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Water Impact Statement

Achieving water sustainability goals will require improved understanding of water quality
degradation during transport of reclaimed water to its point of use. This study illustrates that
choice of water treatment, seasonality, water age, and levels of nutrients profoundly influence
water quality. If chloramine is selected as the secondary disinfectant residual, warm

temperatures can cause rapid disinfectant loss due to nitrification.
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Abstract

The distinct characteristics of reclaimed versus potable water have important implications for
design and operation of reclaimed water distribution systems (RWDSs). Here we operated six
simulated RWDSs in parallel to determine the effects of feed water treatment (with and without
biologically-active carbon (BAC) filtration) and residual disinfectants (chlorine, chloramine, or
no residual) on the distributed water quality. Following a six-month acclimation period, the
experimental conditions were implemented over 2
years of operation, with a temperature regime of 14°C—>22°C—>30°C—>22°C->14°C imposed to
simulate seasonal variation. Comprehensive water chemistry profiling and microbial sampling

were conducted over a range of water ages (0-d, 1-d, 2.5-d and 5-d) along the RWDSs at each
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temperature phase. When >22°C, RWDSs became more vulnerable to deterioration of water
quality due to nitrification, as evidenced by accelerated chloramine decay and increased relative
abundance of nitrifier genera and functional genes. Contrary to conventional experience in
potable water distribution, chlorine generally became more persistent than chloramine from the
first 22°C phase onwards. Enhanced persistence of chlorine was accompanied by increased
biological stability (i.e., lower cell counts and reduced dissolved oxygen demand). BAC filtration
initially improved water quality (i.e., lower total organic carbon and biomass, longer persistence
of disinfectants), but benefits diminished over long term of distribution system operation.
Taxonomic and functional metagenomic profiles revealed that chlorine had the strongest
selective effect compared to both chloramine and no residual, particularly for the unfiltered
condition. The long-term operation strategy employed here enabled evaluation of distribution
system management practices and their interactive effects as the RWDSs experienced

temperature shifts and aged.
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1. Introduction

Climate change, extreme weather and urbanization are spurring use of alternative and
more sustainable water resources, including reclamation of treated wastewater effluent.!
Reclaimed water can have distinct physiochemical and microbial water quality properties
compared to conventional drinking water, including higher levels of nutrients, disinfectant
demand, and elevated levels of biomass and potential pathogens.?* Meeting current drinking
water regulations requires a multi-barrier treatment process in order to achieve high levels of
pathogen and microbial inactivation and to eliminate aesthetic concerns. On the other hand,
there is a lack of well-established treatment targets and goals for reclaimed water. Instead, an
overall “fit-for-purpose” guideline is intended to match treatment level to the end reuse
application, resulting in a wide range of reclaimed water qualities.!” In addition to the
treatment process, reclaimed water distribution systems (RWDSs), i.e., systems designed to
convey non-potable water, experience distinct operational conditions compared to drinking
water distribution systems (DWDSs), including more intermittent demand and associated
prolonged stagnation events, making RWDSs more susceptible to various biological
stability-related water quality degradation issues as the water flows through the systems,
including disinfectant decay , microbial regrowth, sediment deposition, and biofilm
growth.>? Despite these known distinctions, there is a dearth of long-term studies that
systematically examine the effects of typical treatments on water quality in RWDSs.

Non-potable reuse of reclaimed water, including irrigation, toilet flushing, landscaping
and industrial cooling, accounts for more than 50% of total reuse in the United States.* The
California State Water Resources Control Board requires reclaimed water to be “oxidized”

and “disinfected” for most agricultural reuse purposes, with an additional filtration step
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recommended for broader surface reuse applications.’ Granular/biological activated carbon
(GAC/BAC) filtration and disinfection are amongst the most commonly applied final
treatments for non-potable reuse.’> GAC removes some organic compounds via adsorption ¢
while BAC is able to remove recalcitrant organic compounds via biodegradation.”-3

RWDSs face many of the same issues as DWDSs, including deterioration of water
quality during transport in pipes due to depletion of disinfectant residuals and biological
regrowth.’!! The loss of biological stability during distribution; such as increase in organic
matter due to leaching of organic carbon from pipes, biofilm sloughing, and excessive
growth of bacteria, pathogens, and nitrifying microorganisms,!?-!4 has been well-noted to
result in undesirable water quality at the point of use in DWDSs. Complex interactions
between nutrients, disinfectants, and the microbial community in RWDSs can further
exacerbate problems associated with loss of biological stability. In DWDSs the two most
common disinfectants, chlorine and chloramine, each has its strengths and weaknesses as a
disinfectant dependent on temperature, source water quality, disinfection by-products,
distribution system materials, water use patterns and other factors.!>!6-1° While chlorine is a
stronger oxidant than chloramine,?’-2! the residual is usually lost more quickly and forms
more regulated disinfection-byproducts.??23 In contrast, chloramine is less reactive, but forms
fewer regulated disinfection-byproducts and tends to be more persistent during distribution,
especially in the presence of unlined iron pipes.'®!%23 However, in circumstances with rapid
nitrification in potable water systems, chloramine decay rates can sometimes equal or exceed
those of free chlorine.!®?*2> It is critical that the relative advantages and disadvantages of

these two common disinfectants are rigorously evaluated in terms of their application in
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RWDSs, especially in hot climate regions that tend to be early adopters of sustainable water
strategies where higher temperatures tended to exacerbate disinfectant decay.?

Only a few short-term (< 12 months) studies have examined the effects of different
reclaimed water treatment options on finished water quality,?627 and relatively little is known
about how water quality changes in the RWDSs and at the point of use over the course of
prolonged operation and seasonal varaitions.? Recent field-scale studies have revealed
several concerns with respect to water quality delivered by RWDSs;3262829 The use of
metagenomics-based analysis further enabled rapid detection of a broad diversity of
taxonomic and functional genes to elucidate possible mechanisms about interested metabolic
pathways.>%!1 However, it is not possible to isolate the key controlling variables in field-
scale studies.

