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F

ree chlorine is used as the primary disinfectant in most drinking water (DW) distribution systems (DWDS). However,
chlorine disinfection promotes the formation of disinfectant byproducts (DBPs), and as a result, many water utilities are considering changing to monochloramine to ensure regulatory compliance of targeted DBPs (3). While both disinfection strategies aim
at mitigating the presence of pathogens, they do not completely
eradicate the growth of microorganisms in DWDS. Indeed, diverse microbial communities have been shown to inhabit DWDS.
The latter has been documented by using a variety of culturebased assays (10) and culture-independent approaches, such as
16S rRNA gene sequence analysis using Sanger chemistry (37) and
pyrosequencing (21). Additionally, fluorescence in situ hybridization targeting the 16S rRNA gene has been used to detect active
bacteria in DW biofilms (53). Most of the previous approaches are
limited in scope. For example, culture-based techniques are biased
toward a small fraction of the inhabiting microbiota. On the other
hand, most studies using DNA-based approaches have targeted
phylogenetic genes, which provide limited information on the
public health relevance of the microbial groups detected.
Metagenome-based approaches offer a more comprehensive
view of the genetic complexity of natural and engineered microbial communities, allowing us to better assess the microbial taxonomic diversity and metabolic potential within any given community (23). The number of metagenomic studies has increased
in recent years because of the availability of next-generation sequencing technologies. The discoveries have ranged from novel
photosynthetic pathways to genetic pathways that are important
in host-microbial interactions, findings that would have been difficult to obtain by using conventional phylogenetic analyses (15).
Comparison of different metagenomes has further enhanced our
understanding of processes unique to some microbiomes and
provided the genetic information needed to track multiple populations performing a variety of functions. Interestingly, in spite of
the public health relevance of DW, very little information is available on DW metagenomes. For example, Schmeisser et al. (42)
sequenced 5,000 random clones of DW biofilm from a cosmid
library. Of these clones, 2,200 were identified as putative proteins,
and over half of them were characterized into nine functional
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groups, many of which are associated with proteobacteria such as
Rhizobium, Pseudomonas, and Escherichia. However, this study
was performed with samples from a nonchlorinated DWDS and
therefore some of the information might be specific to such systems. Moreover, due to the relatively low number of sequences
analyzed, no information on genes linked to microorganisms associated with public health concerns was obtained.
To further understand the DW microbial network of systems
receiving disinfection treatments, we analyzed pyrosequencing
data of metagenomes from free-chlorine-treated (CHL) and
monochloramine-treated (CHM) DW samples. With approximately 2,000,000 reads combined and, on average, 550 bp per
read, to our knowledge, thus far, this represents the largest DW
metagenomic survey ever performed.
MATERIALS AND METHODS
Sample collection. DW samples (n ⫽ 2) were collected from two distribution system simulators (DSS). One sample was collected from a freechlorine system, while the second sample was collected from a chloramine-amended system (see Fig. S1 in the supplemental material). The
DSS are currently in operation at the Environmental Protection Agency
Test and Evaluation Facility in Cincinnati, OH. The CHL DW sample was
obtained from the main flow of a 16.5-m-long by 23.6-cm pipe loop fed
with municipal DW following treatment that employs flocculation and
settling with pH adjustment followed by sand filtration, granular activated
carbon, and chlorination with final discharge to the DWDS (see Fig. S1A
in the supplemental material). The CHM DW sample was obtained from
