic change in pH, as shown by a recent study 

reporting a substantial reduction in community diversity before and after the softening 

process (Zhang et al., 2017). In comparison, a wide variety of different microorganisms 

were observed to colonize the calcite pellets in a full-scale pellet softening reactor 

preceded by ozonation. They proliferated as soon as the pH in the water was neutralized 

due to calcite crystallization in the presence of highly biodegradable nutrients. Biomass 

could reach as high as 220 mg ATP/m3 of the reactor and were responsible for the 

removal of 60% of AOC from the water (Hammes et al., 2011).  

Coagulation, flocculation, and sedimentation    These processes are used to remove 

suspended solids including small particulars and colloids (0.001 – 1.0 µm), improve 

water turbidity color, and reduce the level of microbial pathogens and DBP precursors 

(Peters, 2011). Coagulation and flocculation turn small particles present in source water 

into larger particles called ‘flocs’, which are then removed during sedimentation and 

filtration. These processes are reported to have no observable effects on microbial 

community structure (Eichler et al., 2006; Poitelon et al., 2010; Lin et al., 2014). 

However, one study observed a significant community shift during sedimentation (Zeng 

et al., 2013).  
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Filtration    Filtration separates suspended or colloidal impurities from water by passing 

it through a porous medium (e.g., a bed of sand, coal, activated carbon, or garnet) to 

improve turbidity, and remove pathogens and many organic and inorganic contaminants. 

Depending on the source water quality, one or a series of filters are used at a DWS, 

including rapid sand filters (RSFs), granular activated carbon (GAC) filters, and slow 

sand filters (SSFs). Filtration is a key step in shaping DS microbiota by removing 

incoming microbes as a form of particles through mechanical screening and by seeding 

outflow with microbes as planktonic cells or aggregates detached from filter media 

(Peters, 2011). Microbial biomass can be enriched on the filters and reach up to a density 

of 109 copies of 16S rRNA gene per g-filter material or 1015-1016 cells per m3 filter 

material.  Depending on water quality, these microbes have various metabolic functions, 

including oxidation of ammonia, iron, and manganese, metabolism of sulfur compounds, 

and degradation of dissolved organic carbon and trace organic micropollutants (Magic-

Knezev and van der Kooij, 2004; Velten et al., 2007; de Vet et al., 2009; van der Wielen 

et al., 2009; Cerrato et al., 2010; Kasuga et al., 2010a, b; White et al., 2012; Zearley and 

Summers, 2012; Feng et al., 2013; Liao et al., 2013; Holinger et al., 2014; Lautenschlager 

et al., 2014; Albers et al., 2015; Gulay et al., 2016; Marcus et al., 2017). Dense bacterial 

cells and protozoa are frequently observed at the top layer of slow sand filters (i.e., 

Schmutzdecke), and eukaryotic predation has been shown to play a critical role in the 

dynamics of the bacterial community in the filters (Lautenschlager et al., 2014; Haig et 

al., 2015).   

Ozonation    Ozonation is used as a disinfection and oxidation process to enhance 

microbial removal, control taste and odor, and eliminate micropollutants from water (von 

Gunten, 2003). The strong oxidative stress imposed by ozonation causes a significant 

reduction of the total cell counts and community diversity (Vaz-Moreira et al., 2013; 

Zeng et al., 2013; Lautenschlager et al., 2014). It also oxidizes natural organic matter 

(NOM) into low-molecular-weight and possibly biodegradable AOC, which is then 

removed by biological filters. A distinct microbial community in biofilters following an 
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ozonation step was identified in comparison to the incoming raw water (Lautenschlager 

et al., 2014).  

Disinfection    Free chlorination and chloramination are two major types of disinfection 

treatments used to inactivate pathogens during drinking water production and 

transportation processes. Disinfection treatments can lead to decreases in microbial 

diversity for systems maintaining a disinfectant residual (Gomez-Alvarez et al., 2012; Chao 

et al., 2013; Sun et al., 2014; Bautista-de los Santos et al., 2016a). Due to the difference in 

the inactivation mechanisms, chlorination and chloramination were reported to select for 

different bacterial populations in a DWS with alternating disinfection treatment between 

chlorination and chloramination (Hwang et al., 2012a; Wang et al., 2014b). However, 

when more systems were incorporated and compared, this trend was not observed 

(Bautista-de los Santos et al., 2016a).  

Distribution network    DS pipes carry drinking water from a centralized treatment plant 

or well supplies to consumers’ taps, providing the required water quantity and quality at a 

suitable pressure. Managing the network is a primary challenge from both an operational 

and public health standpoint due to the expansive physical infrastructure (Snoeyink et al., 

2006). Microbial regrowth with spatiotemporal variation is the major concern in 

distribution as the physicochemical and nutritional conditions provided by pipe walls are 

very different from those found during treatment. Recent studies were able to identify the 

microbial community and dominant species associated with many important processes in 

DSs. These processes included the formation of biofilms and loose-deposits on pipe walls 

(Kelly et al., 2014; Liu et al., 2014; Wang et al., 2014a), harboring pathogens in biofilm 

(Wang et al., 2013; Ling et al., 2016), nitrification (Regan et al., 2003; Zhang et al., 2008; 

van der Wielen et al., 2009; Wang et al., 2014b), oxidation of manganese (Marcus et al., 

2017) and methane (Kelly et al., 2014; Ling et al., 2016), and inducing pipe corrosion 

(Beech and Sunner, 2004; Zhang et al., 2008; Li et al., 2010; Chen et al., 2013; Jin et al., 

2015; Li et al., 2015b). Many factors have been determined to play a role in the microbial 

regrowth in DSs, including temperature, especially warm water conditions, the amount of 



 

 

 

18 

usable carbon, flow regime (hydrodynamics), water residence time, pipe materials, and 

the presence of corrosion products (LeChevallier et al., 1996; Camper et al., 1999; Berry 

et al., 2006; Liu et al., 2013a; Proctor et al., 2015; Bautista-de los Santos et al., 2016a; 

Dai et al., 2017). For premise plumbing, pipe diameter is reported as a key critical factor 

(Lautenschlager et al., 2010; Ji et al., 2015).  

 

2.3.2  Spatiotemporal shifts in microbiomes as a continuum throughout a DWS  

Drinking water microbiomes can be viewed as a continuum of microbial communities 

that exhibit spatiotemporal dynamics. They can shift dramatically over distance as 

described in the previous section and over time at short- or long-term intervals. For long-

term changes, seasonal variations have been observed in the bulk water phase, the biofilm 

phase, and the cold and hot waterlines in DSs, and were found to be correlated with 

disinfection treatment and seasonal temperature change (Henne et al., 2013; Pinto et al., 

2014; Ling et al., 2016; Prest et al., 2016). Short-term fluctuations occur on a scale of 

hours-to-weeks, and are difficult to capture due to low frequency in sampling. These 

spatiotemporal changes can be further exemplified by studies about four DWSs in Europe 

and the US.  

The city of Braunschweig, Germany, uses two surface water reservoirs as raw water to 

produce drinking water through two systems with coagulation-flocculation, sand barriers, 

and chlorination (0.2-0.7 mg/L). Containing no residual chlorine, the treated water from 

the two sources is transported to a storage container and mixed at a constant ratio (Lesnik 

et al., 2016). The drinking water microbiome was analyzed at different stages of the 

system, including the production system, the distribution network, and cold and hot 

waterlines of premise plumbing, together with the monitoring of Legionella from source 

to cold and hot waterlines (Eichler et al., 2006; Henne et al., 2012; Henne et al., 2013; 

Lesnik et al., 2016). The findings suggested that microflora in the DS were influenced by 

both source water and chlorination with chlorination having a more profound impact on 
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the active community than the overall microbial community (Eichler et al., 2006). The 

biofilm community and the bulk water community did not share any core microbial 

population. The bulk water community was observed to have a high number of the low-

abundance bacterial populations, and the biofilm community had a reduced diversity. It 

was hypothesized that low-abundance bacterial populations in the bulk water could 

function as an inoculum to seed the biofilm community (Henne et al., 2012). Seasonal 

dynamics observed in drinking water microbiome were highly influenced by source water 

(Henne et al., 2013). It was further observed that treatment processes had apparent impact 

on Legionella species. The types of Legionella species in cold waterlines and hot 

waterlines were different with substantially more Legionella pneumophila in hot 

waterlines (Lesnik et al., 2016).  

The city of Zurich, Switzerland, uses surface water (Lake Zürich) to produce 50% of 

daily drinking water demand through sequential ozonation and filtration steps (RSF, 

GAC, and SSF), together with untreated groundwater (49%) and spring water (1%). The 

produced water contains no residual disinfectants in the distribution network. The 

drinking water microbiome was analyzed using online flow cytometry and HPC for cell 

counts, ATP for microbial activities, and 16S rRNA-based molecular methods 

(Lautenschlager et al., 2010; Lautenschlager et al., 2013; Lautenschlager et al., 2014). 

Results based on phylogenetic, enzymatic, and metabolic analyses indicated that 

microbial communities in the water phase shifted from source water, to RSF effluent, 

GAC effluent, and then SSF effluent. Filter microbial communities in RSF, GAC, and 

SSF differed among each other, and from those observed in the effluent of individual 

filters. The microbial community of SSF filter remained unchanged in the subsequent 

reservoir during a two-year consecutive sampling (Lautenschlager et al., 2014). Within 

the DS, the microbiome composition in bulk water sampled at different locations 

throughout the distribution network remained remarkably stable during the two-year 

sampling period. High abundances of candidate phyla were detected compared with 

systems with residual disinfectants (Lautenschlager et al., 2013). In premise plumbing, 



 

 

 

20 

cell concentration increased in the first liter of tap water after overnight stagnation, 

followed by step-wise decrease when the water was flushed (the first 2 liters). This 

increase in cell concentration could only be partially explained by the growth due to 

available AOC (Lautenschlager et al., 2010).  

At the city of Ann Arbor, Michigan, USA, the DWS uses surface water (Huron River) and 

local wells (groundwater) as raw water at approximately 2:1 in the winter and 8:1 in the 

summer. The water is treated through a process including lime softening, coagulation, 

flocculation, sedimentation, ozonation, dual media filtration, and chloramination. The 

finished water contains approximately 3 mg Cl2/L chloramine as the residual 

disinfectants with a pH between 9.1 and 9.3. Microbial community analysis together with 

modelling and network analyses were used to describe and generalize the trend observed 

with drinking water microbiome. The results indicated that filtration by dual media sand 

filters played a primary role in shaping the microbial community in the DS, and bacterial 

taxa that colonized the filter and sloughed off in the filter effluent persisted in the DS 

(Pinto et al., 2012). The drinking water microbiome in the distribution network exhibited 

a strong temporal trend of seasonal cycling correlating with temperature and source water 

usage patterns, and weaker spatial dynamics. The the relative abundance of a taxon and 

the frequency of its detection were positively correlated (Pinto et al., 2014). The findings 

could be further used to develop a predictive framework for microbial management. 

The cities of Champaign and Urbana, Illinois, USA use groundwater from the Mahomet 

aquifer containing dissolved methane as the source water to produce drinking water 

through two-stage lime softening, recarbonation, chlorination and filtration (Gunsalus et 

al., 1972; Flynn et al., 2013) (Hwang et al., 2012a). Chloramine was used as the residual 

disinfectant for many years but was switched to free chlorine in 2012, and the finished 

water maintains a residual disinfectant concentration at approximately 2.5 mg Cl2/L with 

a pH of 8.8. Abstraction and softening processes were shown to cause major microbial 

community shifts throughout the system. After an extensive period of monitoring of the 

microbiome in bulk water and water meter biofilms (Hong et al., 2010; Ling et al., 2016), 
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the shifts in microbial communities were shown to be correlated with disinfectant types 

and sampling time for the water-phase samples but not for the biofilm-phase samples 

from water meters. Between bulk water and water meter biofilms, the shared core 

microbiome contained a high abundance of populations related to methano- and methylo-

trophs and exhibited seasonal variations (Ling et al., 2016).  A variety of eukaryotic 

groups were detected throughout the system, indicating that predation could be another 

factor driving the diversification of the bacterial community.   

 

2.4  Microbial ecology of drinking water microbiome 

Typically, DWSs are viewed as complex microbial ecosystems that create various 

ecological niches to support the growth of microbes and microbial community in 

individual niches is shaped by a variety of deterministic factors, as described in section 3. 

Recently, neutral processes including random death, dispersal and speciation are 

considered to play a crucial role in community assembly in the distribution system and 

premise plumbing. Additional efforts are being made to transform our understanding of 

drinking water microbiomes from descriptive processes to hypothesis-driven ecological 

processes (Horner-Devine et al., 2004).  

Core microbiome    Identifying a core microbiome is an important step for gaining 

insights into the microbial function associated with an ecosystem, and is often used to 

provide guidance on how to manipulate microbial communities to achieve desired 

outcomes. A core microbiome is typically defined as the suite of members shared among 

microbial consortia from similar habitats (Shade and Handelsman, 2012). As the water-

phase microbial communities within a given system are relatively stable, irrespective of 

the sampling locations over short time-scales (Lautenschlager et al., 2013; Pinto et al., 

2014; Roeselers et al., 2015), studies have attempted to define core microbiome (i.e., 

shared microbial taxa) in the bulk water phase after the production process across 

different DWSs. At high taxonomical levels, such as phyla, classes, and families, the core 
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microbiome is made up primarily of Alpha- and Beta-proteobacteria, and to a lesser 

extent of Gammaproteobacteria, Nitrospirae, Planctomycetes, Acidobacteria, 

Bacteroidetes and Chloroflexi (Eichler et al., 2006; Pinto et al., 2012; Vaz-Moreira et al., 

2013; Zeng et al., 2013; Lautenschlager et al., 2014; Lin et al., 2014; Bautista-de los 

Santos et al., 2016a). Families of Burkholderiaceae, Methylophilaceae, 

Comamonadaceae, and Rhodocyclaceae were abundant among Betaproteobacteria, 

whereas Sphingomonadaceae, Caulobacteraceae, and Methylobacteriaceae were 

dominant in Alphaproteobacteria (Eichler et al., 2006; Pinto et al., 2012; Vaz-Moreira et 

al., 2013; Zeng et al., 2013; Douterelo et al., 2014b). It is however difficult to define core 

microbiome down to genus or species levels across systems using different disinfectants 

(chlorine, chloramine, and without disinfectants), likely due to the substantial differences 

in selection pressures from theses disinfectants (Bautista-de los Santos et al., 2016a). Few 

studies have attempted to define the active core microbiome. Furthermore, it might be 

impossible to define core microbiome in the biofilm phase of DSs owing to the numerous 

but spatially heterogeneous ecological niches and continual ecological succession (Ling 

et al., 2016). When using 16S rRNA gene as the biomarker to define core microbiome, 

caution should be taken in relation to its limitations in differentiating closely-related 

populations at lower phylogenetic levels (e.g., genus or species), and in its ability to predict 

microbial functions associated with a given microbial community. Often different species 

within a genus do not carry out the same microbial function.  

Microbial interactions    Microbes in a DWS are present in the bulk water phase or the 

biofilm phase, and exchange of microorganisms between these two phases are 

anticipated. Unlike water-phase populations, which have a short transit time within a 

DWS, biofilm-phase microbes can be viewed as the indigenous populations in a DWS. 

They are organized in highly-structured habitats and exhibit considerable structural, 

chemical and biological heterogeneity (Allen et al., 1980; Ridgway and Olson, 1981; 

Wimpenny et al., 2000; Stewart and Franklin, 2008). In the past studies, biofilms were 

taken as composite samples along the pipe wall for microbial community analysis. 
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However, biofilm likely exhibited heterogeneity along the radial direction in the pipe 

wall. Contrary to intuition, the findings by Ridgway and Olson (Liu et al., 2017b) 

revealed that biofilm located in the middle part of pipe walls possessed the highest 

diversity and harbored the highest abundance of possible pathogens. Studies have shown 

that biofilm assemblages could influence the bulk water communities in the DS, and the 

effect was dependent on the level of biofilm sloughing from the pipe surface (Henne et 

al., 2012; Douterelo et al., 2013; Roeselers et al., 2015; Ling et al., 2016; Douterelo et al., 

2017). A recent study estimated that the sloughing of 20% biofilm from PVC pipes or 

10% biofilm from HDPE pipes would significantly alter the bulk water community (Liu 

et al., 2017a). In an extreme situation, when flushing is practiced by water utilities to 

remove any loosely adhered material, significant differences of the mobilized material 

between plastic and cast iron pipe sections could be observed (Douterelo et al., 2014a).  

Another form of microbial interaction in a DWS is between eukaryotes and bacterial 

populations. Eukaryotes are an important component of the microbial assemblages in 

DWSs, many of which are resistant to disinfection processes and can feed on bacteria by 

phagocytosis, creating disturbances to the bacterial community (Griffiths et al., 1999; 

Ronn et al., 2002; De Mesel et al., 2004; Pernthaler, 2005; Bell et al., 2010; Jousset, 

2012; Haig et al., 2015). Reported eukaryotic groups in DWSs included amoebae, 

nematodes, fungi, flagellates, segmented worms, arthropods, and flat worms (Delafont et 

al., 2016; Zhang et al., 2017; Oh et al., 2018). Some bacteria, including many 

opportunistic pathogens and closely-related species, have developed resistance 

mechanisms against phagocytosis and can use eukaryotic cells as hosts to protect 

themselves against stresses in DWSs (Cervero-Arago et al., 2015; Delafont et al., 2016; 

Buse et al., 2017). Moreover, many endosymbionts of free-living amoebae, including 

Chlamydiae, are potential pathogens and found to be prevalent in drinking water 

environments by a recent study (Zhang et al., 2017).  

Biogeography    Biogeography refers to the geographical distributions of organisms over 

the Earth in both space and time (Beijerinck, 1913; Horner-Devine et al., 2004). 
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Geographical differences in microbiomes have been observed for waste-treating 

ecosystems like anaerobic digester sludge (Mei et al., 2017). However, few studies have 

attempted to verify the existence of geographic difference with drinking water 

microbiomes (Roeselers et al., 2015) or understand which environmental factors exert the 

strongest influences (Horner-Devine et al., 2004; Bautista-de los Santos et al., 2016a). A 

survey of drinking water microbiomes along the Mississippi River found that the drinking 

water microbiota of New Orleans, LA differed from other communities surveyed with 

high relative abundances of phylotypes, indicative of fresh and saltwater infiltration (e.g., 

Planctomycetes and Bacteroidetes) and potential opportunistic pathogens (e.g., 

Legionella and Mycobacterium spp.) (Holinger et al., 2014; Hull et al., 2017). This 

survey further observed that the abundant taxa were generally shared among all systems 

and system-specific taxa were not abundant (Holinger et al., 2014). Similar findings were 

reported among systems across a restricted area. Roeselers et al. (Roeselers et al., 2015) 

surveyed 32 drinking water distribution networks in the Netherlands, all using 

groundwater from (un)confined sandy aquifers as the source water and no disinfectant 

residual in the networks, and observed network-specific taxa, which were of low 

abundances. However, these studies investigated diversity only through 16S rRNA gene 

amplicon analyses. Future studies revealing diversity at different scales or levels of 

resolution are needed for accurate description of the biogeography of drinking water 

microbiomes.  

 

2.5  Potential of using meta-omics techniques to study drinking water microbiomes 

Current studies in drinking water microbiomes primarily investigate “who is there under 

what conditions?”.  It is important to ask additional questions that include but are not 

limited to “what are they doing?”, “why are they there?” and more critically “who is 

doing what?”, and “what are the interrelationships among them, and between them and 
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their environment?” (Rittmann et al., 2006). These critical questions can be 

systematically addressed using NGS and meta-omics technologies (Figure 2.3). 

