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ABSTRACT 

Metagenomic characterization of bacterial and functional gene 

communities in reclaimed water distribution systems 

Thesis by 

Changzhi Wang 

Water reuse is increasingly pursued to alleviate global water scarcity. However, 

wastewater treatment process does not achieve full removal of biological contaminants 

from wastewater, and hence some microorganisms and their genetic elements can be 

disseminated into the reclaimed water distribution systems (RWDS). A systematic 

identification and characterization of these biological contaminants is required. 

However, a broad characterization for large-scale data are limited. In this study, 

reclaimed water samples are investigated through metagenomic analyses to assess their 

bacterial and functional (metal resistance genes (MRGs); virulence factors (VFs)) 

communities at the entry and exit points of the RWDS. Furthermore, water quality data 

are investigated to evaluate the potential relationship with these metagenomic 

annotations. This study found that the organic carbon content was likely relevant to the 

increase of bacteria and functional genes in RWDS. It was also found that the variation 

of functional genes was not associated with their host, inferring the role of horizontal 

gene transfers or promiscuity of hosts for various functional genes. Furthermore, 
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Pseudomonas was identified in one RWDS with significant increase at both bacterial and 

functional levels.  
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1. Introduction 

    Water scarcity is predicted to affect at least 45 countries worldwide by year 2050 

(Boretti et al., 2019). To alleviate water scarcity, alternative water resources like treated 

wastewater are increasingly being used for both indirect potable (e.g. drinking water in 

Singapore and California) and non-potable (e.g. irrigating agricultural crops in California) 

purposes. Prior to reuse, wastewater are cleaned in centralized wastewater treatment 

plants (WWTP) where they go through a series of treatment. These treatments include 

clarifiers (which serves to achieve a physical separation of water and settleable solid 

fractions), a conventional aerobic activated sludge tank (to remove organic carbon and 

nutrients like nitrogen and phosphorus) and disinfection treatment by chlorine, ozone 

or ultraviolet. Despite treatment, treated wastewater still contains permissible levels of 

approximately 30 mg/L biochemical oxygen demand (BOD5, an indicator of organic 

carbon content), 2 mg/L total nitrogen and 10 mg/L of total phosphate. 

    In addition to presence of organic carbon and nutrients, treated wastewater still 

contain remnant microorganisms. This is because the anticipated log removal rates for 

bacteria or total suspended solids are ca. 1-log for both clarifiers (i.e., 70% removal for 

primary and secondary clarifier, respectively) (Tchobanoglous et al., 2003), 1 to 2-log by 

the activated sludge tanks depending on the operating conditions (George et al., 2002; 

Harwood et al., 2005), about 2-log removal (i.e., 99% removal) for slow sand filtration 
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(Jenkins et al., 2011), and an additional > 3-log (i.e., 99.9% removal) if chlorination and 

ozone, the two most commonly used disinfectants, are effectively carried out (Al-Jassim 

et al., 2015; Harwood et al., 2005; Huber et al., 2005). If membrane filtration, typically 

that of a microfiltration or ultrafiltration membrane, is also retrofitted to the 

wastewater treatment plant, ca. average 5 log removal of contaminants are routinely 

reported (Al-Jassim et al., 2015; Huang et al., 2016). However, because different WWTPs 

may be adopting different treatment trains and with different operational parameters 

that may perturb the overall efficiency of each individual treatment unit, this means 

that the log removal values can vary over a wide spectrum (George et al., 2002), and 

microorganisms still remain behind in the final treated wastewater.  

    The treated wastewater then gets transported through distribution networks 

(otherwise also referred as purple pipelines in the United States) to either water 

reclamation plants for further treatment before it can be used as potable water or to 

the end-point-of-use (e.g. agricultural fields) for irrigating crops. In both instances, the 

treated wastewater may be transported over long distances depending on the spatial 

proximity between the centralized WWTP and the point of use. Since organic carbon, 

nutrients and microorganisms are present, those portion of microorganisms that remain 

viable may regrow throughout the distribution network (Lu et al., 2005). Genetic 

elements associated with the microorganisms are also present due to both upstream 

WWTP unable to remove them effectively or because of microbial die-off events that 

resulted in the dissemination of these elements. 
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    To mitigate microbial regrowth in the distribution system, chlorine is usually added as 

an oxidizing agent to impose antibacterial effect (X. Chen et al., 2018). However, 

ammonia and organics can impose chlorine demand which would mean less residual 

chlorine are now available to suppress microbial regrowth. Concerns arise when 

pathogenic species, virulence genes and/or other detrimental genes (e.g. antibiotic 

resistance genes and metal resistance genes) would increase in relative abundance from 

the distribution point-of-entry (POE) to the point-of-use (POU). Pathogenic species can 

infect workers or consumers through accidental exposure, while virulence genes and/or 

other detrimental genes can potentially be transformed into naturally competent soil  

bacterium to gain new functional gene traits (Wang et al., 2012). 

      Therefore, monitoring of reclaimed water quality becomes necessary. A large 

number of techniques have been applied to monitor reclaimed water. First, given the 

low abundance of pathogens, they can be enriched through incubation, and identified 

accordingly. However, many pathogens e.g. Legionella pneumophila are slow growing 

and fastidious, which impedes rapid response to decision-making process. Second, flow 

cytometry can determine and count the number of bacteria in water sample by first 

applying nucleic acid dyes to stain biological cell particles. However, this approach 

typically captures only a small volume of water each time for monitoring, and does not 

provide insights to the genetic elements. Quantitative polymerase chain reaction (qPCR) 

is a molecular-based method to detect the abundance of different gene targets (Clokie 

et al., 2009). However, there is a limited throughput to the number of genes and 

bacteria one can simultaneously monitor through qPCR. 
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    In recent years, an increasing number of studies demonstrated the use of 

metagenomics to assess changes in bacteria, virus and gene diversity in various types of 

ecosystems. Metagenomics refers to sequencing of entire genomes of all microbes 

present in samples in order to explore taxonomic, functional and evolutionary aspects 

(Thomas et al., 2012).  The strength of metagenomics lies in that it can generate a large 

dataset in a short time, and with sufficient sequencing depth, one is able to provide 

comprehensive information related to bacteria, virus and genes present in the sample. 

To illustrate, bulk water samples from different reclaimed water distribution systems 

(RWDS) were collected, and antibiotic resistance genes abundance and diversity were 

analyzed through metagenomics (Garner et al., 2018). The authors observed that 

bacterial community was weakly correlated with ARGs. Instead, strong correlations 

were noted between 193 ARGs and plasmid-associated genes, suggesting that reclaimed 

water may be a potential source for disseminating plasmid-encoded ARGs at POU. 

However, the earlier study did not provide insights to whether microbial regrowth 

occurred in the examined RWDS, and whether any of the regrowth events are 

associated with pathogenic bacteria or with certain parameters of the water quality. In 

addition, the earlier study also did not provide insights to the change in relative 

abundance and diversity of genes related to virulence and metal-resistance.  