the main flow of a 23-m-long 23.6-cm pipe loop fed with the same municipal DW but amended with ammonia to yield a 2-mg liter⫺1 monochloramine residual (see Fig. S1B in the supplemental material). System
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A metagenome-based approach was used to assess the taxonomic affiliation and function potential of microbial populations in
free-chlorine-treated (CHL) and monochloramine-treated (CHM) drinking water (DW). In all, 362,640 (averaging 544 bp) and
155,593 (averaging 554 bp) pyrosequencing reads were analyzed for the CHL and CHM samples, respectively. Most annotated
proteins were found to be of bacterial origin, although eukaryotic, archaeal, and viral proteins were also identified. Differences
in community structure and function were noted. Most notably, Legionella-like genes were more abundant in the CHL samples
while mycobacterial genes were more abundant in CHM samples. Genes associated with multiple disinfectant mechanisms were
identified in both communities. Moreover, sequences linked to virulence factors, such as antibiotic resistance mechanisms, were
observed in both microbial communities. This study provides new insights into the genetic network and potential biological
processes associated with the molecular microbial ecology of DW microbial communities.
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on the basis of Fisher’s exact test with corrected q values (Storey’s false
discovery rate [FDR] multiple testing correction approach) using the
STAMP v2.0 software package (34).
Nonmetric multidimensional scaling (NMDS) and cluster analysis
(CA) based on the relative-abundance data were used to identify the relationships among the community structures of DW metagenomes and 22
publicly available metagenomes, covering a wide variety of habitats (see
Table S3 in the supplemental material). Direct comparison of selected
metagenomes was performed on the MG-RAST server (31) to avoid potential bias that can be introduced by using different protocols implemented in other annotation pipelines. Prior to quantitative characterization, counts were normalized (relative abundance) against the total
number of hits in the respective database and transformed [log(x ⫹ 1)].
The comparison was assessed by the Bray-Curtis similarity coefficient of
the transformed data using the PAST v2.03 software (20). This estimator
compares the structures by accounting for the abundance distributions of
attributes. Cluster dendrograms were generated by the unweighted-pair
group method using average linkages with the MEGA v5.03 software (49)
and using 1,000 replicates to develop bootstrap confidence values. When
comparing metagenomes, it is likely that some biases are introduced because of the different protocols implemented for each research project.
However, a previous study concluded that there is no evidence of technical bias (e.g., DNA extraction, sequencing protocol, or random genome
amplification) for multivariable analysis (47).
Metabolic pathways and taxonomic assignments of functional
genes. The entire metabolic pathway for the CHL and CHM samples was
annotated using the SEED database and visualized using the KEGG Mapper, an internal tool in the MG-RAST server (31). Sequences assigned to
functional groups (e.g., virulence factors and nitrogen) were identified
and retrieved from MG-RAST and RAMMCAP output files (see metagenome analysis section). BLASTX analyses were conducted against the
NCBI nonredundant protein sequence (nr) database using the CAMERA
2.0 server (48). Assignment and comparison of taxonomic groups and
tree representation of the NCBI taxonomy were performed using
MEGAN v4.6.3.1 (22).
16S rRNA sequence analysis. Bacterial 16S rRNA gene sequences were
aligned using the mothur v1.24.1 software (41) (http://www.mothur.org).
Classification and identification of nearest-neighbor sequences were performed using the Classifier tool (Ribosomal Database Project II release
10.26) (7) and BLASTn (1), respectively. Phylogenetic trees were constructed from the alignments based on the maximum-likelihood method
and calculated using the Tamura-Nei model (50). The MEGA v5.03 software (49) was used to build trees using 500 replicates to develop bootstrap
confidence values.

