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Water utilities in parts of the U.S. control microbial regrowth in drinking water distribution systems (DWDS) by alternating
postdisinfection methods between chlorination and chloramination. To examine how this strategy influences drinking water
microbial communities, an urban DWDS (population = 40,000) with groundwater as the source water was studied for approxi-
mately 2 years. Water samples were collected at five locations in the network at different seasons and analyzed for their chemical
and physical characteristics and for their microbial community composition and structure by examining the 16S rRNA gene via
terminal restriction fragment length polymorphism and DNA pyrosequencing technology. Nonmetric multidimension scaling
and canonical correspondence analysis of microbial community profiles could explain >57% of the variation. Clustering of sam-
ples based on disinfection types (free chlorine versus combined chlorine) and sampling time was observed to correlate to the
shifts in microbial communities. Sampling location and water age (<21.2 h) had no apparent effects on the microbial composi-
tions of samples from most time points. Microbial community analysis revealed that among major core populations, Cyanobac-
teria, Methylobacteriaceae, Sphingomonadaceae, and Xanthomonadaceae were more abundant in chlorinated water, and
Methylophilaceae, Methylococcaceae, and Pseudomonadaceae were more abundant in chloraminated water. No correlation was

observed with minor populations that were detected frequently (<0.1% of total pyrosequences), which were likely present in
source water and survived through the treatment process. Transient microbial populations including Flavobacteriaceae and
Clostridiaceae were also observed. Overall, reversible shifts in microbial communities were especially pronounced with
chloramination, suggesting stronger selection of microbial populations from chloramines than chlorine.

Drinking water is one of the most closely monitored and
strictly regulated resources. To produce drinking water, wa-
ter utilities select a combination of treatment processes most ap-
propriate to treat the contaminants found in the raw water used by
the system. These processes in general include a sequential treat-
ment that employs procedures such as coagulation, flocculation,
filtration, and disinfection (Fig. 1A). The final disinfection step
typically involves the addition of chlorine and chloramines to en-
sure pathogen removal and reduce cell numbers. After disinfec-
tion treatment, however, the remaining bacteria released into the
drinking water distribution systems (DWDS) may interact with
microbial populations in the distribution network, where they
carry out microbially mediated processes such as biofilm growth,
nitrification, biocorrosion, and pathogen persistence (28). A con-
stant disinfectant residual concentration is thus required for lim-
iting regrowth of bacteria in the DWDS.

Nevertheless, bacterial regrowth can still occur and be heavily
influenced by disinfection practices (4, 19, 29). Bacterial regrowth
has been observed under the diminished presence of disinfectant
residuals (i.e., chlorine and chloramine), which is influenced by
the complex interactions between chemical and physical parame-
ters including but not limited to temperature, alkalinity, pH, or-
ganic matter/humic substances, phosphate, and pipe materials,
etc. (5,20,27,42). The chemical disinfection reaction with organic
matter can also lead to an increase in assimilable organic carbon
(AOCQ) (10, 22, 33) and other chemicals termed disinfection by-
products (DBPs) (32). AOC can serve as a carbon source to mi-
croorganisms and subsequently affect the biological stability of
water. In chloraminated systems, the ammonia-oxidizing bacteria
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(AOB) can be directly or indirectly involved in promoting biolog-
ical nitrification and regrowth via consumption of ammonia (1)
and the degradation of trihalomethanes, the most common DBP
(39). The presence of secondary disinfectants, on the other hand,
can select for drinking water biofilms that are resistant to disinfec-
tion (19, 41).

It is very important for water utilities in the United States to
monitor microbial regrowth in distribution systems to remain in
compliance with U.S. Environmental Protection Agency (EPA)
drinking water regulations. Water utilities are required to use cul-
tivable microbial indicators (e.g., coliforms and Escherichia coli) to
assess the biological effectiveness of the treatment processes and
quality of finished drinking water. Cultivation-based methods are
also used to evaluate the impact of disinfection on the behavioral
response in drinking water isolates (21, 25, 35) and biofilms (7,
26). However, cultivation-based methods do not capture a com-
plete view of drinking water bacterial diversity since only 1% of the
known microbes can be cultivated under laboratory settings (36).
Recent developments in molecular techniques have allowed the
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FIG 1 (A) Schematic diagram of the drinking water treatment process at the
water utility in Urbana, IL. Numbered sites: 1, water well; 2, primary basin; 3,
mixing basin; 4, secondary basin; 5, filter unit; 6, clarifier; 7, clear well. (B) Map
of the five water sampling sites for the present study (closed circles) and the
closest sites for water chemistry measurements conducted by the water utility
(open circles). The sites are labeled according to their relative position to the
water utility (DWTP, cross symbol): one in the center (C0, immediate from the
water treatment plant), two in the north (N1 and N2) and two in the south (S1
and S2). Water from S1 is collected for our study and the water utility.