In this thesis, I downloaded the metagenomics sequencing data from the RWDS 

studied by Garner and co-workers, and reanalyzed the data through bioinformatics 

pipelines that can elucidate the change in bacterial communities, virulence factors and 

metal resistance genes from POU to POE.  The water chemistry data made available by 
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Garner et al. were used to determine correlation with changes in dynamics in bacterial 

communities. This thesis aims to assess potential shortcomings of RWDS on the 

reclaimed water quality at POU. 

2. Literature review 

2.1. Culture-based analyses of bacteria from reclaimed water 

    Culture-based analyses were widely used to evaluate bacteria community from water 

samples. Water samples are filtered through membranes, and the membranes are 

placed on agar media to enrich for bacteria such as Escherichia and Enterococcus. 

(Noble et al., 2010). Opportunistic pathogens like Pseudomonas aeruginosa could also 

be isolated through specific medium like cetrimide agar. Cetrimide acts as a quaternary 

ammonium cationic detergent that can impose antibacterial effect against most bacteria 

while  P. aeruginosa is inherently resistant to cetrimide. (Lupovitch et al., 1979) 

    However, there are numerous disadvantages associated with culture-based methods. 

Selective media are prone to high rates of false positives since many different species 

can likely share the same phenotypic traits (Burman et al., 2000), and impede 

identification of a specific intended bacterial species. For example, Aeromonas 

hydrophila can survive on cetrimide agar media as well. In addition, many pathogens 

remain fastidious and difficult to culture. Even if they were successfully cultured, most 

require a long incubation time for successful propagation. Legionella pneumophila 

sometimes require 7 to 10 days of incubation prior to observing colonies on their 

appropriate agar media. (Fields et al., 2002) Moreover, only living microbes are 
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detectable through incubation, and genetic materials like virulence traits cannot be 

directly detected on plate counts.  

 

2.2. Culture-independent methods to enumerate bacteria from reclaimed water 

    The two current mainstream methods for enumeration are flow cytometry (FCM) and 

quantitative polymerase chain reaction (qPCR). 

    FCM can detect and measure particles through fluorescent stains. Samples are 

suspended and stained by different stains and then injected into flow cytometer. 

Stained particles are separated through sheath fluid and then pass through 

monochromatic light source. Fluorescence are detected by several filters and electronic 

signals are transferred into computer for analyses. (Figure 2.1) (Safford et al., 2019) 

 
Figure 2.1. Schematic of a flow cytometer 

(Adapted from (Safford et al., 2019)) 
 

    Through different stains, cells in water samples can be detected by FCM. Most stains 

for cells are based on affinity between stain and genetic materials. The most commonly 
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used stain is SYBR® Gold which can detect dsDNA, ssDNA and RNA. (Tuma et al., 1999) 

    Further analyses for microbial communities by FCM are based on the outcome 

histograms called cytometric fingerprints. (Koch et al., 2014) There are four major 

applications to analyze cytometric fingerprints: Dalmatian Plot (Bombach et al., 2011), 

Cytometric Histogram Image Comparison (CHIC) (Koch, Fetzer, et al., 2013), Cytometric 

Barcoding (CyBar) (Koch, Gunther, et al., 2013) and FlowFP (Rogers et al., 2009). All 

these methods can resolve the dynamics of microbial communities based on cell nucleic 

content and morphology. (Koch et al., 2014) This means FCM can be used to monitor 

variations of microbial communities in water samples although the level of resolution 

may be low. Furthermore, FCM can only measure a small portion of sample, which is not 

efficient for detecting low abundance bacteria of wastewater samples. It is also not 

efficient to identify all bacteria because of a limited number of dyes that can be applied 

and detected by FCM per run.   

    An alternative quantitative method is quantitative PCR (qPCR) which detects the 

abundance of target DNA through polymerase chain reaction. Primers are designed 

based on the gene target, and depending on the standard curves and threshold cycle 

values (Cq), abundances of target genes can be measured in terms of copy numbers. The 

copy numbers can also be normalized against volume of water from which the DNA 

template was derived from or by 16S rRNA gene copies. That means qPCR can provide 

quantitative results to denote how many copies of genes are present per volume of 

wastewater or copies of genes per total microbial community, respectively.  

    With the increasing use of qPCR to detect antibiotic resistance genes (ARGs) or mobile 
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genetic elements, there is no lack of availability of primers that can be used to 

determine a wide suite of gene targets via qPCR. However, the current throughput of 

qPCR is limited to 384 wells per run, and there is a limit to how many genes that can be 

detected per run if automation of the entire process is not available.  

 

2.3. Microbiome analyses for high-throughput identification  

     Omics-based approaches (Figure 2.2) circumvent throughput limitations associated 

with qPCR. The rapid development of various sequencing techniques have now made 

large-scale sequencing affordable, high-throughput and easily accessible. (Knight et al., 

2018) There are three major approaches for microbiome study: marker genes (i.e., gene 

amplicons), metatranscriptomics and metagenomics.  

      For example, marker genes approach can include amplifying for small subunit 16S 

rRNA hypervariable gene regions. These genes can then be sequenced to identify for 

operational taxonomic units (OTUs) that can infer the phylogenetic identities. (Tan et al., 

2015) This method has a high cost-efficiency and is widely used in different studies. 

However, limitations of marker genes were obvious. For instance, choice of primers and 

variable regions can bias the community profile especially due to the bias incurred 

during polymerase chain reaction. (Knight et al., 2018) 

      Metatranscriptomics focus on the gene expression of microbial community by 

capturing mRNA. By identifying expressed genes, it can provide the functional profile of 

sample. (Bashiardes et al., 2016) Hence, metatranscriptomics is the most direct 

approach to investigate the response of target microbial community under specific 
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environment exposure. However, extraction and storage of mRNA is challenging since 

the single stranded nucleic acid is generally not as stable as that of the double stranded 

DNA. In addition, rRNA should be removed prior to metatranscriptomics as they 

comprise of the predominant bulk of RNA fraction and would lower the sequencing 

depth associated with mRNA. (Knight et al., 2018) 

    Metagenomics involves sequencing of all genomes extracted from a sample, and 

provides information on phylogenetic identities and functional gene diversity of 

microbial communities. (Quince et al., 2017) Metagenomics can detect microbial 

community through different approaches. For instance, Metaphlan2 identifies microbial 

diversity based on marker genes (Segata et al., 2012), Kraken2 identifies based on whole 

genomes in the databases (Wood et al., 2014), and Kaiju achieves the objective by 

aligning the sequencing reads against a protein database (Menzel et al., 2016).  

