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Pipe materials
(Cu, PVC, Fe)

control the growth of pathogens in plumbing, particularly in
facilities such as hospitals that house vulnerable populations. [ ]
L0

However, their application has not been well optimized, especially

In-Building disinfectants
(Cl,, NH,Cl, ClO,, Cu-Ag)
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distal reaches of premise plumbing and evaluated the effects of  Complexplumbing water plumbing

incrementally increased doses of chlorine, chloramine, chlorine

dioxide, and copper—silver disinfectants. We used shotgun metagenomic sequencing to characterize the resulting succession of the
corresponding microbiomes over the course of 37 weeks. We found that both disinfectants and pipe material affected ARG and
microbial community taxonomic composition both independently and interactively. Water quality and total bacterial numbers were
not found to be predictive of pathogenic species markers. One result of particular concern was the tendency of disinfectants,
especially monochloramine, to enrich ARGs. Metagenome assembly indicated that many ARGs were enriched specifically among the
pathogenic species. Functional gene analysis was indicative of a response of the microbes to oxidative stress, which is known to co/
cross-select for antibiotic resistance. These findings emphasize the need for a holistic evaluation of pathogen control strategies for

plumbing.
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B INTRODUCTION the overall dominance of mycobacteria within the biofilm.®
Additionally, certain pipe materials may interfere with the
effectiveness of disinfectants, dictate the structure of the resident
microbial community, or enhance the selection for virulence and
antibiotic resistance genes (ARGs) across the microbial
community.6

Antibiotic resistance is similarly gaining attention as a concern
for drinking water systems.”’ Antibiotic-resistant OPPPs, such
as P. aeruginosa and A. baumannii, are notorious for multianti-
biotic-resistant forms that can colonize premise plumbing in
hospitals and that are difficult to treat.'”'” A challenge in
controlling antibiotic-resistant OPPPs with disinfectants is that
they also tend to be disinfectant-resistant” and that disinfectants

The portion of the potable water supply delivered in buildings,
i.e, premise plumbing, is vulnerable to colonization by
opportunistic premise plumbing pathogens (OPPPs).'™>
OPPPs, such as and Legionella, Pseudomonas aeruginosa, and
Acinetobacter baumannii, are the leading cause of drinking water-
related illness in the United States.” In particular, warm
temperatures associated with hot water lines, stagnation
between water uses,” and a wide array of pipe materials shape
key chemical features of the water® that also can facilitate OPPP
growth. A key challenge, at present, is identifying conditions that
effectively control multiple OPPPs.””

In-building disinfectants are commonly applied to limit the
growth of OPPPs in the premise plumbing of large buildings,

especially hospitals and other facilities, where there is a need to Received: August 9, 2023
protect at-risk populations. However, in-building disinfectant Revised:  October 29, 2023
application has not been well optimized and can have Accepted:  November 2, 2023

unintended and poorly understood effects.” For example, Published: December 10, 2023

chloramine application in drinking water distribution systems
has been shown to reduce the microbial diversity and increase
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can selectively enrich for bacteria carrying ARGs.”"~** This may
be a result of selection for bacteria containing colocated ARGs
and disinfectant resistance genes (i.e., coselection)” or 1nduct10n
of horizontal transfer of ARGs in response to stress.””** One

field study of 11 full-scale systems in the United Kingdom and
the Netherlands revealed that chlorinated drinking water
distribution system microbial communities were more enriched
in ARGs compared to nondisinfected systems.” Disinfectants, in
part, can act as oxidizing agents, which can induce oxidative
stress response 1n microbes, including the expression of
virulence genes.””*® Disinfectants can also influence the release
of metals from pipes and other premise plumbing materials.””**
Metals released from such materials or directly added as
disinfectants could also hypothetically coselect for ARGs that
are colocated with metal resistance genes.””’* Zhang et al.
observed higher proportions of antibiotic-resistant bacterla in
biofilter communities following copper exposure.”’ Various
studies have demonstrated associations between copper
occurrence and enrichments of ARGs and bacteria in other
environments, such as soils and wastewater sediments.’

The purpose of this study was to identify optimal
combinations of in-building disinfectants and plpe materials
that limit the proliferation of multiple OPPPs’ and ARGs in
premise plumbing. We used convectively mixed pipe reactors
(CMPRs),*” consisting of three pipe materials (PVC, copper,
and iron), for replicated simulation of the distal reaches of
premise plumbing and evaluation of the effects of chlorine,
chloramine, chlorine dioxide, and copper—silver disinfectants. P.
aeruginosa and A. baumannii were inoculated into the CMPRs as
two representative OPPPs that are prominent _gents of
antibiotic-resistant”* and nosocomial infections®> ™" that are
also resistant to disinfectants."””® After incrementally increasing
disinfectant doses over a period of several weeks, disinfectants
were removed to characterize the regrowth patterns. Shotgun
metagenomic sequencing was applied to comprehensively
evaluate the responses of multiple taxonomic groups known to
contain pathogens (“bacterial pathogen species” or “pathogenic
species”) and their propensity to propagate ARGs. Additionally,
we evaluated other characteristics of the microbial communities,
such as functional gene profiles and diversity, to explore the
mechanistic drivers of pathogen and ARG propagation. We
hypothesized that some disinfectant—pipe-material combina-
tions with known chemical interactions and putative effects on
microbial communities, like monochloramine and copper pipe,
would increase the relative abundance (i.e., proportion of the
microbial community) of pathogenic species markers, ARGs,
and mobile genetic elements. In contrast, we expected that other
materials would behave more inertly, allowing disinfectants to
maintain low absolute (i.e., total numbers per unit volume) and
relative abundances.