transition from cultivation-based studies of microbes in the
DWDS to the use of 16S rRNA gene as the biomarker for bacterial
identification. Much research has then been conducted on the
impact of chlorination or chloramination, but not a combination
of both on bacterial communities in pilot-scale or model DWDS.
Williams et al. (40) showed that Alphaproteobacteria populations
predominated in both chlorinated and chloraminated water and
suggested that Betaproteobacteria populations were more sensitive
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to disinfectant exposure than Alphaproteobacteria. Episodic chlo-
rination was also shown to induce resilience in certain proteobac-
terial populations (24). In biofilms of various ages, the different
disinfection methods used also led to the development of different
bacterial communities (33). These studies showed that monitor-
ing the changes in the microbial community in DWDS is impor-
tant to further understand the mechanisms of microbial regrowth.
Although bacterial numbers are indicators of microbial regrowth,
the information alone could not provide the reasons behind the
phenomenon. Therefore, we sought to identify the microbial pop-
ulations present in the DWDS water and to correlate the microbial
populations to the measured water parameters under different
disinfectant treatments or nutrient availability.

Unlike the aforementioned laboratory-based studies, the pres-
ent study assessed the structure and composition of microbial
communities in the DWDS of the city of Urbana, IL, using termi-
nal restriction fragment length polymorphism (T-RFLP) and 454
pyrosequencing of 16S rRNA gene based on nucleic acids ex-
tracted from a set of drinking water samples over a 2-year period.
In the past few decades, the DWDS in Urbana has been treated
with chloramines; however, in recent years, the system has been
subjected to periodic transitions from chloramines to free chlo-
rine in order to control nitrification and maintain optimum chlo-
rine residual levels. The free chlorine treatment in the distribution
system can range from 1 to 5 months or more per year. This pro-
vided an opportunity to compare the microbial community pro-
files generated from T-RFLP and 454 pyrosequencing and to de-
termine the influence of environmental factors such as the
hydraulic retention time or water age, seasonal changes, and peri-
odic switches in disinfection methods to the changes in the drink-
ing water microbial communities.

MATERIALS AND METHODS

Water treatment process. A schematic diagram of the water treatment
facility for the city of Urbana (population = 40,000) is shown in Fig. 1A.
Raw water drawn from two aquifers is combined into the raw water piping
before entering the treatment basins. The water utilities routinely monitor
raw water quality by measuring temperature, pH, alkalinity, fluoride,
iron, total and calcium hardness, total dissolved solids (TDS), ammonia,
and bacterial count. Approximately 70 to 75% of the water is added to the
primary basin and treated with lime (240-ppm dose) to raise the pH to 11
for the removal of calcium and magnesium. The water is then transported
to the mixing basin where ferric chloride (1.2 ppm) is added to the lime to
help further remove calcium, magnesium, and other particulates. At this
point, the remaining 25 to 30% of the raw water is added to the basin to
raise the hardness and decrease the pH to around 10 to allow for iron
removal. The water enters the secondary basin to settle the lime sludge and
other particles to the bottom of the water, and the clear water is drawn
from the top. As the water leaves the secondary basin, carbon dioxide is
bubbled into the water to lower the pH to 8.8. After carbon dioxide addi-
tion and just before the water reaches the filtration system, chlorine is
added to the water. The water is further filtered through dual-medium
filters and sent to the clear wells for storage and contact time before being
introduced into the distribution system (Fig. 1A). To maintain a disinfec-
tant residual, the water utility switches between chloramination and chlo-
rination. Chloramine is formed by reacting chlorine with the naturally

occurring ammonia in the source water with a goal of eliminating free

ammonia. During chlorination, additional chlorine is added to react with

the naturally occurring ammonia to result in chlorine residual.

Site description. The water utility performs periodical water sampling
for the presence of coliform bacteria, residual chlorine, and other water

chemistry analyses to monitor water quality. Typically, the water is col-

aem.asm.org 7857


http://aem.asm.org

Hwang et al.

lected from fire departments, hospitals, hotels, supermarkets, and other
public location throughout the district. For our study, the water sampling
locations were selected based on ease of water access, e.g., without the
need for consideration of security issues that may be required at certain
locations. We considered the water sampling sites based on their position
in relation to the location of the water utility and then by matching to the
sampling sites used by the water utility. We narrowed our water sampling
sites to five locations (Fig. 1B), which included three gas stations, one
apartment complex, and one public library. Since these locations are sit-
uated on major streets, their position also indicated that the water is re-
ceived from the main pipeline, thus allowing us to make a comparable
analysis. Sampling site CO denotes a gas station located immediately next
to the water utility; the two sampling sites north of the water utility, N1
and N2, are the apartment complex and another gas station, respectively;
and the two sampling sites south of the water utility, SI and S2, are the
public library and the third gas station, respectively (Fig. 1B).