 

 

Figure 2.3 Types of meta-omics and the key questions that can be addressed by the meta-

omics tools in the study of drinking water microbiomes.  

 

NGS and meta-omics technologies    The advance in NGS technology in the last decade 

serves as the pivotal force to the development of omics tools. The Sanger method is 

considered as a “first-generation” technology, and newer methods using new sequencing 

chemistry are referred to as NGS, which includes “454”, “Illumina”, PacBio SMRT and 

the Oxford Nanopore MinION. “454” and Illumina platforms can produce a large number 

of sequences that are low in cost, high in throughput and accuracy, and short in run times 

(Maxam and Gilbert, 1977). They produce short reads (Ross et al., 2013), which makes 

downstream bioinformatics analyses difficult. For this reason, technologies such as 

PacBio SMRT and the Oxford Nanopore MinION were developed to produce long reads 

(> 5 kb) but at a higher error rate (12-14% for PacBio and 8% for Nanopore) (Roberts et 
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al., 2013; Feng et al., 2015; Jain et al., 2016). Using these NGS technologies alone or in 

combination has enabled the development of metagenomics and metatranscriptomics to 

study microbial functions and activities in various ecosystems (Beja et al., 2000; Tyson et 

al., 2004; Venter et al., 2004; Urich et al., 2008; Giannoukos et al., 2012; Xiong et al., 

2012).  

Metagenomics or environmental genomics is the genomic analysis of microorganisms in 

a microbial community that can provide insights into community physiology 

(Handelsman, 2005; Sharpton, 2014), and enables the discovery of new microbial taxa 

and genes without cultivation. The procedure involves extracting DNA from all cells in a 

community, shearing DNA into fragments, sequencing fragmented DNA (Handelsman, 

2004; Tyson et al., 2004; Venter et al., 2004), assembling all sequences into an ecosystem 

genome comprised of many genomes of the innate microbial populations  

(“metagenome”) (Handelsman, 2004), and phylogenetically classifying the genomic 

fragments to specific microorganisms (“binning”) (McHardy et al., 2007). This approach 

has been greatly improved by using novel assemblers (e.g., metaSPAdes and MEGAHIT) 

(Namiki et al., 2012; Peng et al., 2012; Li et al., 2015a; Nurk et al., 2016) and binning 

methods (McHardy et al., 2007; Pati et al., 2011; Patil et al., 2012; Wu et al., 2014) 

together with software that integrate information from essential single-copy genes (e.g., 

MaxBin) and multiple metagenomes of related samples (e.g., MetaBAT and GroopM) 

(Albertsen et al., 2013; Imelfort et al., 2014; Kang et al., 2015; Wu et al., 2016). 

Researchers can now determine individual bins’ phylogeny (“phylogenomics”) using 

software such as PhyloPhlAn (Segata et al., 2013) and genome 

completeness/contamination with marker genes using software such as CheckM (Parks et 

al., 2015). These advancements enable accurate metagenomic assembly, binning, and 

recovery of genomes for phylogenetically novel organisms without cultivating them 

(Wrighton et al., 2012; Wu et al., 2014; Kang et al., 2015).  

Metatranscriptomics is based on sequencing the total message RNA (mRNA) in a 

microbial community to identify genes or pathways that are actively expressed. This 
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process involves extracting total RNA from microbial communities, removing ribosome 

RNA (rRNA) to obtain high levels of mRNA transcripts, reverse transcribing mRNA into 

cDNAs, ligating to adapters, and then sequencing using NGS (He et al., 2010b; Sorek and 

Cossart, 2010). This method is often used together with metagenomics to provide insight 

into microbial community functions and activities. Metatranscriptomics has been widely 

used in a variety of environments, including soil (Urich et al., 2008), sediment (Dumont 

et al., 2013), gut microbiomes (Giannoukos et al., 2012; Xiong et al., 2012), and activated 

sludge (He et al., 2010a; Yu and Zhang, 2012). It is also a powerful tool to identify novel 

pathways in uncultured microorganisms (Haroon et al., 2013).  

Metaproteomics is developed to evaluate microbial activity within an ecosystem at a 

specific time based on protein expression (Wilmes and Bond, 2004; Zampieri et al., 

2016). Unlike metagenomics and metratranscriptomics that use NGS technologies, 

metaproteomics uses liquid chromatography tandem mass spectrometry (LC-MS/MS). 

The process starts with extracting protein, followed by LC-MS/MS to generate MS 

spectra, and then comparing spectra with peptides from thousands of proteins of diverse 

taxonomic groups. These comparisons can be achieved in two ways: through searching 

against existing protein/peptide databases or by matching to theoretical peptide spectra 

generated in silico from metagenomes of the same sample or of similar environments 

(Zampieri et al., 2016; Timmins-Schiffman et al., 2017). Metaproteomics is a powerful 

tool to unravel the active metabolic processes in different environments in a more direct 

way than metagenomics or metatranscriptomics. This approach has been applied to 

complicated environments, including soils (Benndorf et al., 2007; Williams et al., 2010; 

Wang et al., 2011), sediments (Benndorf et al., 2009; Bruneel et al., 2011), marine 

habitats (Morris et al., 2010; Sowell et al., 2011), freshwater systems (Ng et al., 2010; 

Habicht et al., 2011; Lauro et al., 2011), and activated sludge (Wilmes et al., 2008).     

Applications of meta-omics in drinking water microbiome studies    While many studies 

have applied omics tools in various microbial ecosystems, only a limited number of 

studies have been applied to study drinking water microbiomes. Some of these studies are 
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based on the use of cosmid library construction that is low in sequence throughput or 

early NGS technologies that cannot derive long assembled contigs to provide correct 

linkage between microbes and functionalities (Schmeisser et al., 2003; Chistoserdova, 

2014). Using NGS techniques, two studies (Gomez-Alvarez et al., 2012; Chao et al., 

2013) investigated the impact of water treatment on drinking water microbiome. Their 

results revealed that chlorine and chloramine treatments caused differences in community 

structures, disinfectant mechanisms, and virulence genes (Gomez-Alvarez et al., 2012). 

Changes in protective functions (i.e., glutathione synthesis) were observed in treated 

water compared with raw water (Chao et al., 2013). Oh et al. (Oh et al., 2018) applied 

metagenomics to understand how microorganisms inhabiting filtration media could be 

beneficial to water production in a full-scale treatment plant configured with a RSF, 

GAC, SSF, and the top layer of SSF known as Schmutzdecke that is biologically active. 

The findings revealed that the filter bacterial communities significantly differed from 

those in the source water and final effluent communities, respectively. Bradyrhizobiaceae 

were abundant in GAC, whereas Nitrospira were enriched in the sand-associated filters 

(RSF, SCM, and SSF). The GAC community was enriched with functions associated 

with aromatics degradation, many of which were encoded by Rhizobiales (~ 30% of the 

total GAC community). Findings further suggested that the GAC community potentially 

selected fast-growers among the four filter communities, consistent with the highest 

dissolved organic matter removal rate observed with GAC. 

Limitations of the meta-omics technologies    Applying meta-omics in drinking water 

microbiome studies can face several challenges. The first one can be related to sample 

preparation, as a large quantity of genomic DNA, RNA and protein is required for 

downstream sequencing and LC-MS/MS analyses. For drinking water microbiomes in the 

water phase, sampling a large volume of water (i.e., over 1000 L) is often required for 

systems containing residual disinfectant. As conventional concentration devices are not 

suitable for this purpose (Chao et al., 2013; Zhang et al., 2017), studies have used point-

of-use water purifiers (Chao et al., 2013; Zhang et al., 2017), which involve more than 
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one mechanism to concentrate cells and the biases remain unknown. Thus, there is a need 

to standardize a device for concentrating large volumes of drinking water. Likewise, 

studying biofilm-phase drinking water microbiome in full-scale DWSs can be 

challenging (Gomez-Smith et al., 2015; Ling et al., 2016). Currently, two approaches are 

used: one is to cut pipes and the other is to insert coupons into pipes and retrieve them 

after biofilms develop (Douterelo et al., 2014b). The former is labor-intensive, expensive, 

and prone to contamination from surrounding environments, and the latter can distort 

hydraulic conditions in pipes and cause deviations from real pipes. An alternative 

solution is to sample biofilms from the inner surface of water meters (Hong et al., 2010). 

For metatranscriptomics and metaproteomics studies, sampling preparation needs to be 

carefully evaluated (Hansen et al., 2014) because mRNA is liable to degradation by 

RNases that are ubiquitously present in the environment.  Proper stabilization and storage 

procedures are critical to obtain sufficient quantities of high-quality mRNA.  Lastly, 

meta-omics studies can generate huge datasets that require vigorous bioinformatics 

analyses and computing capacity (Thomas et al., 2012). However, errors associated with 

bioinformatics can be problematic and substantially influence the final interpretation 

(Kunin et al., 2008; Timmins-Schiffman et al., 2017). Most studies are required to 

establish curated databases of their interests, partially because of the scattered data 

submitted and stored in various databases. At present, several web-based pipelines are 

available, including MG-RAST (Meyer et al., 2008), KBase (Arkin et al., 2016), 

CyVerse/iPlant Discovery Environment (Goff et al., 2011), and IMG-ER (Markowitz et 

al., 2012). Future studies will require advanced tools to simultaneously interact with 

multiple databases for microbial genomes, metagenomes, protein, antibiotic resistance 

genes, and viral genomes. The next step is to develop a systematic data management 

framework by leveraging current and future plans for expanding our understanding of 

drinking water microbiomes globally.   
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CHAPTER 3  IMPACT OF DRINKING WATER TREATMENT AND 

DISTRIBUTION ON THE MICROBIOME CONTINUUM: AN ECOLOGICAL 

DISTURBANCE’S PERSPECTIVE  

 

3.1  Abstract 

While microbes are known to be present at different stages of a drinking water system, 

their potential functions and ability to grow in such systems are poorly understood. In this 

study, we demonstrated that treatment and distribution processes could be viewed as 

ecological disturbances exhibited over space on the microbiome continuum in a 

groundwater-derived system. Results from 16S rRNA gene amplicon analysis and 

metagenomics suggested that disturbances in the system were intense as the community 

diversity was substantially reduced during the treatment steps. Specifically, syntrophs and 

methanogens dominant in raw water (RW) disappeared after water abstraction, 

accompanied by a substantial decrease in both the abundance and number of functional 

genes related to methanogenesis. The softening effluent was dominated by an 

Exiguobacterium-related population, likely due to its ability to use the 

phosphotransferase system (PTS) as regulatory machinery to control the energy 

conditions of the cell. After disinfection and entering the distribution system, community-

level functionality remained relatively stable, whereas the community structure differed 

from those taken in the treatment steps. The diversity and high abundance of some 

eukaryotic groups in the system suggested that predation could be a disturbance to the 

bacterial microbiome, which could drive the diversification of the bacterial community. 
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Figure 3.1 (A) An illustration of viewing treatment and distribution processes as 

ecological disturbances exhibited over space on the microbiome continuum. (B) 

Sampling sites and events for the studied drinking water system. Each open dot 

represents one sampling event.  

 

3.2  Introduction 

Ecological disturbances, such as glaciation, wildfires, and windstorms, have long been 

recognized as the driving force to influence species co-existence, biodiversity  
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maintenance, and ecosystem functions (Connell, 1978; Huston, 1979). Classical 

disturbances often occur within a defined physical space at discrete times, i.e., changes of 

a continuum over time. Alternatively, disturbances can occur as a continuum that moves 

through a well-defined physical space. One such example is drinking water treatment 

processes, where a series of chemicals are added to the water continuum sequentially and 

quantitatively at different compartments of a defined physical space. The disturbances 

occurring in each compartment can be intensive and well-controlled, and can be viewed 

as short-term disturbances as each usually lasts a few hours (Figure 3.1A). 

In a drinking water treatment and distribution system, the microbiome continuum can be 

divided into prokaryotic and eukaryotic fractions. The prokaryotic or bacterial fraction 

(Archaea are usually not abundant in drinking water systems) usually serves as the 

backbone of the ecosystem and food webs, and can be subjected to predation by 

eukaryotes (Gasol et al., 2002; Ronn et al., 2002; Jousset, 2012). As a cause of bacterial 

mortality (Pernthaler, 2005) and influencing the genetic and functional structure of 

bacterial communities (Griffiths et al., 1999; Ronn et al., 2002; De Mesel et al., 2004; 

Bell et al., 2010; Jousset, 2012), predation can be an important disturbance to the 

bacterial microbiome. Viewing the drinking water treatment systems from an ecological 

disturbance’s perspective can provide practical guidance on the management of the 

microbial community in this oligotrophic environment.  Important questions that can be 

asked include whether the microbial community was overly stressed with disinfectants in 

comparison with systems from some European countries, where natural filtration systems 

are used without the addition of a residual concentrations of disinfectants (Rosario-Ortiz 

et al., 2016); or whether nutrient control within the European systems is insufficient, 

allowing pathogens like Legionella pneumophila to have the opportunity to flourish 

within amoebae that are probably the only place in the system which meets their 

nutritional requirements (Breiman et al., 1990; Dupuy et al., 2016).  

So far, our knowledge on the ecology of microbial communities inside most of the 

drinking water systems around the world is very limited. Previous studies have elucidated 
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the most basic ecological questions “who are there?” and “how do they change over time 

and across space?” in selected stages (i.e., mostly filters and distribution systems) of the 

drinking water treatment systems in a handful of cities (Hwang et al., 2012; Pinto et al., 

2012; Zeng et al., 2013; Pinto et al., 2014; Gulay et al., 2016; Ling et al., 2016). These 

studies, however, could not provide a comprehensive view on how a microbiome 

continuum is impacted by disturbances at different stages. Furthermore, it is hard to 

translate the knowledge into practical instructions for the engineered system for the 

following reasons: classification is accurate only to the genus or family level using 16S 

rRNA gene-based next-generation sequencing technologies (Schloss, 2010), and 16S 

rRNA gene-based phylogeny and functional potential do not always agree with each 

other (Janda and Abbott, 2007). As a result, direct linkage between microbes and their 

functionalities often cannot be established.  This suggests a need to advance the 

ecological knowledge of drinking water systems to the next stage — “what are they 

doing?”, “why are they there?”, and more critically “who is doing what?”. 

Metagenomics (for total genomic DNA) can be an attractive approach but have not been 

widely applied to effectively characterize microbiomes in drinking water-related 

treatment systems. This approach has been used by a few studies using a two-point 

comparison (Gomez-Alvarez et al., 2012; Chao et al., 2013). For example, an increase in 

protective functions (i.e., glutathione synthesis) was observed with treated water in 

comparison with raw water (Chao et al., 2013). Because these studies derived annotation 

information based on unassembled short DNA sequencing reads, no direct linkage 

between microbes and functionalities could be accomplished (Chistoserdova, 2014).  

In this study, we investigated the impacts of treatment processes and disinfectant residual 

on the drinking water microbiome continuum inside a drinking water distribution system 

from the perspective of short-term disturbances occurring through the system. A 

groundwater-derived drinking water system was used as a model system, which consists 

of abstraction, softening, recarbonation, disinfection, filtration, and final distribution with 

a disinfectant residual (free chlorine). Source water containing little or no dissolved 
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oxygen (Kirk et al., 2004) is elevated to the surface, exposed to oxygen, and treated with 

CaO, CO2, and NaClO of defined quantity as well as filtration. Thus, the drinking water 

microbiome continuum is continuously altered by different types of disturbances as they 

flow through different compartments in the system. In the model system, biomass from 

the bulk water and/or biofilms at three different stages of the treatment process was 

collected.  Genomic DNA of individual samples was extracted and analyzed using 

metagenomics sequencing. In specific, we aimed to address the following questions: i) 

what would be the impact of the treatment process and the distribution system on the 

community structure and metabolic potential, respectively?; ii) could changes in the 

microbial community be reflected from the community functional profile?; iii) did 

specific microbes respond to a certain disturbance?; and iv) which was the step that 

shaped the distribution system microbiome and how?.  

 

3.3  Materials and methods 

Sampling and sample processing    Microbial biomass from all the water-phase samples 

was collected using point-of-use water purifiers (Toray Industries Inc., Japan). Raw water 

(RW), immediately before filtration and chlorination (after lime treatment and 

recarbonation) (BC), and finished water (FW) prior to distribution were taken from the 

studied treatment plant. Tap water was taken inside three different buildings located 

approximately one mile apart from each other to represent different locations within the 

distribution system: DS1 was from a university building; DS2 from an apartment; and 

DS3 from a house. A ten minutes flushing (the cold-water side) was carried out each time 

before installing water purifiers to minimize the influence of premise plumbing systems 

on the distribution system sampling. At each site, approximately 2,000 L of water was 

filtered each time for 48 hours. This large volume of water was to represent water 

travelled from source to tap as the operation of the system was stable (Table A.1). Water 

purifiers were collected at the end of each sampling period and transported to the 
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laboratory at the Department of Civil and Environmental Engineering (University of 

Illinois at Urbana-Champaign) in coolers. They were disassembled right after arriving at 

the laboratory and cells were washed off from the multilayer hollow fiber membrane with 

phosphate-buffered saline (PBS) through sonication (Symphony™ Ultrasonic Cleaners, 

VWR) according to a previous study (Chao et al., 2013). The obtained mixture was 

filtered through 0.22 µm membranes and the membranes with cells were stored at -80 °C. 

Water-phase sampling was repeated four times, in June, July, August, and September 

2014, except the BC sample.  

Biofilm samples were collected from the inner surface of two retired water mains (PB1 

and PB2). PB1 was a 2.25-inch cast iron water main installed in 1968. PB2 was a 1.5-

inch cast iron water main installed prior to 1927 and was used to connect to a 4-inch 

water main. Each pipe was cut into two 12-inch long pieces at the site after soil removal 

and thorough water cleaning; two stoppers were inserted at each end; and the pipes were 

shipped in coolers. On arrival at the laboratory, the pipes were flushed with local drinking 

water to remove any remaining deposits. Biofilm from the entire inner surface was 

swabbed off the surfaces (avoid the two edges), re-suspended in PBS, and collected by 

filtering through 0.22 µm membranes. In addition, 14 water meters were obtained 

through the local drinking water plant, and the biofilm samples were taken and combined 

according to the protocol established in a previous water meter study (Hong et al., 2010).  

DNA extraction and Illumina sequencing    Genomic DNA (gDNA) was extracted using 

FastDNA® SPIN Kit for Soil (MP Biomedicals, Carlsbad, CA, USA) from the 

membranes with cells. 16S rRNA gene amplicon analysis was carried out using a 

universal primer set targeting the V4-V5 hypervariable regions of both the Bacteria and 

Archaea domains (515F: 5’-GTGCCAGCMGCCGCGGTAA-3’ and 909R: 5’-

CCCGTCAATTCMTTTRAGT-3’) as described previously (Kozich et al., 2013). The 

primer set was modified for Illumina Miseq platform with dual indexing strategy. Each 

PCR mixture (50 µL in volume) contained approximately 1 ng of template DNA in 1× 

PrimeSTAR® buffer, 0.2 mM dNTP (each), 0.2 µM of forward and reverse primer, and 
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0.03 U/µL PrimeSTAR® HS DNA Polymerase (Takara Bio Inc. Otsu, Shiga, Japan). 