B METHODS AND MATERIALS

Experimental Setup. The general experimental approach
was described previously in a study focused on the relationship
between water chemistry and the behav10r of P. aeruginosa and
A. baumannii in hot water plumblng Brleﬂy, CMPRs represent
three pipe material conditions: PVC, copper, and PVC
(copper), and mild steel and PVC (iron). New CMPRs were
aged for 10 weeks with dechloraminated Blacksburg, VA, tap
water. They were then inoculated with ~1000 colony forming
units per mL of antibiotic-susceptible and multidrug-resistant
strains of P. aeruginosa (ATCC 2111 and 2795, respectively) and
A. baumannii (ATCC 1789 and 2801, respectively) prior to the

initial sampling at week 0. Influent water was adjusted to a pH of
~7.5 and a dissolved oxygen (DO) of ~8.0 mg/L. Internal water
temperature was maintained at ~37 °C to mimic distal portions
of hot water plumbing. Water changes (100%) were performed
three times per week in a Type A2 BSL-2 cabinet. Over 12
weeks, triplicate sets of each material received a low dose of one
of four disinfectants (free chlorine, monochloramine, chlorine
dioxide, or copper—silver) followed by incrementally increasing
disinfectant doses every 6 weeks up to 100% of the appropriate
regulatory limit and then 7 weeks with no disinfectant added
(Table 1). Six CMPRs of each material received no disinfectant.

Table 1. Target Influent Water Disinfectant Doses (mg/L)
(Modified from Cullom et al.”®)

no low incrementally increasing no

residual dose doses residual

weeks”  weeks”  weeks  weeks  weeks?  weeks”

disinfectant —6to 0 7-12 13—-18 19-24  25-30 31-37
Cl, 0 0.1 0.25 1.0 4.0 0
NH,Cl 0 0.1 0.25 1.0 4.0 0
ClO, 0 0.02 0.05 0.2 0.8 0
cs1? 0 0.025 0.063 0.25 1.0¢ 0

“Samples were collected for metagenomlc sequencing in the final
week of the indicated experimental phase. Doses as mg/L Cu, with a
fixed ratio of Cu/Ag of 10:1 mg/L. “Highest dose based on the US
EPA secondary maximum contaminant level for silver.

Sampling, DNA Extraction, and qPCR. The protocols for
chemical and biological samplings were described previously.**
Briefly, effluent DO, total organic carbon (TOC), pH, and
temperature were measured biweekly. Total and soluble metals
were measured at the end of each phase by inductively coupled
plasma mass spectroscopy. For each water change, effluent
residuals of relevant disinfectants were monitored along with
one set of the disinfectant-free control pipes on a rotating basis.
Influent disinfectant concentrations were verified before the
pipes.

Biological sampling occurred every 6 weeks during weeks 0—
30 and week 37. CMPR effluent was filtered through 0.22 ym
mixed cellulose-ester filters (Millipore, Billerica, MA) for DNA
extraction, which was performed using the FastDNA SPIN Kit
(MP Biomedicals Inc., Solon, OH) according to the
manufacturer protocol. Extracted DNA was quantified using a
Qubit 3.0 Fluorometer (Life Technologies, Carlsbad, CA) with
a dsDNA high-sensitivity kit (Thermo Fisher Scientific,
Waltham, MA)

Prewous quantitative polymerase chain reaction (qPCR)
analyses targetlng the 16S rRNA gene as a proxy for total
bacteria,* the oprL gene for P. aerugmosa, 9 and the 16S-23S
rRNA gene intergenic spacer (ABITS) for A. baumannii* were
used to evaluate the accuracy and quantitation of metagenomic
analyses. These analyses included the use of a standard curve,
negative controls, analytical triplicates, and targeted R* > 0.97
and 90—110% efficiencies. A full summary of the protocols was
reported previously.”®

Shotgun Metagenomic Sequencing. One hundred and
forty-four unpooled DNA extracts (137 from individual pipe
reactors, Table S1) were subject to shotgun metagenomic
sequencing across six 2 X 150 bp Illumina NextSeq 500 runs
(Sand Diego, CA), targeting 20 million reads per sample.
Sequencing was carried out by the Duke Center for Genomic
and Computational Biology for library preparation and
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sequencing. Library preparation was performed by using the
Kapa HyperPrep kit (Roche Sequencing Solutions, Santa Clara,
CA). Samples were selected for sequencing in a manner that
captured disinfectant—pipe-material combination at each time
point. As controls, three replicates of water used to seed the
CMPRs during aging, influent waters from weeks 6 and 12, and
three replicates of ZymoBIOMICS Microbial Community DNA
Standard II (Zymo Research, Irvine, CA) were also sequenced.
A summary of samples sequenced is available in Table SI.

Read-Based Analyses. Reads were trimmed and quality
filtered using Trimmomatic."” Metagenomic coverage was
evaluated using Nonpareil estimation on the filtered forward
reads.* Filtered reads were annotated to elucidate the effects of
premise plumbing conditions on the resident microbiota,
including Kraken2 v 2.0.7** for general microbial taxonomy
and community structure, MetaPhlAn 3.10* for annotation of
bacterial pathogen species markers (see Sections SI-1, SI-2, and
Tables $2, $3), DeepARG v 1.0.1*° and CARD 3.0.7"” for ARGs,
BacMet*® for metal resistance genes, and HUMAnN 3.0* for
functional protein annotation to UniRef50 clusters. Generally,
the default parameters were passed to the annotation tools. For
CARD annotation, the blastxk DIAMOND® function was used,
with filtering for a minimum identity of 80%, minimum length of
25, and a minimum e-value of 1 X 107!°, ARGs and GO
functional pathway genes were normalized to the number of 16S
rRNA genes identified via Greengenes 13 to estimate relative
abundance’’ (see Section SI-3), whereas taxonomic annotations
were normalized to the total number of annotated reads per
sample. We further estimated the absolute abundance of
bacterial pathogen species (cells/mL) and ARGs (estimated
genes/mL) (Section SI-2). ARGs that target WHO classified
“critically important” antimicrobials, i.e., those for which the
development of widespread resistance would have the most
serious effects for human health,”* were examined using CARD-
annotated reads.