Sample collection, DNA extraction, and water chemistry analysis.
Water samples were collected in two consecutive years, 2010 and 2011
during the winter (March 2010 and January 2011), summer (May 2010
and July 2011), and fall (month of October in both years) seasons. These
sampling dates coincided with the periods during which transitions from
chloramines to free chlorine was applied by the water utility. Each sample
was named according to the season, year, and the site at which it was
collected, for example, “W10_C0” denotes winter 2010 sample collected
at site CO, etc. The tap water was run for extensive time to ensure that the
water was coming through the main pipe and not stagnant water in order
to obtain representative samples from the distribution system. Water was
then collected in sterile 10-liter plastic carboys and processed within 4 h of
collection. Bacterial biomass was collected by filtering 10-liter water sam-
ples through 0.22-pm-pore-size nitrocellulose membrane filters (Milli-
pore, MA). DNA was extracted using Schmidt’s protocol (34) and was
stored at —80°C. The protocol was selected based on a previous publica-
tion that evaluated the different protocols for DNA extraction of DWDS
samples (16).

On site, the samples were measured for pH, temperature, and dis-
solved oxygen (DO), as well as chlorine and total chlorine concentrations,
which were measured using a N,N-diethyl-p-phenylenediamine (DPD)
chlorine test kit (Hach, CO). Other water chemistry measured at the lab-
oratory included inductively coupled plasma (ICP) metals, orthophos-
phate, anions (nitrate and sulfate), ammonia, nitrite, nonvolatile organic
carbon (NVOC), alkalinity, and TDS. These chemical analyses were con-
ducted by the Illinois State Water Survey in accordance with EPA-based
methods (see Table S1 in the supplemental material). The data for hy-
draulic retention time (24 day average/year) was provided by the water
utility according to a hydrological model developed internally.

T-RFLP and 454 pyrosequencing analysis. For T-RFLP analysis, 16S
rRNA gene was PCR-amplified using universal bacterial primer pair 47F
(6 FAM-CYTAACACATGCAAGTCG) and 927r (ACCGCTTGTGCGGG
CCCQ) as described previously (16). T-RFLP profiles were generated based
on peak area and normalized similar to the method of Lukow et al. (23),
with individual T-RF data expressed as the relative abundance. For pyro-
sequencing analysis, the extracted DNA was amplified with the following
bacterial specific forward 515F (5'-Fusion A-Barcode-CA linker-GTGYC
AGCMGCCGCGGTA-3") and reverse 909R (5'-Fusion B-TC linker-CC
CCGYCAATTCMTTTRAGT-3") primers as described previously (37).
454 pyrosequencing was carried out on the Titanium platform (Roche/
454 Life Sciences) at the W. M. Keck Center, part of the Roy J. Carver
Biotechnology Center at the University of Illinois at Urbana-Champaign.
Sequences generated from pyrosequencing analysis of 16S rRNA gene
amplicons were processed using the Quantitative Insights Into Microbial
Ecology program (QIIME v1.1 [3]) pipeline with the default settings.
Briefly, the flow diagrams were denoised and the UCLUST algorithm was
used for operational taxonomic unit (OTU) assignment (97% pairwise
identity). Representative sequences from each OTU were selected for
alignment to the Greengenes imputed core reference alignment using
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PyNAST with default settings. Chimiera Slayer was used to identify chi-
meras, which were then removed from the reference set. The alignment
was then filtered to remove gaps and a maximum-likelihood tree was
constructed from the filtered sequences using FastTree. Taxonomy as-
signment was performed with an RDP classifier with data set from Green-
genes OTUs at a 0.8 minimum confidence level. An unweighted UniFrc
distance matrix was constructed from the phylogenetic tree and visualized
using principal coordinates analysis (PCoA; as implemented in QIIME).
Samples S11_S2 and F11_S1 did not yield quality sequences and were not
included in subsequent analysis.