RESULTS AND DISCUSSION

Comparison of metagenomes. Diversity analyses showed that the
DW microbiome is as functionally complex as the distal gut microbiome (ChaoI, ⬃2,900 COGs), but less diverse than wastewater biofilms (4,122 COGs), whale fall (3,332 COGs), soil (3,394
COGs), and Sargasso Sea samples (3,714 COGs) (16). On the
other hand, when the metabolism profiles of DW samples were
compared to other metagenomes, the DW samples were similar to
soil, freshwater, wastewater and marine metagenomes (Fig. 1A;
see Fig. S3A in the supplemental material). Metabolic pathways
(i.e., MG-RAST subsystems) common among these environments
included nitrogen, potassium, and phosphorous metabolism;
motility; metabolism of aromatic compounds; and stress response
subsystems. Overall, these data suggest that the diversity of the
DW samples is comparable to that of many natural communities
and therefore should not be considered a simple system composed
of a few bacterial groups with limited functional capabilities. The
comparison analyses also suggest that DW sources play an important role in the overall composition of finished DW. The metab-
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properties and water quality characteristics are presented in Table S1 in
the supplemental material. Microbial biomass was concentrated from 100
liters to approximately 250 ml retentate by ultrafiltration as previously
described (38), with the minor modification that the ultrafiltration unit
ran in a continuous mode connected directly to the pipe loop of the DSS
(see Fig. S2 in the supplemental material).
Molecular procedures. The retentate was filtered onto 0.2-m polycarbonate membranes (GE Osmonics, Minnetonka, MN), and total DNA
was extracted by using the UltraClean Soil DNA kit in accordance with the
manufacturer’s instructions (MoBio Laboratories Inc., Solana Beach,
CA). The DNA yield of each sample was approximately 3 ng/l. This yield
did not meet the minimal amount required for pyrosequencing (5 g). As
a result, DNA extracts were subjected to random genome amplification to
further increase the DNA yield (44). Previous studies concluded that
whole-genome amplification biases were minimal and applied equally to
all samples, and any bias would have been annulled during comparative
study (9, 47). Briefly, to generate fragments 300 to 600 bp in length,
genomic DNA was mechanically sheared for 15 s using a 60 Sonic Dismembrator (Fisher Scientific) and a sonication setting of 3. The resuspended fragments were incubated at 95°C for 5 min with K9-DNA primer
(18). The mixture was placed on ice for 5 min and incubated with 50 U of
DNA polymerase I large Klenow fragment (New England BioLabs, Ipswich, MA) for 3.5 h at room temperature. The reaction was stopped by
heating for 10 min at 75°C. Randomly labeled Klenow extension products
were purified, and PCR amplifications were performed in triplicate
100-l reaction mixtures containing 10 ng of DNA, 1⫻ PCR buffer, 2.5
mM each deoxynucleoside triphosphate, 1% acetamide, 0.625 U of Ex Taq
(Invitrogen, Carlsbad, CA), and 0.2 M K9-PCR primer (18) under the
following conditions: 28 cycles of 94°C for 40 s, 53°C for 1 min, and 72°C
for 30 s with an extension step of 72°C for 1.5 min. PCR products were
purified with the QIAquick PCR product cleanup kit (Qiagen, Valencia,
CA) and pooled to generate a minimum of 5 g of DNA (500 ng/l),
which was then used as the template for shotgun pyrosequencing.
Metagenome libraries were generated with the 454 Life Sciences GSFLX Titanium platform. In all, 1,024,242 and 849,349 reads for the CHL
and CHM metagenomes were generated in this study, respectively (see
Table S2 in the supplemental material). Quality control filters, an internal
tool in the MG-RAST v3.0 pipeline (31), excluded 606,145 and 579,244
reads from further analyses, respectively. Prior to annotation, 35% of the
CHL and 18% of the CHM metagenomes were identified as clusters of
artificially replicated sequences and removed using a dereplication pipeline tool (17) (http://microbiomes.msu.edu/replicates). Filter parameters
included a cutoff value of 0.9, no length difference requirement, and an
initial base pair match of 3 bp (17). The metagenomes generated in this
study are freely available from the SEED platform at the MG-RAST website (projects 4470954.3 and 4470937.3).
Metagenome analyses. In all, 362,640 and 155,593 reads averaging
544 and 554 bp for the CHL and CHM metagenomes were used in the
metagenomic analyses, respectively (see Table S2 in the supplemental material). Approximately 45% of our reads were annotated (e-value cutoff
of 1e⫺05) with an assigned function or a specific gene by either the
MG-RAST v3.0 pipeline (31) (http://metagenomics.anl.gov) or the
RAMMCAP pipeline (25) (http://camera.calit2.net) (see Table S2 in
the supplemental material). The MG-RAST v3.0 pipeline analysis included phylogenetic comparisons and functional annotations against the
SEED database (31). The RAMMCAP pipeline (i.e., CAMERA) assigned
functions by comparison to the Pfam, TIGRfam, and clusters of orthologous groups (COG) databases (25). Prior to quantification, reads were
normalized against the total number of hits in their respective databases
(e.g., COG, Pfam) as described previously (2). Comparable average genome size permitted us to quantitatively compare the metagenomic data
(13). The ChaoI estimators of COG richness were computed with the
software SPADE v2.1 (5) (http://chao.stat.nthu.edu.tw) by using the
number of individual COGs per unique COG function. The statistical
significance of differences between metagenome profiles was calculated
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taxonomic identification at the genus level of annotated proteins identified by MG-RAST v2.1 (B). Cell division, DNA, RNA, and protein synthesis functions were
excluded because they are shared by all bacteria. DW treatments: CHL and CHM. For details of metagenomes, see Table S3 in the supplemental material.