The objective of this study was to advance understanding of the treatment processes and
operational factors that shape the chemical and biological water quality delivered by RWDSs
over long-term operation. Conventional DWDS research over recent decades has benefited
greatly from combining field surveillance of full-scale systems and lab-scale simulated
reactors focused on understanding the underlying mechanisms driving the observed water
chemistry and microbial trends.>» Depending on the chemical and biological process of
interest, a wide range of lab-scale reactor designs have been employed to illuminate
important aspects of the water distribution systems. These include, batch-scale reactors, aged
pipe coupons in batch reactors, and an array of scaled-down continuous flow reactors.
Building upon prior field work and lab-scale studies on DWDSs, we identified the formation
of redox zones, disinfectants types, BAC-filtration, flow regime, water age, and temperature

to be the key parameters shaping water quality of water at the point of use, and
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correspondingly designed a lab-scale RWDS suitable for their integrated evaluation.
Employing these lab-scale continuous-flow RWDSs, here we conducted a controlled study of
comparing effects of BAC-filtration and disinfectant residual conditions (chlorine,
chloramines, and no residual) as well as seasonal temperature variation over a ~2-year
period. In order to achieve a realistic water age with pipe dimensions that are comparable to
field RWDSs, a high water age of 5 days was targeted while maintaining the flow velocity
low using 4-in. PVC pipes. Comprehensive water chemistry analysis followed by targeted
metagenomic examination of select targets in bulk water and biofilm under various
conditions and at different water ages provided insight into the interplay of different factors
controlling microbial and physicochemical aspects of reclaimed water quality at the point of

usc.

2. Methods

2.1 Design and operation of simulated RWDSs

Final effluent before UV-disinfection, collected from a local municipal wastewater
treatment plant (Virginia, USA), was used as the source water to simulate reclaimed water
before pretreatment. The source water was collected twice per week and stored at 4 °C for a
maximum of 3 days before treatment to minimize changes in the source water quality. Two
levels of treatment were sequentially performed on the source water: BAC-filtration and
chlorine-based disinfection. BAC-filtration was conducted by re-circulating the source water

through two filters (Culligan D-20A Drinking Water Filter) connected in series for 60 hours.
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A standardized filter replacement protocol was applied throughout the course of the study to
maintain a relatively consistent filtration performance, wherein the second aged filter was
moved into the first position in the flow sequence every three months, and a new filter was
added to the second position where it could be quickly inoculated. Three disinfectant
conditions: free chlorine, chloramine and breakpoint chlorination (no residual), were
subsequently applied to both the filtered and unfiltered source water to achieve a stable
disinfectant residual target of 4 mg/L free chlorine for the free chlorine conditions, 4 mg/L
total chlorine for the chloramine conditions (4:1 weight ratio of final chlorine to ammonia
was used to create monochloramine), and <0.2 mg/L free chlorine residuals for the
breakpoint chlorination conditions. To achieve a stable 4 mg/L free chlorine residual in the
unfiltered water, the source water was dosed to 8 mg/L free chlorine and allowed to sit for 30
hours at 4°C to destroy the high chlorine demand over time. The pre-chlorinated water was
readjusted to 4 mg/L after 30 hours. The six pretreated feed water reservoirs; including
chlorine, chloramine and no residual (3 levels of disinfection), with and without BAC-
filtration (2 levels of filtration) for each, were maintained at 4°C before the water was fed to
the simulated RWDSs. Influent feed reservoirs were changed every 30 hours. A detailed
characterization of the influent water quality including impacts of BAC-filtration are reported
in a prior study.??

The RWDSs were constructed from three consecutive 4-in. diameter PVC pipe segments
connected with 3/8-in. diameter PVC tubing. PVC was selected because it is the most
widely-used pipe material in sewer systems3! and provides a relatively chemically and
biologically inert surface relative to other materials, such as iron.3?> The pipe diameter was

selected to achieve realistic pipe surface area to volume ratio and the pipe length was
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selected to achieve the targeted hydraulic residence times. The smaller diameter tubing
connecting each larger pipe segment created zones with slightly higher flow velocity (8.66 x
10° m/s in the main pipe sections and 9.85 x 104 m/s in the biofilm tube sections) and also
facilitated easy sampling of biofilm by snipping segments as desired during operation
without disrupting biofilm in the larger pipe segments. The outer surface of the tubes was
thoroughly disinfected with 70% (v/v) ethanol and DNA Away (MBP, Inc., San Diego, CA)
to avoid DNA contamination from outside the tube. Four sample ports were located on each
pipe corresponding to calculated hydraulic residence time of 0-d (P0), 1-d (P1), 2.5-d (P2)
and 5-d (P5) (Figure la). All six RWDSs were initially acclimated with unfiltered source
water without disinfectants for six months at room temperature (25°C) to allow the
establishment of a consistent and mature biofilm, as previously suggested by Zhou et al.3?
and Fish et al.3* Afterwards, each RWDS was fed water from the designated reservoir and
operated for 4-5 months at each target temperature to acclimate the RWDSs prior to
sampling. A temperature cycle (14°C—22°C—30°C—22°C—14°C) was externally imposed
in a constant temperature room to simulate a range of relevant seasonal temperatures
(Climate-data.org). During the second 22°C phase, the first segment of the unfiltered
chloramine RWDS had to be replaced due to leaking and was operated for 2 months before

sampling in Nov 2016 to allow acclimation (Figure 1b).

2.2 Water chemistry and microbial sampling and analysis

At the end of each temperature phase, paired comprehensive water chemistry and
biological sampling were conducted, with three independent water chemistry and biological
sampling events at the end of the 30°C phase to assess reproducibility of the measurements.