Statistical analysis. Analysis of variance (ANOVA) was performed
using Origin (OriginLab Corp., Northampton, MA) with the Tukey and
Fisher tests to determine inter treatment differences. Nonmetric multidi-
mensional scaling (NMDS) was performed with the Bray-Curtis coeffi-
cient using Primer 6 version 1.0.3 (PRIMER-E, Ltd., Ivy Bridge, United
Kingdom) to ordinate the similarity data as previously described (30) for
both sets of square-root transformed T-RF and pyrosequencing OTU
data. Bray-Curtis coefficient has been suggested to be the most suitable
coefficient for construction of similarity matrices (30). Canonical corre-
spondence analysis (CCA) performed by CANOCO v.4.5 (Microcom-
puter Power, Ithaca, NY) was used to correlate the microbial community
profiles (T-RF and pyrosequencing OTU data) with different variables,
including water chemistry, water temperature, water age, and sampling
time. Detrended correspondence analysis was performed to determine
whether a linear or unimodal model should be used to calculate the dis-
tribution of species across environmental gradients. Manual forward se-
lection with Monte Carlo permutation tests was then performed to deter-
mine the significance of the potential explanatory (environmental)
variables with 499 permutations under the full model as described by ter
Braak and Smilauer (38). CCA was performed with no transformation of
species data and biplot scaling with focusing on interspecies difference.
Each CCA was then plotted with the set of potential explanatory variables.

RESULTS

Water chemistry analysis. Both chlorination and chloramination
were used as the disinfection methods in the distribution system
studied. Figure 2 indicates the concentrations of free chlorine and
total chlorine for samples taken at different locations during a
period of approximately 2 years. As shown in panel A, the total
residual chlorine measured by the utility varied from 1.0 to 4.0
mg/liter as Cl, (average = 2.63 = 0.65), and during the study
period, only one measurement at WCO in July 2010 was observed
to exceed 4.0 mg/liter. Panel B indicated the free available residual
chlorine or free chlorine during three different chlorination peri-
ods (i.e., before 31 January 2010, between 6 May 2011 and 1 July
2011, and after 15 August 2011). It fluctuated between 1 and 4
mg/liter as Cl,, which was consistently below the maximum reg-
ulated residual concentration (4.0 mg/liter), except one measure-
ment in WCO in July 2010. As expected, the free chlorine was low
during the chloramination periods, and the combined available
residual chlorine (or combined chlorine) could be calculated by
subtracting the total chlorine with the free chlorine. In the present
study, water samples were taken at five locations close to the sam-
pling locations used by the utility at six different time points (i.e.,
W10, Sul0, F10, W11, Sull, and F11). The concentrations of total
chlorine and free chlorine were within the range measured by the
utility, except the time point on 8 May 2010. Four of the five
samples still contained low free chlorine during the transition
from chloramination to chlorination from 6 May. The observed
low free chlorine concentrations were likely due to breakpoint
reaction as the residuals converted to free chlorine. It should be
noted that measurements on ammonia were conducted by the
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FIG 2 On-site measurements of the total chlorine concentration over the 2-year study period (solid arrows and dashed arrows indicate periods of chlorination
and chloramination, respectively) (A) and the free chlorine concentration (B). Open symbols indicate measurements conducted by the water utility; closed
symbols indicate measurements conducted from water sampling sites for the present study.

water utilities only during chloramination, as completion reaction
of ammonia with free chlorine is anticipated during chlorination.

Furthermore, temperature varied season to season, with the
colder temperatures measured in the winters and warmer temper-
atures measured during fall and summer seasons, ranging from
approximately 7 to 23°C. The measured pH (8.2 to 9.0) was rela-
tively constant. Values for other water chemistry including ICP
metals (e.g., B, Ba, Cu, and Sr), orthophosphate, anions (nitrite,
nitrate, and sulfate), ammonia, nonvolatile organic carbon
(NVOC), alkalinity, and total dissolved solids were averaged and
presented in see Table S1 in the supplemental material. The aver-
age hydraulic retention times (estimated water age in hours) for
the sites were as follows: N2, 21.24 h; N1, 3.60; h C0, 4.18 h; S1,
3.73 h; and S2, 17.86 h.

Microbial diversity and composition. The microbial diversity
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in the water sample was determined using 16S pyrosequencing
with a 3% cutoff to define an OTU. Based on the rarefaction
curves (see Fig. S1 in the supplemental material) generated, most
of the samples achieved saturated (flat) curves, except for the win-
ter 2010 samples and W11_CO0 sample, which suggested that more
sequences may be required for these samples. The total number of
OTUs varied from 26 to 256 based on the minimum number of
sequences analyzed (i.e., 1,206) (see Fig. S2A in the supplemental
material). The steepness of the curves for these samples also re-
flected species richness (estimated by Chaol and phylogenetic di-
versity metric). The highest species richness was observed with the
winter 2010 samples, and samples W11_CO0 and F11_N2 (see Fig.
S2B and C in the supplemental material). The Chaol diversity
index varied from 40 to 500, and the phylogenetic diversity metric
(PD) from 3.0 to 32.6. In general, samples from W10 and F11
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seemed to have higher species richness than samples taken at other
time points. ANOVA test indicated that significant variation of
microbial diversity was observed among different sampling points
(P < 0.05), but the differences between any two given sampling
points were not correlated to the different disinfection treatments.