Paired-end sequencing of the amplicons (2x300 bp) was done with an Illumina MiSeq 

platform (Illumina, Inc., San Diego, CA, USA) at the Roy J. Carver Biotechnology 

Center (University of Illinois at Urbana-Champaign). DNA libraries for metagenomic 

sequencing were prepared by combining all the extracted gDNA from each sampling site 

as a relatively large amount of gDNA (> 0.1 μg) was required. Before mixing, 16S rRNA 

gene amplicon sequencing was performed with individual samples, and the results 

indicated that the microbial community from the four sampling events of water-phase 

samples were similar. The prepared library was paired-end sequenced on Illumina 

HiSeq2500 platforms using TruSeq SBS sequencing kits version 4 (for the RW, BC, FW, 

and DS1, 2, 3 samples) and TruSeq SBS Rapid sequencing kit version 2 (for the PB1, 

PB2, and WM samples) (Illumina, Inc., San Diego, CA, USA) at the Roy J. Carver 

Biotechnology Center. The average read length was 100 nt for the RW, BC, FW, and 

DS1-3 samples and 250 nt for the PB1, PB2, and WM samples. There was no significant 

difference in the total contig length obtained among these samples.  

Sequence analysis    The obtained paired-end 16S rRNA gene sequences were aligned 

with Mothur using the default setting, which required a quality score of over 25 if a gap 

and a base occurred at the same position or one of the bases had a quality score six or 

more points better than the other if the two reads disagreed (Kozich et al., 2013). The 

resulting sequences were screened for chimeras with the UCHIME algorithm 

implemented in USEARCH 6.1 and processed using the de novo OTU picking workflow 

in QIIME (Caporaso et al., 2010b). Representative sequences from OTUs were aligned 

using PyNAST (Caporaso et al., 2010a) and inserted into the phylogenetic trees, 

Greengenes_16S_2011.arb, with the parsimony insertion tool in the ARB program 

(Ludwig et al., 2004; McDonald et al., 2012). Alpha-and beta-diversity indices were 

calculated based on the rarefied OTU table at a depth of 12500 sequences per sample 

(Shannon indices, sample evenness, and unifrac distances). All the metagenomic datasets 

were trimmed using SolexaQA2 based on a cutoff of 20 by phred scores (Cox et al., 
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2010) and assembled using Megahit (Li et al., 2015). The assembled contigs with 

coverage information were submitted to the MG-RAST pipeline (version 3.6) (Meyer et 

al., 2008). Percentages of reads mapped to contigs were estimated by the Burrow-

Wheeler Aligner-MEM (BWA-MEM) (Li and Durbin, 2010). EMIRGE was used to 

reconstruct nearly full-length SSU genes in metagenomes (Miller, 2013) . Average 

genome size was estimated using MicrobeCensus (Nayfach and Pollard, 2015). 

For functional analysis, the contigs with coverage information were submitted to the MG-

RAST. Annotations based on translated nucleotide sequences were mapped to the KEGG 

database, and were extracted from the MG-RAST server using an e-value cutoff of 10-5, 

minimum identity cutoff of 60%, and minimum alignment length cutoff of 50 amino 

acids. Hits within each pathway were converted to relative abundance and transformed 

using row z-score across all samples to remove differences in reaction efficiencies. Then 

pathways with relative abundance (counts within each pathway of a metagenome/total 

number of counts of that metagenome) over 0.5% and maximum abundance/minimum 

abundance across all metagenomes greater than 1.5 were selected.  

Genome recovery    Assembled contigs from the BC sample were binned with MaxBin 

2.0 (Wu et al., 2016). The obtained bins were compared and assessed with CheckM 

(Parks et al., 2015) and manually curated. Percentages of reads mapped to contigs were 

estimated by BWA-MEM. 

Metagenomic data depositing    Paired-end 16S rRNA gene sequences were submitted to 

NCBI Sequence Read Archive under the project accession number PRJNA323575. 

Assembled contigs with coverage information from each metagenome were deposited in 

MG-RAST with IDs 4634469.3-4634473.3, and 4683347.3-4683349.3. The draft genome 

belonging to Exiguobacterium was deposited in RAST with ID 33986.112. 
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3.4  Results 

Description of the drinking water system studied    The origin of source water was 

groundwater abstracted from the Mahomet sands aquifer with a hardness of 300 mg/L as 

CaCO3 and a pH of 7.6. The aquifer water was reported to contain methane estimated at 

16.4 g CH4/m3 (Snoeyink et al., 2006). Lime was added in the softening step to remove 

hardness, and during this process pH rose to 11 (Figure 3.1B). Approximately 75-80% of 

the raw water was treated this way and was blended with the remaining raw water to 

achieve a targeted hardness of 80 mg/L as CaCO3. The next step was recarbonation, 

where CO2 was added to stop the precipitation reaction by reducing the pH to 8.8. Then, 

free chlorine was added immediately prior to filtration at a concentration of 

approximately 4.0 mgCl2/L, and after filtration to maintain a chlorine residual of 

approximately 2.5 mgCl2/L before entering the distribution system. The filters (two units) 

were backwashed every 48 hrs with finished water. Fluoride was added to the filtered 

effluent at 1.0 mg/L to prevent tooth decay. The operation of the treatment plant was 

relatively stable during the sampling period. 

Microbial biomass from different stages of the treatment processes and different locations 

in the distribution system was collected (Figure 3.1B). Water-phase samples taken from 

RW, BC, FW, and three taps (cold water) (DS1-DS3) were concentrated. The tap water 

samples were used, primarily, to represent different locations of the distribution system. 

To avoid temporal variations, water-phase sampling was repeated four times except for 

the BC sample, which was only sampled successfully on the fourth trial, due to 

membrane blockage by calcium carbonate. Biofilm samples were taken from two retired 

water mains (PB1-PB2) and 14 water meters (WM). Microbial communities in these 

samples were analyzed using amplified 16S rRNA genes and metagenomics.  

Summary of 16S rRNA gene based sequencing and metagenomes    More than 12,500 16S 

rRNA gene sequences per sample were obtained after processing the raw amplicon 

sequences. 
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Table 3.1 Summary of metagenomics samples included in this study. 

  
RW BC FW DS1 DS2 DS3 PB1 PB2 WM 

Reads Number of reads 1.2E+08 1.3E+08 1.4E+08 1.1E+08 1.1E+08 1.1E+08 5.2E+07 6.1E+07 6.3E+07 
 

Size (bp) 1.7E+10 1.9E+10 2.0E+10 1.5E+10 1.6E+10 1.6E+10 9.3E+09 1.1E+10 1.0E+10 
 

G + C content (%) 46 57 56 63 61 55 62 63 57 

Contigs No. of contigs 5.4E+05 2.0E+05 1.1E+05 1.1E+05 7.2E+04 2.9E+05 2.7E+05 3.7E+05 2.5E+05 
 

Total size (bp) 6.1E+08 3.6E+08 2.0E+08 1.9E+08 1.4E+08 3.3E+08 2.7E+08 3.6E+08 2.6E+08 
 

Mapped reads (%) 80.2 91.6 93.0 92.8 92.2 88.9 92.5 93.4 95.7 
 

Maximum length (bp) 4.2E+05 1.0E+06 1.3E+06 8.5E+05 8.4E+05 4.1E+05 8.0E+05 5.6E+05 4.4E+05 
 

N50 1530 4170 5294 3690 6780 1590 2123 2816 2816 

 Post QC size (bp) 4.9E+08 2.6E+08 1.3E+08 1.4E+08 0.9E+08 2.7E+08 2.7E+08 3.6E+08 2.6E+08 

 Annotated protein1 68.5% 98.9% 99.0% 98.9% 98.9% 53.4% 97.2% 100.0% 100.0% 
 

AGS (Mbp)2 2.3 3.0 3.6 4.5 4.1 5.1 5.7 4.9 4.0 
 

AGS STD 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1 

 Taxonomic hits to Bacteria 91.1% 98.5% 98.6% 98.1% 96.8% 81.5% 88.1% 98.6% 96.6% 

 Taxonomic hits to Archaea 7.0% 0.23% 0.16% 0.61% 0.4% 0.26% 0.26% 0.12% 0.23% 

 Taxonomic hits to Eukarya 1.3% 1.0% 0.91% 1.1% 2.6% 18.1% 11.5% 1.2% 3.0% 

 Taxonomic hits to viruses 0.07% 0.16% 0.16% 0.07% 0.05% 0.05% 0.07% 0.03% 0.07% 

1Number of contigs with annotated proteins.  
2AGS: estimated average genome size. 
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For metagenomes, approximately 1.0 ×1010 bp of reads were obtained from each 

sampling site, with 16S rRNA gene sequences representing approximately 0.15% of the 

total DNA reads (Table 3.1). Our results indicated that the amplicon-based 16S rRNA 

gene sequences could be used to identify an operational taxonomic unit (OTU at a cutoff 

of 97% sequence similarity) with an abundance down to 10-5 or 10-6 based on the rank-

abundance curve. However, 16S rRNA gene sequences retrieved from metagenomes 

failed to detect OTUs with an abundance less than 10-3. 

For metagenomics sequences, sequence assembly was carried out to reduce the 

metagenome size and to enhance the annotation accuracy. The size of each metagenome 

was reduced to approximately 2.0 ×108 bp. More than 85.0% of the reads could be 

mapped to the obtained contigs except RW (80.2%) (Table 3.1). When submitted to the 

MG-RAST server for annotation, more than 97.2% of the sequences were successfully 

annotated with at least one known protein feature except the RW (68.5%) and DS3 

(53.4%) samples.  Most of the unannotated sequences in the RW and DS3 samples were 

of archaeal or eukaryotic origin, as predicted from known annotations assigned to the 

Archaea (7.0% in the RW sample) and Eukarya (18.1% in the DS3 sample) domains 

(Table 3.1). Overall, the assembled contigs were of high quality and were representative 

of the original metagenome dataset, and were subsequently used to predict community 

composition and functionalities. 

16S rRNA gene profiling revealed major microbial community shifts during abstraction 

and softening processes    The Shannon H index was used to determine the community 

diversity based on 16S rRNA gene amplicon sequences. The diversity was the highest for 

the RW sample at 3.87, and decreased to 2.43-3.00 during the water treatment process 

and in the distribution system, suggesting that disturbances on the bacterial community 

imposed by drinking water treatment processes were intensive. The intensive 

disturbances also led to relatively low evenness in all the samples, ranging from 0.42 to 

0.60.  
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Figure 3.2 Community structure. (A) Beta-diversity of the microbial community inside 

the system based on 16S rRNA genes. Beta-diversity was represented with UniFrac 

distances using principal coordinates analysis (PCoA). Samples taken at different 

sampling events were included. Communities recovered from metagenomes were marked 

with arrows. DSWP: distribution system water phase, including DS1-3. DSBP: 

distribution system biofilm phase, including PB1-2, and WM. (B) Community 

composition at the phylum level by 16S rRNA gene amplicon analysis. Due to the 

dominance of Proteobacteria, it was broken down into subdivisions. Average of four 

sampling events at each site was used for water-phase samples. 

 

Principal coordinates analysis (PCoA) using weighted UniFrac distance revealed major 

community shifts from RW to BC and then FW based on both 16S rRNA gene amplicon 

sequences and 16S rRNA gene sequences recovered from metagenomes (Figure 3.2A). 

For the remaining samples from FW and the distribution system, no specific clustering 

pattern could be observed. Using the 16S rRNA gene amplicon sequences, distinct 

patterns in microbial composition between the RW and BC samples were observed at the 

phylum level with Microgenomates (27.4%) and Firmicutes (65.3%) dominating 

respectively (Figure 3.2B). In contrast, Proteobacteria (Alpha-, Beta-, and Gamma- 

subdivisions) and Cyanobacteria were dominant (> 80.0% of total sequences) in samples 

from the FW and the distribution system, and these findings agreed with the summary of 

previous studies on drinking water (Proctor and Hammes, 2015). In the RW and BC 

samples, Cyanobacteria could only be detected at low abundances (approximately 0.1%). 
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Clearly, a major microbial community shift occurred from RW to BC and FW, but only 

minor changes happened from FW to samples taken in the distribution system.  

From a continuum perspective, Proteobacteria were present at relatively high abundances 

in FW and in samples taken throughout the distribution system, and Spirochaetes, 

Microgenomates, Firmicutes, and Cyanobacteria became substantially dominant only in 

certain sections of the system. These observations suggested strong disturbances on the 

microbial community structure at each treatment step.  The community structure 

differences under the influence of RW characteristics or the disturbance of treatment 

(e.g., high pH and disinfection) could be further elucidated by examining the dominant 

OTUs.  

Dominant OTUs observed in RW and during treatment disturbances    In RW, we 

detected OTUs that were mostly identified in anoxic environments, including OTU-3540 

(27.3% based on 16S rRNA gene amplicon sequences, affiliated with OP11-4), OTU-

3576 (7.3% based on 16S rRNA gene amplicon sequences, affiliated with Syntrophus), 

and OTU-1309 (5.3% based on 16S rRNA gene amplicon sequences, affiliated with OP3) 

(Figure 3.3). Both OTU-3576 and OTU-1309 were closely related to known syntrophs.  

In addition, a Methanospirillum-related OTU at a low abundance (0.1%) was detected. 

These microbial populations were likely involved in methane production in the Mahomet 

aquifer where the RW was taken (Jackson et al., 1999; Flynn et al., 2013). 

As the dissolved methane present in RW could travel with the water flow, it could 

support the growth of microbes downstream. This was supported by a significant increase 

in the relative abundance of microbial populations belonging to methano-/methylotrophs 

in FW and the distribution system, including OTU-6709 (affiliated with Methylomonas), 

OTU-2978 (Methylotenera), OTU-2023 (Methylocystis), and OTU-4800 

(Hyphomicrobium) (tested using the sum of the abundance of the four OTUs in each 

sampling event, one-tailed Mann-Whitney U test, p < 0.05).  
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Figure 3.3 Dominant OTUs identified by 16S rRNA gene amplicon analysis and its 

comparison with retrieved 16S rRNA genes from metagenomes. Dominant OTUs were 

selected based on the ranking of average abundance and >5.0% abundance in at least one 

sample.  

 

Methylomonas are methanotrophs using methane as the sole or preferred carbon source 

(Chistoserdova et al., 2009). Methylotenera, Methylocystis, and Hyphomicrobium are 

methylotrophs often found together with methanotrophs in enrichment cultures, possibly 

feeding on methane-derived single-carbon compounds generated by methanotrophs 

(Oshkin et al., 2015). The dominance of these methano-/methylotrophs in the studied 

distribution system was detailed in our previous report (Ling et al., 2016). It is likely that 

methanotrophs acted as a primary producer in the distribution system to supply by-
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products and metabolites derived from methane oxidation processes to methylotrophs and 

other heterotrophs. Methano-/methylotrophs were relatively low in abundance in BC 

sample due to an elevated pH.  

We further observed a dominant OTU (OTU-6781) closely related to Exiguobacterium 

(65.0% by 16S rRNA gene amplicon analysis) in the BC sample after the softening 

process, where pH was rapidly raised to 11 and reduced to 8.8 after recarbonation. As no 

studies have characterized microbial communities in softening processes, this is the first 

observation on the dominance of Exiguobacterium-related populations. Exiguobacterium 

is known to be present in a wide range of pH (4-11), temperature (from permafrost, 

glacial ice, to hot springs), and salinity (Vishnivetskaya et al., 2009; Rajaei et al., 2015).  

However, it remains unclear what mechanisms enabled their adaptation to extreme 

environments.  

In the FW and distribution system water samples (DS1-DS3), a dominant Cyanobacteria-

related OTU (OTU-2569) with the abundance ranging from 6.6% to 45.6% in individual 

samples was detected (Figure 3.3). This OTU was closely affiliated with MLE1-12 in the 

non-photosynthetic phylum Melainabacteria (Soo et al., 2014). Melainabacteria have 

been found to be prevalent in groundwater and in the human gut, relying on anaerobic 

fermentation to generate energy (Di Rienzi et al., 2013). As Melainabacteria-related OTU 

is likely an anaerobe and could not proliferate in drinking water systems, their increase in 

relative abundance in FW and the distribution system was likely due to their resistance to 

chlorination and the decrease in total cell numbers by six fold after chlorination. 

Microbiome continuum exhibited community-level functionality changes mainly in 

methane production, phosphotransferase system (PTS), and lipopolysaccharide (LPS) 

biosynthesis    The KEGG database contains more than 442,000 metabolic pathways for > 

3,000 organisms, and has often been used to understand the functions of a microbial 

community characterized using metagenomics (Kanehisa et al., 2014).  
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Figure 3.4 Selected KEGG pathways whose abundance vary among different samples. 

Pathways with relative abundance (counts within each pathway of a metagenome/total 

number of counts of that metagenome) over 0.5% and maximum abundance/minimum 

abundance across all metagenomes greater than 1.5 were selected. To facilitate 

comparison between different stages, samples from the same stage were grouped together 

(DSWP included DS1-3, and DSBP included PB1-2 and WM) and results were organized 

according to the direction of water flow. 
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Community-level functionalities of individual samples were characterized with the 

KEGG database according to the water flow from RW and FW, to bulk water and 

biofilms in the distribution system. In RW, high representation in the category of “genetic 

information processing” but low representation in “metabolism”, “environmental 

information processing”, and “cellular processes” was observed (Figure 3.4). From the 

energy perspective, methane metabolism [ko00680] in terms of the relative abundance 

and the number of genes involved was highly represented in RW (Figure 3.4). Four 

almost complete methanogenesis modules used for the conversion of CO2, acetate, and 

methyl-amine/dimethyl-amine/trimethyl-amine to methane, and CO2 to acetyl-CoA were 

identified in the RW sample. These findings suggested that methane production took 

place in the Mahomet aquifer where RW was drawn.  

Moving from the RW sample to the BC sample, we observed substantial changes with all 

the metabolic pathways associated within individual categories, suggesting strong 

disturbances have occurred.  Specifically, the PTS [ko02060] was highly represented in 

BC in terms of relative abundance and number of genes (Figure 3.4). PTS is the key 

signal transduction pathway for the optimal utilization of carbohydrates in complex 

environments by the phosphorylation status of PTS components (Kotrba et al., 2001). 

PTS is also responsible for numerous regulatory functions, including nitrogen and 

phosphate metabolism, chemotaxis, and potassium transport (Deutscher et al., 2014). 

Meanwhile, protective functions, including glutathione metabolism [ko00480] and 

peroxisome [ko04146], became over-represented, likely due to the change in oxidative 

stress in the environment from anoxic to aerobic. Lastly, metabolisms related to non-

polar (valine, leucine, isoleucine, and phenylalanine) and basic amino acids (lysine and 

arginine) became more abundant (Figure 3.4).  

Dominating primarily in the BC community, Exiguobacterium could contribute to the 

high abundance and diversity of PTS and perhaps other community functionalities 

detected in the BC sample. We further confirmed this by constructing a draft genome for 

the dominant Exiguobacterium-related OTU-6781.  The recovered draft genome (with an 
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average genome coverage and a completeness of 1428.4 and 72.1%, respectively) 

possessed 39 genes belonging to the carbohydrate-specific Enzymes II that were involved 

in the translocation and phosphorylation of various carbon sources, including 

phosphorylate beta-glucoside, cellobiose, maltose, glucose, oligo-beta-mannoside, 

mannitol, N-acetylglucosamine, N-acetylmuramic acid, and N-acetylmannosamine. 

Similar results could be identified in publicly available Exiguobacterium complete 

genomes that possess diverse carbohydrate-specific components. Meanwhile, the 

phosphorylation status of PTS components reflected the energy conditions of the cell, 

which could be converted to signals that eventually led to catabolite repression (Kotrba et 

al., 2001). Collectively, PTS might contribute to the adaptation of Exiguobacterium in the 

water softening process under rapid pH changes and in a wide variety of ecological 

niches as mentioned in the previous section. 

