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Drinking water assessments use a variety of microbial, physical, and chemical indicators to evaluate water treatment efficiency
and product water quality. However, these indicators do not allow the complex biological communities, which can adversely
impact the performance of drinking water distribution systems (DWDSs), to be characterized. Entire bacterial communities can
be studied quickly and inexpensively using targeted metagenomic amplicon sequencing. Here, amplicon sequencing of the 16S
rRNA gene region was performed alongside traditional water quality measures to assess the health, quality, and efficiency of two
distinct, full-scale DWDSs: (i) a linear DWDS supplied with unfiltered water subjected to basic disinfection before distribution
and (ii) a complex, branching DWDS treated by a four-stage water treatment plant (WTP) prior to disinfection and distribution.

In both DWDSs bacterial communities differed significantly after disinfection, demonstrating the effectiveness of both treat-
ment regimes. However, bacterial repopulation occurred further along in the DWDSs, and some end-user samples were more
similar to the source water than to the postdisinfection water. Three sample locations appeared to be nitrified, displaying ele-
vated nitrate levels and decreased ammonia levels, and nitrifying bacterial species, such as Nitrospira, were detected. Burkhold-
eriales were abundant in samples containing large amounts of monochloramine, indicating resistance to disinfection. Genera
known to contain pathogenic and fecal-associated species were also identified in several locations. From this study, we conclude
that metagenomic amplicon sequencing is an informative method to support current compliance-based methods and can be
used to reveal bacterial community interactions with the chemical and physical properties of DWDSs.

Transmission of pathogens via contaminated water is a signifi-
cant cause of illness worldwide. It has been estimated that
one-third of gastrointestinal illnesses are caused by contaminated
drinking water (1), and 4% of all deaths worldwide are due to
polluted drinking water and poor sanitation (2). In developed
nations water quality assessments and treatment facilities have
been introduced to reduce microbial contamination, resulting in a
significant reduction in drinking water-related illnesses and
deaths. Water treatment commonly involves the reduction of or-
ganics and other contaminants via coagulation and sedimenta-
tion, separation of any remaining solids via filtration, and finally
disinfection via chemical oxidants or ultraviolet (UV) radiation.
The addition of chemical oxidants such as chlorine and mono-
chloramine is the most common method of drinking water disin-
fection (3). The level of treatment required varies from system to
system, with some drinking water distribution systems (DWDSs)
receiving only one or two levels of treatment, while others require
multiple treatments to create water suitable for end use.
Currently, most drinking water quality assessments do not di-
rectly taxonomically identify the many multifarious bacterial taxa
present in drinking water systems. Instead, a variety of biological,
physical, and chemical indicators are used to assess the efficiency
of water treatment processes and the quality of the product water.
These indicators quantify bacterial cells using flow cytometry or
heterotrophic plate counts and measure concentrations of nutri-
ents, such as ammonia, organic carbon, nitrates, and nitrites.
Quantitative PCR (qPCR) can be used to directly quantify specific
bacterial taxa (4), such as fecal indicators or known pathogens, but
this does not allow measurements of whole-community diversity.
Conversely, denaturing gradient gel electrophoresis (DGGE) can
be used to estimate the biodiversity of bacterial communities (5),
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but individual taxa cannot be identified without additional expen-
sive DNA sequencing.

Recently, metagenomic amplicon sequencing has emerged
as a promising technique for characterizing complex biological
communities as multiple taxa within communities deriving
from multiple samples can be sequenced in a relatively rapid
and inexpensive manner. Metagenomics has been successfully
used to investigate bacterial communities present in end-use tap
water, experimental drinking water systems, and bacterial bio-
films within pipes (6-10). However, very few studies have ex-
plored bacterial communities throughout full-scale DWDSs or
investigated community variations between different systems. In
the present study, we characterize changes in bacterial community
structure at different locations along two full-scale DWDSs and
also determine the viability of metagenomic sequencing as a mon-
itoring tool for assessing system efficiency and water quality. We
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FIG 1 A diagram of the bacterial diversity within the WA DWDS, including pie charts that depict the 10 most prolific bacterial taxa. WTP, water treatment plant
(monochloramine dosing only); CT, customer tap. Red squares indicate sample collection locations. The WA reservoir is fed with a mixture of groundwater and
desalinated water and has no physical filtration system. The WA WTP utilizes monochloramine. DI, diversity index.

also measured various water quality parameters at the same sam-
ple locations to validate the metagenomic findings. Using these
approaches, bacterial diversity, water quality, and treatment effi-
ciency were assessed at multiple sites along two distinct DWDSs:
(i) a linear DWDS in Western Australia (WA) that undergoes
monochloramine disinfection before distribution and (ii) a com-
plex, branching DWDS in South Australia (SA) that is treated by a
four-stage water treatment plant (WTP) prior to monochlora-
mine disinfection and distribution. From this metagenomic data
set, we aim to guide future management and water quality moni-
toring strategies and potentially reduce associated human health
risks by extending the current knowledge of bacterial communi-
ties in DWDSs.