(Figure 1b).
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Monitored water chemistry parameters included free chlorine and total chlorine residuals
(HACH DR 2700 Spectrophotometer Method 8021), dissolved oxygen (DO) (Orion Star A
326 DO meter), pH (Oakton pH 110), ammonia (Hach Method 8155), nitrite and nitrate
(Dionex® DX-120 Ion Chromatograph), and total organic carbon (TOC) (Sievers 5310C
Laboratory TOC Analyzer). Total cell counts (TCC) were measured with a BD Acccuri C6®
flow cytometer 34 starting with the first 22°C phase. Five hundred microliter of sample was
collected in 2-ml Eppendorf tube and stained with 5 pl of SYBR Green I (100x diluted from
stock in DMSO) by gentle vortexing and incubating in a water batch at 37°C for 10 mins.
The fast flow rate setting on the BD Accuri C6 flow cytometer at 66 pul/min was selected to
run samples. Fluorescence from the stained samples were collected at the green fluorescence
at 520 £ 10 nm (FL1 channel) and the red fluorescence above 800 nm (FL3 channel). A fixed
gating, established by trial runs on positive control samples, was used across all the TCC
samples to ensure consistence and comparability in the measurements across different runs.
A negative control sample using deionized water produced from Nanopure water purification
system (Thermo Scientific, IL, USA) was included in each run to determine the detection
limit.

For microbial analysis, bulk water was collected from each sample port and 3-cm length
of the 3/8-in. diameter PVC connecting tubing (external surfaces sterilized with ethanol)
were clipped in duplicate for biofilm analysis. One half liter of bulk water was collected in
sterile bottles from each sample port and disinfectant residual was immediately quenched
with sodium thiosulfate prior to splitting into duplicate 250 mL samples and filtering through
sterile 0.22-um mixed-cellulose ester filter (Millipore, Billerica, MA). Microbial DNA was

extracted using the FastDNA® SPIN Kit (MP Biomedical, Inc., Solon, OH) and FastPrep®
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Instrument (MP Biomedical, Inc., Solon, OH) and stored at -80°C. A total of 84 DNA
extracts were selected for shotgun whole-genome metagenomic sequencing, in three separate
sequencing runs carried out by the Biocomplexity Institute of Virginia Tech (Blacksburg,
VA). The first two runs were sequenced with the Illumina HiSeq 2500 rapid run mode with
2x100 bp pair-ended reads. The last run was sequenced with the Illumina NextSeq with 100
bp pair-ended reads. The change in sequencing platform was unavoidable due to evolving
next-generation DNA sequencing technology and the data were normalized to account for
potential differences. Sequencing libraries for all samples were prepared using the Illumina
Nextera XT DNA library Prep Kit (San Diego, CA). The sample matrix of the selected
samples for sequencing (detailed in SI Table 1) included two levels of water age — P1 or P2
samples for low water age and P5 for high water age and three temperature events - the first
14°C and 22°C unfiltered at all three disinfectant conditions and three independent sampling

events at 30°C at all three disinfectant conditions, both unfiltered and filtered.

2.3 Data analysis and statistical tools

Raw metagenomic forward and reverse reads were merged with FLASH.3®> Merged reads
were trimmed and filtered by TRIMMOMATIC to remove low quality reads according to
default parameters.’® Taxonomy annotation of the merged reads were performed via the
MetaStorm platform?’ using the MetaPhlAn2 database with best-hit-alignment and identity >
90% for taxonomic mapping.*® Taxonomic annotations were performed at the genus-level
and shown as percent relative abundances. Functional profiling of the trimmed metagenomic
reads was performed using the HUMANN2 pipeline®®, which mapped reads to a universal
protein reference database, UniRef50,% at >50% amino acid sequence identity over 90% of

the translated query sequence and 50% of the translated subject sequence. Functional gene
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abundances were expressed in copies per million and included an additional step to remove
low abundance functional gene families to account for differences in sequencing depth
between HiSeq and NextSeq sequencing platforms (SI Figure 3).

Water chemistry profiles were plotted in JMP Pro 14.0 and an effect test in standard least
squares method was applied to the water chemistry matrix to identify significance of tested
parameters. Correlation matrices analysis was performed in R (Version 3.4.1) with the
“Corrr” and “PerformanceAnalytics” packages to assess correlations between water
chemistry parameters, total cell counts and microbial diversity indices,*'*> A first-order
decay model was used to fit data and interpolate/extrapolate water ages at which targeted
threshold levels of disinfectant residuals would be achieved. Kruskal-Wallis test was used to
determine differences in relative abundances of nitrifier genus across water chemistry
conditions. One-way and crossed two-way analysis of similarities (ANOSIM) from Bray-
Curtis resemblance matrix was conducted in PRIMER E (Version 6.1.13) to determine
dissimilarity in microbial communities across experimental conditions. Non-metric
multidimensional scaling (NMDS) plots of metagenomic taxonomy annotations were
produced in R (Version 3.4.1) using the Vegan package.®’ Differences in metagenomic
functional gene family composition were analyzed by performing an unsupervised
transformation of the functional gene dataset to a high-dimensional sparse representation
using Random Trees Embedding (number of trees = 500, maximum depth of each tree = 5,
minimum number of samples required to split an internal node = 5, minimum number of
samples required to be at a leaf node = 5) followed by Truncated SVD** using scikit-learn

v0.21.3 in Python v3.7.3.46

11
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3. Results

3.1 Study Overview: Unique Insights Gained from Simulated RWDSs

This study employed a unique simulated RWDS design that enabled sampling over a
range of relevant water ages (0-d, 1-d, 2.5-d and 5-d) and sacrificial sampling of biofilms
formed under higher flow velocity conditions in connecting tubes during five temperature
phases (14°C — 22°C -30°C — 22°C - 14°C). This made it possible to compare effects of feed
water treatment (without and with BAC-filtration) and residual disinfectant (chlorine,
chloramines, or no residual) in parallel (i.e., six RWDSs). Testing two of the temperatures
(14°C and 22°C) at the beginning and near the end of the experiment, allowed comparison of
ambient temperature effects versus aging of the biofilm and pipe network. Comprehensive
physicochemical analysis was performed at all time points, along with metagenomic analysis
over a cross-section of key conditions (SI Table 1), providing insights into the interplay of
water chemistry and microbial activity in determining the quality of water delivered by

RWDSs.