Metagenomics can also provide functional gene diversities by using various types of 

databases associated with the functional genes. Such databases include CARD (Jia et al., 

2017) for ARGs, BacMet (Pal et al., 2014) for MRGs, ACLAME (Leplae et al., 2004) for 

mobile genetic elements, VFDB (L. Chen et al., 2005) for VFs, etc. 

    Despite the amount of information one can obtain from metagenomics, 

metagenomics do not provide information on whether the identified functional genes 

are expressed or silent, which would require metatranscriptomics to do so. Neither does 

metagenomics provide information on which microorganisms identified in the total 

microbial community are active or alive. Currently, there are also limited well-curated 

databases available for virus and plasmids identification.  
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    Hence, although the metagenomics approach is gaining increasing use, further 

development in establishing curated databases, and bioinformatics pipelines to rapidly 

denote for changes in water quality or perturbations in ecosystems are needed.  

  

 

Figure 2.2 Best workflow for 16S ribosomal RNA (marker gene), metagenomic and 
metatranscriptomic sequencing.  
(Adapted from (Knight et al., 2018)) 
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3. Materials and Methods 

3.1. Data collection and description  

Metagenomics was performed on samples collected from 4 different reclaimed water 

distribution systems (RWDS) located in the United States, and details for each of the 

RWDS are listed in Table 3.1 (Garner et al., 2018). Specifically, a total of 13 reclaimed 

water samples at point-of-entry (POE) and 14 reclaimed water samples at point-of-use 

(POU) were collected. All samples were extracted for DNA and sequenced on Illumina 

HiSeq with 2 x 100 nt paired-end sequencing. All sequenced data were downloaded 

from MG-RAST with the respective sample ID number shown in Table 3.1.  
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Table 3.1. List of shotgun metagenomic sequenced samples and assembly information 

Sample Name Location Sample Type Season MG-RAST 
Sample ID 

MG-RAST ID Size 

Reclaimedwater_bulkwater_UtilityA_S0_2 A POE Fall mgs458874 mgm4691138.3 2.9 GB 
Reclaimedwater_bulkwater_UtilityA_S0_3 A POE Winter mgs458865 mgm4691158.3 1.35 GB 
Reclaimedwater_bulkwater_UtilityA_S0_4 A POE Spring mgs458868 mgm4691143.3 395.5 MB 
Reclaimedwater_bulkwater_UtilityA_S0_L1S2 A POE Summer mgs295556 mgm4628870.3 107.7 MB 
Reclaimedwater_bulkwater_UtilityA_S5_2 A POU Fall mgs458880 mgm4691155.3 3.35 GB 
Reclaimedwater_bulkwater_UtilityA_S5_3 A POU Winter mgs458907 mgm4691145.3 2.85 GB 
Reclaimedwater_bulkwater_UtilityA_S5_4 A POU Spring mgs458913 mgm4691141.3 5.34 GB 
Reclaimedwater_bulkwater_UtilityA_S5_L1S5 A POU Summer mgs295562 mgm4628871.3 698.1 MB 
Reclaimedwater_bulkwater_UtilityB_S0_2 B POE Winter mgs458940 mgm4691131.3 2.49 GB 
Reclaimedwater_bulkwater_UtilityB_S0_3 B POE Spring mgs458943 mgm4691159.3 2.17 GB 
Reclaimedwater_bulkwater_UtilityB_S0_4 B POE Fall mgs458931 mgm4691136.3 4.76 GB 
Reclaimedwater_bulkwater_UtilityB_S0_L1S1 B POE Summer mgs295553 mgm4628872.3 678.5 MB 
Reclaimedwater_bulkwater_UtilityB_S5_2 B POU Winter mgs458925 mgm4691154.3 3.22 GB 
Reclaimedwater_bulkwater_UtilityB_S5_3 B POU Spring mgs458871 mgm4691150.3 275.7 MB 
Reclaimedwater_bulkwater_UtilityB_S5_4 B POU Fall mgs458877 mgm4691156.3 2.16 GB 
Reclaimedwater_bulkwater_UtilityB_S5_L1S3 B POU Summer mgs295559 mgm4628873.3 746.5 MB 
Reclaimedwater_bulkwater_UtilityC_S0_4 C POE Summer mgs458883 mgm4691146.3 3.13 GB 
Reclaimedwater_bulkwater_UtilityC_S0_L1S11 C POE Fall mgs295577 mgm4628874.3 823.5 MB 
Reclaimedwater_bulkwater_UtilityC_S5_3 C POU Spring mgs458904 mgm4691151.3 4.82 GB  
Reclaimedwater_bulkwater_UtilityC_S5_4 C POU Summer mgs458895 mgm4691152.3 3.93 GB 
Reclaimedwater_bulkwater_UtilityD_S0_1 D POE Winter mgs458919 mgm4691133.3 4.86 GB 
Reclaimedwater_bulkwater_UtilityD_S0_2 D POE Spring mgs458910 mgm4691157.3 2.47 GB 
Reclaimedwater_bulkwater_UtilityD_S0_3 D POE Summer mgs458898 mgm4691140.3 4.63 GB 
Reclaimedwater_bulkwater_UtilityD_S5_1 D POU Winter mgs458901 mgm4691147.3 3.03 GB 
Reclaimedwater_bulkwater_UtilityD_S5_2 D POU Spring mgs458946 mgm4691134.3 4.28 GB 
Reclaimedwater_bulkwater_UtilityD_S5_2_2 D POU Spring mgs458949 mgm4691135.3 2.72 GB 
Reclaimedwater_bulkwater_UtilityD_S5_4 D POU Fall mgs458928 mgm4691137.3 3.26 GB        

(Adapted from (Garner et al., 2018)) 
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3.2. Metagenomic analyses for bacterial community 

    The annotation for bacterial communities was conducted by Kaiju online web server  

(http://kaiju.binf.ku.dk/server) (Menzel et al., 2016) with NCBI BLAST nr+euk protein 

reference database (last updated on May 2017) (Pruitt et al., 2012). Kaiju is designed to 

match reads in protein level with high sensitivity, which is evaluated to be one of the 

best classifiers for taxonomy (Ye et al., 2019). Hence, Kaiju was used in this study to 

annotate for bacterial community. Mismatches were tolerated by choosing greedy run 

mode, which allowed mismatches of 3 nt, and the other running options followed the 

default mode: minimum match length = 11 nt, minimum match score = 65. The SEG 

algorithm (Wootton et al., 1993) was applied for filtering lower complexity protein 

query sequences. Output documents were downloaded from the online web server. 

Given the short-read length, although Kaiju returns back output data identified at 

species level, it is unlikely to be of high accuracy. Hence, all identified read counts in 

“species” level were filtered and combined into their corresponding genus through in-

house scripts written based on Python (v3.5) (Van Rossum, 1995). Further analyses were 

made based on read counts at the genus level. 