Pyrosequencing analysis of 16S rRNA gene was used to identify
drinking water microbial community composition. There were
some unclassified sequences, ranging from 0.06 to 4.6%, in some
of the samples (see Fig. S3 in the supplemental material). At the
phylum level, the majority of the sequences were assigned to Pro-
teobacteria (37.5 t0 99.5%), Bacteroidetes (0 to 53.4%), Cyanobac-
teria (0 to 35.8%), and Firmicutes (0 to 51.8%) (see Fig. S3 in the
supplemental material). Analysis of the phylum Proteobacteria at
the class level showed that most samples were dominated by Gam-
maproteobacteria, followed by Alphaproteobacteria (except for
samples F10_S2, F11_N1, and F11_S2) and Betaproteobacteria
(see Fig. S4 in the supplemental material). Furthermore, the ma-
jority of Bacteroidetes were especially abundant during winter
2010. The Cyanobacteria were mainly detected throughout fall of
2010 and fall 2011 (see Fig. S3 in the supplemental material), and
the Firmicutes were very abundant in F11 samples. In addition,
sequences from five other known or candidate bacterial phyla
were found. For archaeal populations, sequences primarily related
to Methanobacteriaceae and Methanosaetaceae were detected in
several samples with the highest abundance (3.4%) observed in
F11_N2. As described below, the differences between the samples
became more evident at a more refined phylogenetic resolution
such as the family level (see Fig. S3 in the supplemental material).

Microbial population dynamics based on T-RFLP and pyro-
sequencing community profile. T-RFLP fingerprinting patterns
and pyrosequencing results revealed changes or shifts of microbial
populations among those samples taken at different time points.
Certain T-RFs were detected at higher relative abundance during
periods of chloramination or chlorination (see Fig. S5 in the sup-
plemental material). To depict this observation, representative
populations observed from site CO was selected (Fig. 3A). T-RFs
405 and 415 were present at higher relative abundance during
chloramination than chlorination, while the opposite was ob-
served for T-RFs 395 and 452. From pyrosequencing results, the
differences among the samples were already evident at the family
level even though the observed sequences could be classified at the
genus-level. Methylococcaceae-like sequences were observed at
higher relative abundance during chloramination than chlorina-
tion while the opposite was observed for Cyanobacteria and Xan-
thomonadaceae-like sequences (Fig. 3B). The pyrosequencing mi-
crobial community profile of each sample also reflected different
effects of the two different disinfection treatments on the drinking
water microbial composition. For instance, the Methylococcaceae
and Xanthomonadaceae were more abundant during chloramina-
tion and chlorination, respectively (see Fig. S3 in the supplemental
material). Likewise, the Sphingomonadaceae, Enterobacteriaceae,
and Cyanobacteria-like sequences were more frequently detected
during chlorination.

Furthermore, several bacterial groups were observed to pre-
dominate in a specific sampling time, and their abundances had
no direct relation with the type of disinfection treatments. For
example, Flavobacteriaceae was observed to dominate only in sam-
ples primarily from winter 2010, Methylobacteriaceae in sample
F10_S2, and Clostridiaceae in the fall 2011 samples. It is possible
that other factors besides disinfection could also play significant
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FIG 3 Changes in selected T-RFs (A) and family-level microbial populations
(B) throughout the sampling period. Solid arrows and dashed arrows indicate
periods of chlorination and chloramination, respectively.

roles in affecting the dominance of specific populations in the
drinking water. Similar phenomena were observed with the oc-
currence of some T-RFs (see Fig. S3 in the supplemental material).

NMDS analysis. The shift of the drinking water microbial
communities throughout the 2-year sampling period was ana-
lyzed through nonmetric multidimensional scaling (NMDS)
analysis, which correlates the differences of microbial communi-
ties between two given samples through the distance on a two-
dimensional ordination plot (i.e., a shorter distance indicates a
higher similarity in microbial community structure). Figure 4
showed that the two-dimensional stress value of the NMDS anal-
ysis was below 0.2 for results obtained based on T-RFLP and
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FIG 4 Ordination plots of NMDS results, showing distribution of samples
collected during chloramination (solid symbols) and chlorination (open sym-
bols) in T-RFs (A) and pyrosequencing microbial community profiles (B).