3.2 Disinfectant decay in RWDSs

Using the standard least square test to identify dominant experimental factors that impacted
the disinfectant decay trends, we found that chlorine profiles were significantly affected by
temperature (p<0.0001), water age (p<0.0001), and BAC-filtration (p=0.0086), while
temperature (p<0.0001) and water age (p<0.0001) significantly affected chloramine
profiles. Disinfectant decay kinetics were characterized by estimating the water age at
which a threshold of 0.5 mg/L disinfectant residual would be achieved (T s) (Figure 2).
This was done assuming a first order decay model and interpolating/extrapolating from
disinfectant residuals measured at two consecutive sampling locations. In the following
subsections, we first focus on the three RWDSs receiving unfiltered water, and thereafter
describe the effects of BAC-filtration, focusing on distinguishing effects.3.2.1 RWDSs
receiving unfiltered water

30°C — 30°C was by far the worst case scenario among the three temperature conditions
in terms of disinfectant loss rates as revealed by triplicate sampling events (Figure 3).

Chloramine levels dropped to 0.05 + 0.03 mg/L versus 0.35 + 0.49 mg/L for chlorine at the
12
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end of the first pipe segment (P1), and chloramine levels averaged 0.05 + 0.02 mg/L while
corresponding chlorine levels were still slightly higher at 0.17 = 0.16 mg/L at the end of the
second pipe segment. Both disinfectants were nondetectable (< 0.02 mg/L) at the end of the
third pipe segment (P5).

14°C — Much better persistence of both chlorine and chloramine residuals was observed at
14°C, the lowest temperature tested. The T, s for chloramine was > 100x that measured at
30°C (Figure 2). During the first 14°C phase, higher levels of chloramine than chlorine were
observed at both P2 and P5. There was 1.5 mg/L of chloramine versus 0.14 mg/L of chlorine
remaining at P2, whereas at P5, chloramine dropped to 0.11 mg/L and chlorine to 0.06 mg/L
(Figure 3). During the second 14°C phase, while chloramine levels were still higher than
corresponding chlorine levels, differences were less striking, with 1.16 mg/L of chloramine
and 0.72 mg/L of chlorine remaining at P2 and 0.47 and 0.41 mg/L of chloramine and
chlorine remaining at P5. The noticeably faster time to Ty s was observed in the second 14°C
phase relative to the first phase, especially in the chloramine condition (Figure 2, 15 phase
Tos = 107 hr versus 2" phase Ty s =47 hr), presumably due to accelerated nitrification from
aging of the biofilm, which has been reported in literature.*743

22°C - Chloramine was also more persistent than chlorine during the first 22°C phase than
the second 22°C phase (chloramine 1%t phase Tys = 221 hr versus 2™ phase Tys <l hr),
whereas the rates of chlorine decay were more comparable between the second and the first
phases (chlorine 1%t phase Ty 5= 45 hr versus 2" phase Tys= 103 hr). The net result was that
the relative persistence of chlorine and chloramine were reversed in the second phase, with

chloramine having 5x higher T, s than chlorine during the first 22°C phase, but 2 orders of

13
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magnitude lower T, 5 during the second phase (Figure 2). Thus, the relative stability of each
disinfectant was dependent on temperature and age of the distribution system.
3.2.2 RWDSs receiving BAC-filtered water

In potable water treatment, BAC-filtration can remove nutrients and improve biological
stability,* potentially increasing the persistence of disinfectant. The benefits of BAC-
filtration were the most pronounced during the first 14°C phase, where the T, 5 was estimated
at 3,720 hr in the filtered chorine condition and 2,190 hr in the filtered chloramine condition
(Figure 2), both of which are more than an order of magnitude higher than the corresponding
unfiltered conditions. This effect of filtration in enhancing disinfectant stability was observed
for all conditions at 14 and 22°C, with the exception of the first 22°C phase for which the
chloramine Ty s was about 4x higher for unfiltered than filtered condition. Comparing the
decay rate between chlorine and chloramine, chlorine was always more persistent than
chloramine, with the exception of the second 14°C for the BAC-filtered conditions, which

had nutrient levels more similar to those common for drinking water.’

3.3 Biological Stability in the RWDSs

Four key indicators of biological stability were quantified: (a) TOC - a measure of
organic carbon used by heterotrophic microbes; (b) DO loss - a measure of aerobic microbial
respiration (here “DO loss” is defined as difference from the Reservoir to P5); (c) TCC - a
direct measure of microbial biomass in bulk water; and (d) shifts in ammonia, nitrite, and
nitrate driven by nitrifiers and/or denitrifiers. Comparison of the chlorine and chloramine
conditions to the no residual conditions provided a means to distinguish relative effects of

disinfectants in suppressing microbial activity.