MATERIALS AND METHODS

Site descriptions. (i) WA DWDS. The WA DWDS was chosen for this
study because it is a simple, linear system with minimal catchment runoff
present in the source water. A large proportion of the catchment area is
state-owned and -managed forest, and the remaining land is primarily
low-intensity agricultural land, such as grazing pastures. The water is a
blend of groundwater and desalinated seawater and is supplemented from
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the metropolitan system. The source water undergoes disinfection with
monochloramine before distribution. Areas local to the reservoir are sup-
plied via several large storage tanks (Fig. 1).

(ii) SA DWDS. The SA DWDS is a larger, more complex system with
multiple distinct distribution branches (Fig. 2). The source water is sup-
plied from river water with the catchment area passing through state-
owned forests and agricultural areas that produce wool, cotton, wheat,
cattle, pigs, dairy, rice, wine, fruit, and vegetables. The source water is
treated within a four-stage water treatment plant (WTP), with stages con-
sisting of coagulation, flocculation, sedimentation, and filtration, fol-
lowed by UV disinfection and monochloramine disinfection before dis-
tribution.

Sample collection. For each system, 600-ml water samples were col-
lected from the source water, from within the treatment plant (WTP), and
also at each sample point indicated in Fig. 1 and 2. Sample locations
covered the expanse of the distribution systems from the source water
through to various township storage tanks and customer taps (CTs). For
three of the end-user locations, samples were collected from within the
township storage tank (tank) and also from a customer tap (CT) after the
water had left the tank (tank outlet tap or a nearby CT) to assess whether
bacterial diversity was affected by tank storage. In the SA system, addi-
tional WTP and source water samples were collected 2 weeks later to
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FIG 2 A diagram of the bacterial diversity within the SA DWDS, including pie charts that depict the 11 most prolific bacterial taxa. WTP, water treatment plant;
CT, customer tap. Red squares indicate sample collection points. The SA system utilizes river water as the source and uses a four-stage treatment process, followed

by ultraviolet (UV) and monochloramine disinfection.

determine if bacterial communities are subject to short-term temporal
fluctuations. Samples were collected in sterile bottles, immediately placed
onice, and transported to dedicated laboratory facilities, where they were
stored at 4°C and processed within 24 h of collection.

Water quality analyses. Traditional, compliance-based water quality
analyses, such as nutrient and chemical analyses, flow cytometry, and
quantitative PCR amplification of nitrification-associated genes, were
conducted for each of the samples. Classical chemical indicators for nitri-
fication, such as free ammonia, nitrate, nitrite, and monochloramine lev-
els, were measured using standard protocols (11). Flow cytometry (FCM),
in combination with a BacLight bacterial viability kit (Molecular Probes,
USA), was utilized to enumerate the bacterial cells present in the water, as
previously described (12). For the FCM analyses, duplicate 500-pl ali-
quots were subsampled from each of the 600-ml samples, with one aliquot
stained with SYTO9 to stain both intact (live) and membrane-damaged
(dead) cells while the other aliquot was stained with both SYTO9 and
propidium iodide (which stains only membrane-damaged cells). FCM
enumeration using a FACSCalibur flow cytometer (Becton Dickinson,
San Jose, CA) was performed separately to count the total cell population
(stained with SYTO9 alone) and live cells (the population of cells stained
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with SYTO9 but not propidium iodide). In order to calculate cell densi-
ties, sample tubes were weighed pre- and postanalysis to allow calculation
of the volume analyzed. The resulting FCM data were analyzed using
CellQuest software (Becton Dickinson, USA). The percent viable cells
(Table 1) was calculated as follows: live cell count per milliliter/total cell
count per milliliter X 100.

Basic qPCR assays were used for the semiquantification of the number
of ammonia-oxidizing bacteria (AOB) and archaea (AOA) in each sample
using the DNA extracts, described below. The assays used primers for
AOA and AOB as previously described (13), except that the PCR reagents
were replaced with Fast Start Essential Probe Master Mix (Roche) with the
addition of 3.3 pM SYTO9 (final concentration; Molecular Probes). The
amplifications were conducted on a Rotor-Gene 6000 HRM (high-reso-
lution melt) system (Qiagen) using the recommended cycling conditions,
followed by DNA melting curve analysis on the HRM channel from 70°C
to 95°C in 0.2°C increments. The first-derivative melting profiles were
visualized with the digital filter set to “none.” The presence of nonspecific
amplicon prevented conventional quantification using the amplification
curves. Instead, the presence of AOA/AOB was semiquantified using the
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TABLE 1 Sample names and descriptions of water quality for each system