olism of DW metagenomes was less similar to that of animalassociated metagenomes (Fig. 1A; see Fig. S3A in the supplemental
material). These gut microbiomes are enriched for a variety of
functions involved in pathogenesis, including cell wall and capsule
synthesis, phages, prophages, transposable, and plasmids, dormancy and sporulation, iron acquisition and metabolism, and
amino acid subsystems. Both NMDS and CA on Bray-Curtis distance (based on taxonomic assignments of annotated proteins)
show essentially similar clustering in both community structure
and community membership (Fig. 1B; see Fig. S3B in the supplemental material), which is in agreement with previous studies
based on 16S rRNA sequences (4). Habitats that are taxonomically
similar to DW share a relatively high abundance of some bacterial

groups compared to animal-associated metagenomes, specifically
for members of the Alphaproteobacteria (24% versus 8%, respectively), Betaproteobacteria (12% versus 6%), and Actinobacteria
(11% versus 3%). In contrast, Bacteroidia (21% versus 2%), Clostridia (13% versus 6%), and Epsilonproteobacteria (9% versus 1%)
were proportionally more abundant in the animal-associated
metagenomes. In general, our results highlight the value of using
taxonomic composition based on annotated proteins to ascertain
differences and similarities among environmental microbiomes
(Fig. 1; see Fig. S3 in the supplemental material).
DSS microbial composition. Differences in community structure between the DW samples were noted when annotated proteins were assigned taxonomic affiliations (Fig. 2; see Fig. S4 in the

FIG 2 Distribution of members of the Bacteria domain as determined by taxonomic identification of annotated proteins (at the class level). Each number in
brackets is the percentage of the total number of sequences in each group. Bacteria domain: 1, Actinobacteria; 2a, Cytophaga; 2b, Flavobacteria; 2c, Sphingobacteria;
3, Chlamydiae; 4, Chlorobia; 5, Chloroflexi; 6a, Gloeobacteria; 6b, Cyanobacteria; 7a, Bacilli; 7b, Clostridia; 8, Planctomycetacia; 9a, Alphaproteobacteria; 9b,
Betaproteobacteria; 9c, Deltaproteobacteria; 9d, Gammaproteobacteria; 10, other classes each representing ⬍1%.
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FIG 1 NMDS ordination plot of terrestrial, aquatic, and animal-associated metagenomes based on the relative distribution of 983 functions (i.e., level 3) (A) and
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TABLE 1 Distribution of Mycobacterium spp., Legionella spp.,
cyanobacteria, and protozoaa as determined by taxonomic identification
of annotated proteins
% of total in:
Domain and organism