pyrosequencing, respectively, suggesting that the microbial com-
munity variations were significant. NMDS analysis of T-RFLP mi-
crobial community profile (Fig. 4A) clearly revealed shifts of mi-
crobial community structures due to the type of disinfection
treatments used. Under chloramination, water samples taken in
W10 were closely clustered among each other, and this cluster was
very closely related to the other two clusters containing samples
taken in S10 and S11, except S10_S1, which contained a high free
chlorine concentration and was clustered distantly away from
other samples. Spatial location or hydraulic retention time
showed no apparent effect on the microbial structure. For water
samples taken from F10, W11, and F11 under chlorination, they
did not form distinct and individual clusters but exhibited some
degree of overlapping among them. The clustering patterns were
different from those observed with samples taken under chloram-
ination. By examining all clusters formed at those six time points,
areversible shift in microbial community structure between chlo-
ramination and chlorination was observed.

NMDS analysis of pyrosequencing results also gave different
clustering among the samples taken at different time points
(Fig. 4B). Water samples from W10, S10, F10, S11, and F11 were
observed to form relatively smaller and distinct clusters than sam-
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ples from W11. A noticeable separation among W10, Sul0, and
Sull, and between F10 and F11 further suggested some degree of
effect due to temporal change or microbial variations in source
water. Clusters W10, S10, and S11 and clusters F10 and F11 were
observed to situate at different sides of Fig. 4B, suggesting corre-
lation to different disinfection methods used. Samples from W11
and F11 gave a relatively large area of clusters, and this indicated
that other factors (e.g., location, water age, and source water)
alone or in combination might also have effects on the microbial
community structure of samples.

Different sample clustering patterns between T-RFLP and py-
rosequencing results were also observed. We suspected that the
difference could be due to the higher resolution of pyrosequenc-
ing data in identifying individual sequences down to possibly a
genus level, compared to T-RFLP, where each T-RF may represent
one or more bacterial populations from different genera or higher
phylogenetic levels.

CCA. Canonical correspondence analysis (CCA) was used to
correlate the effect of environmental variables on the microbial
community structure and composition. Figure 5 indicates that
both T-RFLP and 454 pyrosequencing could explain similar
amount of variation, 63.1 and 57.7%, respectively, within the spe-
cies-environment relationship across the first two canonical axes
(P = 0.01; Fig. 5). As indicated by the length of the environmental
variable arrows in the CCA plot, the strongest determinant (indi-
cated by longer arrows) for microbial community composition
was free chlorine and combined chlorine concentrations from
both T-RFLP and pyrosequencing analysis. It was obvious that the
samples receiving chlorination and chloramination were divided
into two sides with the exception of sample S10_S1, which con-
tained high free chlorine under the treatment of chloramination.
Samples taken at fall 2010 (season 3) and fall 2011 (season 6) also
had strong effects on the microbial community structure. Fur-
thermore, NVOC and seasons 4 and 5 were also observed to have
influence on sample distribution in the T-RFLP data (Fig. 5A),
and season 1 had an influence on sample distribution in the pyro-
sequencing data (Fig. 5B). Likewise, this difference was due to the
difference in the resolution for differentiating microbial popula-
tions.

The microbial populations present in samples that are strongly
affected by chlorination or chloramination were further com-
pared (Fig. 5B). Eleven and thirteen samples associated with free
chlorine and combined chlorine, respectively, were selected.
Within each sample, the total number of microbial populations or
OTU was determined by excluding 16S pyrosequences that are
singletons or doubletons. In total, 216 OTUs were detected among
all samples, with 69 observed only chlorinated water samples, 49
in chloraminated water samples, and 98 common to both chlori-
nated and chloraminated water samples.

Figure 6 further revealed major microbial populations or
OTU (>5% in total abundance) that were influenced by the
environmental variables. In total, 14 different OTUs had strong
correlation with nine identified down to the genus level.
Among them, six OTUs were strongly correlated to combined
chlorine and season 1 (winter 2010), five to free chlorine and
season 3 (fall 2010), and one (OTU = 210) to season 6 (fall
2011). OTU 472 was plotted close to the origin of the axes,
which implies that its appearance could not be explained by the
environmental variables tested.
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FIG 5 Ordination plots of CCA results for T-RFLP (A) and pyrosequencing
microbial community profiles (B).