Turbidity DOC NH,Cl Nitrite as N Nitrate as N AOB AOA % viable Total no. of
System and sample ~ Sample description pH (NTU)*  (mg/liter)’ (mg/liter)* (mg/liter) (mg/liter)  presence? presence? cells® cells/ml
WA system
Source water Raw, untreated inlet 7.6 0.49 1.70 <0.1 <0.003 0.049 - +++ 58.8 1.66E+06
Postdisinfection ~ Posttreatment 8.2 0.83 2.10 3.53 0.004 0.036 - + 3.4 2.72E+06
WA-1 inlet Storage tank inlet 8.3 0.85 2.20 3.59 0.007 0.036 + ++ 3.9 2.64E+06
WA-1 outlet Storage tank outlet 8.2 0.74 2.20 3.34 0.004 0.045 + +++ 3.9 2.76E+06
WA-2 tank Storage tank 8.2 1.01 2.50 3.11 0.004 0.042 + ++ 4.5 2.78E+06
WA-3 inlet Storage tank inlet 8.4 0.35 2.20 2.84 0.005 0.047 + ++ 2.7 2.89E+06
WA-3 outlet Storage tank outlet 8.4 0.33 2.30 2.52 0.006 0.053 ++ ++ 3.8 2.00E+06
WA-4 CT Customer tap 8.3 0.24 2.10 2.46 0.413 0.303 +++ + 3.3 2.52E+06
SA system
Source water Raw, untreated inlet 7.4 77.0 12.6 <0.1 0.012 0.184 +++ +++ 58.1 1.98E+07
Postdisinfection ~ Posttreatment 8.4 0.40 5.40 4.7 0.013 0.253 + +++ 13.6 4.83E+05
1.5 km 1.5-km point 8.2 0.20 5.20 3.6 0.009 0.269 + ++ 4.9 3.08E+05
postdisinfection  postdisinfection
SA-1CT Customer tap 8.9 0.10 5.00 1.0 0.059 0.600 + +++ 11.5 1.24E+05
SA-2 tank Storage tank 8.3 0.20 5.50 1.4 0.054 0.488 + ++ 5.1 2.14E+05
SA-2CT Customer tap 7.9 0.20 4.90 <0.1 0.009 1.150 ++ ++ 50.0 6.90E+05
SA-3 tank Storage tank 8.5 0.60 5.80 2.4 0.021 0.338 + — 2.3 3.59E+05
SA-4 tank Storage tank 8.5 8.00 5.50 2.4 0.026 0.396 + +++ 5.3 3.23E+05
SA-5CT Customer tap 9.0 0.30 4.10 2.1 0.022 0.464 ++ +++ 51.6 3.80E+04

% NTU, nephelometric turbidity unit.
¥ DOC, dissolved organic carbon.
¢ Monochloramine.

4 The presence of ammonia-oxidizing bacteria (AOB) and ammonia-oxidizing archaea (A) was semiquantified using the height of the DNA melting peaks. The standard was
nominally scored as high (+++), with weak peaks scored as +, peaks between the weak and control levels as + +, and negative PCR results as —.

¢ See Materials and Methods for the method of calculation.

height of the DNA melting peaks relative to the peak in the positive-
control reaction containing 10* copies of the target fragment.

Metagenomic sequencing. (i) DNA extraction. Within 24 h of collec-
tion, three 50-ml subsamples from each of the 600-ml water samples were
centrifuged at 4,000 rpm for 30 min to pellet the intact bacterial cells, and
the supernatant was discarded. The pellet from each of these subsamples
was resuspended in 180 i of sterile nuclease-free water (Sigma-Aldrich,
Castle Hill, Australia) and transferred to a MoBio Ultraclean Soil DNA
Isolation Kit (MoBio Laboratories, Inc., Solana Beach, CA). DNA was
extracted alongside extraction blanks consisting of 180 .l of sterile nu-
clease water, according to the manufacturer’s recommendations. Once
the extractions were complete, DNA yield was quantified using a Nano-
Drop spectrophotometer (NanoDrop Technologies, Wilmington, DE,
USA), and the replicate subsamples were combined to reduce sequencing
costs, resulting in 10 samples for the SA system and 8 samples for the WA
system (Table 1).

(ii) PCR amplification and NGS. Amplicon libraries were prepared in
dedicated sterile PCR hoods. Prior to the addition of GoTaq, the PCR
master mix was subjected to ultraviolet radiation for 15 min to reduce
contamination from laboratory bacteria (14). Sample DNA was added in
a second sterile hood in a separate room. A two-step nested-PCR ap-
proach was adopted, first amplifying a long DNA fragment prior to am-
plifying a short fragment appropriate for amplicon-based next-genera-
tion sequencing (NGS). This was done to minimize the contribution of
highly degraded, uninformative, and contaminant DNA (15). A real-time
quantitative PCR (RT-qPCR) platform was used for the PCR amplifica-
tion step in order to enable comparison of DNA melt curves and to deter-
mine if samples were contaminated by DNA present in reagents and plas-
ticware. In the first RT-qPCR, universal primers 27F (5'-AGAGTTTGAT
CCTGGCTCAG-3') and 1492R (5'-TACCTTGTTACGACTT-3") were
used to amplify a 1,500-bp fragment within the 16S rRNA gene (12).
Reaction mixtures of 25 wl were prepared in quadruplicate and pooled
post-PCR to reduce PCR bias (16). Each reaction mixture contained 5 pl
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of DNA extraction template, 5% dimethyl sulfoxide (DMSO), 3.3 pM
SYTO9 dye, 0.4 U ul~ ! of GoTaq (Promega), a 200 wM concentration
of each deoxynucleoside triphosphate (ANTP), a 0.5 pM concentra-
tion of each primer, 1X PCR buffer, 2.5 mM MgCl,, and 4.4 pl of
nuclease-free water. Reaction mixtures were amplified using the fol-
lowing parameters: 95°C for 3 min, followed by 35 cycles at 94°C for 30
s, 50°C for 60 s, and 72°C for 120 s. In the second RT-qPCR, a smaller
176-bp region from within the 1,500-bp PCR product was amplified
using bar-coded Ion Torrent fusion primers: 341F (5'-CCATCTC
ATCCCTGCGTGTCTCCGACTCAGxxxxxxxCCTACGGGAGGCAGC
AG-3'; x represents the bar code) and 518R (5'-CCTCTCTATGGGCAG
TCGGTGATATTACCGCGGCTGCTGG-3"). Reaction mixtures were
prepared as described above. The second round of amplification was per-
formed with the following parameters: 95°C for 3 min, followed by 35
cycles at 95°C for 20s, 65°C for 20 s, and 72°C for 30 s. PCR products were
purified (Ampure; Agencourt Bioscience), quantified, and pooled to
equimolar concentrations before being sequenced on an Ion Torrent Per-
sonal Genome Machine using an Ton PGM 200 sequencing kit (Life Tech-
nologies, Carlsbad, CA, USA).