Gene ontology (GO) annotations for corresponding UniRef
accessions were extracted using the GO.db package.”” Custom
GO term databases corresponding to functional categories of
interest (e.g., oxidative stress resistance) were developed using
keyword searches of GO terms and descriptions followed by
manual curation of GO terms (Table S4). These were used to
filter GO term results and examine the relative abundance of
genes targeting specific processes.

Assembly-Based Analyses. Reads were assembled to
evaluate the occurrence of ARGs, mobile genetic elements
(MGEs), and virulence factors within taxa of interest. Assembly
of contigs was performed using MEGAHIT** and default
parameters. PathoFact® was used to annotate virulence factors
and toxin genes (see Section SI-4 for results). CARD was used to
annotate ARGs as above. MMseq5256 was used to annotate
contigs against the Genome Taxonomy Database. Kraken2
taxonomy annotations were used to compare results to read-
based annotations and to evaluate contig count normalization.
MobileOG-db v 1.5°7 was used to annotate MGEs, which were
then filtered for e-value < 1 X 107'° and percent identity >80%.
To normalize contigs for semiquantitative analysis, the single
copy gene rpoB>® was identified in contigs by comparing contigs
against rpoB profiles available in the Pfam database using the
hmmsearch function HMMER version 3.1b2°” with a maximum
e-value of 0.001. This was done with the understanding that
contigs, being longer sequences, offer more precise annotation
of translated protein sequences relative to direct annotation of
short reads. Subsequently, counts in a sample derived from

assembly analyses were divided by the number of rpoB genes
identified in that sample. For example, the counts of contigs
containing a fosfomycin ARGs in one sample would be divided
by the number of rpoB annotated across the entirety of the
corresponding assembly sequences for that sample, regardless of
whether the genes were colocalized, as has been done
previously.”’ Assembly statistics generated from MEGAHIT
were used to evaluate additional normalization methods. To
evaluate the biological plausibility of assembly, reads mappiré%
back to contigs were identified and compiled using bbmap
with kfilter = 22, subfilter = 15, and maxindel = 80, as well as
pileup and samtools®” using default parameters. ARGs and
MGEs were considered colocalized if they were found on the
same contig. To evaluate this assumption, the distances between
ARG and MGE hallmarks were further examined in one of the
samples (Section SI-S).

Statistical Analysis. Two-group univariate comparisons
were evaluated using the Wilcoxon rank sum test, whereas 3+
group univariate comparisons employed Dunn’s test. When
appropriate (e.g, when using Dunn’s test or splitting ARG data
by resistance and testing classes independently), p values were
adjusted and reported using the Benjamini—Hochberg multiple
comparison correction. Alpha diversity was evaluated by using
the Chaol diversity index. For some comparisons, the
abundances of all examined pathogenic species were summed
(“aggregated”) into a single value for univariate comparisons
between conditions. This also minimized the influence of
variance in the quantifiability of one target, affecting the overall
comparisons. Procrustes and Mantel tests were used to explore
the relationship between taxonomic and functional features.
Tests for centroidal and dispersion differences in multivariate
data sets were performed on Bray—Curtis transformed data
using PERMANOVA and PERMDISP. Spearman rank
correlation was used to evaluate the agreement between
Kraken2- and MetaPhlAn-annotated reads and qPCR measure-
ments. Relationships among basic water quality parameters (e.g.,
DO, pH, and TOC) and ARG or pathogen relative abundance
were examined using Spearman rank correlation. For these
analyses, data were grouped by pipe material, as the pipe
materials themselves were a substantial driver of these water
quality parameters. Normalization methods for assembled
contigs (counts, counts divided by rpoB counts, counts divided
by rpoB counts and NS0, and counts divided by rpoB counts and
average contig length) were evaluated by comparing to Kraken2
annotated short reads (fraction of annotated reads and fraction
of all reads) and using the Mantel test and Procrustes
PROTEST. Plots and analyses were generated in RStudio, R
version 4.2.2, using the tidyverse package.”’ Nonmetric
multidimensional scaling (NMDS) plots were generated using
the metaMDS function in vegan and a maximum of 900
iterations. Differential abundance analysis of short-read derived
taxonomy, GO-term, and ARG profiles was performed using
metagenomeSeq”* (Section SI-6).

B RESULTS AND DISCUSSION

Overview of Key Contextualizing Findings from a
Prior Study. A prior study of the CMPRs focused on the
relationship between water chemistry and the fate of P.
aeruginosa and A. baumannii measured by qPCR and culture
and demonstrated expected water chemistry phenomena for
each disinfectant—pipe-material conditions.”® Chlorine-based
disinfectants rapidly decayed within the CMPRs, only remaining
detectable after 48 h if applied at half the regulatory limit and to
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Figure 1. Bray—Curtis-based NMDS ordination of (A) bacterial genera (stress = 0.165), (B) ARGs annotated using CARD v 3.0.7 (stress = 0.157),
and (C) functional gene pathways annotated with the gene ontology database (stress = 0.141) illustrating the effect of pipe material and disinfectant.
NMDS coordinates were generated for all samples simultaneously.