Moving to the FW sample where residual disinfectant was added, most metabolic 

pathways remained at the same level as in the BC sample. A clear increase in LPS 

biosynthesis [ko00540] pathway was observed (Figure 3.4). LPS is the major component 

of the outer membrane of Gram-negative bacteria, including Proteobacteria and 

Cyanobacteria. This correlated well with the increase in the abundance of Alpha-, Beta-, 

and Gamma-Proteobacteria and Cyanobacteria in the community (Figure 3.2B). 

However, the high abundance of methano-/methylotrophs in the community was not 

accompanied by the substantial increase of methane metabolism [ko00680]. Methane 

metabolism [ko00680] only increased moderately at this stage. This could be explained 

by the facultative nature of most methylotrophs. Except Methylomonas, all the other 

methylotrophs (Methylotenera, Methylocystis, and Hyphomicrobium) found in the system 

were facultative, indicating that they also possessed pathways other than methane 

metabolism to generate energy. Additionally, a significant decrease in PTS [ko02060] 

was observed and this agreed with the decrease in the abundance of the Exiguobacterium-

related OTU in the community.  
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Lastly, moving from the FW sample to the distribution system water-phase (DSWP) and 

distribution system biofilm-phase (DSBP) samples, no substantial changes with the 

community-level functionality profile could be observed, suggesting the disturbance was 

less intensive at these stages in comparison to the abstraction, softening, and disinfection 

stages (Figure 3.4). Still, a few pathways were observed to be less represented in the 

DSWP samples, including LPS biosynthesis [ko00540], bacteria chemotaxis [ko02030], 

and flagellar assembly [ko02040], whereas pathways used for protein processing in 

endoplasmic reticulum [ko04141] became slightly more abundant (Figure 3.5). Unlike 

the DSWP, ABC transporter pathway [ko02010], bacterial chemotaxis [ko02030], and 

flagellar assembly [ko02040] also slightly increased with the DSBP samples. These 

pathways were related to nutrient uptake and mobility, and could be beneficial for 

microbial populations associated with biofilm growth.  

 

3.5  Discussion 

Eukaryotic predation as disturbances to the bacterial microbiome continuum    The 

presence of eukaryotes including nematodes, fungi, amoeba, and flagellate in the system 

was confirmed with 18S rRNA genes extracted from metagenomes using EMIRGE 

(Figure 3.5). EMIRGE could reconstruct nearly full-length SSU genes in metagenomes 

and subsequently estimate the relative abundance of each reconstructed sequence in the 

community (Miller, 2013). For nematodes, Plectus spp. were present in half of the 

samples. The detection of a large number of eukaryotes inside drinking water systems has 

been reported previously (Valster et al., 2009; Buse et al., 2013; Lu et al., 2016). These 

eukaryotes could enter distribution systems through the physical breakthroughs in 

treatment processes, attaching on media particles released from filters, and contamination 

from surrounding environments during pipe breakage (Proctor and Hammes, 2015). In 

this study, their importance to the microbial community was reflected by the community 

dissimilarities when considering both prokaryotic and eukaryotic groups. When 18S 
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rRNA gene sequences, approximately 42% of the small subunit ribosomal RNA (SSU 

rRNA) genes (16S rRNA genes plus 18S rRNA genes) extracted from the metagenomes, 

were added into the beta-diversity analysis, the DS3mg sample was separated from the 

rest of the samples, suggesting that eukaryotes might have a strong influence on the 

bacterial community structure of DS3 (Figure 3.6). 

 

Figure 3.5 Relative abundance of eukaryotic groups calculated from SSU genes extracted 

from metagenomes. 

 

 

Figure 3.6 Beta- diversity of the microbial community using silva databases with 

eukaryotic sequences.  
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Eukaryotes could prey on bacterial communities present in the drinking water system. In 

the water phase, flagellates could be the main consumers of planktonic bacteria. Free-

living amoebae might colonize biofilms on pipe surfaces or the surfaces of sediment 

particles in the distribution system. Under unfavorable conditions, they could exhibit a 

resistant form as cysts (Lienard et al., 2017). Nematodes could dwell in all possible 

niches in the drinking water system, but are particularly found in sand filters (Mott and 

Harrison, 1983; Locas et al., 2007). Also, bacteria from many phyla could survive under 

the grazing of eukaryotes. For example, Mycobacterium and Legionella could establish 

intracellular growth in free-living amoebae to obtain specific amino acids, replicate, 

evade disinfection, and spread to new environments (Kilvington and Price, 1990; Sauer et 

al., 2005; Delafont et al., 2014; Fonseca and Swanson, 2014). Similarly, they can 

colonize the intestinal tracks of some nematodes such as Caenorhabditis (Whittington et 

al., 2001; Komura et al., 2010). These opportunistic pathogens use these eukaryotic cells 

as hosts to protect themselves against chlorine, pH, and other stresses in the system 

(Cervero-Arago et al., 2015). 

Potential bias associated with water sampling devices    In this study, a large volume 

(~2000 L) of water with low cell numbers needed to be concentrated on-site for an 

extensive period of up to two days for metagenomics analysis. As the commonly-used 

laboratory concentration devices were not suitable for this purpose, a water purifier used 

and validated in a previous metagenomics study was adopted (Chao et al., 2013).  It 

contained four filtration components, including prescreen, granular activated carbon 

(GAC), second screen, and a hollow fiber membrane filter. The measured pore size of the 

prescreen was 425 μm, and the pore size for the second screen was unknown. In our 

sampling events, the GAC component likely functioned as an absorption medium with 

minimal microbial growth due to the use of a sampling time shorter than the doubling 

time (11-23 days) for bacteria grown in drinking water biofilms (Pedersen, 1990; Block 

et al., 1993; Martiny et al., 2003). According to the manufacturer’s information, the inner 

hollow fiber membranes are made with polysulfone, and the average pore diameter of the 
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inner hollow fiber membranes is approximately 0.01 μm (Shimagaki et al., 2000). Thus, 

most cells were trapped by this component. This sampling device is rather different from 

those commonly used in drinking water related studies, where water samples are filtered 

through a 0.22 μm polycarbonate membrane (Lin et al., 2014). This difference could 

potentially lead to differences in subsequent microbial community structure profiling 

using 16S rRNA-based techniques. The inconsistence caused by this sampling device will 

remain among future studies unless a standardized sampling protocol is proposed and 

adopted.  

Modern drinking water treatment processes provide necessary protections to the public 

against microbial contamination by using an integrated multi-barrier approach.  This 

approach focuses on source water protection, the use of effective treatment technologies 

(most importantly, filtration and disinfection), and the maintenance of the integrity of the 

distribution systems. The water microbiome can be considered as a continuum that 

travels through treatment facilities, distribution systems, and premise plumbing. Different 

disturbances are purposely introduced with an intention to produce and deliver 

‘pathogen-free’ drinking water at the tap. Nevertheless, in this oligotrophic environment, 

microbial groups or guilds with unique metabolic functionalities could survive and grow 

at different stages. In this study, an extremophile Exiguobacterium was detected after 

lime treatment, and many microbes that were not completely killed through disinfection 

could survive and enter the distribution system, extending miles in length. Together with 

disinfection byproducts, the dissolved methane that was present in RW and not 

completely removed from the treatment process further served as a carbon source 

downstream to support the growth of methano-/methyltrophs, which further secreted by-

products to other organisms. The co-existence of different eukaryotic groups and 

prokaryotes indicated that predation could cause disturbances to the bacterial microbiome 

in the distribution system. Overall, the ecological disturbance’s perspective provides a 

basic theory behind the production of drinking water in the drinking water system 
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studied, and a framework that can be applied to develop new drinking water processes 

with the intention to shape the microbiome continuum.  
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CHAPTER 4  BENEFITS OF GENOMIC INSIGHTS AND CRISPR-CAS 

SIGNATURES TO MONITOR POTENTIAL PATHOGENS ACROSS DRINKING 

WATER PRODUCTION AND DISTRIBUTION SYSTEMS 

 

4.1  Abstract 

The occurrence of pathogenic bacteria in drinking water distribution systems (DWDSs) is 

a major health concern, and our current understanding is mostly related to pathogenic 

species such as Legionella pneumophila and Mycobacterium avium but not to bacterial 

species closely related to them. In this study, genomic-based approaches were used to 

characterize pathogen-related species in relation to their abundance, diversity, potential 

pathogenicity, genetic exchange, and distribution across an urban drinking water system. 

Nine draft genomes recovered from ten metagenomes were identified as Legionella (4 

draft genomes), Mycobacterium (3 draft genomes), Parachlamydia (1 draft genome), and 

Leptospira (1 draft genome). The pathogenicity potential of these genomes was examined 

by the presence/absence of virulence machinery, including genes belonging to Type III, 

IV, and VII secretion systems and their effectors. Several virulence factors known to 

pathogenic species were detected with these retrieved draft genomes except the 

Leptospira-related genome. Identical clustered regularly interspaced short palindromic 

repeats-CRISPR-associated proteins (CRISPR-Cas) genetic signatures were observed in 

two draft genomes recovered at different stages of the studied system, suggesting that the 

spacers in CRISPR-Cas could potentially be used as a biomarker in the monitoring of 

Legionella related strains at an evolutionary scale of several years across different 

drinking water production and distribution systems. Overall, metagenomics approach was 

an effective and complementary tool of culturing techniques to gain insights into the 

pathogenic characteristics and the CRISPR-Cas signatures of pathogen-related species in 

DWDSs.  
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4.2  Introduction 

Over 500 waterborne or water-based pathogens of potential concern in drinking water 

(e.g., Legionella pneumophila, Escherichia coli O157:H7, Mycobacterium avium, and 

Cryptosporidium parvum) have been included in the Candidate Contaminant List by the 

US Environmental Protection Agency (Ashbolt, 2015). The traditional approach to 

identify these pathogens is through cultivation and then biochemical/serological tests or 

16S rRNA gene-based phylogeny analysis (Lye and Dufour, 1993; Edberg et al., 1996; 

Stelma et al., 2004). However, identifying pathogens at species level does not always 

translate into health risks as some strains of the same species are more pathogenic than 

others (Schmidt and Schaechter, 2012).  

Alternatively, comparative genomic analysis has become an effective way to evaluate the 

pathogenicity potential. It is reported that pathogens infect host through a multi-step 

process from entering the host, adhering to host tissues, penetrating or evading host 

defenses, damaging host tissues, to exiting the host. As a result, various virulence factors 

(VFs) are required for pathogenic species during the infection process, which can be 

divided into several general groups based on the conservation of similar mechanisms, 

such as adhesins, invasins, toxins, protein secretion systems, and antibiotic resistance 

mechanisms (Finlay and Falkow, 1997; Wilson et al., 2002). Thus, the presence of a set 

of virulence machinery in a bacterial genome has been used to define pathogenic 

subpopulations (Chapman et al., 2006; Cazalet et al., 2008; Bouzid et al., 2013; Foley et 

al., 2013; Picardeau, 2017). The knowledge on virulence machinery and the functions of 

key VFs in the literature have facilitated the usage of virulence machinery to evaluate 

health risks associated with pathogens in drinking water distribution systems (DWDSs) 

(Wu et al., 2008; Huang et al., 2014). Secretion systems are essential for the 

transportation of proteins (i.e., effectors) from the cytoplasm into host cells or host 

environments to enhance attachment to eukaryotic cells, scavenge resources in an 

environmental niche, and disrupt target cell functions (Green and Mecsas, 2016). Some 

secretion systems are dedicated for bacteria-host interaction, such as the type III secretion 
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system (T3SS) in Chlamydia (Betts-Hampikian and Fields, 2010), the type IVB secretion 

system (T4BSS, Dot/Icm) in Lg. pneumophila (Voth et al., 2012), and the type VII 

secretion system (T7SS) in Mycobacterium (Costa et al., 2015). The deletion of these 

secretion systems could result in a substantial decrease in virulence (Costa et al., 2015). 

In addition, several other VFs have also been reported for pathogens including those 

facilitating attachment and invasion (e.g., cell wall, type IV pili) and endotoxins (i.e., 

lipopolysaccharides (LPS)) (Schroeder et al., 2010; Favrot et al., 2013; Tortora et al., 

2013).  

While the identification of pathogens of potential concern in DWDSs is an important 

task, recent studies have often detected pathogens simultaneously together with their 

closely related species, which are often present at higher abundance. These include, for 

example, Lg. pneumophila-related species such as Lg. dumoffii (Hsu et al., 1984), Lg. 

sainthelensis (Rodriguez-Martinez et al., 2015), and Lg. jordanis (Hsu et al., 1984; Kao 

et al., 2014), and M. avium-related species such as M. gordonae (Falkinham et al., 2001; 

Lalande et al., 2001; Vaerewijck et al., 2005), M. immunogenum (Gomez-Alvarez and 

Revetta, 2016a), and M. chelonae (Gomez-Alvarez and Revetta, 2016b). Some of these 

species have been associated with illness and infections in clinical environments, 

including Lg. dumoffii (Yu et al., 2002), M. gordonae (Lalande et al., 2001), M. 

immunogenum (Wilson et al., 2001), and M. chelonae (Lowry et al., 1990). As pathogens 

and their closely related species often share ecological niches (predominantly in 

biofilms), genetic exchange through conjugation and transformation occurs between the 

two groups, sometimes involving VFs (Gimenez et al., 2011; Gomez-Valero et al., 2011). 

However, it is not clear whether they possess similar VFs as observed in pathogens.  

Furthermore, in DWDS ecosystems, pathogens and their closely related species mostly 

reside within biofilms where protozoa predation and viral lysis occur more frequent, and 

have developed mechanisms to resist predation by inhibiting phagosome acidification and 

lysosome fusion of protozoa (Hilbi et al., 2001; Tilney et al., 2001). Phage DNA can be 

integrated into bacterial genomes by horizontal gene transfer as prophages, which are 
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major contributors to differences among individuals within a bacterial species (Bobay et 

al., 2014). To protect bacteria from phage lysis, encountered foreign DNA fragments can 

be integrated into a clustered regularly interspaced short palindromic repeats-CRISPR-

associated proteins (CRISPR-Cas) locus as spacers (Makarova et al., 2015). Through 

addition of spacers at one end of the CRISPR array and conservation of spacers at the 

other end (the leader distal end), the CRISPR-Cas system participates in a constant 

evolutionary battle between phages and bacteria (Deveau et al., 2010; Sun et al., 2016). 

This mechanism has been used as a vital tool for strain typing in epidemiology for the 

recognition of outbreaks and identification of infection sources (Horvath et al., 2008; 

Shariat and Dudley, 2014). Nevertheless, it is not clear how intracellular growth and 

phage integration might impact the genomic composition and virulence of pathogen-

related species.  

In this study, metagenomics analysis instead of cultivation-based methods was carried out 

to investigate virulence machinery and genomic signatures as the result of phage 

integration of pathogens-related species in a drinking water production and distribution 

system. A groundwater-derived drinking water system studied previously (Ling et al., 

2016; Zhang et al., 2017) was used as a model system. It consists of abstraction, 

softening, recarbonation, disinfection, filtration, and final distribution with a disinfectant 

residual (free chlorine). Samples of microbial biomass from ten locations of the water 

production process and the distribution system were collected and community 

metagenomes sequenced (Zhang et al., 2017). Coupling digital droplet PCR (ddPCR) 

with metagenomics, draft genomes affiliated with known pathogen genera were 

recovered to reveal their abundance, diversity, potential pathogenicity, genetic exchange, 

and distribution across an urban drinking water system.  
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4.3  Materials and methods 

Sampling and DNA extraction    Microbial biomass samples from different stages of the 

treatment processes and different locations in the distribution system were collected from 

a groundwater-sourced drinking water system. Detailed description of the studied 

drinking water system can be found in a previous study (Zhang et al., 2017). Briefly, 

these samples were from raw water (RW), immediately before filtration and chlorination 

(BC), finished water (FW) prior to distribution, three taps (DS1-DS3), two retired water 

mains (PB1-PB2), 14 household water meters (WM, combined into one sample), and five 

premise plumbing pipe reactors (PR, combined into one sample). The three tap water 

sampling sites (DS1-3) were located approximately one mile apart from each other to 

represent different locations within the DWDS. For water-phase samples (including RW, 

BC, FW, and DS1-3), a ten-minute flushing (the cold-water side) was carried out before 

each sampling event to minimize the influence of premise plumbing before installing 

point-of-use water purifiers (Toray Industries Inc. Japan). Approximately 2,000 L of 

water was filtered during each sampling event at each site over a time span of 48 hrs. 

Water purifiers were collected at the end of each sampling event and transported to the 

laboratory in cools (the Department of Civil and Environmental Engineering, University 

of Illinois at Urbana-Champaign). They were disassembled after arriving at the laboratory 

and cells were washed off from the multilayer hollow fiber membrane with phosphate-

buffered saline (PBS) through sonication (Symphony™ Ultrasonic Cleaners, VWR). The 

obtained mixture was filtered through 0.22 µm membranes and the membranes with cells 

were stored at -80 °C. To obtain a better representation of the average composition, 

water-phase sampling was repeated four times, in June, July, August, and September 

2014, except the BC sample due to membrane blockage (Zhang et al., 2017).  

For biofilm samples, PB1 was a 2.25-inch cast iron water main installed in 1968 and PB2 

was a 1.5-inch cast iron water main installed prior to 1927. Each pipe was cut into two 
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12-inch long pieces on site with an effort to minimize contamination. Additionally, 14 

water meters were obtained through the local drinking water plant. For the PR sample, 

five galvanized pipes of the plumbing system of a dormitory were obtained within the 

service area of the studied system, which were installed before World War II (size = 2 

inch, OD = 2.375 inch, ID = 2.067 inch, length = 14 feet). Detailed description and 

handling of these samples could be found in our previous study (Zhang et al., 2017). The 

biofilm samples were swabbed off the surfaces, re-suspended in phosphate-buffered 

saline (PBS), and collected by filtering through 0.22 µm membranes. All the membranes 

with cells were stored at -80 °C. Genomic DNA (gDNA) was extracted using FastDNA® 

SPIN Kit for Soil (MP Biomedicals, Carlsbad, CA, USA) from these membranes with 

cells following manufacturer’s protocol with an elution volume of 50 µl. The effect of 

different DNA extraction methods on the quantity and quality of DNA yields from 

drinking water biofilms had been evaluated and published in a previous study (Hwang et 

al., 2012).  

ddPCR and real-time PCR    ddPCR was used to quantify total Bacteria and Archaea 16S 

rRNA genes and pathogens of potential concern, including Mycobacterium spp., M. 

tuberculosis complex, Legionella spp., Lg. pneumophila, Pseudomonas aeruginosa, and 

Aeromonas hydrophila, in the combined samples submitted for metagenomic sequencing, 

except DS1 and DS3 due to not enough gDNA. TaqMan-based ddPCR assays using 

primer/probe sets specific to each target were performed with a QX200TM Droplet 

DigitalTM PCR System using ddPCRTM Supermix for Probes (Bio-Rad, Pleasanton, CA, 

USA). In addition, three eukaryotic groups (amoebae), Naegleria fowleri, Acanthamoeba 

spp., and Balamuthia madrillaris, were tested with TaqMan-based real-time PCR assays 

using primer/probe sets specific to internal transcribed spacer (ITS)/18S rRNA gene of 

each target. Real-time PCR was performed with a CFX96TM Real-Time PCR Detection 

System using SsoAdvancedTM Universal Probes Supermix (Bio-Rad, Pleasanton, CA, 

USA). Because of the large variations in the number of ITS/18S rRNA genes in different 

eukaryotic species, only cycle threshold (CT) values were reported. Positive control 
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(standard plasmid DNA) and negative control (H2O) were included in every ddPCR and 

real-time PCR reaction to ensure the successful amplification and the absence of 

contamination, respectively. 