14
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(a) TOC: Source water TOC levels of 6.2 = 0.80 mg/L were comparable to an average of 7.0
mg/L reported in a prior field study of full-scale RWDSs.? TOC levels in all three simulated
RWDSs receiving unfiltered water remained relatively uniform across water age and
temperature, with a mean of 5.6 = 1.0 mg/L (SI Figure 1). BAC-filtration was effective at
reducing influent TOC to 1.3 = 0.76 mg/L in the reservoir. In the three RWDSs receiving
BAC-filtered water, TOC was stable across all water ages along the systems, but the influent
level did vary throughout the study, as expected due to seasonality>*->? and slight changes in
performance of BAC-filtration in removal of organic matter (SI Figure 1).4°

(b) DO loss: DO profiles in the simulated RWDSs exhibited distinct trends across the six
RWDSs (Figure 3). Overall, chlorinating the feed source and BAC-filtration reduced DO
loss. DO losses were greatest at 30°C, with more loss in RWDSs receiving unfiltered versus
BAC-filtered water. In terms of effects of disinfectant, at 30°C DO loss was greatest in
RWDSs with chloraminated feed, followed by no residual and chlorinated systems. DO loss
in unfiltered and filtered chlorinated conditions averaged 3.82 + 1.30 mg/L and 1.56 + 1.62
mg/L, respectively (SI Table 2). Corresponding losses were 6.43 = 0.81mg/L and 4.16 + 2.54
mg/L in the chloraminated RWDSs receiving unfiltered and filtered water and 5.26 + 1.71
mg/L and 3.19 + 1.22 mg/L in the no residual RWDSs receiving unfiltered and filtered water.
DO losses were lowest at 14°C in all six RWDSs, with a maximum loss of 2.54 mg/L. At
22°C, DO losses were still low in RWDSs fed chlorinated (unfiltered and filtered) water with
0.085 - 3.13 mg/L loss. In contrast, both chloraminated and no residual systems experienced
greater overall losses of 4.24 — 6.3 mg/L in unfiltered and 2.42 - 4.87 mg/L in BAC-filtered

systems.
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(¢) TCC: Chlorine was effective in maintaining low/undetectable TCC at 14°C and 22°C,
but at 30°C there was a consistent trend of increasing TCC from the reservoir to P5 in both
filtered and unfiltered chlorinated systems, resulting in TCC levels higher than those
measured in the chloramine and no residual RWDSs at P5 (p=0.0425) (Figure 3). In contrast,
RWDSs receiving feed that was chloraminated or that contained no residual consistently
yielded detectable levels of TCC at all temperatures. Aggregating measurements across
temperature conditions, TCC in the chlorinated RWDSs were found to be significantly lower
than in the chloraminated (Kruskal Wallis test, p=0.00011) and no residual (Kruskal Wallis
test, p=1.1x10%) RWDSs, while chloramine and no residual TCC were comparable (Kruskal
Wallis test, p=0.438). BAC-filtration only appeared to be effective at keeping TCC levels
low in chlorinated systems at 14°C and 22°C, with no detectable TCC in the filtered
condition.

(d) Ammonia, nitrite, and nitrate levels: Nitrification is a well-documented problem in
DWDSs and is typically assessed by monitoring increase in nitrite level and accelerated loss
of chloramine residuals,’® especially in the warmer summer months. In the RWDSs,
ammonia loss was found to be consistent with the loss of chloramine, with a 4:1 chloramine
to ammonia mass ratio as N at each sample port (Figure 4). Ammonia loss increased with
increasing temperature and was most pronounced at 30°C. Nitrite, which reacts directly with
any chloramine that is present, only accumulated between the reservoir and PS5 during the
first 22°C phase in both BAC-filtered and unfiltered conditions (Kruskal Wallis p = 0.00213,
compared to all other temperature phases). For all other temperature phases, nitrite was

low/non-detectable and did not vary along the length of the distribution systems. Final nitrate
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levels, measured in all six RWDSs, averaged 9.17 mg/L = 2.51 mg/L across all RWDSs and

was not strongly affected by experimental conditions (SI Figure 1).

3.4 Taxonomic and functional gene-based indicators of nitrification and denitrification

Shotgun metagenomic sequencing served to comprehensively profile taxonomic and
functional gene indicators of nitrifiers and complementary measurements of ammonia, nitrite
and disinfectant decay. At the taxonomic level, five known nitrifier genera curated in the
MetaPhlAn2 database were screened (Figure 5). Concomitant with the nitrification trends
observed based on increase in nitrite and decrease in ammonia during the first 22°C phase,
total nitrifier genera percent abundance (relative to all other genera annotated) also spiked
during the first 22°C phase. An increase in nitrifier abundance was particularly notable in P5
biofilm in the unfiltered condition (>80% of the total annotated genera) (Figure 5). At 30°C,
which is in the middle of the optimum nitrifier growth temperature range of 25 — 35°C>*
relative abundances of nitrifiers were lower in the unfiltered condition. This is consistent
with the unfiltered conditions exhibiting a faster drop in ammonia and nitrite levels along the
RWDS, reaching the detection limit at P1, P2 and P5 (Figure 4) and creating a less conducive
environment for the growth of nitrifiers.

The genera of nitrifiers detected also varied between water and biofilm and across
disinfection treatment (Kruskal-Wallis, pyiofiim = 0.01176 and pgisinfection = 4.77x10714). At the
same location, biofilm samples always had higher relative abundance of nitrifiers compared to
corresponding water samples (with the exception of the filtered no residual PS5 location)
(Figure 5). Nitrifiers were rarely detected in chlorinated RWDSs. In contrast, Nitrospira and
Nitrosomonas, were frequently detected in chloraminated RWDSs. The no residual conditions

were found to harbor more diverse nitrifier genera, including Nitrosopira and
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Nitrosoarchaeum (an Archaeae). Distinct nitrifier communities were detected in unfiltered
versus filtered conditions at 30°C, where Nitrosoarchaeum was found to be dominant in the
filtered no residual RWDSs, indicating that disinfection and filtration incurred a selection
pressure on the types of nitrifiers encountered.