CHL water

CHM water

Bacteria
Mycobacterium
Legionella
Cyanobacterium

1.29
0.31
9.18

19.65
0.09
0.88

Eukaryota
Amoeba
Ciliate
Slime mold

0.03
⬍0.002
0.98

⬍0.001
⬍0.002
0.02

a

Members of these protozoan groups are known to harbor Legionella spp. (24).

of the most important groups of toxin-producing aquatic bacteria. Species within the cyanobacterial genera identified in this
study have been reported to produce various secondary metabolites, including microcystins, cytotoxins, and neurotoxins (52).
Cyanobacterial populations have also been detected in 16S rRNA
gene clone libraries of chlorine-treated DW (37). It should be
noted that the correct classification of cyanobacteria using 16S
rRNA sequencing analyses is cumbersome because of their close
similarity to chloroplast rRNA gene sequences (7, 30). Hence, the
relative abundance of cyanobacterium-like proteins in this study
further supports earlier observations suggesting that cyanobacteria can be inhabitants of DWDS. Moreover, the fact that cyanobacterial sequences have been detected in clone libraries generated
with RNA extracts suggests that some species are capable of withstanding harsh environmental conditions (38).
Metagenome analyses also confirmed the ubiquity of mycobacteria in CHM DWDS (Table 1; see Table S4 in the supplemental material). Other microbial diversity studies have documented
the presence of mycobacteria in DWDS (43). Among the mycobacterial sequences identified, nontuberculous mycobacteria
(NTM) were relatively abundant, specifically, Mycobacterium mucogenicum (see Fig. S5 in the supplemental material). Members of
the NTM group are considered ubiquitous in the environment
and potentially pathogenic to individuals with predisposing conditions (51). A possible survival mechanism of mycobacteria in
CHM water is the production of exopolysaccharides (EPS), as they
can protect cells from direct exposure to disinfectants (6). Indeed,
we detected a high number of sequences associated with Mycobacterium-related EPS biosynthesis in CHM water, while in the CHL
sample, fewer EPS sequences were detected and most belong to the
Alphaproteobacteria class (Table 2 and Fig. 3A). EPS biosynthesis
is a tightly regulated and energy-intensive process that is responsible for adhesion to surfaces and cohesion in a biofilm and promotes biofilm formation (11, 19). However, it is unknown if the
mode of action of chloramine may select for this survival mechanism. A group of virulence factors involved in Mycobacterium intracellular parasitism were also identified in the CHM sample,
including the mammalian cell entry (MCE) and phospholipid
ABC transporter (yrbE) proteins. MCE and yrbE-encoded proteins confer on Mycobacterium spp. the ability to invade and survive inside host cells (39). Most of the sequences were associated
with members of the M. avium complex, the M. chelonae group,
M. smegmatis, and M. vanbaalenii (Fig. 3B and C). The CHM
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supplemental material). Specifically, Mycobacterium (Actinobacteria), Acidovorax (Betaproteobacteria), Burkholderia (Betaproteobacteria), Pseudomonas (Gammaproteobacteria), and Dechloromonas (Betaproteobacteria) were dominant in the CHM water, while
Caulobacter (Alphaproteobacteria), Rhodopseudomonas (Alphaproteobacteria), Synechococcus (Cyanobacteria), Bradyrhizobium
(Alphaproteobacteria), and Pseudomonas (Gammaproteobacteria)
were the most abundant members in chlorinated water (see Table
S4 in the supplemental material). These results further suggest
that disinfectants can play a role in the microbial composition of
DWDS (33). Differences in community structure were observed
when the analysis was performed using 16S rRNA sequences recovered from the DW metagenome libraries (see Fig. S5 in the
supplemental material). Some of the DW metagenome 16S rRNA
sequences were related to sequences retrieved from 16S rRNA
gene clone libraries generated with water samples taken from the
same distribution system, including unclassified alphaproteobacteria detected in CHL and CHM water samples (see Fig. S5 in the
supplemental material) (37, 54).
In this study, we did not remove free associated DNA or dead
cells and therefore it is possible that some of the sequences identified are associated with active/live cells, as well as with dead microbial populations. While DWDS are relatively harsh environments because of oligotrophic conditions and the presence of
disinfectants, there is evidence that some bacteria can survive in
distribution systems. For example, in a study based on RNA as the
target used to generate 16S rRNA gene clone libraries, Revetta et
al. (37) showed that proteobacteria were the dominant members
within the “active” fraction of the community. Similar groups
were identified as dominant in this metagenomic study when the
sequences of both 16S rRNA genes and functional genes were
analyzed. This was the case not only for the dominant bacterial
groups but also for phylogenetic groups such as cyanobacteria and
clostridia, providing further evidence that many of these populations might also be active. Future studies using DNA-binding
agents such as propidium monoazide (32) and alternate methods
such as metatranscriptomics (45) will be useful in further identifying active bacteria in DWDS.
The majority of the annotated proteins were related to the Bacteria domain, although eukaryotic, archaeal, and viral proteins
were also identified (see Table S2 in the supplemental material). It
should be noted that less than 45% of our sequences were annotated with an assigned function using the MG-RAST (SEED database) and CAMERA (Pfam, TIGRfam, and COG databases) pipelines (see Table S2 in the supplemental material). Bacterial
genomes dominate these databases, and therefore it is possible
that a fraction of these unclassified sequences is associated with
genes of yet-to-be-annotated eukaryotic and prokaryotic genomes. Consequently, future studies should focus on sequencing
of the genomes of different microbial groups inhabiting DWDS
and use a combination of biochemical and molecular assays to
confirm predicted gene functions.
Public health implications. Several sequences retrieved from
the metagenomes were associated with bacterial groups and genes
with potential public health relevance. For example, cyanobacterium-like sequences were found in both types of water samples
although they were more abundant in chlorinated water (Table 1).
Synechococcus was the most frequently identified cyanobacterium.
Cyanobacterial sequences affiliated with Anabaena, Gloeobacter,
Microcystis, and Nostoc were also present. Cyanobacteria are one
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TABLE 2 Distribution of annotated proteins associated with disinfectant and antibiotic resistance mechanisms
% of total in:
Mechanism