Amplicon sequencing and metagenome sequencing analyses    16S rRNA gene amplicon 

analysis was carried out using a universal primer set targeting the V4-V5 hypervariable 

regions of both the Bacteria and Archaea domains (515F: 5’-

GTGCCAGCMGCCGCGGTAA-3’ and 909R: 5’-CCCGTCAATTCMTTTRAGT-3’) 

using the Illumina Miseq platform with dual indexing strategy as described in a previous 

study (Zhang et al., 2017). DNA libraries for metagenomic sequencing were prepared by 

combining all the extracted gDNA from each sampling site due to the requirement of a 

relatively large amount of gDNA (> 0.1 μg). The prepared library was paired-end 

sequenced on Illumina HiSeq2500 platforms (Illumina, Inc., San Diego, CA, USA) as 

described previously (Zhang et al., 2017).  

16S rRNA gene sequencing analysis    The obtained paired-end 16S rRNA gene 

sequences were aligned with Mothur (Kozich et al., 2013). The resulting sequences were 

screened for chimeras by the UCHIME algorithm implemented in USEARCH 6.1 and 

processed using the de novo OTU picking workflow in QIIME as described previously 

(Zhang et al., 2017). EMIRGE was used to reconstruct nearly full-length SSU genes in 

metagenomes (Miller, 2013).  
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Figure 4.1 Flowing chart on the analysis of metagenomic data for the reconstruction of 

draft genomes and the identification of genetic signatures.   

 

Draft genome reconstruction    Draft genomes are presented as a set of sequence 

fragments or contigs, which are the most common form of genome assemblies obtained 

using metagenomics sequencing binning pipelines and account for two thirds of the 

bacterial genomes available in the GenBank database (Nagarajan et al., 2010; Edwards 

and Holt, 2013). Figure 4.1 illustrates the workflow of draft genome recovery used in this 

study. All the metagenomic datasets were trimmed using SolexaQA2 based on a cutoff of 

20 by phred scores (Cox et al., 2010) and assembled using Megahit (Li et al., 2015). 

High-quality contigs (approximately 2.0 ×108 bp for each metagenome) were obtained at 

this step, to which > 85.0% of the raw reads could be mapped except the RW sample. The 

longest contig in each metagenome was > 4.0 ×105 bp. More details of the assemblies 

could be found in our previous study (Zhang et al., 2017). The obtained contigs were 

binned based on metagenomics read coverage, tetranucleotide frequency, and the 
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occurrence of unique marker genes by using both MaxBin 2.0 (Wu et al., 2016) and 

MetaBAT (Kang et al., 2015) to minimize the contamination of each bin. These two 

binning methods employed different clustering methods for the determination of different 

bins: MaxBin compares the distributions of distances between and within the same bins 

whereas MetaBAT clusters contigs iteratively by modified K-methods algorithm. Bins of 

pathogen-related species from the two binning tools were compared and assessed with 

CheckM (Parks et al., 2015) and ProDeGe (Tennessen et al., 2016), followed by manual 

curation. The curated bins with ≥ 90% completeness and ≥ 15-fold coverage were 

finalized as draft genomes. Details of each step in the pipeline had been reviewed and 

summarized by Sangwan et al. (Sangwan et al., 2016) and a step-by-step tutorial of the 

workflow supplied with a sample dataset  had been available by Edwards and Holt 

(Edwards and Holt, 2013). Percentages of reads mapped over the refined genome bins 

were estimated by Burrow-Wheeler Aligner-mem (Li and Durbin, 2009). The entire 

workflow was computed on a high-performance workstation (DELL precision T7600) 

equipped with 136 GB memory.  

Identification of VFs    Draft genomes of pathogen-related species retrieved were 

uploaded into PATRIC for annotation and feature identification (Wattam et al., 2014). 

VFs of different pathogens were collected from the literature and the VF database 

(VFDB, http://www.mgc.ac.cn/VFs/) (Chen et al., 2012). Reported virulence genes 

within Lg. pneumophila included: the type II secretion system (T2SS, Lsp) for growth at 

low temperatures (Soderberg et al., 2008); the T4ASS (Lvh, F-type, and P-type) 

associated with conjugal DNA transfer and potentially in virulence (Gomez-Valero et al., 

2011); the T4BSS (Dot/Icm) translocating several hundred effector proteins to support 

intracellular growth (Burstein et al., 2016); T4BSS-type effectors such as ralF, lidA, 

sdhA, and lepAB genes (Newton et al., 2010); type IV pili (pilB,C,D) involving in the 

entry to host cells, biofilm development, formation, type II protein secretion, and 

horizontal gene transfer (Schroeder et al., 2010); LPS transport (Lpt) proteins; and mip 
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(macrophage infectivity potentiator) gene associated with the ability of Lg. pneumophila 

to replicate in eukaryotic cells (Newton et al., 2010).   

For M. tuberculosis, the reported VFs included: the T7SS, also known as the ESX 

pathway (ESX-1 to ESX-5) to secrete proteins across their complex cell envelope 

(Houben et al., 2014); early secretory antigenic target (ESAT6), esxA, H, and N; culture 

filtrate protein-10 kDa (CFP-10), esxB, G, and M (Li et al., 2005); pe/ppe genes unique to 

mycobacteria and abundant in pathogenic mycobacteria (Sampson, 2011); antigen 85 

(ag85) complex and mycolic acid cyclopropane synthase (pcaA) required for the 

biosynthesis of major components of the cell envelope (Favrot et al., 2013); adhesin 

(hbhA); phospholipase C (plcC); and oxidative stress reducer (ahpC) (Forrellad et al., 

2013).  

For leptospires, some potential VFs identified in the literature included: lipL32, mce, 

invA, atsE, mviN, rfb for attachment and invasion and asd, trpE, and sphH for amino acid 

biosynthesis (Ren et al., 2003; Ko et al., 2009; Fouts et al., 2016). 

For Parachlamydia, known VFs included: negative regulator of the T3SS, SctW; protein 

kinase, Pkn5; translocated actin-recruiting phosphoprotein, tarp; inclusion membrane 

proteins IncA to IncG; translocator protein, CopB; modulation of host cell apoptosis, 

CADD; and Mip (Greub, 2009; Betts-Hampikian and Fields, 2010; Collingro et al., 2011; 

Croxatto et al., 2013). Furthermore, genes coding for nucleotide transporters that import 

host cell ATP in exchange for ADP (ntt) were part of the complex involving in bacteria-

host interaction, but were generally not considered as VFs (Schmitz-Esser et al., 2004; 

Haferkamp et al., 2006).  

Construction of phylogenomic tree    PhyloPhlAn (Segata et al., 2013) was used to 

construct phylogenomic trees based on draft genomes and reference genomes. The 

constructed trees were visualized using iTOL (Letunic and Bork, 2016).  
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Identification of antibiotic resistance genes (ARGs) and CRISPR-Cas loci    ARGs and 

CRISPR-Cas regions were screened with PATRIC. The identified CRISPR loci and 

ARGs were confirmed with CRISPRfinder (Grissa et al., 2007) and ResFinder (Zankari 

et al., 2012), respectively. Identified CRIPSR-Cas loci were classified into the current 

system consisting of two classes, five types and 16 subtypes (type I-A to I-F and I-U, 

type II-A to II-C, type III-A to III-D, type IV, and type V) based on cas genes and 

additional signature genes (Makarova et al., 2015). Additionally, we investigated the 

possible targets (protospacers) of spacers in CRISPR-Cas arrays within the obtained draft 

genomes using CRISPRTarget to search against all the available databases (i.e., 

GenBank-Phage, GenBank-Environmental, RefSeq-Plasmid, RefSeq-Viral, and RefSeq-

Bacteria), which was combined with the known features of each subtype that had been 

reported to be essential for target recognition, such as protospacer adjacent motifs 

(PAMs) and seed regions (Biswas et al., 2013). Extra weighting was given to known 

PAMs: 5’-GG-3’ for I-F (Mojica et al., 2009) at the 3’ region of protospacer and 5’-

CCN-3’ for II-B (Fonfara et al., 2014) at the 5’ region of protospacer. Moreover, we also 

manually examined seed sequences (8-nt for Type I-F and 13-nt for Type II-B) within the 

match. PHAST was used to identify prophage sequences in these draft genomes (Zhou et 

al., 2011).  

Genomic data depositing    The nine draft genomes reconstructed in this study are 

deposited in GenBank under the BioProject PRJNA323575 with BioSamples 

SAMN07572181- SAMN07572189.  

 

4.4  Results 

Detection of pathogens of potential concern in the system    A combination of different 

molecular biological techniques, namely, 16S rRNA gene amplicon sequencing, 

metagenomics, and ddPCR/real-time PCR was employed to investigate the diversity and 

quantity of potential pathogens in the drinking water production and distribution system. 
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In general, the distribution system samples contained the highest relative abundance of 

Mycobacterium spp. and Legionella spp. in comparison with samples from the treatment 

process (Figure 4.2). The highest level of Mycobacterium spp. was detected with the PR 

sample with a relative abundance of 1.3 × 10-1 and an absolute concentration of 3.3 × 104 

copies/ng-gDNA by ddPCR. The BC sample contained the highest level of Legionella 

spp.: a relative abundance of 4.7 × 10-3 based on 16S rRNA amplicon analysis and a 

concentration of 40.9 copies/ng-gDNA by ddPCR. Despite the occurrence of potential 

pathogens at the genus level, known pathogenic species, including M. tuberculosis 

complex, Lg. pneumophila, and A. hydrophila were not detected. Additionally, sequences 

related to Candidatus Protochlamydia spp., Parachlamydia spp., and Leptospira spp. 

were also detected (Figure 4.2). Candidatus Protochlamydia spp. and Parachlamydia spp. 

were endosymbionts of amoeba and emerging agents of pneumonia (Greub, 2009). 

Notably, Candidatus Protochlamydia spp. were detected in all the distribution water 

phase samples.  

Meanwhile, we could identify various eukaryotes, such as nematodes, amoebae, and 

flagellates with metagenomics and real-time PCR that co-existed with these potential 

pathogens. Plectus spp. were the most abundant nematodes detected in the system and 

present in half of the samples. For amoebae, Acanthamoeba spp. were observed in FW, 

DS2, PB1 and PB2 while Sawyeria spp. were only found in RW.  
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Figure 4.2 Detected potential pathogens and eukaryotes (nematodes, amoebae, fungi, and 

flagellates) by 16S rRNA gene amplicon analysis (1), SSU genes extracted from 

metagenomes (2), ddPCR (3) and real-time PCR (4). Here, relative abundance was 

reported. In Method 4, only CT value was obtained and is shown with the lightest color if 

it is positive. DS1 and DS3 were not tested by ddPCR due to not enough gDNA. The 

samples were divided into water and biofilm phases. 
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Characterization of pathogen-related species through the construction of draft genomes    

Nine draft genomes closely related to known pathogens were successfully recovered from 

the metagenomes of BC, FW, DS1-3, and PR with ≥ 90% completeness and ≥ 15-fold 

coverage (Table 4.1). Figure 4.3 shows that four draft genomes were affiliated with 

Legionella (BC.3.64, FW.3.37, DS3.009, BC.3.72) (Panel A), three with Mycobacterium 

(DS1.3.26, DS2.013, PR.002) (Panel B), one with Leptospira (FW.030) (Panel C), and 

one with Parachlamydia (BC.030) (Panel D). In Panel A, different species of Legionella 

were observed to co-exist in the same niche, i.e., BC.3.64 and BC.3.72 in the BC sample. 

FW.3.37 was observed to be 99.7% similarity to BC.3.64 in the average nucleotide 

identity (ANI) based on 400 marker genes. These three draft genomes probably 

represented new species of Legionella as they did not cluster together with any known 

species. A fourth draft genome, DS3.009, was affiliated with Lg. drozanskii. For 

Mycobacterium draft genomes, all three (DS1.3.26, DS2.013, PR.002) were closely 

related to M. gordonae. The Leptospira draft genome FW.030 was outside of the cluster 

containing mostly saprophytic species. Last, draft genome BC.030 fell between Pa. 

acanthamoebae and Candidatus Protochlamydia amoebophila. Collectively, five of the 

draft genomes retrieved were not closely related to any known isolated species, possibly 

due to the limitation of cultivation methods to recover microorganisms from drinking 

water systems so far. 
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Table 4.1 General features of recovered genomes of pathogen related species. 

Bin ID Source Affiliation Completeness Coverage 

# of 

contigs 

Genome 

size (bp) 

G+C content 

(%) 

No. of protein-

coding genes 

Possibly 

missing 

genes 

Median 

sequence 

size 

Longest 

contig size 

BC.3.64 BC Legionella sp. 94.44 30.13 62 2.27E+06 40.1 2112 5 31419 150,921 

BC.3.72 BC Legionella sp. 94.51 23.78 22 1.95E+06 40.6 1829 11 74242 336,208 

FW.3.37 FW Legionella sp. 94.15 27.68 63 2.10E+06 40.3 1926 14 18840 221,613 

DS3.009 DS3 Legionella sp. 98.83 45.78 140 3.36E+06 39.4 3159 39 16314 165,891 

DS1.3.26 DS1 Mycobacterium sp. 99.86 79.34 217 7.43E+06 66.8 6689 64 16573 250,869 

DS2.013 DS2 Mycobacterium sp. 99.86 23.74 219 7.96E+06 66.5 7334 77 15428 244,689 

PR.002 PR Mycobacterium sp. 89.12 451.94 919 6.78E+06 67.0 6179 120 4016 89,735 

BC.030 BC Parachlamydia sp. 100.00 24.81 39 3.04E+06 41.5 2763 15 54962 289,998 

FW.030 FW Leptospira sp. 95.88 15.42 114 3.73E+06 35.1 3613 19 15672 307,203 

 

 

 

 

 

 



 

 

 

91 

 

 

Figure 4.3 Phylogenomic tree of recovered draft genomes constructed based on up to 400 

conserved protein sequences. Panel A:  Legionella; Panel B: Mycobacterium; Panel C: 

Leptospira; Panel D: Parachlamydia. The nine draft genomes recovered from this study 

were bold. Known pathogenic species were shaded with grey. Scale bar, 1 expected 

substitutions per site.  

 

VFs detected in the draft genomes recovered     Figure 4.4 indicates the presence and 

absence of VFs affiliated with secretion systems, effectors, attachment and invasion, 

endotoxins (e.g., lipopolysaccharides), and amino acid biosynthesis found in the 

recovered draft genomes and their related reference genomes. For Legionella in the 
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secretion system category, the T2SS and T4BSS were the major pathogenesis systems 

observed in all draft genomes recovered. By contrast, the T4ASS, associated with 

conjugal DNA transfer, was detected in BC.3.64 and DS3.009 but absent in BC.3.72 and 

FW.3.37 possibly due to non-existence in these bacteria or the inability or poor efficiency 

to retrieve and assemble sequences pertaining to these hypervariable regions (Pop, 2009; 

Gomez-Valero et al., 2011). In the effectors category, T4BSS-assicated VFs including 

lidA, sdhA, and lepAB genes but not ralF were detected in three of the four draft 

genomes. In addition, all draft genomes contained LPS transport related genes, lptA and 

lptE. Last, the mip gene was observed in BC.3.64, FW.3.37, and DS3.009, but not 

BC.3.72.  

 

Figure 4.4 VFs identified with the draft genomes recovered in this study and related 

genomes from public databases. VFs were grouped based on general categories (secretion 

systems and associated effectors, attachment and invasion, endotoxin, amino acid 

biosynthesis and others). The genomes were organized by their taxonomic affiliations. 

There were some shared VFs among different genera, including T2SS among Legionella, 

Leptospira, and Parachlamydia, the mip gene between Legionella and Parachlamydia, 

and the mce gene between Mycobacterium and Leptospira.  
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For Mycobacterium, ESX-1, ESX-3, and ESX-5 T7SSs were observed in all 

Mycobacterium draft genomes recovered. Effectors belonging to ESX-1 and ESX-3 could 

also be detected, including esxAB and TU, but not effectors belonging to ESX-5 (cyp143, 

rv1786, rv1794, and esxMN). For the pe/ppe multigene family, all the recovered draft 

genomes contained more than 100 such genes, which was comparable to those observed 

in pathogenic species. Other VFs detected included cell envelop biosynthesis, ag85 

(except in PR.002) and pcaA; adhesin, hbhA; phospholipase C, plcC; and oxidative stress 

reducer, ahpC. For Leptospira, the known VFs were mainly associated with the 

attachment and invasion, endotoxin and amino acid biosynthesis categories, and among 

them four (i.e., mce1B, mviN, marR, and rfbD) were detected in FW.030. The T2SS was 

partially present in Leptospira spp., including FW.030, but the association of the T2SS 

with virulence had not been experimentally tested (Picardeau, 2017). For Parachlamydia, 

VFs were mainly observed in the T3SS and associated effector categories. Two VFs, the 

T2SS (partially) and mip in the ‘others’ category were also observed. As Parachlamdia 

spp. and Candidatus Protochlamydia spp. were intracellular bacteria of amoebae like 

Legionella spp., they also possessed T2SSs and Mip systems. Five ntt genes were 

observed with BC.030, putatively belonging to three NTT isoforms (NTT1-3) 

(Haferkamp et al., 2006). Last, several ARGs related to the resistance of aminoglycoside 

(moderate level), beta-lactam, and chloramphenicol (antimicrobial peptides) could be 

detected in the Legionella draft genome DS3.009. All the Mycobacterium recovered draft 

genomes possessed the aac(2’)-Ic gene, which was universally distributed among all 

Mycobacterium spp. (Ainsa et al., 1997).  
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Figure 4.5 CRISPR-Cas loci identified in the draft genomes recovered in this study and 

known genomes of Legionella. They were organized according to the subtypes (Type I-F, 

II-B and I-C) of CRISPR-Cas loci.  

 

Usage of CRISPR-Cas signatures to monitor Legionella spp. across the studied system    

CRISPR-Cas genetic signatures, which are defense systems used by prokaryotes against 

viruses and not associated with pathogenicity, could be an effective tool to discriminate 

and monitor sub-lineages of pathogen-related species across the studied drinking water 

production and distribution system. Figure 4.5 indicates the type of CRISPR-Cas systems 

identified in the draft genomes recovered and in several published Lg. pneumophila 

genomes. Among the three known subtypes of Lg. pneumophila (I-F, II-B, and I-C), this 

study detected type I-F with BC.3.64 and FW.3.37 based on cas gene clusters. The type I-

F CRISPR-Cas observed in these two draft genomes was almost identical, i.e., 99% 

sequence similarity for cas1 gene and 100% sequence similarity for the remaining cas 

genes. Together with the findings of phylogenomic classification and genome similarity 

(99.7%), BC.3.64 and FW.3.37 were very likely to belong to a closely-related population 

originated from the same ancestor traveling from upstream (BC) to downstream (FW) of 

the studied drinking water production and distribution system (Figure 4.3). There was not 

enough information to determine whether the strain was alive at the BC site or whether 

filtration and chlorination had inactivated the strain in FW. Their cas gene clusters shared 
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relatively low protein sequence similarities (from less than 40% to 76%) with other type 

I-F CRISPR-Cas loci of Lg. pneumophila. Last, a Type II-B CRISPR-Cas locus was 

detected with Leptospira draft genome FW.030.   

 

Table 4.2 Prophages identified in the retrieved draft genomes.  