PVC, the least reactive pipe material. Copper and silver doses

were normally detectable but largely removed from solutions.
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CMPRs maintained consistent and replicable water quality

conditions, e.g., temperature and DO. Disinfectants began to
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Figure 2. Relative abundance (percentage of total annotated reads per sample) of pathogenic bacterial species annotations in the metagenomic data for
each pipe material and disinfectant dosing condition (Table 1). Samples were annotated using MetaPhlAn 3.1.0 using the default parameters. Weeks 0,
12, 30, and 37 represent disinfectant doses equal to 0, 2.5, 100, and 0%, respectively, of the appropriate regulatory limit of each disinfectant being
applied. See Section SI-2 for a list of bacterial pathogen species analyzed. The numbers of replicate samples for each condition are reported in Table S1
(n=1-6). Samples from before disinfectant dosing (week 0) for each pipe material are replotted in aggregate for each disinfectant condition to aid in
comparison. Insufficient DNA was obtained for sequencing the PVC week 30 chlorine condition.

decrease 16S rRNA gene copy numbers at low doses (e.g., 0.25
mg/L free chlorine) but needed to be applied at levels equal to at
least half of their respective regulatory limits to reduce numbers
of P. aeruginosa and A. baumannii.

Assessment of Metagenomic Sequencing and Assem-
bly Quality. Sequencing yielded 19.23 & 2.99 M (average +
standard deviation) paired raw reads and 19.19 + 2.95 M
quality-filtered paired reads per sample. This resulted in an
estimated coverage of 93.2 + 3.38%, allowing for representative
analysis of gene and taxonomic diversity, as well as differential
abundances.”® Samples from the condition with high-dose (4.0
mg/L) free chlorine and a PVC pipe contained DNA below the
fluorometric detection limit (0.2 ng, with a maximum of 10 uL
analyzed) and failed library preparation. This may be due to
chlorine-based degradation of DNA.® Assembly resulted in an
average of 116,000 + 49,200 assembled scaffolds per sample.
Contigs exhibited an average NS50 of 8040 bp, 4 to 9 times
greater than other recent studies examining antibiotic resistance
and pathogens in drinking water,®’ recycled water,®® or
manure.”” The high coverage and sequencing depth resulted
in 93.37 + 4.77% (average + standard deviation) of reads being
assembled.

MetaPhlAn accurately and quantitatively annotated the mock
community (Figure S1). Further, reads and contigs annotated as
A. baumannii and P. aeruginosa were significantly correlated with
A. baumannii and P. aeruginosa gene copies measured via
qPCR” (Spearman rank correlation; Figure S2, Table S3).
Correlations between assembled and short read beta-diversity
distances via Mantel and PROTEST were significant (p < 0.001)
for all comparisons. These results supported subsequent
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quantitative comparisons of metagenomic data, including
assembled contigs. Counts divided by rpoB counts proved to
be the most robust normalization method, with further
normalization for contig lengths generally reducing the Mantel
r, PROTEST correlation, or Spearman correlation coeflicients
(Table SS). Thus, rpoB-normalized counts were selected for the
downstream analysis of contigs.

Pipe Material Shaped Microbial Community Compo-
sition in the Absence of a Disinfectant. NMDS analysis
indicated tight grouping of microbial community composition as
a function of pipe material in disinfectant-free control pipes
(Figure 1A, Figure S3; PERMANOVA, p < 0.001, PERMDSIP,
p=0.45). Chaol diversity was lower in copper than iron CMPRs
(Dunn’s test, p = 0.003), with diversity within PVC CMPRs
falling in between. NMDS ordination indicated that the iron
pipe was the single strongest driver of microbial community
structure (Figure 1A). Interestingly, when only disinfectant-free
CMPRs were considered, PVC clustered in between the two
metallic materials. The greatest variance in community
composition was observed among copper CMPRs (Figure 1A,
Figure S3), possibly due to the variable nature of copper release
both over time and between any two sections of copper pipe.’
Bradyrhizobium, a genus known for nitrogen fixation,””
notably enriched by the copper pipe (Figure S4, Wilcoxon rank
sum test, p < 0.001), especially when compared to the iron pipe
(Figure SS, metagenomeSeq). This is consistent with known
associations of copper with nitrogen fixation in rhizospheric
communities’’ and the critical role copper plays in nitro-

69
genase.
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week 30 chlorine condition.

Annotated Pathogenic Bacterial Species in CMPRs in
the Absence of a Disinfectant. Among disinfectant-free
CMPRs, the percentage of annotated reads associated with
bacterial pathogenic species was lower in iron than PVC or
copper (Dunn’s test, p = 0.0017 and 0.0015, respectively)
(Figure 2). Several genera known to contain pathogens
(Nocardia, Mycobacteroides, Acinetobacter) were 1.4 to 20 times
more abundant on a relative basis in PVC than in metallic pipes,
whereas Meiothermus was favored by metallic pipes (Figure SS,
metagenomeSeq). Other genera were encountered at a lower
relative abundance in iron CMPRs than copper (Mycobacterium,
Mycobacteroides, Stenotrophomonas) or PVC (Acinetobacter,
Burkholderia, Mycobacterium, Mycobacteroides, Stenotrophomo-
nas) (Dunn’s test, p < 0.05) CMPRs. Absolute abundances
(estimated cells/mL, see Section SI-2 for calculation)
aggregated across all examined pathogenic species demonstrated
greater numbers in PVC than in copper or iron CMPRs at weeks
0 and 30 (Dunn’s test, p < 0.024), whereas in week 12, we found
PVC > copper > iron (Dunn’s test, p < 0.023). However, these
differences were eliminated after further aging of the pipes by
week 37 (Dunn’s test, p > 0.05). We also observed that A.
baumannii, P. aeruginosa, Stenotrophomonas maltophilia, and
pathogenic NTM were the most prominent pathogenic bacteria
detected among the CMPRs.