DISCUSSION

Microorganisms have been suggested to be good indicators of eco-
system stability as they are sensitive to changes in the environ-
ment. In the DWDS, microbial community fingerprints have also
been suggested for use as indicators of stability in the drinking
water microflora (6). In the last several years, many water utilities
have started to switch from using chlorine for disinfection to
chloramines due to the rising concern of DBP formed during
chlorination. In the Urbana distribution system, the disinfectant
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Env. Environmental variable correlating OTUs revealed by CCA
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FIG 6 (A) Ordination plots were provided to interpret sample-environ-
ment correspondence and species-environment correspondence. OTUs
with weight > 5% were shown on the species-environment plots. (B)
Abundant OTUs (weight > 5%) correlated with free or combined chlorine
disinfection and their phylogenetic affiliation.

residual is maintained by periodic use of chlorination and chlora-
mination. During chlorination, breakpoint addition is conducted,
and free chlorine is produced to control biofilm growth. While
studies have examined the impact of chlorination and chloram-
ination on microbial communities, to our knowledge, the present
study is the first to use molecular methods for community com-
position analysis and to determine the influence of transitory
switches between these two disinfection methods on drinking wa-
ter microbial communities in a full-scale DWDS.

This study used two different approaches, T-RFLP and 454
pyrosequencing, to characterize the drinking water microflora.
The results suggested that the free chlorine concentration was an
obvious factor in explaining variations in drinking water micro-
flora. NMDS analysis indicated that there was a temporal change
in the microbial community, and further analysis revealed that the
change was a result of the different disinfectant strategy conducted
by the water utility during each season, which influenced the free
chlorine concentration in the DWDS. Similar results were ob-
tained by CCA, with some degree of effects due to seasonal or
temporal change. It is known that chlorination and chloramina-
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tion exhibited different degrees of effectiveness in shaping the mi-
crobial composition through chemically oxidizing bacterial cells
and suppressing bacterial growth (12). In our study, 49 or 69
OTUs were mainly detected in chloraminated or chlorinated wa-
ter, respectively. The different dominant bacterial groups detected
in each cluster could represent differences in planktonic cells that
were damaged but not lysed, survived and possibly proliferate, or
dislodged from distribution systems surfaces during the disinfec-
tion treatments.

Previous studies have reported the predominance of Alphapro-
teobacteria or Betaproteobacteria or both in the drinking water
(40). In contrast, our results showed the predominance of the
Gammaproteobacteria population over the Alpha- and Betaproteo-
bacteria populations in most of the samples. This could be attrib-
uted to the differences in the source water quality (groundwater
versus surface water), physicochemical variables of the water, and
efficiency of disinfection treatment (28). Studies have also dem-
onstrated the influence of disinfectants on the Proteobacteria pop-
ulations where Alphaproteobacteria predominated in both chlora-
minated and chlorinated water (40), whereas Betaproteobacteria
and Gammaproteobacteria in drinking water biofilms were fa-
vored with increased chlorination (24).

Although we did not observe the same trend on the overall
proteobacterial populations (see Fig. S4 in the supplemental ma-
terial), our results did show the influence of chlorination and
chloramination on certain major bacterial groups (=5% abun-
dance) or core microbial populations at the family level of classi-
fication. Under chloramination, Methylophilaceae, Methylococ-
caceae, and Pseudomonadaceae were the dominant families
detected, whereas, under chlorination, Cyanobacteria, Methylo-
bacteriaceae, Sphingomonadaceae, and Xanthomonadaceae were
dominant. The presence of Methylophilaceae, Methylococcaceae,
and Methylobacteriaceae were possibly influenced by dissolved
methane, which has been detected in the groundwater that serves
as the source water in Urbana and Champaign area (18). However,
we do not have sufficient information to explain the presence of
other bacterial families detected, their resistance to chlorine and
chloramine and the microbial ecology roles they played. For ex-
ample, Blastomonas sp. was the main population detected in
Sphingomonadaceae, which comprise of a group of bacteria that
have a versatile metabolism and are ubiquitous in soil and water
habitats. Although the close relatives of Blastomonas sp. are com-
mon inhabitants of chlorinated water (11), its resistance to chlo-
rination remains unclear. Lysobacter species, a common soil and
freshwater bacterium linked to the production of the musty-
earthy odor detected in water (8), were the most abundant mem-
bers found in Xanthomonadaceae and were also detected from a
biofilm microbial community a water meter collected from the
same distribution system (15). The possibility for Lysobacter spp.
to be sloughed from the biofilms should be further confirmed.
Other studies have demonstrated that not only are Cyanobacteria
present in chlorinated DWDS but some are also potentially active
members of the DWDS microbial community (17, 31), suggesting
that they could survive from different physical and chemical treat-
ments and enter the DWDS (13). We think the use of cultivation-
based methods together with metagenomics approaches should
be pursued to further understand the ecological roles of predom-
inant populations in DWDS.