Data analysis. Reads that contained zero mismatches within the bar
code and primer sequence were demultiplexed into their respective
samples, and bar codes and primer sequences were trimmed using
CutAdapt, version 1.1 (17). Reads were then filtered for quality (Phred
threshold of 20 for 90% of sequence base pairs) and length (>100 bp)
using the FASTX-Toolkit (version 0.0.13 [http://hannonlab.cshl.edu
/fastx_toolkit]). The resulting files were converted to a QIIME software-
compatible fna (fast nucleic acid) file (script available from http://www
.u.arizona.edu/~gwatts/azcc/QIIMEfastaFormatter.pl) and imported into
QIIME (18).

Within QIIME, sequences were clustered to 97% similarity to form
operational taxonomic units (OTUs) and aligned using Pynast. Chimeric
reads were detected and removed using ChimeraSlayer (19). The standard
default threshold (0.8) was applied to assign taxonomy using the Green-
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genes database (version gg 12_8; [http://greengenes.Ibl.gov]). Contami-
nant OTUs identified in the extraction blanks were removed from the
samples. All samples were rarefied at 8,904 sequences (i.e., the lowest
number of reads present within a single sample) to ensure an even read
coverage for each sample and to minimize skewed diversity estimates.
Diversity estimates were obtained for each sample by calculating Chao
species richness and Shannon-Weiner diversity indices. The number of
operational taxonomic units (OTUs) per sample was also measured. Se-
quences were also reclustered at 98% similarity, and taxonomy was reas-
signed to improve phylogenetic resolution for some closely related spe-
cies. Further, sequences from the specific genera of interest were extracted
from the sequence files and then blasted against the NCBI database (ac-
cessed 17 October 2014) to allow further phylogenetic discrimination
between closely related taxa. Exploratory and statistical analyses of the
data were carried out using QIIME, PASW Statistics, version 18 (SPSS,
Inc., Chicago, IL), and Explicet (20). Jackknifed trees using the un-
weighted-pair group method using average linkages (UPGMA) based on
weighted hierarchal clustering (6,670 replicate sequences; E value, 10)
were constructed to visualize sample similarity based on phylogenetic
distance between taxa (UniFrac software) (21) and were viewed using
FigTree, version 1.4, software (tree.bio.ed.ac.uk/software). Heat maps
were constructed within Explicet to visualize dominant taxa (>0.1%) for
each sample and determine dissimilarity between samples.

Microarray data accession number. Raw data files were deposited in
the NCBI Sequence Read Archive (SRA) under BioProject accession num-
ber PRJNA287069.

RESULTS

Treatment effectiveness. To assess the efficiency of DWDS treat-
ments, bacterial communities pre- and posttreatment were com-
pared. Metagenomic amplicon sequencing revealed that the bac-
terial communities were significantly altered after treatment in
both systems (P = < 0.001; Mann-Whitney U test), demonstrat-
ing the impact that current water treatment technologies can have
on bacterial communities. The source water samples had the high-
est bacterial diversity in both systems (Fig. 1 and 2), and corre-
sponding FCM data revealed that both systems’ source water had
similar proportions of viable (active) bacterial cells (approxi-
mately 58%). In contrast, the first samples collected posttreatment
had a significantly lower OTU count (P = < 0.001 for both sys-
tems; Mann-Whitney U test) and a reduced percentage of viable
cells (3.4% for the WA system and 13.6% for the SA system).
Although the percentage of viable cells decreased in the WA sys-
tem posttreatment, the FCM data revealed that the total number
of bacterial cells remained the same as that of the source water,
whereas the water treatment in the SA system reduced the total
bacterial cell count by almost 2 orders of magnitude (Table 1). The
difference in total cell counts postdisinfection is likely due to the
four-stage treatment process within the SA system that removes
both the live and inactive (deceased) bacterial cells from the water,
whereas in the WA system the inactive cells remain in the water.
The SA system’s source water had a marginally higher diversity
index and OTU count than that of the WA system (Shannon di-
versity index, 7.29 and 7.07 for SA and WA, respectively; OTU
count, 1,596 and 1,209 for SA and WA, respectively), and postdis-
infection the SA system still had a higher diversity index and OTU
count than the WA system, which is likely due to the higher start-
ing diversity and OTU counts (Fig. 1 and 2).