Genera Genomes Regions Length (kbp) Possible phage 

Legionella 

BC.3.64 
R1 9.5 Salisaeta icosahedral phage 1 

R2 31.1 Stenotrophomonas phage S1 

FW.3.37 
R1 9.5 Salisaeta icosahedral phage 1 

R2 26.1 Caulobacter virus Karma 

DS3.009 
R1 37.0 Stenotrophomonas phage S1 

R2 23.5 Haemophilus phage HP2 

Mycobacterium 

DS1.3.26 R1 19.0 Mycobacterium phage Adler 

DS2.103 

R1 28.3 Mycobacterium phage RhynO 

R2 12.2 Molluscum contagiosum virus subtype 1 

R3 27.7 Mycobacterium phage Adler 

R4 31.6 Mycobacterium phage Adler 

R5 40.1 Mycobacterium phage Adler 

PR.002 
R1 17.2 Mycobacterium phage Adler 

R2 37.1 Mycobacterium phage Milly 

Leptospira FW.030 R1 29.9 Pandoravirus salinus 

Parachlamydia BC.030 R1 19.3 Cronobacter phage vB_CsaM_GAP32 

 

Diversity of prophages    Table 4.2 shows the types of prophages found in the recovered 

draft genomes.  Initially, 36 potential prophage sequences were identified using PHAST 

and they were reduced to 16 by considering the presence of genes encoding integrases 

and/or cI-type repressors (Fan et al., 2014). The lengths of prophage regions varied from 

9.5 to 40.1 kbp. Six were associated with Legionella draft genomes, seven with 

Mycobacterium draft genome, and one each with Parachlamydia and Leptospira. An 

intact prophage (37.1 kbp) was recovered from PR.002. Shared prophage structures were 
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observed between BC.3.64 and FW.3.37 and between DS1.3.26 and DS2.013. In 

addition, DS2.013 contained as many as five prophage sequences, which was rare for 

Mycobacterium genomes. Last, a prophage region identified in FW.030 showed sequence 

similarities to Pandoravirus saline which was the largest virus reported so far with 

genomes up to 2.5 Mb and restricted to Acanthamoeba as hosts (Philippe, 2013).  

 

4.5  Discussion 

Potential virulence of pathogen-related species    Virulence machinery characterized by 

genomic analysis has been used to define pathogenicity for many known pathogens, such 

as E. coli (Chapman et al., 2006), Salmonella (Foley et al., 2013), Cryptosporidium 

(Bouzid et al., 2013), Lg. pneumophila (Cazalet et al., 2008), and Leptospira (Picardeau, 

2017). This approach is used here to evaluate the potential pathogenicity of those draft 

genomes of pathogen-related species recovered from an urban drinking water system. 

Legionella-related draft genomes found at two different locations of the water production 

process (i.e., BC.3.64 and FW.3.37) shared almost identical genomic sequences and 

possessed almost all known VFs to Lg. pneumophila and Lg. longbeachae. Another strain 

found during the water production process (i.e., BC.3.72) was clustered outside of known 

pathogenic Legionella clusters, and possessed fewer virulence genes than the other three 

recovered strains (i.e., BC.3.64, FW.3.37, and DS3.009). While the finding that most of 

the draft genomes encoded a high number of VFs may raises concerns on their 

pathogenicity, previous studies on closely related species/strains of pathogenic 

Aeromonas found no correlations between the presence/absence of VFs and 

extraintestinal infections (Havelaar et al., 1992; Lye et al., 2007). Thus, further studies 

combining microbiological (e.g., cultivation and animal models), genomic, and metabolic 

(e.g., transcriptomics and proteomics) methods should be carried out to understand the 

role of these VFs at the level of gene expression, protein function and regulation, and 

interaction with host immune system to confirm the virulence of these strains for 
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immunocompromised individuals. This framework, once established, can be transferred 

into a novel pathogen surveillance program that enables virulence assessment of a broad 

range of heterotrophic bacteria found in potable water to possibly identify currently 

unknown pathogens.  

All three Mycobacterium-related draft genomes recovered were closely related to M. 

gordonae, which is less virulent than M. tuberculosis, but contained a high number of 

genes (over 100) related to pe/ppe and T7SS. In comparison, genomes of M. 

immunogenum (LJFO01) and M. chelonae (LJYI01) isolated from a chloraminated 

DWDS simulator in previous studies (Gomez-Alvarez and Revetta, 2016a; b) lacked 

ESX-1 or ESX-5 and contained fewer pe/ppe genes. Due to the prevalence of M. 

gordonae in tap water and biofilms, particularly in groundwater-derived drinking water 

systems (Vaerewijck et al., 2005), special attention to this group would be necessary. 

Pathogenic Leptospira are the causative agent of leptospirosis, which is the most 

widespread zoonotic disease infecting both human and animals (Evangelista and Coburn, 

2010). In this study, the Leptospira-related genome FW.030 obtained did not contain 

most of the VFs known for Lp. interrogans and thus was likely not pathogenic. Among 

Parachlamydiaceae, only few strains such as Pa. acanthamoebae and Candidatus Pr. 

naegleriophila have been considered as emerging pathogens, causing mainly respiratory 

infections, while many others including Neochlamydia hartmannellae and Pr. 

amoebophila might be environmental strains or endosymbionts (Corsaro and Greub, 

2006; Lamoth et al., 2011). Therefore, the pathogenic potential of Parachlamydia-related 

genome BC.030 remains to be further determined.  

Use of spacers in CRISPR-Cas as biomarkers for Legionella subtyping    Due to the high 

genome plasticity of Legionella species, molecular typing by a single marker gene has 

been difficult. For instance, the mip gene is associated with the ability of Lg. 

pneumophila to replicate in eukaryotic cells, and has been extensively used as a 

biomarker to detect the presence/absence of Lg. pneumophila in a sample (Gomez-Valero 

et al., 2009). It was detected in three Legionella-related draft genomes constructed in this 
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study: BC.3.64 and FW.3.37 were closely related to Lg. fallonii, and DS3.009 to Lg. 

drozanskii. However, the mip gene was limited in differentiating the Lg. pneumophila 

subspecies fraseri from other subspecies. Thus, the European Working Group for 

Legionella Infections (EWGLI) has suggested that a combination of several biomarkers, 

including flaA, pilE, asd, mip, mompS, proA, and neuA, should be used to effectively 

identify Lg. pneumophila (Fry et al., 2000; Gaia et al., 2005; Ratzow et al., 2007). 

However, phylogenetic incongruence (i.e., different lineages of the same strain indicated 

by different biomarkers) and limitations (i.e., the inability of some biomarkers to 

discriminate certain strains) in the discriminatory power of these multiple biomarkers 

could still occur because of differences in selection pressures associated with individual 

biomarkers.  

Alternatively, spacers in CRISPR-Cas can be used as a biomarker in the monitoring of 

certain Legionella strains at an evolutionary scale of several years across drinking water 

production and distribution systems. The pattern of adding new spacers at one end of the 

CRISPR array and conserving spacers among common ancestors at the other end has 

been demonstrated with Legionella strains collected  in Canada and Europe (CRISPR 

Type I-C and Type II-B) (Ginevra et al., 2012; Lück et al., 2015; Rao et al., 2016).  The 

longest time for these spacers to remain conserved among these strains and a 

Leptospirillum strain previously studied was reported to be five years or longer (Sun et 

al., 2016). Type I-F Cas loci were detected in the genomes of Lg. pneumophila str. 

2300/99 Alcoy and str. Lens (both in the chromosome and plasmid) (Figure 4.5). The two 

draft genomes recovered in our study, BC.3.64 and FW.3.37, also contained type I-F 

CRISPR-Cas loci, but the spacers were different from str. 2300/99 Alcoy and str. Lens. 

With 100% sequence similarity in CRISPR and high overall genomic similarity, these 

two genomes were likely derived from the same ancestor.  Thus a specific CRISPR-Cas 

biomarker could be developed and used to monitor the distribution of this strain within 

the drinking water system studied. Furthermore, Types II-B and I-C were detected in a 

variety of Lg. pneumophila strains and Type II-B was detected in 75.0% of the 400 Lg. 
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pneumophila strains collected in a previous study (Ginevra et al., 2012). With more than 

600 Legionella genomes available with NCBI’s website and the diversity of CRISPR-Cas 

Types (I-C, I-F, and II-B) known among these strains, CRISPR-Cas spacers will be a 

promising biomarker for monitoring the distribution of Legionella at the strain level in 

samples taken from various drinking water systems, across different water bodies, and 

between patients over several years. However, cautions are needed when applying this 

method over a relatively large evolutionary scale as previous reports on Yersinia pestis, 

Streptococcus thermophiles, and Leptospirillum suggested that CRISPR loci could also 

evolve via internal deletion of spacers in the CRISPR array (Pourcel et al., 2005; Horvath 

et al., 2008; Sun et al., 2016).  

Origin of spacers in CRISPR-Cas of pathogen-related genomes    The interaction 

between bacteria and viruses in drinking water systems or, more broadly, in oligotrophic 

environments is not well understood (Lehtola et al., 2004; Liu et al., 2015; Guidi et al., 

2016). Table 4.3 shows only 26 out of the 119 identified CRISPR-Cas spacers matched to 

entries in databases including GenBank-Phage, GenBank-Environmental, RefSeq-

Plasmid, RefSeq-Viral, and RefSeq-Bacteria. Among them, 13 spacers matched 

sequences in other Lg. pneumophila strains. Two commonly observed targets were a 30-

kb unstable genetic element previously identified in Lg. pneumophila str. RC1 and a 60-

kb plasmid in Lg. pneumophila str. Lens. Likely, these elements were originated from 

bacteriophages in environments and incorporated into Lg. pneumophila genomes as 

mobile genetic elements such as prophages and plasmids. When the DNA of Lg. 

pneumophila was damaged or under other stress conditions, prophages could be excised, 

replicated, and ultimately used to lyse the host and spread into the environment. 

Ecologically, it would be rational for other Lg. pneumophila strains to incorporate their 

fragments into CRISPR systems so that they had the ability to destroy them when being 

attacked (Rao et al., 2016).  

We also observed near-perfect matches of four spacers in CRISPR-Cas to one activated 

sludge metagenome (AERA01) (More et al., 2014). It has been reported that wastewater 
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treatment plants (WWTPs) contained 10-1000 times higher viral concentration than in 

natural aquatic environments, making WWTP an important reservoir and source of 

viruses (Edwards and Rohwer, 2005; Tamaki et al., 2012). In the studied drinking water 

production and distribution system, we estimated that the viral concentration was 

approximately 104 viruses/ml based on the bacterial cell counts published previously 

(Zhang et al., 2017) based on the general rule that viral count is 10 times of the bacterial 

count (Maranger and Bird, 1995). Additionally, spacers detected in the BC.3.64 and 

FW.3.37 genomes recovered here and Lg. pneumophila 2300/99 Alcoy matched to 

contigs in marine metagenomes (AACY02) (Venter et al., 2004). Although the matches 

are not perfect (except one) to organisms in WWTPs or marine environment, the evolving 

nature of spacers by mutations at CRISPR loci allows us to speculate that WWTPs and 

marine environments were possible sources of these spacers. Those Legionella strains 

could have come from water bodies under the influence of wastewater or seawater, such 

as flooded sewers or coastal groundwater.  

Amoebae as a ‘hub’ connecting viruses and intracellular bacteria    This study observed 

that the prophage exhibiting high sequence similarity to Pandoravirus could co-exist with 

Acanthamoeba spp., Parachlamydia spp., Legionella spp., and Mycobacterium spp. in the 

FW sample. So far, free-living amoebae in drinking water systems are reported to be an 

ideal shelter to provide nutritional requirements for the growth of Legionella (Breiman et 

al., 1990; Dupuy et al., 2016), and are the only reported host of Pandoravirus (Philippe et 

al., 2013). Various giant viruses, including Mimivirus, Mamavirus, and Pandoravirus, 

have been detected in amoebae and were reported to be involved in lateral gene transfer 

between viruses and bacteria (La Scola et al., 2003; La Scola et al., 2008; Philippe et al., 

2013). While the detection of Parachlamydia in drinking water systems is rare (Thomas 

et al., 2008), previous studies have suggested that Chlamydiae were likely prevalent in 

aquatic environments (Barret et al., 2013; Lagkouvardos et al., 2014). These observations 

all support amoebae as the ‘hub’ connecting viruses and intracellular bacteria, and 

facilitating the genetic exchange between pathogens and their closely related species 
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(Gimenez et al., 2011; Gomez-Valero et al., 2011). Thus, developing control strategies to 

eukaryotic populations, e.g., filtration with 1 µm membranes, whose size is larger than 

bacteria but smaller than amoebae, could be an effective means to suppress the growth 

and spreading of pathogens in DWDSs (Wadowsky et al., 1988).  

In summary, our study demonstrated that metagenomics analysis can be used to 

determine the presence of VFs in potential pathogens in drinking water production and 

distribution systems. Future studies combining microbiological, genomic, and metabolic 

methods at the level of gene expression, protein function and regulation, and bacteria-

host interaction can help determine the relationship between the presence of these VFs 

and pathogenicity in immunocompromised individuals, especially for environmental 

strains recovered from drinking water systems. Furthermore, the development of 

genomics analysis can serve as a new platform for the detection, strain typing, and 

monitoring of pathogens, which can provide novel insights into the surveillance and 

control of waterborne or water-based pathogens. Characteristic regions in bacterial 

genomes, such as CRISPR-Cas studied here, can be used in combination with the 

traditional biomarkers to facilitate and simplify the subtyping of pathogens of potential 

concern and monitor the distribution of the same strains across different environmental 

niches.  
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Table 4.3 Potential targets of CRISPR-Cas spacers in Legionella-related genomes. 

Genomes Spacer ID Hits for spacers Score 

Number of 

mismatches 

within the 

spacer 

PAMs** 

Seed 

sequence 

mismatc

h 

position 

BC.3.64 Sp6 

Marine metagenome genome assembly TARA_030_DCM_0.22 

(CENH01030675) 
27 5 GG 8 

Lgp* 

Lens 

Chrm_Sp2

3 Lg. pneumophila serogroup 1, 30 kb instable genetic element (AJ277755) 
35 1 GG 6 

Chrm_Sp3

5 Paenibacillus sp. FSL H7-0357, complete genome (CP009241) 
27 5 GG 3 

Plsm_Sp22 Activated sludge metagenome contig16020 (AERA01015926) 37 0 GG - 

Plsm_Sp46 Lg. pneumophila serogroup 1, 30 kb instable genetic element (AJ277755) 35 1 GG 7 

Plsm_Sp12 Lg. pneumophila 2300/99 Alcoy, complete genome (NC_014125) 31 3 GG 7 

Plsm_Sp12 Lg. pneumophila str. Corby, complete genome (NC_009494) 31 3 GG 7 

Plsm_Sp10 Lg. pneumophila str. Paris complete genome (NC_006368) 30 1 Not match N/A 

Plsm_Sp8 

Uncultured marine Microviridae clone SOG3-01 major capsid protein gene, 

partial cds (KC131005) 
29 4 GG 1 

Plsm_Sp47 Activated sludge metagenome contig16020 (AERA01015926) 29 4 GG - 

Plsm_Sp50 

Marine metagenome 1096626097875, whole genome shotgun sequence 

(AACY023989113) 
29 4 GG 5 

Plsm_Sp7 Activated sludge metagenome contig06523 (AERA01006474) 29 5 GG 3,5 

Plsm_Sp13 Lg. pneumophila 2300/99 Alcoy, complete genome (NC_014125) 26 3 Not match N/A 

Plsm_Sp32 Lg. pneumophila str. Lens plasmid pLPL, complete sequence (NC_006366) 24 4 Not match N/A 

Plsm_Sp7 Lg. pneumophila str. Lens plasmid pLPL, complete sequence (NC_006366) 24 4 Not match N/A 
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Table 4.3 (Cont.) 

Genomes Spacer ID Hits for spacers Score 

Number of 

mismatches 

within the 

spacer 

PAMs** 

Seed 

sequence 

mismatc

h 

position 

Lgp 

Alcoy 

Sp32 

Uncultured Gokushovirinae clone WSBWG10n1 major capsid protein gene 

(KF689311) 
31 3 GG 8 

Sp28 

Marine metagenome genome assembly TARA_122_SRF_0.1-0.22 

(CETN01079705) 
29 4 GG - 

Sp3 Lg. pneumophila str. Lens plasmid pLPL (NC_006366) 26 3 Not match N/A 

Lgp 

Paris 

Sp33 Activated sludge metagenome contig28417 (AERA01027227) 37 3 CCA 6,9 

Sp4 Schistocephalus solidus genome assembly S_solidus_NST_G2  (LL901847) 29 5 CCA - 

Sp15 Lg. pneumophila str. Lens plasmid pLPL (NC_006366) 28 3 Not match N/A 

Sp14 Lg. pneumophila 130b draft genome (FR687201) 28 4 Not match N/A 

Lgp 

130b 

Sp40 Lg. pneumophila str. Paris complete genome (NC_006368) 37 0 CCA - 

Sp41 Hypersaline lake metagenome ctg7180000052828 (APHM01003927) 30 5 CCA 10 

Sp27 Lg. pneumophila str. Corby, complete genome (NC_009494) 30 2 Not match N/A 

Sp27 Lg. pneumophila 2300/99 Alcoy chromosome (NC_014125) 30 2 Not match N/A 

*Lgp: Lg. pneumophila; **PAMs: protospacer adjacent motifs 
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CHAPTER 5  METAGENOMICS REVEALED OVERLOOKED METHANE 

METABOLISM AND MECROBIAL INTERDEPENDENCY IN GROUNDWATER 

SYSTEMS 

 

5.1  Abstract 

Dissolved methane is a common trace constituent in ground waters and can be a major carbon 

source in ground water-sourced drinking water systems (GWDWSs). However, its microbial use 

in GWDWSs is frequently overlooked, and the microbial interactions involving methane-

utilizing microbes is seldomly investigated. This study used genome-resolved metagenomics to 

investigate the compositional and functional diversity, interspecies relationship, and metabolic 

interdependency of methylotrophic bacteria in a GWDWS. Among microbial biomass taken 

from water and biofilm phases at different stages of the GWDWS, 34 methylotroph-related draft 

genomes were recovered together with another 133 draft genomes belonging to a variety of taxa. 

Both Type I and Type II methanotrophs and nonmethanotrophic methylotrophs (NMMs) were 

abundant in particular in finished water, and water and biofilm samples taken in the distribution 

system. Among methano-/methylo-trophs, methylotrophy pathways involving multiple enzymes 

were more dominant than those with single enzyme systems, possibly due to high metabolite 

exchange potential in the multigene/multi-enzyme systems. Network analysis could identify 

potential species interaction between methanotrophs and a number of NMMs and heterotrophs. 

Examining the metabolic interdependency involving methylotrophs through the topology of 

reconstructed metabolic networks further suggested that the microbial community had the 

potential to exchange metabolites extensively, and NMMs and other heterotrophs had the 

capability to supply essential metabolites to methanotrophs. The genomic-based findings 

provided overlooked microbial functions, interactions, and methane metabolism in GWDWSs.   
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5.2  Introduction 

Methane is one of the major one-carbon compounds in the environment and the second most 

prevalent greenhouse gas in the US from human activities (Bousquet et al., 2006). It can be 

derived from biological processes in shallow anaerobic groundwater environments or thermal 

decomposition of organic matter in deep coal, oil and gas fields (Barker and Fritz, 1981). The 

use of methane by microorganisms is an important part of the global carbon cycle. However, this 

process is frequently overlooked in groundwater ecosystems and groundwater-sourced drinking 

water systems (GWDWSs).  

Microbial methane utilization in aerobic environments is characterized by tight linkages between 

methane-utilizing (methanotrophic) and non-methanotrophic methylotrophs (NMMs) 

(Chistoserdova, 2011; Krause et al., 2017). Previous studies with microcosms from Lake 

Washington sediments indicated that methanotrophs can support a community that cannot use 

methane directly through cross-feeding with methane-derived carbon (e.g., methanol) 

(Kalyuzhnaya et al., 2008; Beck et al., 2013). Cross-feeding is a ubiquitous feature of microbial 

communities, influencing major biogeochemical processes globally (Schink, 1997; Martienssen 

and Schops, 1999). This type of microbial interaction reflects a high degree of metabolic 

interdependency in microbial communities (Anantharaman et al., 2016). Nevertheless, few 

studies have investigated species interaction through metabolic interdependency in natural 

microbial communities centered by methano-/methylo-trophs (Kolenbrander, 2011; Levy and 

Borenstein, 2013). 