Functional gene profiling was used to describe the metabolic potential of RWDS bacterial
communities. Here we examined two genes involved in nitrification: ammonia
monooxygenase (amoA) and nitrite oxidoreductase (nxr) and two genes involved in
denitrification (which could potentially be occurring as nitrate builds up as a by-product of
nitrification): the copper-containing nitrite reductase (nirK) and Cdl-type nitrite reductase
(nirS). Based on UniRef50 gene functional family annotation of all metagenomic samples, six
different amoA, three different nirK and one each of nxr and nirS were detected (Figure 6).
Temperature affected the relative abundances of amoA, nxr and nirK, with an increase in
abundance with increasing temperature (Figure 6). Notably, chlorination suppressed levels of
these three genes at all three temperatures, but chloramination did not. In fact, consistent with
the increase in Nitrospira in the chloraminated RWDS biofilm at 22°C, a pronounced spike in
amoA and nirK were noted in biofilm samples in this system (Figure 6). Also remarkable were
the increased levels of amoA and nirK in chloramine and, particularly, in no residual BAC-
filtered RWDSs at 30°C, compared to unfiltered RWDSs, which coincided with high relative

abundances of Nitrosoarchaeum in filtered RWDSs.

3.5 Reflection of RWDS Experimental Conditions in Microbial Community Profiles

The broader microbial community composition, beyond nitrifiers, was profiled via
metagenomic sequencing to gain deeper insight into the effects of the operational conditions

on RWDS water quality. Diversity was significantly higher in biofilm than in bulk water

18



408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

Environmental Science: Water Research & Technology

based on Shannon and Simpson (Kruskal-Wallis p= 0.05x10* and p=1.216x10"
respectively) indices. Shannon and Simpson diversity indices were also significantly (p=
0.004461) higher in water samples from the chlorine and chloramine compared to the no
residual conditions, while diversity in biofilm was comparable across the three disinfection
conditions (SI Figure 3). No significant differences were observed based on water age,
filtration or temperature.

Consistent with observations that temperature was a significant operational parameter in
defining disinfectant decay and biological stability, NMDS analysis revealed that the
microbial community taxonomic composition diverged as the experiments progressed from
14°C->22°C->30°C (Figure 7). At 14°C and 22°C, no strong selective effects of disinfectants
were observed. As temperature increased to 30°C, the microbial community composition of
the chlorine condition become more distinct from that of chloramine (ANOSIM R= 0.326, p=
0.001) and no residual (ANOSIM R= 0.326, p= 0.0001) conditions. Filtration (ANOSIM R=
0.133, p= 0.007) and water age (ANOSIM R= -0.043, p= 0.914) of P1/P2 versus P5 had no
distinguishable impacts on overall microbial community taxonomic composition. Distinct
composition of water versus biofilm was noted at 14°C (ANOSIM R= 0.381, p= 0.006) and
30°C (ANOSIM R= 0.321, p= 0.0271), while generally the selective effect of disinfectant
conditions was more apparent in the bulk water than in the biofilm according to a two-way
crossed ANOSIM of disinfectants (ANOSIM R= 0.419, p= 0.21). ANOSIM results for all
tested experimental factors are included in SI Table 3 a-c.

Shifts in microbial community functional gene composition paralleled shifts in taxonomy
(Figure 8). The effect of disinfection became more pronounced as temperature increased.

Truncated SVD of Random Trees Embedding of functional gene relative abundances shows
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that during the first 14°C there was no clear separation based on disinfection; however, at
22°C all the bulk water samples separated based on disinfection condition (22°C ANOSIM R
= 0.428, p = 0.011). At 30°C, the combined effect of filtration and disinfection treatment
resulted in distinct functional gene composition of microbial communities (ANOSIM R =
0.311, p = 0.001). Bulk water and biofilm samples from the unfiltered chloramine and no
residual RWDSs clustered together, while the unfiltered chlorinated condition RWDS
samples formed a separate cluster (Figure 8 and SI Figure 5). Filtration increased separation
between the no residual and chloramine water samples and shifted the filtered chloraminated
water samples closer to the filtered chlorinated water samples. Overall, the combined effect
of filtration and disinfection treatment resulted in distinct functional gene composition of

microbial communities at 30°C (ANOSIM R =0.311, p=0.001).

3.6 Discussion

3.6.1 Management Implications for RWDSs
In contrast to prior field surveys, this study provided controlled, direct comparison of

multiple factors impacting RWDSs over an extended operational period to help inform
improved management strategies.” Here we observed that RWDSs are particularly vulnerable
to disinfectant depletion compared to DWDSs, where detectable levels of disinfectant
residuals are required, especially at the higher temperatures that are common in water-
stressed areas. Chloramine decayed rapidly, likely due to nitrification, and chlorine
performed better as a disinfectant. Interestingly, the chloramine condition was often
indistinguishable from that of the no disinfectant residual control condition in terms of DO
loss, TCC, and microbial community composition. Based on a parallel study, after
decommissioning and analysis of these pipe rigs, extensive amounts of sediment and biofilm

accumulated in this system with time, especially in the chloramine and no residual
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conditions.’® Jar tests revealed that the biofilm and sediment exerted high disinfectant
demand, which helps explain why the ability to maintain residual worsened with time in the
current study. Sediment and biofilm are also known to be problematic in DWDSs, and this
and the parallel study both indicate that they are likely to cause even greater water quality
deterioration concerns in RWDSs.3¢
3.6.2 Choice of disinfectant for RWDSs: chlorine vs. chloramine