Gene

CHL water

CHM water

P value

Glutathione protection
Glutathione synthetase
Glutathione reductase
Nonspecific DNA-binding protein

gshB
gorA
dps

0.006
0.085
0.026

0.007
0.042
0.070

NSb
⬍0.001
⬍0.001

OxyR system
Hydrogen peroxide-inducible regulator
Peroxidase/catalase
Alkyl hydroperoxide reductase protein
Glutaredoxin reductase
Thioredoxin reductase

oxyR
katG
ahpF
grxA
trxB

0.009
0.134
NDa
0.013
0.582

0.038
0.152
0.004
0.015
0.095

⬍0.001
NS
NS
NS
⬍0.001

SoxRS system
Redox-sensitive transcriptional regulator
Manganese superoxide dismutase

soxR
sodA

0.001
0.019

0.004
ND

NS
NS

RpoS regulated genes
RNA polymerase sigma factor
Cu-Zn superoxide dismutase
Exo-DNase III

rpoS
sodC
xthA

0.012
0.002
0.080

0.004
ND
0.074

NS
NS
NS

0.001
0.013

0.134
0.195

⬍0.001
⬍0.001

0.076
0.014
0.119

0.130
0.006
0.065

⬍0.01
NS
⬍0.01

0.040
0.006
0.323
0.037
0.402
1.885
0.010

0.114
0.002
0.145
0.025
0.467
1.751
0.010

⬍0.01
NS
⬍0.001
NS
NS
NS
NS

Disinfectant resistance

Antibiotic resistance
Beta-lactamase
Sulfonamides, dihydropteroate synthase
Tetracycline, small GTP-binding proteinc
Multidrug efflux pump and transporter
Multidrug resistance protein (pumps)
Small multidrug resistance protein
RNDd family membrane fusion protein
Multidrug efflux transporter
RND
Multidrug efflux pump
Membrane protein