Methano-/methylotrophy can be carried out by various microbes, which are classified in different 

ways (Kalyuzhnaya et al., 2006; Chistoserdova, 2011; Chistoserdova and Lidstrom, 2013). Based 

on the ability of methane utilization, methylotrophs are divided into methanotrophs and NMMs. 

Methylotrophs that can use both one-carbon and multicarbon compounds as substrates are called 

facultative methylotrophs, whereas methylotrophs that only use one-carbon substrates are 

defined as obligate methylotrophs. From the phylogenetic perspective, methylotrophs are 

widespread within Proteobacteria, Firmicutes, Actinobacteria, Verrucomicrobia, and 
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Candidatus phylum NC10. Among them, methanotrophs are distributed mainly within the alpha- 

and gamma- subdivisions of Proteobacteria (Methylocystaceae, Beijerinckiaceae, 

Methylococcaceae, Methylothermaceae), Verrucomicrobia (Methylacidiphilaceae), and NC10. 

Type I methanotrophs refer to those within Methylococcaceae and Methylothermaceae, and 

Type II to those within Methylocystaceae and Beijerinckiaceae. Type I and Type II can be 

differentiated by locations of intracytoplasmic membranes. Representative NMMs are from 

Methylophilaceae, Hyphomicrobium, and Methylobacteriaceae.  

Engineered GWDWSs provide a unique system for the study of microbial communities centered 

by methano-/methylo-trophs. The low amount of organic carbon input into the system results in a 

less complex ecosystem than freshwater lakes or other ecosystems (Oshkin et al., 2015). In the 

Champaign-Urbana area (Illinois, USA), Knirk (Knirk, 1908) and Buswell and Larson (Buswell 

and Larson, 1937) reported the abundance of methane in numerous regions of the Mahomet 

Aquifer. Presence of methanotrophs in the system was first reported in 1972 by culturing slime 

accumulations at the air-water interface from Sullivan, Illinois and the Champaign-Urbana water 

distribution system (Gunsalus et al., 1972). This study identified a methanotroph that produced 

an extensive capsule and exhibited taxonomic properties similar to Methylomonas methanica. At 

the same time, two NMMs and six other heterotrophs were also isolated from the same 

consortium. With cross-feeding experiments involving mixed cultures of these isolates, the 

authors concluded that dissolved methane in ground waters was a previously unappreciated energy 

source for the development of methanotrophs, NMMs, and a diverse heterotrophic community in 

the drinking water distribution system.  

Our recent study using 16S amplicon sequencing method indicated a significant increase in the 

relative abundance of populations related to methanotrophs and NMMs in finished water and the 

distribution system compared with raw water and water from the treatment process in the 

Champaign-Urbana drinking water system (Zhang et al., 2017a). Methanotrophs and NMMs 

were abundant in finished water, bulk water in the distribution system, and water meter biofilms 

of buildings, and accounted for a large portion of the core microbiome that shared between the 

two phases (Hwang et al., 2012; Ling et al., 2016).  
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In this study, we used an approach based on genome-resolved metagenomics, that yielded good-

quality draft microbial genomes without cultivation to provide insights into the methane 

metabolism in the Champaign-Urbana GWDWS (Alneberg et al., 2014; Eren et al., 2015; Hug et 

al., 2016). Draft genomes affiliated with methanotrophs, NMMs, and heterotrophs were 

successfully recovered from metagenomes obtained from different stages of the GWDWS 

system. We investigated their compositional and functional diversity, interspecies relationship, 

and metabolic interdependency through phylogenomic, functional, and metabolic network 

topology analyses. The findings provide insights into overlooked microbial functions, 

interactions, and methane metabolism in GWDWSs.  

 

5.3  Materials and methods 

Sampling and sample processing    Microbial biomass from different stages of the treatment 

processes, different locations in the distribution system, and premise plumbing reactors was 

collected as described in previous studies (Zhang et al., 2017b; Zhang et al., 2017a). Water-phase 

samples included raw water (RW), immediately before filtration and chlorination (after lime 

treatment and recarbonation) (BC), finished water (FW) prior to distribution, and three taps (cold 

water) (DS1-DS3). Biofilm samples were taken from two retired water mains (PB1-PB2), water 

meters (WM), and premise plumbing (PR) pipes. 

DNA extraction and Illumina sequencing    Genomic DNA (gDNA) was extracted using 

FastDNA® SPIN Kit for Soil (MP Biomedicals, Carlsbad, CA, USA) from the membranes with 

cells. Microbial communities in these samples were analyzed using amplified 16S 

rRNA genes and metagenomics. Detailed description of sampling and sequencing procedures can 

be found in previous studies (Zhang et al., 2017b; Zhang et al., 2017a) . Briefly, 16S rRNA gene 

amplicon analysis was carried out using a universal primer set targeting the V4-V5 hypervariable 

regions of both the Bacteria and Archaea domains (Kozich et al., 2013). Paired-end sequencing 

of the amplicons (2x300 bp) was done with an Illumina MiSeq platform (Illumina, Inc., San 

Diego, CA, USA). DNA libraries for metagenomic sequencing were paired-end sequenced on 
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Illumina HiSeq2500 platforms using TruSeq SBS kit v4 (for the RW, BC, FW, and DS1, 2, 3 

samples) and TruSeq Rapid SBS kit v2 (for the PB1, PB2, WM, and PR samples) (Illumina, Inc., 

San Diego, CA, USA). All sequencing was performed by the Roy J. Carver Biotechnology 

Center at the University of Illinois at Urbana-Champaign. 

Sequence analysis    The obtained paired-end 16S rRNA gene sequences were aligned with 

Mothur using the default setting, which required a quality score of over 25 if a gap and a base 

occurred at the same position or one of the bases had a quality score six or more points better 

than the other if the two reads disagreed (Kozich et al., 2013). The resulting sequences were 

screened for chimeras with the UCHIME algorithm implemented in USEARCH 6.1 and 

processed using the de novo OTU picking workflow in QIIME (Caporaso et al., 2010b). 

Representative sequences from OTUs were aligned using PyNAST (Caporaso et al., 2010a) and 

inserted into the phylogenetic trees, Greengenes_16S_2011.arb, with the parsimony insertion 

tool in the ARB program (Ludwig et al., 2004; McDonald et al., 2012).  

Draft genome reconstruction    All the metagenomic datasets were trimmed using SolexaQA2 

based on a cutoff of 20 by phred scores (Cox et al., 2010) and assembled using Megahit (Li et 

al., 2015). More details of the assemblies could be found in our previous study (Zhang et al., 

2017a). The high-quality contigs (approximately 2.0 ×108 bp for each metagenome) obtained at 

this step were binned based on metagenomics read coverage, tetranucleotide frequency, and the 

occurrence of unique marker genes using both MaxBin 2.0 (Wu et al., 2016) and MetaBAT 

(Kang et al., 2015) to maximize binning quality. The resulting bins from the two binning tools 

were compared and assessed with CheckM (Parks et al., 2015) and ProDeGe (Tennessen et al., 

2016), followed by manual curation. The curated bins with ≥ 70% completeness and ≥ 6-fold 

coverage were finalized as draft genomes. Percentage of reads mapped to contigs was estimated 

by the Burrow-Wheeler Aligner-MEM (BWA-MEM) (Li and Durbin, 2010). EMIRGE was used 

to reconstruct nearly full-length SSU genes in metagenomes (Miller, 2013). 
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Phylogenomic tree construction    PhyloPhlAn (Segata et al., 2013) was used to construct 

phylogenomic trees based on draft genomes and reference genomes. The constructed trees were 

visualized using iTOL (Letunic and Bork, 2016).  

Identification of methylotrophy metabolic modules    Methylotrophy metabolic modules were 

defined according to two previous studies (Chistoserdova, 2011; Beck et al., 2015). These 

features were retrieved from publicly-available genomes of methano-/methyl-trophs and used as 

a reference database. Protein-coding genes of the retrieved draft genomes were predicted using 

Prodigal (Hyatt et al., 2010) and then blasted against this reference database with the following 

criteria: percentage of identical matches  40%, query coverage per subject  70%, and query 

sequence length  100.   

Co-occurrence analysis    CoNet was used to infer co-occurrence patterns of OTUs (Faust and 

Raes, 2016). OTUs with an average relative abundance of  0.01% were included in this test. 

The association in terms of relative abundance between any two OTUs was determined based on 

the Pearson and Spearman correlations using Bray-Curtis distance and merged using 

intersections of edges. The significance of the associations was confirmed with permutation test 

and the ReBoot method (Faust and Raes, 2012).   

Reconstruction of genome-scale metabolic models    The ModelSEED pipeline (Henry et al., 

2010) was used to reconstruct genome-scale metabolic models for the recovered genomes from 

metagenomes. Briefly, these models were used to simulate growth and metabolite production 

capabilities of each strain according to the constraints on nutritional availability from the 

environment. Manual curation was carried out to reduce the artifacts of the automated model 

reconstruction process by improving reaction directionality and nutrient transport. The resulting 

metabolic networks was organized with nodes representing compounds and edges representing 

reactions that link substrates to products.  
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Microbial cooperative potential from metabolic network topology    A previously developed and 

validated metric for species interaction were used for determining microbe-microbe cooperative 

potential (Borenstein and Feldman, 2009; Kolenbrander, 2011; Levy and Borenstein, 2013). The 

Biosynthetic Support Score (BSS) quantified the extent to which the nutritional requirements of 

one species could be satisfied by the biosynthetic capacity of another. This index was determined 

by the shared fraction of the seed set between a pair of metabolic networks. The seed set of a 

metabolic network represented the minimal subset of the nodes required to access every node in 

the network, i.e., the minimal subset of exogenously acquired compounds in the network whose 

existence permitted the production of all other compounds in the network. The seed detection 

was carried out using the algorithm implemented in NetSeed (Carr and Borenstein, 2012).   

Genomic data depositing    Sequences of the 16S rRNA gene amplicons and the reconstructed 

draft genomes were deposited in GenBank under the BioProject PRJNA323575.   

 

5.4  Results 

Methano-/methyl-trophs at different stages/phases of the studied GWDWS    As the dissolved 

methane present in RW could travel together with the water flow, it could support the growth of 

various methanotrophs and accompanying species downstream. Figure 5.1 shows that the 

relative abundance of methano-/methylotroph populations was low in SW and BC but increased 

in FW and the distribution system (Mann-Whitney U statistical test (p = 0.05) using the sum of 

the abundance of all methano-/methylo-trophic OTUs in each sampling event). FW had the 

highest number of methylotroph OTUs among the six sampling sites, suggesting that some 

methylotrophs could have survived through the disinfection treatment. The dominant 

methanotrophy groups included Methylococcaceae in Gammaproteobacteria (Type I) and 

Methylocystaceae in Alphaproteobacteria (Type II). OTU-FW-2 (42.1% with metagenomes in 

FW and 18.0% with 16S rRNA gene amplicon analysis) was closely-related to Methylomonas 

methanica, an obligate methane-oxidizer. 
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Figure 5.1 Neighbor-joining tree of methylotrophs based on 16S rRNA gene sequences. The 

abundance of methylotrophic OTUs detected in the GWDWS were shown on the right, including 

results both from metagenomes and from amplicon analysis. Methanotrophs were marked with 

darker grey shades and methylotophs with light grey shades. OTU names starting with “OTU” 

were OTUs retrieved from metagenomic data (>1200 bp) and those starting with “denovo” were 

dominant OTUs from 16S rRNA gene amplicon analysis (average read length: 375 bp). The 

triangles at the end of OTU names indicate whether they are obligate or facultative methano-

/methyl-trophs. 
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The other dominant OTU-DS3-17, closely-related to Methylocystis parvus, was a facultative 

methanotroph. The two dominant NMM-related populations were Methylotenera-like OTUs 

(OTU-BC-202 and OTU-WM-303) from Methylophilaceae in Betaproteobacteria and 

Hyphomicrobium-like OTUs (OTU-DS3-0 and OTU-PB1-17) from Hyphomicrobiaceae in 

Alphaproteobacteria. Both groups were abundant and prevalent at different stages of the studied 

system. Comparing the results from metagenomes with 16S rRNA gene amplicon analysis, we 

found some discrepancies in abundance between the two methods. This difference was more 

substantial for denovo4730, OTU-BC-202, and OTU-DS2-1, likely due to biases associated with 

PCR-based methods (Duhaime et al., 2012; Brooks et al., 2015). Collectively, the GWDWS 

supported a drinking water microbiota dominated by both Type I and Type II methanotrophs and 

NMMs.   

Phylogenomic diversity of detected methano-/methylo-trophs    To further characterize methano-

/methyl-trophs in the studied GWDWS, 34 medium-quality (7x coverage and >68% 

completeness) draft genomes were recovered from the ten metagenomes (Figure 5.2). These 

recovered genomes represented all the major families identified through 16S rRNA gene analysis 

(Mycobacteriaceae, Hyphomicrobiaceae, Methylobacteriaceae, Methylocystaceae, 

Methylococcaceae, unclassified Betaproteobacteria, and Methylophilaceae). Among them, the 

most abundant family, Methylococcaceae could be identified in all the water phase samples and 

water meter samples. Within this family, 12 draft genomes obtained were related to 

Methylobacter and Methylomonas. No methylotrophs could be recovered from SW owing to its 

anaerobic environment. The BC sample contained all the major groups of methylotrophs, except 

Hyphomicrobiaceae and Mycobacteriaceae. This suggested that the softening stage could 

substantially influence the composition of downstream microbiome.  
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Figure 5.2 Phylogenomic tree of methano-/methylo-trophs based on 400 conserved genes. 

Methano-/methylo-trophs mainly belonged to Proteobacteria (Alpha-, Beta-, and Gamma- 

subdivisions) and Actinobacteria. They were further grouped at the family level with sectors of 

colorful shades. Genomes recovered from different sampling sites (34 genomes in total) were 

marked with different colors.  
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Figure 5.3 Comparative analysis of the methylotrophy functional modules in the recovered 

genomes. The lightest color indicates primary oxidation modules, more darker color for 

formaldehyde-handling modules, and the darkest color for assimilation modules. MMO, methane 

monooxygenase; MDH, methanol dehydrogenase (MxaF1 or Mdh2); MADH, methylamine 

dehydrogenase; NMGP, N-methylglutamate pathway; H4MPT, H4MPT-linked pathway for 

formaldehyde oxidation; GSH, glutathione (GSH)-dependent formaldehyde oxidation pathway; 

FolD, a bifunctional enzyme possessing methylene-H4F dehydrogenase and methenyl-H4F 

cyclohydrolase activities; MtdA/Fch, methylene-H4F dehydrogenase/methenyl-H4F 

cyclohydrolase; PurU, formyl-H4F hydrolase; FtfL, formyl-H4F ligase; RuMP, formaldehyde 

assimilation via ribulose monophosphate cycle. 

 

Methylotrophy functional modules    Methylotrophy functions are modular in nature as different 

combinations of enzymatic systems and pathways were used by various methylotrophs. These 

modules could be divided into three categories, primary oxidation of one-carbon compounds, 
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formaldehyde oxidation and detoxification, and carbon assimilation (Figure 5.3). Among the 

primary oxidation modules, methane oxidation modules within most of the genomes belonged to 

Methylococcaceae and Methylocystaceae and methanol oxidation modules were mainly affiliated 

with Methylophilaceae and Hyphomicrobiaceae. Three genomes (DS3.004, PB1.3.35, and 

DS3.3.23) had the capability to use methylamines through the N-methylglutamate pathway 

(NMGP). For formaldehyde-handling modules, methylotrophs mainly used four cofactor-linked 

C1 transfer pathways, which included MtdA/Fch, H4MPT, FolD, and GSH. MtdA/Fch and 

H4MPT-linked pathways, pathways involving many genes, were the most widespread pathway 

among the recovered genomes. FolD, a bifunctional enzyme possessing functions of MtfA and 

Fch, were identified in almost all the non-Methylococcaceae genomes. It was surprising to 

identify GSH-linked pathways in several genomes, which were mainly associated with Gram-

positive and autotrophic methylotrophs. The formaldehyde-handling modules determined the 

carbon assimilation pathways to a certain extent. For example, the H4MPT-linked pathways 

occurred mainly in the methylotrophs with RuMP cycle; and the MtdA/Fch-linked pathway co-

occurred with the serine cycle. Only genomes belonging to Mycobacteriaceae and unclassified 

contained the CBB cycle. Together, these results suggested that pathways involving many 

enzymes rather than those single enzyme systems were the most popular among methanotrophs, 

possibly due to metabolite exchange potential in the multi-gene/multi-enzyme systems. 

Diversity of other microbes    In total, 133 draft genomes were recovered beside those identified 

as methylotrops. These draft genomes represented approximately 50% of the raw reads of the 

metagenomics dataset. They were affiliated with 14 phyla with the majority from Proteobacteria 

(alpha-, beta-, and gamma- subdivisions) (Figure 5.4). Many of the genomes affiliated with phyla 

other than Proteobacteria were recovered from SW, such as Chloroflexi, Bacteroidetes, and 

Proteobacteria (delta subdivision). The SW sample also contained many genomes that were 

distantly related to known genomes, such as SW.3.48, SW.3.65, SW.3.111, SW.3.86, and 

SW.3.61. Furthermore, an archaeum genome, SW.3.93, was recovered from SW, which was 

closely related to the recent described Candidatus Woesearchaeota str. AR20 that was reported 

to have a small genome (0.8Mb) and a symbiotic or parasitic lifestyle (Castelle et al., 2015). 
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These results suggested that SW was distinct from the remaining samples, with many genomes 

possibly originated from anaerobic environments.  

 

 

Figure 5.4 Phylogenomic tree of other microbes based on conserved genes. An additional 138 

draft genomes were recovered from the ten metagenomes. They belonged to various phyla, as 

indicated by the height of grey bars. The black box highlighted the number of genomes 

recovered from SW. Draft genomes (most of them were from SW) that were distantly related to 

the known phyla were shown with branches in the phylogenomic tree.  

 

These recovered genomes could be classified using different criteria. From the perspective of 

human health, we recovered genomes closely related to pathogenic species, including Legionella 

(4 draft genomes), Mycobacterium (3 draft genomes), Parachlamydia (1), and Leptospira (1). 
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Based on metabolic functions, several genomes were affiliated with iron- and manganese-

oxidizing bacteria [Hyphomicrobium (5), Hyphomonas (2), Leptothrix (2), and Sideroxydans (1)] 

and phosphate-accumulating bacteria [Gemmatimonas (4) and Candidatus Accumulibacter (2)]. 

From the phylogenomic perspective, the most dominant taxon was Comamonadaceae (8), 

followed by Ralstonia (6), Erythrobacter (6), Sphingomonas (4), Pseudomonas (4), unclassified 

Chlorobiaceae (4), Flavobacterium (3), Unclassified Plantomyces (3), and Rhodobacter (3). 

Within the phylum Cyanobacteria, a group of five genomes (PR.3.49, DS2.3.42, PR.023, 

DS3.002, and DS2.008) clustered outside of known genomes without deeper taxonomical 

information. These five genomes were mainly recovered from the distribution system and 

premise plumbing. Moreover, a couple of the genomes belonged to budding and prosthecate 

bacteria, such as also Planctomycetes (8), Hyphomicrobium (5), Hyphomonas (2), and 

Brevundimonas (2).  