Among minor core populations (<0.1% of total pyrose-
quences), correlation between their abundances and disinfection
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practice, and sampling time and location was not obvious. These
included, for example, metal reducers (e.g., Gallionellaceae, Geo-
bacteraceae, and Shewanellaceae), methanogens (e.g., Methano-
bacteriaceae, Methanosaetaceae, and Methanosarcinaceae), anaer-
obic syntrophs (e.g., Syntrophaceae and Syntrophobacteraceae),
and nitrifying populations (e.g., Nitrosomonadaceae, Nitrospi-
naceae, Nitrospirales, and Nitrosopumilus). Most of these popula-
tions were likely those present in source water and have survived
through the water treatment processes or perhaps were those that
have established themselves in the biofilm and were detected in
the planktonic phase upon biofilm detachment. Legionella spp.
(<<0.006 of total sequences obtained for a given sample) and My-
cobacterium spp. (<0.008) were also detectable in some of the
samples. However, due to the short 16S pyrosequence reads ob-
tained, we could not precisely determine the identity and confirm
the presence of potential pathogenic organisms. It can be antici-
pated that some of these populations could serve as inocula and
proliferate in the DWDS if optimal growth conditions are pro-
vided.

We were also able to identify microbial populations that exhib-
ited transient responses. Flavobacteriaceae and Clostridiaceae were
two major populations observed during winter 2010 and fall 2011
(i.e., season 6), respectively, and Methylobacteriaceae was only de-
tected in sample F10_S2. In particular, most of the sequences in
Clostridiaceae were associated with Clostridium species, which are
known spore-forming organisms and have strong resistance to
disinfection treatments. Their appearances could likely be due to
compromises or perturbations in treatment barriers or to changes
in source water microbial composition. Thus, it will be useful to
find out the correlation between the transient microbial popula-
tions and causes and use the information to monitor the integrity
of system operation in the future.

No spatial patterns in the microbial communities were ob-
served during most sampling time points (Fig. 4 and 5), suggesting
that the water age at the sampling sites might not be long enough
to allow the development of distinct local drinking water micro-
flora. This finding is good for water utilities, since almost the same
water quality produced at the water treatment plant can be pro-
vided to individual households. It was further observed that the
microbial community clustering between the sites was less pro-
nounced in samples collected during chlorination than chloram-
ination. One possible explanation is that free chlorine is a stronger
disinfectant than chloramines and can rapidly react with micro-
bial cells. As a result, the cells could be lysed, and microbial com-
munity structures in the water phase and biofilms could be altered
to an extent greater than that observed between two given sam-
pling points. Alternately, chlorine can cause an increase in assim-
ilable organic carbon (AOC) due to the reaction of free chlorine
with the dissolved organic carbon present in natural water (10,
22). If the AOC generated could serve as substrates for growth of
heterotrophic bacteria, although unlikely under a short water age,
shifts in the microbial communities could be expected.

Biodiversity is a subject of interest in ecological studies and is
usually used as an indicator of ecosystem stability to cope with
perturbations. With this notion, biodiversity could be used as an
indicator of distribution system compromise (e.g., inefficient
treatment, pipe leak, contamination, corrosion, etc.). However, in
our study, the bacterial diversity estimations based on 16S pyro-
sequencing were insensitive for detecting the influences of disin-
fectant strategies. It is possible that diversity measurements may
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exhibit less variability than species composition in response to
environmental factors because changes in some taxonomic
groups can be compensated for by others, and thus the changes
observed in microbial communities are not necessarily reflected in
microbial diversity (9). This is in agreement with previous soil
microbial ecological studies reporting that microbial community
composition and structures were important for environmental
monitoring rather than microbial diversity measurement (2, 14).
Opverall, we characterized here the drinking water microflora of a
DWDS that receives both chlorination and chloramination treat-
ments over a 2-year period. Although our study is based on DNA-
based analysis that is useful for identifying present members, un-
like RNA-based analysis that could provide information to active
members, our study nonetheless demonstrated that chlorine and
chloramines caused microbial community shifts and that certain
populations are particularly affected by the different treatments
(i.e., a reduction in cell numbers or reduced sensitivity to the
treatments). Chlorination or chloramination treatments are re-
ported to exert a strong selection process in the microflora in the
drinking water that is consumed at the tap (6, 28, 40). Our findings
revealed that the reversible shifts in microbial communities were
especially pronounced with chloramination, which perhaps sug-
gested a stronger selection pressure of microbial populations ex-
erted from chloramines compared to chlorine. This impact of dif-
ferent disinfection methods on the overall drinking water
microflora and detailed analysis of microbial communities in the
distribution system can provide insight to the selection of disin-
fection strategies used by water utilities that provide potable water
to the end users.
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