 

3.3. Metagenomic analyses for functional genes 

The annotation database for metal resistance genes (MRGs) is the BacMet2 

experimentally confirmed resistance genes (version 2.0, last updated in March 2018) 

(Pal et al., 2014). The annotation database for virulence factors (VFs) is the VFDB protein 

sequences of core dataset (last updated in July 2019) (Liu et al., 2019). The annotation 
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for functional genes were conducted by a hybrid approach comprising of UBLAST and 

BLASTX (Yang et al., 2014). Sample data was first processed by UBLAST (v11.0.667) 

(Edgar, 2010). To reduce the number of hits in the sample data, UBLAST was first 

performed on the data against the respective functional genes database at e-value of 1 

e-10 and accel value of 0.5. The e-value and accel parameters for UBLAST was chosen to 

achieve stringent return hits at a reasonable annotation speed. Subsequently, the 

output hits after UBLAST were further analyzed using BLASTX (from BLAST+, v2.9.0) 

(Camacho et al., 2009) at e-value of 1e-7 and pident=80 (alignment of target reads to 

reference sequence shares more than 80% similarity).  After the annotation for 

functional genes, all identified reads of functional genes were collated into their 

respective categories and counted for the number of genes per category through our 

own scripts written based on Python (v3.5) (Van Rossum, 1995).  

 

3.4. Statistical analyses for functional gene counts and bacterial community 

Analyses for functional genes (VFs and MRGs) and bacterial communities were based 

on DESeq2 (v1.22.2) (Love et al., 2014). Although DESeq2 was designed for the analyses 

of RNA sequencing data, DESeq2 was suitable for identification of differentially 

abundant genes in metagenomes. (Jonsson et al., 2016) A dataset matrix was first built 

by including raw counts of all samples and condition factors, namely sample type 

(POE/POU), season (Spring, Summer, Fall and Winter) and RWDS locations (A, B, C, D). 

Samples were analyzed by Principal component analysis (PCA), and significant clustering 

effect was further analyzed with bootstrapping by package ggplot2 (Wickham, 2009). 
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This primary PCA can indicate significance of condition factors. Once the significant 

condition factor was determined, sample data was further analyzed based on the 

significant condition factor. For example, in this study, RWDS location was a significant 

condition, so samples were separated based on their locations for further analyses.  

RWDS location A, B, D have sample replicates above 3 in both POE and POU, which 

would satisfy the requirement of DESeq2 for further analyses (sample replicates > 3). 

This is however not applicable for location C and hence for this study, data from location 

C was excluded. The dataset matrix for each annotation group and each location (3 by 3 

matrix) were built separately and raw counts were normalized by DESeq2. DEseq2 

normalizes the annotated counts with the sequencing depth achieved in that sample. 

The normalized counts were further contrasted with the factor of sample type 

(POE/POU) to compute the log2-fold change (LFC) of each annotation through following 

equation. 

𝑙𝑜𝑔  fold change of annotation = log2(
Normalized count of annotation at POE

Normalized count of annotation at POU
)   (1) 

Benjamini-Hochberg adjusted p-value (padj) of annotation was also computed by 

DESeq2 to define the significance of change from POE to POU. In this study, threshold 

for significant change were set as the absolute value of LFC > 1.5 and padj < 0.05. M-

versus-A plot (MA plot) was applied to display the distribution of LFC, and logarithmic 

fold change shrinkage (lfcShrink) was applied in MA plot for better visualization.  
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3.5. Statistical analyses for water chemistry data 

Water chemistry data of reclaimed water was derived from the earlier study by 

Garner et al. (Garner et al., 2018). There are ten parameters of water chemistry data 

tested in these samples, namely temperature, total chlorine, free chlorine, pH, turbidity, 

conductivity, dissolved oxygen concentration, total organic carbon, dissolved organic 

carbon and biodegradable dissolved organic carbon. ANOVA (analysis of variance) was 

applied to determine which are the significant variable parameters. Location C was not 

included in water chemistry data analyses because it was not included in metagenomic 

annotation analyses given the lack of replicates. Statistical analyses started from 

multiple dataset scale. Briefly, ANOVA was firstly applied for all three locations with 95% 

confidence. For parameters with significant variance, ANOVA was applied further to two 

datasets at with 98% confidence. In this manner, we could find which location has 

significantly different water chemistry compared with the other two. Equations for 

ANOVA are listed below: 

𝐹 =

n 1
1

                                                         (2) 

Y =  
n𝑖Y

𝑚

𝑖=1

n𝑖

𝑚

𝑖=1

, 𝑆𝑆𝐵𝑒𝑡𝑤𝑒𝑒𝑛 = 𝑛 (Y − Y)2
1

, 𝑆𝑆𝑊𝑖𝑡ℎ𝑖𝑛 = (𝑛 − 1)𝑆
2

1
                     (3) 

𝑚: Number of locations 

𝑆 : Standard deviation for the parameter of the location 

Y : Mean for the parameter of the location 

𝑛 : Number of sampling replicates in the location 
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4. Results 

4.1. Differences in water quality  

    A comparison of the water quality measured at sites A, B and D showed that site D 

has water quality parameters that do not differ significantly from at least one or two of 

the other sites. (Table 4.1) In contrast, site A has a significantly higher water 

temperature (FA,B,D= 31.26, out of 95% confidence interval (0, 3.16); FB,D=0.26 within 

98% confidence interval (0, 5.93)) and higher pH (i.e., more alkaline) (FA,B,D= 29.81 out of 

(0, 3.16); FB,D=3.96 within (0, 5.93)) than the other two sites. The total chlorine 

measured at site A was also significantly lower than the other two sites (FA,B,D= 6.09 out 

of (0, 3.16); FB,D=0.21 within (0, 5.93)). Similarly, site B has significantly higher free 

chlorine (FA,B,D= 3.61 out of (0, 3.16) and FA,D=0 within (0, 5.92)). All measured forms of 

organic carbon at site B (i.e., TOC, DOC, BDOC) were significantly higher than the other 

two sites (For TOC, FA,B,D= 12.20 out of (0, 3.16) and FA,D=5.55 within (0, 5.92); For DOC, 

FA,B,D= 11.73 out of (0, 3.16) and FA,B=7.85 out of (0, 5.92); For BDOC, FA,B,D= 3.32 out of 

(0, 3.16) and FA,D=0.67 within (0, 5.92)). The conductivity and dissolved oxygen 

concentration in site B were also significantly lower than that measured at sites A and D 

(FA,B,D= 76.44 out of (0, 3.16) and FA,D=5.61 within (0, 5.92)).  
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(Adapted from (Garner et al., 2018)) 

 

 

 

Table 4.1. Water chemistry data for reclaimed water distribution system samples. Red denotes significantly higher parameters, while green 
denotes significantly lower parameters. For DOC, green denotes the lowest, red denotes the highest and orange denotes the middle concentration 
detected among the three locations.  