In both systems, the source water was dominated by unknown
bacterial taxa (both systems, 27%), emphasizing the limitations of
current knowledge (Fig. 3). The community structures in the WA
and SA source water samples were different from one another,

September 2015 Volume 81 Number 18

Applied and Environmental Microbiology

Bacterial Diversity in Drinking Water Systems

with some taxa present in one system but undetectable in the
other. For example, bacteria in the order Campylobacterales were
highly abundant in the SA source water (~14%) but were negli-
gible in the WA source water (<1%). Similarly, the proportions of
Acetobacteraceae and Sphingomonadales in the WA source water
were relatively high (~7% and ~6%, respectively) compared to
those in the SA source water (<1% for both). In the future, this
type of information could lead to more effective treatment strat-
egies, customized for the unique diversity present in different
source waters. Postdisinfection, the bacterial community struc-
ture in the two systems also differed; however, these differences
were much less pronounced. In the SA postdisinfection sample,
there was a relatively high proportion of Sphingomonadales (8%),
Rhizobiales (22%), and Streptococcus (3%), which were negligible
in the WA system’s postdisinfection sample. Instead, cyanobacte-
ria dominated the WA postdisinfection sample, whereas in the SA
postdisinfection sample cyanobacteria were present only in low
abundances (<1%). The high abundance of cyanobacteria in the
WA postdisinfection sample suggests that chloramination alone is
not efficient at destroying robust cyanobacterial cells.

In the SA system, additional WTP and source water samples
were collected 2 weeks after the initial sample collections to exam-
ine whether bacterial communities are subject to short-term tem-
poral fluctuations (see Fig. SM-2 in the supplemental material).
Interestingly, this basic temporal study carried out within the SA
DWDS revealed that the source water samples collected 2 weeks
apart had significantly different bacterial communities (P = 0.01,
UniFrac Monte-Carlo significance test), but the treated water
samples did not (P = 0.72, UniFrac Monte-Carlo significance
test). These data suggest that treatments are consistent and that
disinfection selects for the same taxa irrespective of the starting
diversity in the source water. Further, this result also suggests that
temporal snapshots of community diversity may not be adequate
for analysis of highly diverse source waters.

Perhaps surprisingly, the second sampling point postdisinfec-
tion (at 1.5 km postdisinfection) in the SA system had a lower
diversity index and OTU count than the primary postdisinfection
sample point (Fig. 2). This demonstrates that continued exposure
to the residual disinfectant has a persistent effect on the bacterial
taxa present and can further reduce bacterial diversity. The FCM
viable cell counts (Table 1) support this as the viable cell count
decreased from 13.6% in the primary postdisinfection location to
4.9% at the second postdisinfection location. The viable cell
counts in the WA system suggest that the disinfection is achieving
maximum inactivation at the initial dose point as there is no fur-
ther reduction in the proportion of viable cells after this point,
with viable cell counts remaining stable at around 3.5%. This may
be due to the lower dissolved organic carbon (DOC) amount and
different bacterial diversity within the WA source water, enabling
the disinfectant to have a more rapid impact on the bacterial com-
munities.

Nitrification. Nitrification is a major issue for chloraminated
DWDSs as it leads to eventual decay of the disinfectant, which in
turn can result in bacterial regrowth. Water quality analyses of the
two DWDSs revealed that some sites may be subject to differing
stages of nitrification. The CT sample at SA site 2 (SA-2 CT) had
elevated nitrate and reduced nitrite with no residual ammonia or
chloramine, suggesting that this site was completely nitrified (Fig.
4). The WA-4 CT sample had elevated amounts of nitrite and
nitrate and reduced ammonia and chloramine, suggesting that
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FIG 3 Heatmaps depict the bacterial taxa that contributed to >0.01% of the total diversity in at least one sample, and cluster dendrograms estimate sample
similarity based on weighted UniFrac comparisons of bacterial communities for those samples for the WA DWDS (a) and SA DWDS (b).
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FIG 4 Nutrient concentrations for both the WA DWDS (a) and SA DWDS (b). As water quality indices were measured by different water corporations, the
protocols used differ slightly, with free ammonia measured for the WA DWDS and ammonia as nitrogen measured for the SA DWDS.

nitrification was occurring at this site but had not progressed
enough to completely remove the disinfectant. The SA-1 CT sam-
ple had slightly increased nitrate and nitrite, decreased chlora-
mine, and an increased percentage of viable cells compared to
other samples in the SA DWDS, suggesting that the site could be in
the early stages of nitrification and regrowth.

Metagenomic community analysis detected the nitrifying bac-
teria Nitrospira in SA-1 CT (1.2%), SA-2 CT (2.6%), and WA-4
CT (0.55%) samples. With the exception of the source water, the
proportion of Nitrospira was either below 1% or completely un-
detected for all other SA samples and below 0.05% or undetected
for all other WA samples. The nitrifying OTUs of Nitrospira and
Nitrobacter were the only nitrifying genera detected by the metag-
enomic analyses and were a minor component of the community
present. However, the FCM data indicated there were approxi-
mately 690,000 total cells ml™" in the SA-2 CT sample (50% of
which were viable), 2,520,000 total cells ml™" in WA-4 CT (3.3%
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were viable), and 124,000 total cells ml ™" in the SA-1 CT sample
(11.5% were viable). Using these numbers, we can estimate that
there are 9,000 live Nitrospira cells ml !in the SA-2 CT sample,
415 live cells ml ! in the WA-4 CT sample, and 170 live cells ml !
in the SA-1 CT sample. However, it is possible that additional,
unknown nitrifying taxa are present in the samples but are not
classified in genetic databases, which prevents their detection
when meta-bar coding is used.