Effect of Disinfectant Addition on Microbial Com-
munity Composition. Addition of the disinfectants at low
doses (week 12) increased the variability in microbial
community composition across the CMPR replicates relative
to the disinfectant-free control conditions (PERMDISP, p =
0.005) (Figure 1A). At the highest dose (week 30), groupings of
taxonomic compositions by disinfectant type were apparent
(Figure 1A) and significantly affected the taxonomic features of
the microbial communities (PERMANOVA, p < 0.001).
Disinfectants interacted substantially with pipe materials in
shaping the taxonomic composition, especially when dosed into
iron CMPRs (Figure 1A). Whereas the variability in taxonomic
composition increased with disinfectant application, this trend

was much more modest in iron CMPRs (Figure 1A). This is
likely due to disinfectant consumption by the iron.”* Copper—
silver had the most limited effects in terms of taxonomic
structure and diversity, whereas free chlorine had the strongest
effects (Figure 1A). This is consistent with the observed effects
of these disinfectants on 16S rRNA gene copy numbers.”® After
cessation of disinfectant dosing, the general structure of
microbial communities converged, bearing even more similarity
across conditions than observed at week 0, with no apparent
legacy effects of disinfectants (PERMANOVA, p = 0.108).

Diversity indices decreased markedly with disinfectant
addition, i.e., by ~5—9% in PVC and copper CMPRs compared
to controls (Figure 3, Wilcoxon rank sum test, p = 0.01 and p =
0.004, respectively). All disinfectants selected for Meiothermus.
All disinfectants but monochloramine selected for Blastomonas
(Figure S6, metagenomeSeq). Addition of monochloramine
enriched genera within Mycobacteriaceae (Mycobacterium and
Mycobacteroides) compared to other disinfectant conditions in
PVC (Wilcoxon rank sum test, p = 0.036) and copper (Wilcoxon
rank sum test, p = 0.002) but not iron. Bradyrhizobium was
further enriched in the copper pipe conditions when copper—
silver was added at the highest dose (1.0:0.1 mg/L Cu/Ag), as
shown in Figure S4 (Wilcoxon rank sum test, p = 0.036). Iron
CMPRs exhibited more nitrifiers than copper CMPRs (Dunn’s
test, p = 0.046). Monochloramine at the highest dose (4.0 mg/
L) tended to result in fewer nitrifiers and denitrifiers relative to
control pipes (Dunn’s test, p < 0.05).

After removing disinfectants, diversity recovered and micro-
bial community structures converged within 7 weeks across all
conditions (Wilcoxon rank sum test, p > 0.05). Chaol diversities
in CMPRs that had received disinfectants increased at week 37
compared to week 30 (Wilcoxon rank sum test, p < 0.001) and
were not significantly different than those of the baseline
condition (Wilcoxon rank sum test, p = 0.88).

Effect of Disinfectant Addition on Annotated Bacterial
Pathogen Species. Disinfectant application reduced the
absolute abundance of pathogenic species markers if a
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30 chlorine condition.

sufficiently high dose was applied (Figure S7). However, the
low-dose (0.1 mg/L) application of monochloramine in PVC
CMPRs resulted in the single highest aggregated absolute
abundance of annotated bacterial pathogens among all
conditions, 8 times that of the corresponding control. In this
condition, most of these annotations corresponded to
Acinetobacter spp. and Mycobacteroides abscessus. Chlorine
dioxide proved to be the most consistent and effective in
reducing numbers of these taxa and did not appear to enrich
numbers when applied at the low dose (0.25 mg/L).

Addition of disinfectants generally did not increase the
aggregated relative abundance (percentage of annotated reads)
of the examined pathogenic species (Section SI-2), at either low
or high doses, compared to the control (Dunn’s test, p > 0.0S),
with one exception: in copper CMPRs receiving monochlor-
amine in week 30 (Dunn’s test, p = 0.018). However, the relative
abundance of reads annotated as the pathogens of interest in
week 12 was lower with the low dose of chlorine dioxide than in
the control within copper CMPRs (Dunn’s test, p = 0.024). No
differences relative to the control were observable after removal
of disinfectants (Dunn’s test, p > 0.05).

Spearman rank correlation analysis was used to evaluate the
relationships among annotated bacterial pathogen species, water
chemistry parameters, and 16S rRNA gene copy numbers as a
proxy for total bacteria (Figure S8). Mycobacterium gordonae
correlated positively with pH within PVC and copper CMPRs
and with DO in PVC CMPRs. The only positive correlation with
16S rRNA gene copy numbers was with A. baumannii in PVC
CMPRs (Spearman rho = 0.489, p = 0.003). Five taxa (M.
gordonae, Mycobacteroides abscessus, Mycolicibacterium porcinum,
P. aeruginosa, and S. maltophilia) correlated negatively with 16S
rRNA gene copy numbers in at least one pipe material. None of
the examined taxa correlated positively with the TOC. Together,
this indicates that conditions conducive to growth of OPPPs
likely differ from those of drinking water microbiota generally.