 

Location temperature  
(℃) 

total Cl  
(mg/L) 

free Cl  
(mg/L) pH turbidity  

(NTU) 
conductivity  
(S/m) 

dissolved  
oxygen  
(mg/L) 

total  
organic 
carbon  
(μg/L) 

dissolved  
organic 
carbon  
(μg/L) 

biodegradable 
dissolved 
organic 
carbon  
(μg/L) 

A (n=20) 26.7 ± 4.3 0.4 ± 0.4 0.2 ± 0.2 7.7 ± 0.3 5.4 ± 10.8 1354.4 ± 
215.4 6.5 ± 1.3 5714 ± 

2564 
6351 ± 
2761 

2137 ±  
2321 

B (n=29) 19.6 ± 2.9 2.3 ± 3.1 1.1 ± 2.1 7.3 ± 0.2 2.5 ± 2.6 736.9 ± 80.3 4 ± 1.4 10123 ± 
6173  

11087 ± 
7014 

6094 ±  
8777 

D (n=20) 20 ± 1.8 2.7 ± 2.3 0.2 ± 0.2 7.2 ± 0.1 2 ± 1 1542.9 ± 
283.1 6.8 ± 2.4  3961 ± 

2120 
4333 ± 
2069 

2621 ±  
1238            
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4.2. Site-specific variations of bacterial communities in distribution systems 

      Bacterial communities were clustered based on its spatial location along the RWDS 

(i.e., POE vs. POU) and by sites (Figure 4.1).  For each site, comparison was made at the 

POE and POU to determine the number of genera that experienced significant change 

(|LFC| > 1.5, padj < 0.05). Compared to site A and B, site D only has one genus that 

significantly decreased by more than 1.5-log2 fold from POE to POU (Figure 4.2). Instead, 

both A and B were identified with a large percentage of genera that significantly 

changed in relative counts as reclaimed water moved from POE to POU (Table 4.2). 

Specifically, there were much more genera that increased in relative counts from POE to 

POU at site B.  

 

Figure 4.1. PCA plot for bacterial communities. Red denotes samples in POE, while 
green denotes samples from POU. Samples enveloped within each ellipse are those that 
are not different from each other based on bootstrapping.  
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Figure 4.2. MA plots for bacterial communities. Each dot represents one genus. Red 
dots represent those that have log2-fold changes significantly different from POE to POU 
at Padj < 0.05. Red dots scattered above that green line are those with log2-fold 
changes > 1.5 (i.e., decreased in relative counts from POE to POU), while those below 
blue line are those with log2-fold changes < -1.5 (i.e., increased in relative counts from 
POE to POU).  
 

Table 4.2. Summary of identified bacterial communities 

Location Species Genera decreased 
(LFC > 1.5) 

increased 
(LFC < -1.5) 

% 
decreased 
(LFC > 1.5) 

% 
increased 
(LFC > 1.5) 

A 7180 1911 97 50 5.1 2.6 
B 7157 1906 155 169 8.1 8.9 
D 7211 1915 1 0 0.05 0 
       

 

4.3. Site-specific variations of metal resistance genes (MRGs) in distribution systems 

    Similar to the bacterial communities, metal resistome was also clustered based on its 

spatial location along the RWDS (i.e., POE vs. POU) and by sites (Figure 4.2), albeit the 

differences between POE and POU for each site were lower than that observed for 

microbial communities (Figure 4.3).   



31 
 

 

Figure 4.3. PCA plots for MRGs. Red denotes samples in POE, while green denotes 
samples from POU. Samples enveloped within each ellipse are those that are not 
different from each other based on bootstrapping.  
 
 
    There were no MRGs that significantly changed between POE and POU at site D (Table 

4.3), while RWDS in site A had the highest percentage of MRGs that significantly 

increased from POE to POU. In contrast, the percentage of MRGs that decreased along 

POE to POU were higher compared to the percentage of MRGs that increased in relative 

counts at site B.  
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Figure 4.4. MA plots for MRGs. Each dot represents one metal resistance gene. Red 
dots represent those that have log2-fold changes significantly different from POE to POU 
at padj < 0.05. Red dots scattered above that green line are those with log2-fold 
changes > 1.5 (i.e., decreased in relative counts from POE to POU), while those below 
blue line are those with log2-fold changes < -1.5 (i.e., increased in relative counts from 
POE to POU).  
 
 

Table 4.3. Summary of identified metal resistance genes 

Location MRGs decreased 
(LFC > 1.5) 

increased 
(LFC < -1.5) 

% 
decreased 
(LFC > 1.5) 

% 
increased 
(LFC > 1.5) 

A 294 6 24 2.0 8.2 
B 340 13 8 3.8 2.4 
D 329 0 0 0 0 
      

 

  For the 30 significantly changed MRGs at site A, further annotation was done to 

determine what types of MRG they were and the associated bacterial genera hosts 

(Table 4.4). At site A, majority of them encodes for resistance to a wide variety of heavy 

metals and tend to increase in relative counts from POE to POU with the exception of 

resistance against mercury.  None of the MRGs that increased in their relative counts 
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reported a corresponding significant increase in the relative counts of their associated 

bacterial hosts (Table 4.4). Indeed, the same was observed at site B with the only 

exception being Pseudomonas increasing from POE to POU at site B in a similar trend as 

its associated MRGs (Table 4.5).  
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Table 4.4. Metal resistance genes in location A (|LFC| > 1.5) with corresponding genera. Red 
denotes log2-fold changes < -1.5 (i.e., increased in relative counts from POE to POU), while blue 
denotes log2-fold changes > 1.5 (i.e., decreased in relative counts from POE to POU). 

Genus 
LFC of 
Genus 

Metal MRGs Function LFC of MRGs 

Achromobacter -0.58  Copper (Cu) 
copR_BAC0719 NA -3.72  
copS_BAC0720 NA -4.85  

Bordetella -0.43  
Zinc (Zn), 
Cadmium (Cd) zipB_BAC0458 Porter -3.63  

Burkholderia -0.08  Iron (Fe) dpsA_BAC0135 Binding protein -2.08  

Caulobacter 0.46  
Nickel (Ni), 
Cobalt (Co),  
Zinc (Zn) 

nczA_BAC0267 Regulator -2.15  

Enterococcus 0.48  Selenium (Se) sodB_BAC0707 Enzyme -2.85  

Escherichia 0.60  
Copper (Cu), 
Silver (Ag) 

cusA/ybdE_BAC0107 Efflux -2.07  

Arsenic (As) pstC_BAC0317 Enzyme -2.12  
Ochrobactrum 1.10  Chromium (Cr) chrA_BAC0026 Efflux -2.23  