A critical decision for RWDS operators is choice of disinfectant.>>*¢ This study
emphasizes how ambient temperatures may ultimately affect this choice. Although higher
temperature generally increases microbial and chemical reaction rates affecting disinfectant
decay, herein, chloramine was more strongly affected by temperature than chlorine.
Specifically, chloramine was more persistent than chlorine during the initial low
temperature phase, but the trend was reversed as temperatures increased (Figure 2 and 3).
Chloramine decay remained high even as temperatures decreased, suggesting that, once
nitrifiers were established in a system, nitrification can still persist and cause chloramine
loss at lower temperatures. On the other hand, chlorine was found to be a superior
disinfectant in these simulated RWDSs and was able to better maintain consistent residual
levels over a range of conditions, while also maintaining high DO levels and reducing
biological activity. Nonetheless, at 30°C, chlorine also decayed extensively and was
frequently below 0.2 mg/L at higher water ages. Thus, at very warm temperatures, such as
30°C, it will be very difficult to manage water quality of RWDSs in terms of disinfectant
residuals. The reduced relative persistence of chloramine versus chlorine in RWDS is a key
example of how experiences with some RWDSs will likely diverge from the experiences in

DWDSs, where chloramine is often selected for better residual stability.>?
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3.6.3 Influence of BAC-filtration on feed water quality
Use of BAC-filtration markedly reduced TOC levels and DO losses in the RWDSs when

compared to unfiltered water, but it did not consistently enhance disinfectant stability. BAC
filtration did lower disinfectant losses during the initial low temperature phase as was
generally expected,”® but benefits of BAC-filtration were less apparent as temperature rose
and RWDS operational conditions changed, including buildup of biofilm and sediment.3? In
particular, BAC-filtration was not protective against nitrification as seen by the drop in
ammonia levels at 22°C and 30°C. The BAC-filter itself might have supported the growth
and release of nitrifying bacteria, with RWDS in filtered condition carrying a different
variety (such as Candidatus Nitrosoarchaeum) than those found in the RWDSs receiving
unfiltered water. Higher levels of nitrification functional genes, such as amoA and nirK, were
also measured in chloramine and no residual RWDSs fed BAC-filtered water compared to
the unfiltered conditions. Similar observations of the high ammonia-oxidizing archaea
abundances associated with biofilters and bioreactors have been documented.>’->° Existing
research has considered various traits that make ammonia-oxidizing archaea more well-
adapted to the filter media environment, including tolerance to lower pH,0-%! lower DO%, or
even anoxic condition'®, and energy-efficient autotrophic lifestyle®®. And it is important to
evaluate the underlying ecology and chemistry in each case to understand the unique factors
that selects for the ammonia-oxidizing archaea. Furthermore, the performance of BAC-filters
has been shown to change as the microbial communities on the filters mature, resulting in
less capacity to absorb and degrade organic compounds, increased bacterial counts in the
filtered effluent due to biofilm sloughing and general release of bacteria,>*® and altered

disinfectant demand in BAC-filtered source water.
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3.6.4 Nitrification potential in RWDSs
At higher temperatures, nitrifiers were abundant in both chloramine and no residual

RWDSs, with and without BAC-filtration, while chlorine suppressed nitrifiers. The dominant
nitrifier group in the unfiltered condition was the Nitrospira genus. Nitrospira spp. harbor
comammox members capable of converting ammonia to nitrite and nitrite to nitrate,>8-64
which have now been observed in a variety of environmental systems.®*%7 Detection of
Nitrospira, which indicates potential presence of comammox, in the simulated RWDSs as the
most abundant nitrifier genus may explain why nitrite, as it is commonly applied as an
indicator for nitrification in DWDSs,?*32 was not a particularly accurate indicator of
nitrification in this study. This could be attributed to high abundance of Nitrospira spp. and
other genera capable of denitrification, such as Sphingopyxis and Afipia. Also interesting
were the detection of ammonia-oxidizing archaea and high disinfectant losses in BAC-
filtered systems.
3.6.5 Managing Biofilm in RWDSs

The relative impact of biofilm on water quality is likely to be exacerbated by operational
features inherent to many RWDSs.267-% Biofilm accumulation with time was likely a major
driver for the increase in overall disinfectant decay rates, resulting in greater disinfectant loss
and poorer water quality during the second 14°C and 22°C phases compared to the first 14°C
and 22°C phases. Biofilm formed a more microbially-diverse environment than bulk water
and served as a niche for nitrifiers, as evidenced by the spike in nitrifier taxonomic and
functional genes in biofilm samples at 22°C. Biofilm continued to be the preferred
environment of nitrifiers at 30°C (Figure 4 and Figure 5). Since disinfectants are known to be
limited in their capability to penetrate biofilms,’%72 once nitrifiers are established in the

biofilm, RWDSs could become permanently susceptible to nitrification.
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525

526 4. Conclusions

527 This multiyear study, with parallel analysis of water chemistry and metagenomic profiles,
528 revealed distinct operational challenges for RWDSs:

529 e Maintenance of disinfectant residuals, including both chlorine and chloramine,
530 was challenging at higher temperatures and as the distribution systems aged.

531 e Chlorine was a more persistent disinfectant relative to chloramine under most
532 conditions tested and resulted in better water quality with higher DO levels and
533 lower microbial regrowth, while biological stability indicators were comparable
534 between the chloramine and no disinfectant residual conditions.

535 e Chloraminated provided a favorable environment in the RWDSs for nitrifier
536 growth, making them susceptible to nitrification, which in turn drives rapid
537 chloramine depletion and biological instability.

538 e BAC-filtration did not prevent chloramine loss over the course of the long-term
539 operation.