This is consistent with the known limitations of TOC as an
indicator of OPPP regrowth potential.”>”*

Effects of Pipe Material and Disinfectants on ARGs.
Total ARG relative abundance negatively correlated with
taxonomic Chaol diversity (Spearman rho = —020, p =
0.017). The distribution of ARGs further shifted when the
disinfectant doses were increased to the highest level
(PERMANOVA, p = 0.017) and disinfectants appeared to
induce heteroskedasticity in ARG profiles (PERMDISP, p <
0.001) (Figure 1B). Taxonomic and ARG beta-diversity
matrices correlated strongly (PROTEST p < 0.001, correlation
=0.75, Mantel p < 0.001, R = 0.71), whereas functional (UniRef
50) and ARG profiles were more moderately correlated
(PROTEST p < 0.001, correlation = 0.48, Mantel p < 0.001, R
= 0.27). Chemical water quality parameters (pH, DO,
temperature, and TOC) generally did not correlate with ARG
relative abundance except for DO and TOC in pipes dosed with
monochloramine (Spearman rank correlation, rho = 0.82, 0.74;
p = 0.002, 0.027, respectively).

ARG profiles were distinctly shaped by pipe material in
CMPRs without disinfectant (PERMANOVA, p < 0.015). The
relative abundance of total ARGs (ARGs/16S rRNA genes)
generally decreased from copper to PVC to iron (Figure 4,
CARD; Figure S9, DeepARG). As the copper pipes aged, Chaol
diversity of ARGs increased, eventually reaching levels greater
than in PVC and iron by week 37 (Dunn’s test, p = 0.013 and p <
0.001, respectively). ARGs were 42% higher in relative
abundance in both PVC and copper CMPRs than in iron
CMPRs (CARD, Dunn’s test, p < 0.001 and p = 0.0019,
respectively).

Monochloramine was the only disinfectant to individually
reduce ARG absolute abundance relative to the control pipes
and only when applied to PVC pipes at the regulatory limit
(Dunn’s test, p = 0.031); however, when applied at 0.1 mg/L, it
also induced the greatest increase (~4X greater than in the
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corresponding control) in ARG concentration (Figure S10).
Monochloramine application also generated the greatest
increases in ARG relative abundance, whereas copper—silver
had no noticeable impact. For PVC CMPRs, CARD-annotated
ARGs within the monochloramine condition were 6.5 times
more abundant than in copper—silver (Dunn’s test, p = 0.0094).
For copper CMPRs, ARGs were 4.8 times more abundant in the
monochloramine condition than the disinfectant-free condition
(Dunn’s test, p = 0.042). Monochloramine applied at the high
dose also exhibited higher ARG Chaol diversity than those in
copper—silver conditions in PVC and copper CMPRs (Dunn’s
test, p = 0.034 and 0.032, respectively). Within iron CMPRs, the
rapid neutralization of disinfectants®® likely ameliorated
potential effects of these disinfectants on ARG profiles.

For individual ARGs, log-fold differences were modest when
comparing among conditions (max = 0.1235), as revealed by
differential abundance analysis. The multidrug efflux pump gene
adeF, which has been shown to be common in clinical isolates of
multidrug-resistant A. baumannii,’* exhibited the greatest
difference among all three pipe material comparisons, with the
highest relative abundance in PVC followed by copper and iron
(Figure S11, metagenomeSeq). Comparisons between metallic
and PVC CMPRs were similar, with 8 out of 10 of the most
differentially abundant ARGs being consistent across the three
pipe materials. Carbapenem resistance-associated OXA genes
represented at least 1 of the 10 most differentially abundant
ARGs across all disinfectant conditions (Figure S12, meta-
genomeSeq). Conversely, some ARGs were found at a higher
relative abundance in control CMPRs compared to any of the
disinfected CMPRSs, such as ade genes and QepA4.

ARGs associated with critically important antibiotics (i.e., as
classified by the WHO) exhibited trends similar to those that
were observed for total ARGs (Figure S13, Dunn’s test, p <
0.002). Profiles of critically important ARGs in disinfectant-free
conditions differed as a function of pipe material (PERMANO-
VA, p < 0.015), but the within-condition variability of ARG
profiles was similar across all pipe materials (PERMDISP, p >
0.12), implying differential selection” for these genes between
the different pipe materials. Similar pipe-material associated
trends were observed for ARGs encoding resistance to critically
important antibiotics in PVC (6.2 times more in monochlor-
amine than copper—silver) and copper (5.9 more in monochlor-
amine than copper—silver) (Dunn’s test, p= 0.042 and 0.024,
respectively) conditions.

In general, ARG encoding resistance to glycycline and
macrolides was the most prominent across all conditions.
Several beta-lactamase families, such as those of OXA, TEM,
NDM, ADC, and PDC, featured prominently among the
identified critically important ARGs (Table S6). The PDC
family is notably associated with P. aeruginosa.”” No water
quality parameters were correlated with the relative abundance
of critically important ARGs among any set of disinfectant-free
CMPRs when analyzed within each pipe material (Spearman
rank correlation, p > 0.05).

Effects of Pipe Material and Disinfectants on ARGs,
MGES, and Bacterial Hosts Identified in Contigs. Plasmids
dominated the CMPR mobilomes compared to conjugative
elements, phages, and transposable elements (Figure S14A).
Across all CMPR conditions, the prominence of MGE classes
ranked as follows: integration/excision > transfer = replication/
recombination/repair > stability/transfer/defense > phage
(Dunn’s test, p < 0.001) (Figure S14B). Across all CMPRs,
copper CMPRs contained more MGEs than PVC (p = 0.017) or

iron (p < 0.001) CMPRs, and PVC CMPRs contained more
than iron CMPRs (p = 0.009). No disinfectant condition
appeared to affect MGE relative abundances (Dunn’s test, p >
0.05). This indicates that cross-selection, rather than increased
horizontal gene transfer, drove the observed ARG enrichment
with disinfectant application.