Pseudomonas 0.12  

Mercury (Hg) 

merT_BAC0692 
Membrane 
transporter 

1.63  

merP_BAC0678 
Membrane 
transporter 

1.60  

merE_BAC0673 Membrane 
transporter 

1.99  

merE_BAC0672 
Membrane 
transporter -3.21  

merF_BAC0228 
Membrane 
transporter 

-2.55  

merF_BAC0687 Regulator 1.55  
Copper (Cu), 
Silver (Ag) 

cueA_BAC0102 Enzyme -2.08  

Zinc (Zn), 
Cadmium (Cd) 

czrA_BAC0130 Regulator -3.02  

Chromium (Cr) chrA_BAC0063 Efflux -3.81  

Ralstonia -0.81  

Cadmium (Cd), 
Zinc (Zn),  
Cobalt (Co) 

czcA_BAC0119 Efflux -2.72  

Cobalt (Co), 
Nickel (Ni) 

cnrA_BAC0203 NA -2.47  

Lead (Pb) 
pbrB/pbrC_BAC0299 Enzyme -4.29  
pbrA_BAC0298 Enzyme -2.92  

Mercury (Hg) merD_BAC0668 Regulator 1.63  

Salmonella 1.05  

Silver (Ag) silA_BAC0341 Efflux -2.05  
Copper (Cu), Gold 
(Au) 

golT_BAC0183 Enzyme -2.04  

Zinc (Zn) 
mdtB_BAC0646 Efflux -3.04  
mdtC_BAC0647 Efflux -2.83  

Serratia 0.56  Mercury (Hg) merT_BAC0695 
Membrane 
Transporter 

1.52  

Sinorhizobium 1.05  Copper (Cu) actP_BAC0012 Enzyme -3.47  

Thiobacillus -0.61  Mercury (Hg) merT_BAC0690 
Membrane 
Transporter 

-4.02  
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Table 4.5. Metal resistance genes in location B (|LFC| > 1.5) with corresponding genera. Red 
denotes log2-fold changes < -1.5 (i.e., increased in relative counts from POE to POU), while blue 
denotes log2-fold changes > 1.5 (i.e., decreased in relative counts from POE to POU). 

Genus LFC of 
Genus Metal MRGs Function LFC of 

MRGs 

Escherichia 0.37  

Antimony(Sb),  
Arsenic (As) glpF_BAC0181 Channel 4.73  

Arsenic (As), 
Antimony (Sb) 

arsA_BAC0030 Enzyme 3.05  

Cobalt (Co), 
Magnesium 
(Mg) 

mgtA_BAC0087 Enzyme 4.94  

Copper (Cu) 
copA_BAC0725 NA 4.34  

cutE/lnt_BAC0115 Enzyme 5.11  
Copper (Cu), 
Silver (Ag) 

cusA/ybdE_BAC0107 Efflux -2.30  

Microbacterium 0.75  Arsenic (As) arsT_BAC0714 NA 4.68  

Mycobacterium 1.36  

Copper (Cu) mmco_BAC0480 Enzyme 5.10  

Iron (Fe) 

acn_BAC0003 Enzyme 2.07  

bfrA_BAC0048 Binding protein 4.77  

ideR_BAC0498 Regulator 6.49  

furA_BAC0171 Regulator 5.29  
Nickel (Ni), 
Cobalt (Co) kmtR_BAC0201 Regulator 5.02  

Pseudomonas -3.56  
Copper (Cu) 

copS_BAC0637 Regulator -6.15  

copA_BAC0619 Enzyme -3.04  

Mercury (Hg) merE_BAC0672 
Membrane 
transporter -3.31  

Rhodobacter -0.55  Tellurium (Te) actP_BAC0570 
Membrane 
transporter/ 
Enzyme 

2.13  

Salmonella 0.32  

Cobalt (Co), 
Magnesium 
(Mg) 

mgtA_BAC0642 Enzyme 5.35  

Silver (Ag) silA_BAC0341 Efflux -1.62  

Serratia 0.00  Mercury (Hg) merP_BAC0231 Membrane 
transporter 

-2.54  

Sinorhizobium -0.41  Copper (Cu) actP_BAC0012 Enzyme -2.31  

Synechocystis 0.89  Arsenic (As) arsH_BAC0595 Enzyme -2.77  
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4.4. Site-specific variations of virulence factors in distribution systems  

    Diversity and abundance of virulence factors were clustered based on its spatial 

location along the RWDS (i.e., POE vs. POU) and by sites (Figure 4.5), with the greatest 

dissimilarity observed among POU samples of site B, and with no significant changes in 

site D (Table 4.6). Higher percentage of VFs at both sites A and B experienced significant 

increase in relative counts from POE to POU, compared to those that decreased from 

POE to POU (Table 4.6).  

 

 

Figure 4.5. PCA plots for VFs. Red denotes samples in POE, while green denotes samples 
from POU. Samples enveloped within each ellipse are those that are not different from 
each other based on bootstrapping.  
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Figure 4.6. MA plots for VFs. Each dot represents one virulence factor gene. Red dots 
represent those that have log2-fold changes significantly different from POE to POU with 
padj < 0.05. Red dots scattered above that green line are those with log2-fold changes > 
1.5 (i.e., decreased in relative abundance from POE to POU), while those below blue line 
are those with log2-fold changes < -1.5 (i.e., increased in relative abundance from POE to 
POU). 
 

Table 4.6. Summary of identified virulence factors 

Location VFs decreased 
(LFC > 1.5) 

increased 
(LFC < -1.5) 

% 
decreased 
(LFC > 1.5) 

% 
increased 
(LFC > 1.5) 

A 583 10 16 1.7 2.7 
B 664 22 59 3.3 8.9 
D 704 0 0 0 0 
      

 

    At both sites A and B, most of the VFs that significantly increased from POE to POU 

were annotated to be related to biofilm formation, with genes encoding adherence, 

extracellular polymeric substances production and motility functions (Table 4.7 and 4.8). 

Similar to the MRGs, the increase or decrease in relative abundance of significantly 

changed VFs did not align with the associated hosts in most except one instance (i.e., 
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Genus Pseudomonas increasing in relative abundance alongside the associated VFs).  
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Table 4.7. Virulence factors in location A (|LFC| > 1.5) with corresponding genera. Red denotes log2-
fold changes < -1.5 (i.e., increased in relative counts from POE to POU), while blue denotes log2-fold 
changes > 1.5 (i.e., decreased in relative counts from POE to POU). 