540 Based on this study, distinct management guidelines are needed for RWDSs versus
541 DWDSs, particularly in terms of water treatments and disinfectant conditions. Insights
542 gained from operating the RWDSs through a cycle of temperature phases simulating seasonal
543 effects highlighted the overarching role of temperature in disrupting biological stability of
544 RWDSs. Considering that water reclamation facilities tend to be located in regions with
545 warmer climates, active and comprehensive monitoring of RWDSs, especially during
546 vulnerable seasons, can serve to inform and tailor appropriate treatment strategies to the local
547 conditions.
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Figure 1 Simulated RWDS rig design, temperature phases, and operational timeline. (a) Each rig consisted of three 10.2 cm (4 in.)
diameter pipe segments connected with 0.953 cm (3/8 in.) in diameter PVC tubes and was fed influent from a reservoir with a
designated pretreated feed. Four sample ports, PO, P1, P2 and P5, were located along the length of the rigs. (b) The rigs underwent five
temperature phases 14°C—>22°C—>30°C—>22°C—>14°C by adjusting ambient temperature. Prior to operating the rigs at the designated
conditions, all rigs were acclimated at 25 °C for six months by running untreated wastewater effluent.
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Figure 2 Estimated disinfectant decay rate (T, 5, defined as water age required for disinfectant
residual along the pipe to drop to 0.5 mg/L) as a function of the water treatments (Unfiltered
Chlorine, Unfiltered Chloramine, Filtered Chlorine, and Filtered Chloramine) and temperature
phases (14°C-1, 22°C-2, 30°C, 22°C-2, 14°C-2). Ty s was estimated from the slope of
disinfectant decay residuals measured between two consecutive sampling locations, expressed in
terms of calculated hydraulic retention time (hr) in the pipes. When disinfectant residuals
remained higher than 0.5 mg/L at the final sampling location (calculated water age = 120 hr), Ty,
was interpolated using the decay gradient of the last pipe segment. Error bars at 30°C phase were
standard deviation of triplicate biological samplings at that temperature. Labels on top of the bars
indicate the actual calculated T s. *Due to extremely rapid decay in the unfiltered chloramine
pipe condition at 30°C and 22°C-2 temperature phase, an estimation of <1 hr T 5 value is
indicated.
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Figure 3 Disinfectant residuals, DO, and total cell counts (TCC) measured along the length of the
six RWDSs at the end of each temperature phase. The x-axes represent the feed reservoir and the
four sampling ports (Figure 1). 30°C data are mean and standard deviation of three sequential
sampling events, other measurements are single measurements. Disinfectant residuals data
represent free chlorine in the two chlorinated RWDSs and total chlorine in the two chloraminated
RWDSs. TCC measurements were initiated at the first 22°C phase and therefore are not available
for the first 14°C phase.
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Figure 4 Ammonia and nitrite measurements in the two chloramine RWDSs for each temperature
phase and relative abundance of nitrifiers in bulk water and biofilm in the six RWDSs. Sampling
locations and time points where metagenomic data were available are shaded. The x-axes
represent the reservoir (R) and the four sample ports (PO, P1, P2, P5) (Figure 1). Nitrite and
ammonia data at 30°C are mean and standard deviation of three sequential sampling events,
other measurements are single measurements. Nitrite level at all sample ports during the 14°C 1
phase was below detection. Colored bars indicate the compositional relative abundance (%) of
taxonomically-annotated known nitrifier genera using the MetaPhlAn2 database (Truong et al.
2015). Nitrifier abundance data at 30 °C are mean and standard deviation of three independently
sequenced samples. Details of samples included in each of the three sequencing runs is reported
in SI Table 1.
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Figure 5 Relative abundance of taxonomically-annotated known nitrifier genera using the MetaPhlAn2 database (Truong et al. 2015)
for the three disinfectant conditions at low (P1/P2) and high (P5) water ages at all three temperature phases. Chloramine and No
Residual samples at 14 °C 1 were sampled at P1 instead of P2. Comparison of filtered versus unfiltered conditions is available for
30°C. Note the differences in y-axis ranges. * Nitrosopumilaceae was only detected at levels between 0.009% - 0.067%, hence not
easily visible on this figure. The full dataset is attached in Supplementary Spreadsheet 1.
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Figure 6. Relative abundances of genes in copies per million (cpm) involved in nitrification and
denitrification detected through functional annotation of metagenomic data during the first 14°C
and 22°C phases and 30°C at low (P1/P2) and high (P5) water ages. Chloramine and No
Residual samples at 14 °C 1 were sampled at P1 instead of P2. Metagenomic reads were
mapped to the UniRef50 database for functional gene family annotations using the HUMAnN2
pipeline (Franzosa et al. 2018). Note the spikes in amoA and nirK in chloramine biofilm at 22°C-
1-U. y-axis scales are different for unfiltered (U) and BAC-filtered (F) conditions.
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Figure 7. NMDS plots of microbial community genus-level taxonomic composition in the RWDSs. Metagenomic sequencing was
performed for unfiltered RWDS samples (solid symbols) at 14°C-1 and 22°C-1 and for both filtered (solid symbols) and unfiltered

open symbols) conditions at 30°C. The number of samples subject to metagenomics sequencing (n) is indicated for each temperature
pen sy p
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phase. ANOSIM was conducted for each experimental condition and significant R values are noted in each figure panel. Metagenomic
reads were taxonomically-annotated using the MetaPhlAn2 database (Truong et al. 2015).
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Figure 8. Comparison of RWDS water and biofilm microbiomes based on composition of
functional gene family UniRef50 annotations. Metagenomic sequencing was performed for
unfiltered RWDS microbiome samples (solid symbols) at 14°C-1 and 22°C-1 and for both
filtered (solid symbols) and unfiltered (open symbols) conditions at 30°C. The plots indicate that
the largest two components, PC1 and PC2, of truncated SVD on Random Trees Embedding of
annotated functional gene relative abundances. 14°C-1: PC1 and PC2 explain 41% of variance
among samples, 22°C-1: PC1 and PC2 explain 50% of variance among samples, and 30°C: PC1
and PC2 explain 30% of variance among samples. Metagenomic reads were mapped to the
UniRef50 database for functional gene family annotations using the HUMANN?2 pipeline

(Franzosa et al. 2018).
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