bla
sul

smr
mfp
mexF
rnd
acrBDF
marC

a

ND, not detected.
NS, not significant.
c
Related to TetM.
d
RND, resistance-nodulation-cell division.
b

sample contained mycobacterial genes associated with the production of ␤-lactamases (Fig. 3D), which is compatible with the
intrinsic resistance of several mycobacterial species to ␤-lactam
antibiotics (12).
The metagenomic data suggest that Mycobacterium spp. were
in lower abundance in the CHL water sample. In contrast, a higher
number of sequences associated with Legionella and protozoan
species known to harbor Legionella were retrieved from the CHL
water sample (Table 1). The propagation of Legionella, a potential
pathogen in DWDS, is facilitated by the interactions with protozoa in biofilms, such as amoeba, ciliates, and slime molds (24).
Our analysis identified virulence factors and resistance functions
associated with Legionella spp., such as dotL and icmE (part of the
type IV secretion system); which are required for intracellular
growth (56); glutathione peroxidase and reductase, which are in-
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volved in the oxidative stress response (26); helA, which provides
resistance to heavy metals (29); metallo-␤-lactamases enzymes
involved in the breakdown of antibiotics (14); and emrA, a multidrug efflux system (27). A possible explanation for the lower
abundance of Legionella in the CHM sample may relate to the
effectiveness of monochloramine at reducing the amoebal hosts
within DW biofilms (55).
Metabolic potential and resistance mechanisms. The multivariable analysis results obtained from whole-metagenome libraries highlighted the potential ecological niche differences within
DW distribution systems (Fig. 2; see Fig. S4 and Table S4 in the
supplemental material). For example, a greater abundance of
reads associated with ammonium transport, nitrification, and
denitrification were identified in the CHM sample (Fisher’s exact
test, q ⫽ 0.05) (see Fig. S6 in the supplemental material). Overall,
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EPS (biofilms)
EPS transport protein
Capsular EPS
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a significant diversity of genes involved in the nitrogen cycle was
identified in this study (see Fig. S7 in the supplemental material).
In addition, these results indicate the availability of ammonia byproducts during chloramine formation (see Table S1 in the supplemental material) that promote the growth of nitrifying and
denitrifying bacteria in CHM distribution systems (36). Bacterial
nitrification in DW distribution systems has been associated with
loss of disinfection residual, resulting in water quality degradation
(8). Among the nitrifying bacteria identified in the CHM sample
were members of the genus Nitrospira (see Fig. S7 in the supplemental material).
To supplement the results of the analysis based on the SEED
subsystems of MG-RAST (see Table S2 in the supplemental material), the data sets were further annotated with KEGG Mapper.
Global gene annotation displayed a functionally complex system
with a high number of pathways detected in both metagenomes
(see Fig. S8 in the supplemental material). The difference between
the two treatments is attributable mostly to changes in the distribution of functional genes (Table 2; see Fig. S6 in the supplemen-
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tal material) combined with the taxonomic affiliation of the genes
(Fig. 3; see Fig. S7 in the supplemental material).
Bacterial resistance to disinfectants and antibiotic resistance
mechanisms in DW can have significant impacts on human
health, as well as serious economic consequences (6). Several disinfectant and antibiotic resistance mechanisms were identified in
both libraries, including genes associated with the prevention and
repair of radical-induced damage, inactivation and exclusion (i.e.,
efflux), and bacterial aggregation in biofilms (Table 2). Both DW
environments exhibit conditions (see Table S1 in the supplemental material) that are favorable for the establishment of distinct
communities harboring virulence factors. In fact, the dominant
CHM members were associated with various species of Mycobacterium, while CHL is composed predominantly of various members of the Alphaproteobacteria (e.g., Caulobacterales, Rhodobacterales), Cyanobacteria, Deltaproteobacteria, and Firmicutes (Fig. 3).
The detection of disinfectant resistance mechanisms suggests that
both communities may experience oxidative stress and that different mechanisms may be needed for effective protection against