Genus LFC of 
Genus Function VFs LFC of 

VFs 
Acinetobacter 0.78 Biofilm formation VFG037720_(adeG) -3.49 

Aeromonas 2.98 Adherence VFG038581_(mshA) 4.67 

Bordetella -0.43 Endotoxin 
VFG000038_(bplA) -2.77 
VFG000037_(bplB) -2.23 

Brucella 1.41 Intracellular 
survival VFG045340_(ricA) 2.43 

Burkholderia -0.08 

Antiphagocytosis VFG002548_(wcbR) 2.81 

Invasion 

VFG002534_(motA) -2.20 

VFG002531_(cheA) -2.56 

VFG002530_(cheW) -2.60 

VFG002515_(flgI) -2.25 
VFG002513_(flgG) -2.28 

VFG002499_(fliI) -2.48 

VFG002494_(fliP) -2.86 

VFG002492_(fliN) -1.87 

VFG002491_(fliM) -2.91 

Klebsiella 1.49 Immune evasion VFG048808_(manB) 3.50 

Mycobacterium 1.18 Secretion system 

VFG002395_(eccCb5) 4.05 

VFG002401_(eccA5) 3.05 

VFG022051_(eccC3) 3.48 

Neisseria 0.81 Adherence 
VFG000232_(pilT) -2.94 

VFG000233_(pilF) -1.71 

Pseudomonas 0.12 Adherence 
VFG001265_(fleN) 2.40 
VFG001249_(fleR) -2.08 

Streptococcus -0.28 Antiphagocytosis VFG000963_(hasB) 2.00 

Yersinia 0.32 
Motility VFG002346_(flgG) -4.23 

Secretion system VFG000384_(yscV/lcrD) 2.71 
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Table 4.8. Virulence factors in location B (|LFC| > 1.5) with corresponding genera. Red denotes log2-
fold changes < -1.5 (i.e., increased in relative counts from POE to POU), while blue denotes log2-fold 
changes > 1.5 (i.e., decreased in relative counts from POE to POU). 

Genus 
LFC of 
Genus Function VFs LFC of VFs 

Acinetobacter 1.06  Regulation VFG038234_(bfmS) 5.56  
Anaplasma -0.07  Secretion system VFG039025_(virD4) 3.52  

Bartonella -0.36  
Endotoxin 

VFG000033_(bplF) 5.72  
VFG000036_(bplC) 4.03  
VFG000037_(bplB) 3.26  
VFG000038_(bplA) 4.84  

Secretion system VFG002240_(virB11) -5.06  

Burkholderia -0.47  

Adherence VFG002426_(pilB) 3.66  

Invasion 

VFG002522_(flhA) -2.02  
VFG002526_(cheB) -2.85  
VFG002530_(cheW) -2.43  
VFG002531_(cheA) -4.48  
VFG002534_(motA) -4.26  

Chlamydia 1.14  Secretion system VFG002126_(cdsV) 4.33  

Mycobacterium 1.36  

Cell wall 
VFG001811_(fbpC) 3.83  
VFG001812_(fbpB) 4.53  

Iron uptake 
VFG001819_(mbtG) 5.19  
VFG001821_(mbtE) 5.43  
VFG001823_(mbtC) 4.47  

Metabolic adaptation VFG001415_(lipF) 4.36  

Regulation 
VFG001406_(ideR) 5.17  
VFG001826_(relA) 4.69  
VFG001386_(phoP) 3.01  

Secretion system 
VFG021908_(espR) 3.50  
VFG022019_(eccA3) 5.75  
VFG022051_(eccC3) 5.02  

 
 
 
 
 
 
 
Pseudomonas 
 
 
 
 
 

 
 
 
 
 
 

            
-3.56 

 
 
 
 
 

 
 
 
 
 
 
 
Adherence 
 
 
 
 
 

VFG000112_(pilB) -2.32  
VFG000113_(pilC) -4.26  
VFG000114_(xcpA/pilD) -3.23  
VFG000140_(waaP) -3.18  
VFG000141_(waaA) -5.84  
VFG000142_(waaC) -4.34  
VFG000143_(waaF) -4.02  
VFG001214_(pilR) -3.13  
VFG001218_(pilQ) -3.47  
VFG001219_(pilP) -5.11  
VFG001220_(pilO) -5.07  
VFG001221_(pilN) -5.16  
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Pseudomonas 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

-3.56  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Adherence 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

VFG001222_(pilM) -3.53  
VFG001224_(pilU) -2.56  
VFG001226_(pilH) -3.22  
VFG001227_(pilI) -5.47  
VFG001228_(pilJ) -2.08  
VFG001229_(pilK) -4.99  
VFG001230_(fimV) -4.43  
VFG001231_(chpA) -5.24  
VFG001232_(chpB) -5.75  
VFG001236_(flgC) -4.59  
VFG001238_(flgE) -5.10  
VFG001240_(flgG) -5.34  
VFG001241_(flgH) -4.46  
VFG001242_(flgI) -4.19  
VFG001243_(flgJ) -5.27  
VFG001246_(fliC) -5.40  
VFG001248_(fleQ) -3.42  
VFG001249_(fleR) -3.48  
VFG001251_(fliF) -6.35  
VFG001252_(fliG) -3.40  
VFG001253_(fliH) -5.18  
VFG001254_(fliI) -2.72  
VFG001256_(fliM) -4.54  
VFG001257_(fliN) -4.26  
VFG001261_(fliR) -5.45  
VFG001262_(flhB) -5.46  
VFG001263_(flhA) -3.85  
VFG001264_(flhF) -5.76  

VFG001265_(fleN) -6.29  

Antiphagocytosis 

VFG000116_(algB) -4.63  
VFG000118_(algQ) -4.65  
VFG000119_(algR) -5.60  
VFG000120_(algZ) -5.77  
VFG000121_(algU) -3.17  
VFG000122_(algD) -5.17  
VFG000123_(alg8) -4.78  
VFG000133_(algA) -2.71  

Secretion system 
VFG000180_(xcpT) -5.24  
VFG000181_(xcpS) -5.59  
VFG000184_(xcpQ) -4.63  

Salmonella 0.32  Magnesium uptake VFG000574_(mgtB) 3.58  
Staphylococcus -0.10  Antiphagocytosis VFG001301_(cap8E) 3.91  
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Yersinia 0.19  Motility VFG002331_(fliI) -2.10  

5. Discussion 

    In this thesis, metagenomics was demonstrated as a tool to assess the stability of the 

RWDS by inferring for changes in microbial community and functional gene diversities 

(i.e., MRGs and VFs). By emphasizing on those that showed a significant log2-fold change 

in relative counts from POE to POU, sites A and B were identified to be potentially 

problematic in maintaining the reclaimed water quality compared to site D. Specifically, 

site A has a relatively higher percentage of MRGs that increased in relative counts while 

site B has a relatively higher percentage of bacterial genera and VFs that increased in 

relative counts from POE to POU. These changes were likely related to the reclaimed 

water quality measured at the respective POEs.  

    The reasons to account for a higher proportion of the detected MRGs at site A that 

increased in relative counts as the water moves from POE to POU cannot be easily 

accounted for since the heavy metal concentration was not measured by Garner et al. 

(Garner et al., 2018). Information related to the materials used for the distribution 

pipelines at respective sites was also not provided. Alternatively, conductivity can be 

used to infer the amount of anions and cations, which would comprise of the heavy 

metals in their oxidative states. However, both sites A and D have significantly higher 

conductivity than site B, which did not align well with the observed trends in MRGs 

dynamics.  