Species interaction revealed by OTU abundances    Potential microbial interactions involving 

methano-/methyl-trophs within the GWDSW studied was analyzed using the correlation between 

OTUs by network analysis (Figure 5.5). The result suggested that a methanotrophic OTU 

(OTU4730, Methylococcaceae) was positively correlated with a methylotrophic OTU 

(OTU2964, Methylotenera), but negatively correlated with Mycobacterium (OTU5116), 

Melainabacteria (OTU4080), and Comamonadaceae (OTU1000). Other methylotrophs involved 

in this network included two Hyphomicrobium OTUs (OTU5340, OTU4471) and a 

methylobacterium OTU (OTU7328). They mostly formed negative correlation with each other, 

indicating a competitive relationship among methylotrophs. The rest heterotrophs in the network 

included five OTUs affiliated with Comamonadaceae (OTU5400, OTU2134, OTU7919, 

OTU7914, and OTU3639), Erythrobacteraceae (OTU4083), Optitutaceae (OTU2050), 

Ralstonia (OTU5), Ellin6529/Chloroflexi (OTU5311), etc. These results suggested extensive 

microbe-microbe interactions involving methano-/methylo-trophs in the studied environment.  
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Figure 5.5 Microbe-microbe interactions predicted from A) co-occurrence analysis and B) 

metabolic network topology. In Panel A, network analysis of OTUs identified in the studied 

drinking water system was performed with OTUs having an average relative abundance of  

0.01%. The network was represented by separating methanotrophs and NMMs from the 

remaining heterotrophs and was colored accordingly. Each node represents an OTU. Each node 

represents a genus. The circle size represents the average relative abundance of the genus across 

the studies system. Each edge represents a positive or negative association (p <0.05) determined 

by permutation and bootstrap analyses. In Panel B, microbe-microbe interactions involving 

methylotrophs were predicted using reconstructed metabolic networks from representative 

genomes recovered in this study (a given genome could correspond to multiple OTUs). 

Arrowheads pointed to the bacterial species that were supported by the species from the arrow 

ends (with BSS  0.74).  

 

Species interaction revealed by metabolic interdependency    Microbe-microbe interactions were 

further investigated by the extent of metabolic dependences governed by the exchange of 

metabolites (Figure 5.5). Such dependence could be represented through BSS metric, which were 

calculated according to the organization of the reconstructed metabolic network topologies of the 

interacting species. The scores between the dominant methanotroph, Methylobacter and four 



 

 

 

129 

interacting species (including Methylotenera, Mycobacterium, and two Comamonadaceae 

species) were very high ( 0.74), suggesting that these accompanying taxa could provide a large 

fraction of the set of exogenously acquired nutrients (termed the ‘seed set’) from which all other 

compounds in the network could be synthesized. Similar trend was observed with 

Hyphomicrobium (representing OTU4771) and heterotrophs including Ralstonia and two 

Comamonadaceae species. Previously identified pathogen-related taxa, Mycobacterium and 

Leptospira, could support the metabolic needs of all the dominant methylotrophs (i.e., 

Methylobacer, Methylotenera, Methylobacterium, and Hyphomicrobium) as indicated by the 

greater BSS scores between these taxa. Interestingly, BSS scores suggested that Mycobacterium 

could provide essential metabolites to a number of heterotrophs in the studied environment, such 

as Erythrobacteraceae, Rhodoplanes, and MLE1-12/Melainabacteria. Collectively, while 

methanotrophs might be key players in the community as primary producers generating organic 

carbon compounds from methane, NMMs and other heterotrophs could also contribute to the 

community by providing essential metabolites to methanotrophs.  

 

5.5  Discussion 

The Champaign-Urbana GWDWS served as a model to elucidate the interaction networks 

centered by methano-/methylo-trophs. Methane could be the main carbon and energy source in 

this oligotrophic environment based on carbon flux. Its concentration was approximately 2.4 g 

C/m3 or 4.86 mg C m-2 d-1 in the distribution system (Ling et al., 2016), which was a comparable 

amount to the organic carbon flux in the distribution system biofilm phase, estimated at  0.1-0.2 

mg C m-2 d-1 (van der Kooij, 1999). Methane concentration in the source water was even higher, 

ranging from 2.4 mg C/m3 to 12.3 g C/m3 (Flynn et al., 2013) (Table A.2). Both Type I and Type 

II methanotrophs (i.e., Methylobacter, Methylomonas, and Methylocystis) and NMMs (i.e., 

Methylotenera, Hyphomicrobium, Methylophilus, and Methylobacterium) were abundant in the 

systems. Other populations in the drinking water microbiome included members of Alpha-, 

Beta-, Gamma- Proteobacteria, Cyanobacteria-Melainabacteria, and Bacteroidetes. 
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Environmental disturbances from the treatment and distribution processes could continually alter 

the drinking water microbiome and microbe-microbe interacting patterns (Zhang et al., 2017a). It 

provided a unique system to investigate microbial methane utilization through interacting 

species.  

Methane serving as a substrate for bacterial growth might be a widespread phenomenon in 

GWDWSs as they were frequently reported to be the dominant groups in many systems. For 

example, methanotrophs (Methylococcales, Methylovulum, Crenothrix polyspora, Methylocella, 

and Methylocystis) and NMMs (Methylibium, Hypomicrobium) were found in groundwater-fed 

rapid gravity sand filters in Denmark (Gulay et al., 2016). Similarly, methanotrophs affiliated 

with Methylomonas and Methylobacter, and NMMs with Methylophilus were reported in 

groundwater-fed tricking filters in the Netherlands (de Vet et al., 2009). Systems in Florida, 

USA, Germany, and Italy also reported the prevalence of methanotrophs and accompanying 

species (Stoecker et al., 2006; Vigliotta et al., 2007; Kelly et al., 2014). These results suggest that 

the contribution of dissolved methane to the proliferation of microbial communities in GWDWSs 

is underappreciated. 

Many cooperative relationships involving methanotrophs have been reported so far. For 

example, an early study observed aggregates formed by Methylococcus and Hyphomicrobium in 

enrichment cultures from peat samples at pH 4. Another study suggested the potential 

cooperation between Methylococcaceae (Methylobacter) and Methylophilaceae (Methylotenera) 

based on their coordinated response to methane and nitrate under aerobic conditions (Beck et al., 

2013). Methanotrophs could be associated with non-methylotrophic heterotrophs such as 

Flavobacteriaceae, Burkholderiales and Pseudomonas (Oshkin et al., 2015). van der Ha et al. 

observed the relationship between methanotrophs and NMMs (Methylomonas and 

Methylophilus) and between methanotrophs and heterotrophs (Methylomonas and 

Flavobacterium) by using different copper concentrations (van der Ha et al., 2013). These 

observations all suggest that methanotrophs can form diverse interspecies relationships with 

many microbes under different environmental conditions. A recent study reported a mechanism 

behind these interspecies relationships, in which changes at the transcription level of 
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methanotrophs were observed due to the presence of a nonmethanotrophic partner and methanol 

was released into the co-culture media for the growth of its partner (Krause et al., 2017). 

Nevertheless, the mechanistic details of how and why the methanotrophs share their carbon with 

other species, and whether and what they gain in return, are still not clear. Most likely, these 

interactions are based on complex exchanges of different metabolites with different partners. 

Therefore, methods that can fast screen the potential partner species and the exchanging 

metabolites becomes critical in such communities.  

Metabolite exchanges between the interacting species can be reflected in the organization of 

genome-scale metabolic networks reconstructed from genomic data. Various graph theory-based 

methods have been developed to predict microbe-microbe interactions directly from network 

topology (Milo et al., 2002; Parter et al., 2007; Kreimer et al., 2008; Levy et al., 2015). 

Specifically, there are two main mechanisms driving species co-occurrence: (i) habitat filtering − 

microbes occupy a similar nutritional niche and compete, and (ii) species assortment − microbes 

have complementary metabolisms and cooperate. A recent study investigated these two driving 

forces behind the co-occurrence of microbes in the human gut through metabolic competition 

and complementarity indices based on network topology of genome-scale metabolic modules. 

They determined that the metabolic competition index best explained the species co-occurrence 

patterns and habitat filtering was the main driving force (Levy and Borenstein, 2013). Applying 

this framework in our study, we discovered that Methylobacter could form communal 

relationship with Methylotenera, Mycobacterium, and two Comamonadaceae species. It was 

surprising to find that pathogen-related taxa could support the exogenously required compounds 

in the metabolic network of many methylotrophic species. These predicted microbe-microbe 

interactions should be confirmed by future experimental studies. The genome-based approach 

facilitates the inference of evolutionary and ecological processes that shape species interactions 

and community assembly centered by methanotrophs across different environments on a large-

scale. 
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CHAPTER 6  SUMMARY AND POTENTIAL BIASES 

Drinking water systems are unique ecosystems because of their complexity in infrastructure and 

expansion in distance with each stage influencing downstream microbiomes. Recent studies have 

gained insights into the composition and spatiotemporal variation of drinking water 

microbiomes. However, it is hard to translate the knowledge into practical guidance for the 

engineered systems as our understanding on the functions of drinking water microbiome is very 

limited both at the community level and at the population level. Contrary to our perception that 

drinking water microbiomes are microbial communities mostly without a discernible function, 

microbes carry out various functions in the ecosystem, many of which might due to interspecies 

interaction. This series of studies used the groundwater-sourced drinking water system located in 

the Champaign-Urbana area as a model system, investigated the ecological patterns at the 

community, population, and multi-species levels, and provided insights into the microbial 

functions and interactions in drinking water microbiomes. The key findings are:  

• The treatment process could be viewed as ecological disturbances over space and 

abstraction and softening processes caused substantial changes in the community 

structure and functions related to methanogenesis and phosphotransferase system (PTS) 

regulatory machinery.  

• Predation by eukaryotic populations could an important disturbance to the bacterial 

microbiome. 

• The presence/absence of specific virulence machinery could be used to determine the 

pathogenicity potential of draft genomes related with pathogenic species, including 

Legionella, Mycobacterium, Parachlamydia, and Leptospira. 

• CRISPR-Cas genetic signature was a potential biomarker for the monitoring of 

Legionella related strains across different drinking water systems.  
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• Methano-/methylo-trophs were overlooked populations dominant and prevalent in 

finished water and the distribution system of groundwater-sourced drinking water 

systems. 

• Methanotrophs potentially interacted with a number of non-methanotrophic 

methylotrophs and other heterotrophs through exchanging essential metabolites. 

 

These findings hold implications for water treatment and monitoring:  

• Increased effort is needed to link the identity of different microorganisms to their 

function in specific environments. Understanding the structure-function relationship will 

greatly enhance our ability to manage drinking water microbiomes. 

• Develop novel concepts and monitoring tools to control opportunistic pathogens in 

drinking water systems. This requires further research on the influence of microbial 

community structure and composition on the types and concentrations of pathogenic 

species present in drinking water. Novel microbial indicators can be proposed based on 

ecological theories.  

• Predict changes in drinking water microbiomes and shape the microbiomes towards 

desirable composition and function. The large number of data of drinking water 

microbiomes deposited in public databases can be further exploited by generalizing the 

trend observed and applying ecological principles into models. Such predictive 

framework could eventually improve the water quality that the customers receive.  

 

Potential biases associated with methods used in this dissertation: 

Water sampling devices    16S rRNA gene and metagenomics analyses usually require a large 

volume of water (ranging from 1 L-2000 L) to be concentrated on-site to collect enough biomass. 
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The commonly-used laboratory concentration devices often cannot meet this requirement and no 

standardized devices have been developed to address this problem. Studies in this dissertation 

used a four-layer water purifier validated in a previous study (Chao et al., 2013). These four 

filtration components included prescreen, granular activated carbon (GAC), second screen, and a 

hollow fiber membrane filter. Only the biomass deposited on the hollow fiber membrane was 

collected and that absorbed by the GAC component was ignored. According to the 

manufacturer’s information, the inner hollow fiber membranes are made with polysulfone, and 

the average pore diameter of the inner hollow fiber membranes is approximately 0.01 μm 

(Shimagaki et al., 2000). Thus, most cells are likely to be trapped by this component instead of 

the GAC component. In the future, it is crucial to standardize sample volume and concentration 

methods for drinking water microbiome studies, which will facilitate the comparison of 

microbial community profiles between studies done by different research groups.  

Seasonal variation    For water-phase sampling, four biological replicates were collected at each 

site during the summer months of 2014 (i.e., June, July, August, and September). Within this 

sampling period, the operation of the treatment plant and the water chemistry remained relative 

stable as shown by Table A.1. However, water temperature in the studied system varies with 

seasons (ranging from 7 to 23 °C) (Hwang et al., 2012a), which can influence dissolved methane 

concentration and microbial interaction in the distribution network. As a rule of thumb, every 

10 °C increase in water temperature leads to a two-fold increase in microbial activity (Barineau, 

2006). Therefore, seasonal variations in the drinking water microbiome remain to be determined 

by future studies.  

DNA extraction efficiency    The effect of DNA extraction methods on the quantity and quality of 

DNA yields from drinking water microorganisms has been evaluated by a previous study 

(Hwang et al., 2012b). Hwang et al. tested five widely used DNA extraction methods with 

selected drinking water bacteria with different cell wall properties and distribution system 

samples. The study recommended the commercial kit, FastDNA, because it was easy to use and 

providing representative microbial community information and reproducibility. Therefore, 

FastDNA kit was chosen for extracting DNA from all the samples included this dissertation.  
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Genome recovery    The recovery of draft genomes mainly depends on four factors ⎯ the 

complexity of the community, the sequencing depth of metagenomes, the relative abundance of 

different species, and the genetic makeup of the targeted microorganisms (Kang et al., 2015; Wu 

et al., 2016). It is difficult to recover many genomes from a complex community with a low 

sequencing depth. Microorganisms with high and low GC content in their genomes are generally 

easy to be recovered from metagenomes, such as Mycobacterium spp. The most abundant 

lineages have a higher possibility to be recovered but it does not mean low-abundance ones 

cannot be recovered. In this dissertation, genomes were recovered based on read coverage, 

tetranucleotide frequency, and the occurrence of unique marker genes to minimize the 

contamination of each recovered genome. Manual curation was carried out to further reduce 

contamination with statistics calculated by quality assessment tools.   

Using virulence genes to evaluate pathogenicity    The presence of one or two virulence factors 

in a bacterial genome can hardly be interpreted as virulence, but the presence of all the major 

virulence factors involving in circumventing host immune system at different stages of infection 

would be a much stronger indication of virulence. However, genomic signatures only provide 

information on the metabolic potential, but not to the activity and expressed virulence of 

pathogen-related species. Therefore, further studies combining microbiological (e.g., cultivation 

and animal models), genomic and metabolic (e.g., transcriptomics and proteomics) methods 

should be carried out to understand the role of these virulence genes at the level of gene 

expression, protein function and regulation, and interaction with host immune system to confirm 

the virulence of these strains for immunocompromised individuals. 

The time scale of using CRISPR spacers as a biomarker for typing    Given the probable 

horizontal origin of CRISPR-Cas systems, their frequent acquisition and loss among related 

organisms, and the frequent addition and loss of CRISPR spacers, CRISPR spacers are limited to 

be used to monitor a population at a smaller evolutionary scale. For example, the longest time for 

these spacers to remain conserved in a Leptospirillum strain was five years or longer (Sun et al., 

2016). Cautions are needed when applying this method over a relatively large evolutionary scale.  
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Inferring microbial cooperative potential from metabolic network topology    Microbial 

cooperative potential was inferred based on large-scale metabolic data which were subjective to 

missing and inaccurate annotation. The automatic ModelSEED pipeline was used to construct 

the draft genome-scale metabolic data and manual curation was carried out to correct miss 

annotations and reaction directionality. The differences in qualify among these reconstructions 

may minimize their predictive potential (Thiele and Palsson, 2010; Magnusdottir et al., 2017). 

However, the biases are usually consistent as they are derived from comparison-based methods 

and still allow comparison between the scores of various species. It should be noted that the 

inference was based on static genome-scale metabolic network topology and did not consider 

other quantitative properties related to metabolic reactions, such as regulation, stoichiometry, 

reaction rates, and dynamics.  
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APPENDIX A SUPPLEMENTARY MATERIALS  

Table A.1 Operational data from the drinking water treatment plant.  

 RW  FW 

Time 

Temp

* 
pH 

Tot 

Alk** 

Tot 

Hard** 

Ammonia

*** 
Fe  pH 

Tot 

Alk 

Tot 

Hard 
Ammonia Fe Turbidity Cl2 Residual 

℃  mg/L mg/L mg/L mg/L   mg/L mg/L mg/L mg/L NTU Free Total 

06-14 12.4 7.6 376±6 295±5 1.17±0.06 1.33±0.45  8.8 162±5 85±4 0.00±0.00 0.00±0.00 0.052±0.012 2.30±0.25 2.41±0.24 

07-14 12.5 7.5 377±8 293±3 0.98±0.06 1.01±0.16  8.8 165±6 85±4 0.30±0.52 0.00±0.00 0.049±0.006 2.26±0.27 2.29±0.27 

08-14 12.4 7.5 386±4 292±3 1.12±0.01 1.11±0.10  8.8 171±8 87±7 0.00±0.01 0.00±0.00 0.067±0.022 2.76±0.23 2.78±0.24 

09-14 12.5 7.7 380±6 289±5 0.00±0.00 0.00±0.00  8.8 172±8 90±6 0.00±0.00 0.00±0.00 0.047±0.008 2.77±0.31 2.83±0.30 

 

* This is for groundwater. For tap water, temperature varied season to season, ranging from approximately 7 to 23°C, with the colder temperatures measured in 

the winters and warmer temperatures measured during fall and summer seasons, according to a previous study on the system (Hwang et al., 2012a).  

** Total alkalinity and total hardness as CaCO3 

*** as NH3 
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Table A.2 Geochemistry of groundwater in Mahomet aquifer reported by Flynn et al. (Flynn et al., 2013).  

Well Temp SO4
2- CH4 H2 DIC DOC 

 ℃ mM M nM mM mg/L 

Chm94B 13.7 0.58 < 0.2 25 7.8 2.2 
Chm96A 13.8 0.41 1 3 7.2 1.3 

Frd94A 14.2 0.98 2 3 7.4 < 0.4 

Iro95A 14.3 1.50 1 60 n/a 3.3 

Iro96A 12.1 4.23 1 n/a n/a n/a 
Iro98B 13.0 4.68 3 10 6.6 43.0 

Iro98D 13.6 0.72 19 180 7.9 1.9 

Ver94A 14.4 4.57 2 n/a 6.7 1.8 
Ver94B 13.7 10.73 1 89 4.8 1.1 

Chm94A 14.1 0.07 4 n/a 8.0 3.6 

Chm95A 14.0 0.14 8 4 7.7 2.1 
Chm95B 13.8 0.04 30 3 7.9 2.0 

Chm95C 13.7 0.11 3 20 6.6 0.5 

Frd94B 15.4 0.05 43 9 7.4 < 0.4 
Iro98C 13.3 0.04 15 66 7.6 2.3 

Ver94C 13.6 0.23 3 46 7.4 1.1 

Ver94D 13.9 0.18 10 n/a 7.7 0.8 

AnderN 14.8 0.02 91 144 6.6 n/a 
AnderS 15.1 0.02 1237 175 25.9 n/a 

CardiS 13.6 0.03 454 240 7.5 n/a 

Chm95D 14.0 < 0.01 220 12 7.6 1.6 
Chm98A 13.7 < 0.01 676 24 7.9 4.2 

PklndE 14.6 0.03 221 63 8.7 n/a 

PklndW 14.4 0.03 611 100 6.0 n/a 
RaiRd 14.4 0.02 106 50 6.4 n/a 
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