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FIG 3 Relative abundance of taxonomic groups based on MEGAN analysis of protein families associated with virulence factors (i.e., pathogenicity) from two
DW treatment metagenomes. Each circle is scaled logarithmically to represent the number of reads assigned to each taxonomic group. DW treatments: CHL
(white) and CHM (black).
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are a potential reservoir of hygienically relevant microorganisms
(i.e., those harboring virulence factors). Additional metagenomic
approaches will help us develop a more comprehensive understanding of the microbial ecology of DWDS relative to disinfection regimens. Such information is critical to the design of effective management practices and subsequently helps to safeguard
human health.
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disinfectants at the community level. While overall the occurrence
of most antibiotic resistance mechanisms is not preferential to one
particular treatment (Table 2), a few protein groups associated
with oxidant defense mechanisms were more abundant in a particular treatment. For example, sequences related to glutathione
reductase (gorA) and thioredoxin reductase (trxB) were more
abundant in the CHL sample, while the nonspecific DNA-binding
protein expressed in starved cells (dps) was more abundant in the
CHM metagenomes (Table 2). Specifically, the gorA reductase
serves as a repair mechanism for the oxidized form of glutathione,
a thiol group in many Gram-negative bacteria (46), and the induction of trxB reduces disulfide bonds in proteins damaged by
oxygen radicals (40). In fact, species associated with the gorAencoded reductase were identified as Gram-negative members of
the families Caulobacteraceae and Rhodobacteraceae. The dps gene
has also been implicated in the protection of DNA from oxidation
damage (28).
Conclusions. Our study is the first to apply next-generation
sequencing techniques to characterize the composition and functional diversity of DW bacterial populations in relation to the
disinfection strategy applied. Taxonomic profiles based on bacterial functional genes were in general agreement with the previous
description of DWDS in which proteobacteria and actinobacteria
(to a lesser extent) are predominant members of the DWDS. The
impact of lateral gene transfer on the profiles predicted in this
study deserves future consideration, particularly as many (but not
all) virulence factors might exhibit a higher rate of horizontal gene
transfer than other functional genes. However, the taxonomic
profiles developed in this study were based on a wide array of
genes, for most of which the rate of horizontal transfer is arguably
relatively lower, albeit unknown. Since taxonomic calls were made
at the class level, this reduces potential assignment errors. In our
study, the high abundance of virulence factors annotated for many
bacterial groups correlated with the relative abundance of housekeeping genes and other functional genes, as was the case for mycobacterial sequences, suggesting that the probability that these
genes came from mycobacterial species is high. It should be noted
that horizontal gene transfer is more prominent among closely
related taxa as “genome sequence similarity and GC content similarity are strong barriers to lateral gene transfer in prokaryotes”
(35).
While the sequencing depth in this study compensated in part
for the limited number of samples that were analyzed (n ⫽ 2),
additional metagenomic surveys are needed in order to better understand the total microbial genetic potential of these systems.
However, through randomization procedures (e.g., Fisher’s exact
test with Storey’s FDR multiple testing correction approach), we
found some statistically distinct functional groups in each of the
water samples. By identifying such groups and the genes associated with them, their potential role in bacterial survival of disinfectant treatment can be studied by using multiple genetic assays.
The data from this study suggest that disinfection treatments exert
an effect on the overall microbial composition and function of
DWDS. Furthermore, the data provide examples of multiple resistance mechanisms in DW microbial communities. While the
activation, regulation, and selection of a particular mechanism in
these treatments remain speculative, the results provide a metagenomic insight into the functional diversity and potential role of
specific populations in water distribution systems. The metagenomic analysis further confirmed that DW distribution systems
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