The qPCR results for ammonia-oxidizing genes suggest that
ammonia-oxidizing archaea (AOA) and ammonia-oxidizing bac-
teria (AOB) were present throughout both of the DWDSs (Table
1). This contrasts with the metagenomic data, which detected only
nitrifying species at locations displaying chemical signs of nitrifi-
cation and did not detect known ammonia oxidizers at any loca-
tion. The qPCR results indicated that AOA were present at the
WA-4 CT in lower numbers than AOB, whereas both AOA and
AOB were present in moderate numbers at the SA-2 CT location.
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The SA-1 CT location appeared to be dominated by AOA. These
results indicate that biological nitrification within DWDSs is a
complex process and may be caused by different taxonomic
groups at different locations throughout a DWDS, highlighting
the limitations associated with using only one particular method
to detect nitrification in DWDSs.

The unexpected low diversity within the SA-2 tank and the
extremely high diversity in the nearby SA-2 CT site, as well as a
sharp increase in cell counts and viable cells, support the sugges-
tion that nitrification and bacterial regrowth (due to the loss of
residual disinfectant) are occurring rapidly between these two
sample points. The unusual Gammaproteobacteria-dominated
community (75%) in the SA-2 tank, combined with the nitrified
SA-2 CT sample further along the DWDS, may indicate that these
Gammaproteobacteria predispose DWDSs to nitrification. The
monochloramine concentrations support this theory as mono-
chloramine had completely decayed at the SA-2 CT location (Ta-
ble 1). However, the concentration of ammonia in the SA-2 tank
was not depleted, and therefore it is unlikely that the unknown
Gammaproteobacteria are ammonia oxidizers. BLAST results of
individually extracted Gammaproteobacteria sequences from the
SA-2 tank (see Table SM-5 in the supplemental material) showed
that the sequences were a close match to Pseudomonas, a group
that contains strains previously isolated from a nitrifying inocu-
lum (Pseudomonas peli).

Chloramine-resistant taxa. The concentration of monochlo-
ramine varied throughout the systems (Table 1). As would be
expected, the source water samples had the least amount of mono-
chloramine present, and the postdisinfection samples closest to
the WTP had the highest. However, the monochloramine levels
did not decay evenly in accordance with distance from the WTP,
suggesting that additional biological factors were affecting the
monochloramine concentrations. Previous studies have suggested
that taxa abundant in locations with high disinfectant concentra-
tions are likely to be disinfection-resistant or -tolerant bacterial
groups (22). The relatively low bacterial diversity and high abun-
dance of specific dominant groups in samples containing the
highest concentrations of monochloramine suggest that these
bacterial groups are monochloramine-resistant taxa. Burkhold-
eriales were found in relatively high proportions in the postdisin-
fection samples of both systems, demonstrating that this bacterial
group is able to tolerate high levels of disinfectant (Fig. 1, 2, and 3).
The Burkholderiales taxa differed slightly between the two systems
(Fig. 3), with the SA postdisinfection sample dominated by Ach-
romobacter (3%), Delftia (10%), Pelomonas (2%), and an un-
known member of the Comamonadaceae (3%), whereas the WA
postdisinfection sample contained mostly Alcaligenaceae (6%)
and Ralstonia (6%). Burkholderiales also dominated (>85%) two
of the end-use locations within the SA DWDS: the SA-3 tank and
SA-5 CT site (Fig. 3b). Closer inspection revealed that the Burk-
holderiales taxa in the SA-3 tank sample belonged to the Corma-
monadaceae family and that the SA-5 CT sample contained
predominantly Hydrogenophaga, a yellow-pigmented, hydrogen-
oxidizing bacterium. These two end-use samples had unusually
low diversity indexes and OTU counts compared to those of all
other samples (Mann-Whitney U; P = <0.001) and therefore
could indicate locations where monochloramine-resistant taxa
are outcompeting other bacterial taxa for resources. These taxa
could be targets for future microbiological studies as the tanks
were relatively unusual and may provide useful insights into bac-
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terial community dynamics within DWDSs that utilize mono-
chloramine. The order Sphingomonadales was also identified in
relatively high proportions in the SA postdisinfection sample
but not in the WA postdisinfection sample. Nevertheless, the
relatively high abundance of this order in samples with large
amounts of monochloramine warrants further investigation in
future studies.