Across CMPRs, ARGs were prominent within P. aeruginosa
(Figure S15). ARGs associated with bacterial pathogens tended
to be associated with multiple drug classes (Figure S16). The
classes of ARGs associated with pathogenic species differed
somewhat from those that tended to be harbored by the general
microbial community. Whereas ARG-containing contigs were
moderately correlated with ARG reads (Mantel’s test, r = 0.417,
p < 0.001), ARG-containing contigs associated with pathogenic
species were only weakly so (Mantel’s test, r = 0.239, p < 0.001).
However, ARG contigs were well correlated with ARG contigs
within pathogenic species (Mantel’s test, r = 0.662, p < 0.001).

Mobile ARGs were defined as assembled contigs containing
both an ARG and MGE. Among disinfectant-free conditions,
iron CMPRs contained a lower relative abundance of mobile
ARGs than PVC and copper CMPRs (Dunn’s test, p < 0.0001
and p = 0.0018, respectively) (Figure S17). Individual
comparisons of disinfected conditions to the controls did not
reveal an effect (Dunn’s test, p > 0.05). However, when all pipe
materials were tested simultaneously, mobile ARG relative
abundance was higher in monochloramine conditions than in
free chlorine and chlorine dioxide conditions (Dunn’s test, p =
0.033 and 0.0472, respectively). We also observed a distinct
increase in mobile ARG relative abundance with increased
copper—silver dose in PVC and copper CMPRs. These levels
continued to increase in the PVC condition even after the
copper—silver disinfectant was removed.

Mobile ARGs carried by pathogenic bacterial species were
operationally defined as contigs that contained both an ARG and
MGE that were annotated with mmseq2 and gtdb as one of the
pathogenic bacterial species listed in Section SI-2. Mobile ARGs
were found to be associated with five of these pathogens: A.
baumannii, Mycobacterium avium, P. aeruginosa, M. abscessus, and
Stenotrophomonas maltophilia (Figure S18). M. absessus, A.
baumannii, and P. aeruginosa appeared to be the most common
carriers of mobile ARGs. Mobile ARGs were commonly located
within one of these organisms (on average, 45% of mobile
ARGs).

Functional Gene Profiling of CMPRs. Functional gene
profiles were notably altered by both pipe material and the high
dose of disinfectants, as apparent at week 30 (Figure 1C,
PERMANOVA, p < 0.05). Functional and taxonomic profiles
across CMPR pipe and disinfectant conditions were moderately
correlated (PROTEST p < 0.001, correlation = 0.35). In general,
functional profiles of the two metallic CMPRs differed from
those of the PVC CMPRs in similar ways, sharing 9 of their 10
most underenriched GO terms (i.e., genes sharing a molecular
function) and 6 out of their 10 most enriched GO terms (Figure
S19, metagenomeSeq). Both metals enriched the “methane
monooxygenase complex”, the most of any GO term, with
“traversing start control point of mitotic cell cycle” the second
most. “Cell—cell adhesion” and “single-species biofilm for-
mation on inanimate substrate” were also prominently enriched
by both metals. PVC selected for oxygen metabolic processes
(GO: 0072592, pathways associated diatomic oxygen), which
agrees with the greater DO loss observed in the metallic
CMPRs.”*
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Figure S. Relative abundance (genes per 16S rRNA gene) of oxidative stress related genes. Error bars represent the standard error. The numbers of
replicate samples for each condition are reported in Table S1 (n = 1—6). Samples from before disinfectant dosing (week 0) for each pipe material are
replotted in aggregate for each disinfectant condition to aid in comparison. Insufficient DNA was obtained for sequencing the PVC week 30 chlorine

condition.

Table 2. Summary of Key Results

disinfectants
taxonomic -Disinfectants tended to alter microbial community structure
composition and decrease taxonomic diversity. Copper—silver had the

most limited overall effect.

-Absolute abundances of annotated pathogenic species were

reduced when high doses were applied, but sometimes
increased at low doses.

antibiotic resistance
and mobile genetic
elements

-Disinfectants tended to enrich ARGs and only reduced
absolute abundances when applied at the highest levels.

ARGs.

other functional

genes -Disinfectants appeared to select for similar processes.

-Disinfectants did not enrich MGEs but enriched some mobile

-Some disinfectants enriched oxidative stress resistance genes.

pipe material

-Pipe material was a strong driver of microbial community composition.

-Microbial community compositions remained the most consistent across
different disinfectant conditions when iron pipe was used, and estimated
abundances of OPPPs were also lowest.

-Iron pipe held ARGs and MGE:s at lower relative abundance.

-Copper pipe enriched ARGs and MGEs.

-Copper and iron selected for more similar functional genes compared to PVC.

-Copper enriched metal resistance genes.

Selection for functional genes appeared to be much more
similar across disinfectant conditions than what was observed in
the taxonomic analysis (Figure S20, metagenomeSeq). Pro-
grammed cell death (apoptotic) processes were the most
enriched process for all disinfectant conditions. This may be a
result of disinfected conditions favoring biofilm lifestyles, in
which programmed cell death provides communal benefits by
strengthening the biofilm structure and enriching the extrac-
ellular matrix.”*”” Oxygen metabolic processes were enriched in
the control condition compared to those in each disinfectant.