    Based on the MRG genes that increased in relative abundance, most of them work 

based on efflux pumps and membrane transporters (Table 4.4), which likely modulate 
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resistance by maintaining homeostasis of metal ions intracellularly. Such resistance 

mechanisms can also be co-selected by other stressors that are present in site A, for 

instance, high dissolved oxygen concentrations and free residual chlorine. Both 

dissolved oxygen and chlorine produce radical oxygen species that in turn impose 

oxidative stress on bacteria. Both efflux pumps and membrane transporters were 

previously found to help bacteria persist against oxidative stress.(Al-Jassim et al., 2017) 

(Al-Jassim et al., 2018)    

    The higher organic carbon content in site B is likely to explain for the higher 

percentage of bacterial genera that increased in relative counts from POE to POU when 

compared to the other studied sites. Specifically, the increase in genus Pseudomonas 

suggests a regrowth of this genus. Most Pseudomonas spp. are facultative anaerobes 

that preferentially uses aerobic respiration to generate ATP for growth and survival. 

(Alvarez-Ortega et al., 2007) However, nitrate can also be used as alternative electron 

acceptor by Pseudomonas spp. when dissolved oxygen level is low. The regrowth of 

Pseudomonas at site B occurred despite the significantly higher free chlorine 

concentrations compared to sites A and D. In a separate study, viable Pseudomonas was 

also found to be present in treated wastewater, albeit of different species depending on 

whether it was non-chlorinated or chlorinated treated wastewater(Al-Jassim et al., 

2015), suggesting that Pseudomonas spp. persist well despite chlorination.  

    The earlier study by Garner et al. did not report on the flow rates within each RWDS 

and hence the time in which the microbial community was exposed to free chlorine 

remains unknown. US EPA recommends a free residual chlorine concentration of 0.5 
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mg/L with a contact time of 30 min at pH < 8.(WHO, 2008) Chlorine inactivation 

efficiency decreases with increase in pH. In site B, pH was comparably lower than that 

measured in site A. Hence, microbial regrowth observed at site B may be related to 

inefficient disinfection caused by insufficient contact time and not due to pH. When 

disinfection is done improperly, microorganisms are likely to experience sub-lethal 

pressure that selected for bacterial groups that have genes that are able to facilitate 

biofilm formation. Biofilm formation has been found in earlier studies to be a defense 

mechanism exhibited by bacteria to persist longer. (Bridier et al., 2011) In this manner, 

bacteria embedded within the biofilm matrix are exposed to lower concentrations of 

chlorine since chlorine is a fast-acting oxidant that has weak penetration capabilities. 

(De Beer et al., 1994)  

    Besides using metagenomics to provide insights on the biological stability of the 

reclaimed water transported through the RWDS, our results also suggest that majority 

of the MRG and VF that increased in relative counts from POE to POU were not 

significantly associated with the abundance of their bacterial hosts that were identified 

by the annotation to relevant databases. Given that metagenomics is a DNA-based 

sequencing approach, these reads that do not correspond to any increase in associated 

bacterial hosts are inferred to be either due to inaccuracies of assigning short reads 

annotation of MRGs and VFs to their bacterial hosts, or likely due to the promiscuity of 

these MRGs and VFs in a broad range of hosts. When the hosts die off, the MRGs and 

VFs may be lysed out from the dead bacteria or from mobile plasmids and become 

detectable by metagenomics. The increase in relative counts of MRGs and VFs, coupled 
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with the presence of environmental stressors (e.g. sunlight or disinfection byproducts 

produced when chlorine reacts with the organic matter) were demonstrated to 

stimulate natural transformation frequencies in lab conditions.(Augsburger et al., 2019; 

Mantilla-Calderon et al., 2019) Although it remains unknown if the dissemination of 

MRGs and VFs through reclaimed water into the natural environment would constitute 

any significant risk to public health, the European Union adopts the precautionary 

principle when assessing increase in diversity of antibiotic resistance genes within the 

RWDS. (EU, 2017) Likewise, any increase in MRGs and VFs, particularly those that can 

co-select for antibiotic resistance, within the RWDS should also be minimized.   

    In summary, this thesis demonstrates that although the reclaimed water quality at the 

POE falls within the permissible limits of organic carbon required at the POE, microbial 

regrowth can still occur within the RWDS particularly when the level of DOC was > 10 

mg/L (Table 4.1). This can negatively impact water quality at the POU, and raises a 

certain level of concern on occupational and public health. The results obtained from 

this dissertation further imply that the DOC level remains as an important parameter to 

monitor in a RWDS as it relates to microbial regrowth of opportunistic pathogens that 

exhibit resistance to heavy metals and form biofilm, as well as the demand imposed on 

free chlorine. (Lu et al., 1999) DOC level should therefore be kept at a minimal level at 

the POE, preferably at concentrations similar to that shown in site D so as to minimize 

microbial regrowth and the associated increase in host-associated MRGs and VFs.  
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6. Future studies 

  This study makes use of metagenomics data that was made publicly available to assess 

if microbial regrowth occurs in a RWDS, and whether metal resistance genes and 

virulence genes can be dynamically changed from the POE to POU. Through the use of 

appropriate bioinformatics pipeline, we have achieved our study objectives, but several 

questions remain and would warrant future studies.  

1) What are the Pseudomonas spp. that increased in relative abundance from POE 

to POU? 

  An earlier study by Al-Jassim et al. reported that viable Pseudomonas aeruginosa were 

detected in non-chlorinated treated wastewater but were replaced by a larger diversity 

of other non-pathogenic Pseudomonas species after chlorination.(Al-Jassim et al., 2015) 

Since the Pseudomonas genus increased in relative counts alongside an increase in 

MRGs and VFs, it would be important to identify if opportunistic pathogenic P. 

aeruginosa strains are the ones that accounted for the observed increase in this genus. 

This would considerably increase concerns related to occupational hazards and public 

health than an increase in other non-pathogenic Pseudomonas spp.  

2) How much extracellular DNA are disseminated from treated wastewater? 

MRGs and VFs can persist in the RWDS as extracellular DNA and participate in horizontal 

gene transfer. However, the absolute abundance of these extracellular DNA cannot be 

obtained from metagenomics, and hence difficult to ascertain the extent of risk. In fact, 

a search across literature suggests that there is a paucity of data related to how much 
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extracellular DNA is disseminated into the environment through wastewater reuse. This 

information is relevant to determine if there is indeed a substantial risk for natural 

transformation of functional genes associating with mobile genetic elements in the 

downstream environment. Furthermore, the diversity of genes associated with the 

extracellular DNA should also be determined for a more comprehensive understanding 

of what potential functional gene traits are disseminated into the natural environment 

through water reuse.  
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