Pathogen detection. The OTU tables for each system were
screened for common waterborne pathogens to determine if meta-
genomics is a feasible tool for pathogen identification in DWDSs.
Several genera known to contain pathogenic species were identi-
fied in the systems; however, in most cases the 16S gene fragments
did not allow species- or strain-level resolution of the taxa. There-
fore, we utilized an approach similar to current compliance meth-
ods, where potential coliform microorganisms are identified as
indicators of contamination even if specific species or strains can-
not be resolved (23). The coliform bacterial genera Escherichia and
Shigella were identified in relatively large proportions in the WA
postdisinfection sample (8%) and in the WA-1 inlet sample (5%)
but were negligible in the SA postdisinfection sample. This sug-
gests that the filtration steps used in the SA WTP are crucial for
complete removal of fecal coliform cells. However, as the FCM
analyses revealed that the WA disinfection step reduces the
percentage of viable bacterial cells to just 3.4%, it is likely that
the Escherichia and Shigella taxa detected by metagenomic se-
quencing are intact but nonviable cells (i.e., they are effectively
neutralized, but the cells have not yet degraded). In an attempt to
discriminate between Escherichia and Shigella, all associated se-
quences were extracted from the data set and blasted separately in
NCBI. Results indicated that the closest matches to the taxa found
in the WA system were Escherichia coli, Escherichia fergusonii, Shi-
gella dysenteriae, and Shigella sonnei, some of which are human
pathogens (see Table SM-5 in the supplemental material). Other
taxa known to contain pathogenic species were also identified
throughout the systems. For example, Burkholderia, a genus
known to contain pathogenic species, was identified in the SA-3
tank while other samples contained the genera Campylobacter
(SA-1 CT), Mycobacterium (SA source water, SA postdisinfection,
SA-1 CT, SA-3 tank, and SA-5 CT), and Legionella (SA source
water). In the WA DWDS, Leptospira (WA-4 CT), Mycobacterium
(WA-3 and WA-4 CT), Clostridium (WA-3 inlet), and Legionella
(WA source water, WA postdisinfection, WA-4 CT, and WA-3
inlet and outlet) were identified.

DISCUSSION

Bacterial communities in drinking water systems are complex,
and although current monitoring methods are useful to quantify
total and live bacterial cells and detect specific taxa, they do not
allow the intricate and complex nature of these diverse commu-
nities to be effectively evaluated. In this study, the addition of
metagenomic analyses to currently used compliance-based meth-
ods revealed complex interactions between biological communi-
ties and various DWDS parameters, such as water treatment,
monochloramine tolerance, nitrification, and tank storage effects.
To summarize, the water treatment regimes within both the WA
and SA systems were initially highly effective at reducing bacterial
community diversity and cell counts. However, some sample lo-
cations at a further distance from the WTPs displayed bacterial
regrowth and increases in diversity. The data also revealed that
nitrification was occurring at multiple locations at various degrees
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of severity and that monochloramine-tolerant bacterial groups,
including Burkholderiales and Sphingomonadales, were present in
some locations. The metagenomic analyses successfully identified
genera associated with fecal coliforms and pathogens; however,
the universality and small size of the gene fragments used in this
study prevented specific pathogens from being identified.

In this study, nitrification was found to be occurring in both
systems further along the DWDS. Nitrification refers to the bio-
logical oxidation of ammonia to nitrite, commonly conducted by
the bacterial genus Nitrosomonas (24), followed by the oxidation
of nitrite to nitrate, usually by Nitrobacter or Nitrospira (25). Free
ammonia is often present in DWDSs as a consequence of the pro-
cess used to generate chloramine. Nitrospira was detected in WA-4
and SA-2 CT sites, and water quality analyses revealed little to no
ammonia or monochloramine at these locations and elevated lev-
els of nitrate. Nitrospira has been considered the most dominant
and ubiquitous genus among the nitrifying bacteria (26) and was
only one of two nitrifying bacterial genera detected by the metag-
enomic analysis. However, it is possible that there were other ni-
trifying bacteria present that have not been classified in genetic
databases. The qPCR results indicated that there were AOA- and
AOB-associated genes present throughout the systems. However,
the metagenomic data detected nitrifiers only when various stages
of nitrification were also confirmed by the water quality data. The
discrepancy between these results could be due to a number of
different reasons; for example, ammonia oxidizers may have been
atlow abundance, and their DNA signals may have been obscured
by more highly abundant taxa, preventing detection via metag-
enomic sequencing. In contrast, it could be that the highly specific
nature of the qPCR is detecting AOA and AOB even when the
abundances of those taxa are below effectual levels, which would
explain their consistent presence throughout the systems. Alter-
natively, this result may indicate that ammonia-oxidizing genes
are present in other bacterial species that may be taxonomically
unknown at present. In addition to detecting nitrifying bacteria,
the metagenomic data revealed that the end-user locations WA-4
and SA-2 CT had OTU counts, biodiversity measurements, and
OTU proportions more similar to those of the source water than
to those of the postdisinfection samples, suggesting that bacterial
population regrowth during nitrification was occurring at these
sites. The detection of nitrifying species in DWDS locations in the
early stages of nitrification could be used as a preventative mea-
sure, identifying sections of a DWDS that may require remedial
action, such as flushing or additional disinfection, to avoid poten-
tial future, more severe nitrification episodes.