Genes involved in mediating oxidative stress were 35.2% more
abundant in the copper than in the iron conditions (Dunn’s test,
p < 0.001) and 23.8% more abundant than in the PVC (Dunn’s
test, p = 0.004) control conditions (Figure 5). At week 30,
monochloramine addition increased the normalized abundance
of oxidative stress genes relative to all other disinfected
conditions (Dunn’s test, p < 0.013). This is perhaps a result of
the selective pressure incurred by monochloramine that favors
mycobacteria, which tend to be disinfectant resistant”” and to
carry robust oxidative stress resistance mechanisms.”*’” This
effect was reversed by week 37 when disinfectants were
removed. Nitrification/denitrification genes were more abun-
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dant in copper than PVC (Dunn’s test, p = 0.0031) and iron
(Dunn’s test, p < 0.001) conditions (Figure S21), which are
consistent with nitrogen-fixing Bradyrhizobium also being more
prevalent in the copper conditions and indirectly stimulating
nitrifiers/denitrifiers. Additionally, these genes were higher in
CMPRs dosed with monochloramine, which also results in the
introduction of nitrogen-containing compounds, than any other
disinfection condition (Dunn’s test, p < 0.013, week 30).

Copper, but not iron, increased the MRGs in disinfectant-free
conditions (Figure $22). Copper contained MRGs at a relative
abundance 334% higher than PVC (Dunn’s test, p = 0.0033) and
40% higher than iron (Dunn’s test, p < 0.001). All disinfectants
increased MRG relative abundance compared to control pipes at
week 30 (Dunn’s test, p < 0.049). There were no significant
differences among disinfectants in terms of apparent selection of
MRGs.

Key Observations and Recommendations. The con-
trolled, replicated conditions of the CMPRs provided for the
first time a systematic understanding of how in-building
disinfectants might be selected and dosed in a manner that
effectively controls the potential for multiple OPPPs and
antibiotic resistance to proliferate (Table 2). A key finding
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was that the effects of disinfectant addition are strongly
influenced by the pipe material. Iron is highly reactive and
incurs a high disinfectant demand, consequently eliminating the
antimicrobial capacity of the disinfectants. However, iron
CMPRs tended to house the lowest relative and absolute
abundances of ARGs and organisms annotated as OPPPs. Iron
largely exists in buildings as a legacy material because of
associated water quality problems incurred by corrosion, and it is
also associated with the occurrence of Legionella in field studies
(though not in this study).”>"' By contrast, copper is inherently
antimicrobial and, even in the absence of a disinfectant, was
associated with a higher relative abundance of ARGs by the end
of the study. This situation was markedly exacerbated by
monochloramine addition to copper CMPRs, wherein the
highest relative abundances of ARGs were found. Copper
CMPRs also contained the highest relative abundance of mobile
ARGs, especially when disinfectants were added. Iron, on the
other hand, appears to ameliorate the effects of disinfectants and
potentially other oxidizing agents in the water..

If supplied at a sufficient dose, disinfectants decreased the
absolute abundance of OPPPs and ARGs. However, the
application of low doses of monochloramine to PVC CMPRs
resulted in elevated absolute abundances of both ARGs and the
annotated pathogens, underscoring the importance of main-
taining residuals above biocidal levels, below which they may
simply provide selective pressures that favor ARGs and some
pathogens. Among the four disinfectants examined, monochlor-
amine was revealed to be the most problematic, as it enriched
both pathogen and ARG gene markers. This poses a challenge
given that in-building chloramine disinfection is one of the most
proven approaches for Legionella control.”™”*’ Even when
considering absolute abundance, although most pathogenic
species were reduced by disinfectants, low-dose application of
monochloramine resulted in the single highest aggregated
abundance of pathogenic species among any of the conditions.
In particular, monochloramine addition tended to enrich
Mycobacteriaceae, which are associated with nontuberculous
lung disease and are known to be relatively tolerant of
disinfectants and intrinsically resistant to antibiotics.”* The
fact that almost half of mobile ARGs were found within bacterial
pathogens suggests that it should be possible to identify unified
strategies to control both. Excepting the iron condition, chlorine
dioxide and copper—silver addition stood out as the most
effective for maintaining low relative and absolute abundances of
both ARG and OPPP annotations.

There are a number of limitations to this study that should be
considered. First, although the operation of the CMPRs here is
representative of distal, infrequently used, hot water plumbing,
this is perhaps the most challenging setting to successfully
control microbial growth with residual disinfectants. This is
distinct from the large-diameter pipes, cooler temperatures, and
more consistent flow conditions typical of a municipal water
distribution system. Second, although powerful for providing a
broad overview of the behavior of numerous OPPPs, ARGs,
MGEs, MRGs, and other functional genes of interest, there are a
number of inherent limitations to metagenomic analysis. These
include limited resolution for identifying bacterial species, hence
the evaluation and use of multiple approaches explained in
Section SI-1, and for verifying pathogen genotypes, which
typically requires culture and whole genome sequencing.
Additionally, the inherent generation of relative abundance
data is insightful for characterizing ecological phenomena but
less so for quantifying exposures for the purpose of risk
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assessment. Thus, the trends for bacterial pathogen species
observed via metagenomics should ideally be verified with a
culture-based assessment. Assembly of metagenomic data
provides useful insight into the context in which a gene or
marker occurs but introduces uncertainty® and reduces the
quantitative capacity (Table S3). Additional inherent limitations
to metagenomics include the fact that genotype is not equivalent
to phenotype (e.g., in the context of functional gene analysis)
and that it does not directly distinguish live from dead
organisms. However, by applying metagenomic sequencing
after the experimental condition of interest was held for at least 6
weeks, following several dump and fill cycles to flush out dead
cells, and by comparing multiple replicates representing the
experimental conditions, controls, and time points, here we
assumed that metagenomics captured fundamental adaptions of
the microbial communities to the conditions of interest. We also
note that the 16S rRNA gene, used here for normalization, is a
common proxy for total bacteria, but copy numbers of this gene
differ among taxa.®® Finally, combinations of residual
disinfectants are sometimes utilized for microbial growth
control,””* whereas this study only evaluated their individual
effects. Simultaneous application of disinfectants will likely
induce further interactions between water quality and the
microbial community.
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