Taxa identified in samples with large amounts of disinfectant
(monochloramine) are likely to be species that are resistant to or
tolerant of disinfectants. For example, the Burkholderiales, which
are known to contain strains resistant to antibiotics (27), were
identified in high percentages in the postdisinfection samples in
both systems. The sensitivity of Burkholderia to chlorine (28) and
monochloramine (29) is known to vary considerably, with some
isolates more tolerant than others. Previous research has revealed
that cocultures of the pathogenic Burkholderia species Burkhold-
eria pseudomallei with the ubiquitous freshwater amoeba Acan-
thamoeba astronyxis greatly enhances the survival of B. pseudomal-
lei in the presence of monochloramine, with 100 times more
monochloramine required to maintain disinfectant efficacy when
the amoeba was present (29). This is due to the ability of Acan-
thamoeba cysts to resist common disinfectants, such as monochlo-
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ramine and chlorine, and their ability to bear phagocytosis-resis-
tant bacteria within, thus protecting the bacteria from water
treatments (30). While these particular species may not have been
present in these systems, it may be the case that similar interking-
dom interactions can occur for other Burkholderiales species. As
eukaryotes were not sequenced in this study, it is not known what
amoebae were present in the SA and WA systems. Further, other
studies found that viable B. pseudomallei cells can be recovered
from water containing up to 1,000 ppm of free chlorine and after
the disinfectant had previously successfully reduced cells to com-
pliance levels, suggesting that species affected by initial disinfec-
tion could recover to harmful levels later in the DWDS (31). Burk-
holderiales have also previously been identified in drinking water
pipe biofilms (32), which may potentially serve as reservoirs to
seed cells back into the water postdisinfection. This provides a
further possible explanation for the relatively high abundance of
Burkholderiales in the postdisinfection samples as biofilm micro-
organisms are known to be more resistant to drinking water dis-
infection than free-living microorganisms (33). Again, although
these previous studies have focused on specific pathogenic strains
of Burkholderiales, it is possible that other species within this order
are able to resist disinfection in the same way. In addition to Burk-
holderiales, Sphingomonadales are also known to contain chlorine-
resistant species (34), are found in biofilms (32), and were de-
tected in relatively high proportions in postdisinfection samples.
Therefore, it is plausible that the Sphingomonas identified in this
study could also be resistant to disinfectants, explaining its high
proportions in samples with elevated amounts of monochlora-
mine.

Bacterial genera known to contain notable waterborne patho-
gens were identified at some locations along the DWDSs. Clostrid-
ium, Campylobacter, Corynebacterium, Escherichia coli, Mycobac-
terium, Legionella, Burkholderia, and Leptospira were all identified
in various samples throughout the systems, some close to the con-
sumer end-use locations. As mentioned previously, the Burkhold-
eria genus contains pathogenic species that have been shown to
resist disinfectants and antibiotics. Burkholderia species are of par-
ticular public health significance in warmer climates (35), with
outbreaks of the waterborne disease melioidosis sporadically oc-
curring in South America, Asia, and Australia (36). Campylobacter
was present in relatively high abundance in the SA source water.
Campylobacter is a known fecal-associated bacteria that usually
requires a host to survive and grow (37); the presence of this taxon
in the source water combined with its failure to reappear further
along the DWDS postdisinfection supports this concept. How-
ever, while Campylobacter can survive only a few days without a
host in water above 15°C, it can survive for many weeks in a viable
but nonculturable state in water at 4°C (37); therefore, its presence
may be of importance during colder winter months. Cyanobacte-
ria were found in high abundances in the WA postdisinfection
sample, likely because chloramine disinfection alone is not capa-
ble of destroying filamentous or colonial cells or because akinetes,
which are environmentally resistant, dormant cells with thick
walls, were present (38). Some cyanobacterial species are of public
health significance due to the production of toxins, while others
can cause the deterioration of the esthetic quality of the water due
to the production of secondary metabolites that produce an
earthy, musty taste and odor (39). Despite the presence of these
genera, it must be stressed that the metagenomic data presented
here do not confirm the presence of specific pathogenic strains or
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species and also do not provide information on the viability or
infectivity of the taxa detected, making it difficult to quantitatively
assess any public health significance. Even so, the ability to identify
multiple genera in alarge number of samples rapidly and inexpen-
sively demonstrates the usefulness of a metagenomic monitoring
approach for screening DWDSs for potential pathogens and other
organisms detrimental to water quality. In addition, increased
phylogenetic resolution may be obtainable by targeting loci with
greater specificity to target groups, and the inclusion of eukaryotic
analyses might reveal important community relationships, such as
the symbiotic relationship between Acanthamoeba and Burkhold-
eria discussed above.

In the future, metagenomics should be used alongside current
assessment methods to generate databases that contain informa-
tion about bacterial taxa typically found in drinking water sys-
tems. Such databases would eventually be able to provide infor-
mation about which taxa indicate a healthy, high-quality DWDS
and may also help diagnose problems within systems, enabling an
appropriate solution to be achieved more rapidly. However, there
are limitations associated with metagenomic approaches for as-
sessing DWDS health and quality. For example, metagenomics
alone does not provide information on the amount of total or
viable cells in the system; therefore, intact organisms that are no
longer alive and active may be detected (as was seen in the SA
postdisinfection sample). Further, the choice of loci is critical and
should be dependent upon the proposed research question. None-
theless, this study demonstrates that metagenomics used in col-
laboration with other techniques, such as FCM analyses and nu-
trient measures, can provide highly useful information about the
health status and efficiency of particular DWDSs, and future use of
metagenomics will foster a more detailed picture of bacterial com-
munity dynamics within DWDSs.
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