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ABSTRACT

The opportunistic pathogebegionellais the leading cause of reported waterborne disease
outbreaks in the United Statesgionellacan thrive under the warm, stagnant, {disinfectant
conditions characteristic of premise (i.e., building) plumbing systems, making it challenging to
identify effective interventions for its control. Copper (Cu) is a promising antimicrobial that can
be dsed directly to water via coppsitver ionization systems or released naturally via corrosion
of Cu pipes to help control growth bégionellaand other pathogens. However, prior research has
shown that Cu does not always reliably contredionellaandsometimes seems to even stimulate
its growth. A deeper understanding of the mechanistic effects of Cegianellg at both pure
culture and realvorld scales, is critical in order to inform effective controlslfegionella The
overarching objective ahe research embodied by this dissertation was aimed at elucittaing
chemical and microbial interactions in premise plumbing that govern efficacy of Cedmnella
control through a series of complementary bengitot-, and fieldscalestudies.

A critical review and synthesis of the literature identified important knowledge gaps in relation to
antimicrobial effects of Cu. In particular, changes in the pH, phosphate corrosion control, and
rising levels of natural organic matter (NOM) irstdibuted water are predicted to be important
controlling factors. The type of sacrificial anode rod material employed in water heaters was also
identified as an underappreciated factor, which directly affects pH, evolution of hydrogen gas as a
microbial nutrient, and release of metals (such as aluminum) that bind copper. Microbiological
factors: including growth phase bégionella(e.g., exponential or stationary), straipecific Cu
tolerance, background microbiome composition, and the possibilityitidé but norculturable
(VBNC) Legionellamight still cause human disease, were also identified as major confounding
factors. These knowledge gaps are addressed from various dimensions across each chapter of the
dissertation.

The effects of pH, orthoplsphate corrosion inhibitor concentration, and NOM were examined in
benchscale pure culture experiments over a range of conditions relevant to drinking water. Cupric
ions and antimicrobial effects were drasticaldglucedat pH >7.5, especially in the pmxge of
phosphate, which precipitates copper, or NOM, which complexes the Cu in a form that is less
bioavailable. ChickWatson disinfection models indicated that soluble Cu was the most robust
correlate with observed Cu antimicrobial effects across a rahdested waters. This new
knowledge suggests that measuring soluble rather than total Cu would be much more informative
to guide practitioners in dosing. The research also demonstrated that changes in pH or
orthophosphate that have been made to conwalosion over the last few decades, have
significantly altered Cu chemistry in buildings, undermining antimicrobial capacity and increasing
likelihood ofLegionellagrowth.



Pilot-scale experiments confirmed that soluble Cu is an effective indicator oht@uicobial
capacity, even in more complex environments represented by realistic hot water plumbing systems.
In particular, dosing of orthophosphate, which is widely added by drinking water utilities to control
corrosion, directly reduces soluble copped overall antimicrobial capacity. In some cases, Cu
added together with orthophosphate apparently promoted the groimtigiohellg providing an
example of at least one circumstance where Cu addition can induce interactive effects that elevate
Legionelb compared to a control system withceCu.

It was alsodemonstrated for the first time that different water heater sacrificial anode types are
subject to different corrosion processes, which indirectly influence Cu antimicrobial capacity.
Specifically, aluminum ions released from aluminum anode corrosion at 1 mg/L can form an
Al(OH)3 gel, which can remove >80% of the soluble Cu from water and reduce Cu antimicrobial
effects by >20g at pH=7. Corrosion from magnesium anodes was found to dramaticaégsec

the pH from 6.8 to >8, which correspondingly reduces Cu antimicrobial capacity. Cu deposition
further increased the anode corrosion rate and promoted evolution of hydrogen gas, which is a
potent electron donor that stimulates autotrophic microb@mtr especially with a magnesium
anode. Electric powered anodes did not release metals or alter pH and thus did not diminish Cu
antimicrobial capacity. Still, across the pikitale experiments, even very high levels of Cu (>1.2
mg/L) at low pH (<7) failedo fully eradicate culturableegionella.

The much lower than expected antimicrobial efficacy of Cu in the-pdake hot water plumbing
systems was found to be partially explained by the properties of the strain that colonized the
systems. Based ontfitg the data to a ChieWatson disinfection model, the outbreagsociated

strain that was inoculated into the systems was estimated to be 7 times more tolerant to Cu
compared to the common lab strain applied in the bsnale tests. Further, exponengabwth

phasd.. pneumophilavere found to be 2.5 times more susceptible to Cu relative to early stationary
phase cultures. It is important to also recognize that, in thegquédé systems, drinking water
biofilms and the amoeba hosts that colonize thman further shieldLegionella from the
antimicrobial effects of Cu.

Application of shotgun metagenomic sequencing offered the opportunity to more deeply examine
the response dfegionellaand other pathogens to Cu dosed to thesitale hot water systenin

the context of the broader microbiome. It was found that metagenomic analysis provided a
sensitive indication of the bioavailability of Cu to the broader microbial community inhabiting the
hot water systems, further confirming that the outbi@sdocated strain ofLegionella that
colonized the rigs was relatively tolerant of Cu. Functional gene analysis provided further insight
into the mechanistic action of Cu, suggesting multidal action of both membrane damage and
interruption of nucleic acid pication. The metagenomic analysis further revealed that protozoan
host numbers tended to increase in the {sitatle systems with timand thiscould also increase

the potential foL.egionellaproliferation with time.

Additional pure culture studies aiming to further assess the mechanistic action of Cu provided
strong evidence that Cu can induce a VBNC staté_égionella This is a concern, given that
other studies have indicated that VBNEgionellaare still capableof causing legionellosis.
However, VBNC cells are not detected by conventional culturing. Multiple lines of evidence



supported the conclusion that Cu induced a VBNC statd.dgionella,including membrane
integrity, enzyme activity, ATP generation, aAthoebaeresuscitation assays applied to two
different strains of.. pneumophilaAfter exposure to Cu, up to al&g (99.999%) reduction in
culturableLegionellawas observedwhereas corresponding reductions in the various viability
measures were only byl-log (90%). In other words;onventionalculturing may miss upo
99.99% of the_egionellathat is still capable of causing disease. To our knowledge, this is the first
study that has assessed the potential foinGuced VBNCLegionella. Additional resarch is
needed to further quantify the contribution of VBNC status to challenges in effectilzased
control ofLegionellain premise plumbing.

This research further examines, for the first time, the proteomic respohsgiofellato Cu,
comparing bth presumably VBNC and culturable cells. Functional annotation of proteins that
were differentially produced by the cells in response to Cu addition revealed that YBNC
pneumophilanodulated its proteome to favor cell membraared motility-related protms, while
reducing production of other proteins related to primary metabalsnparedo culturable cells.
These observations are consistent with the metagerdmased observations and support the
hypothesis that Cu inactivates cells by damaging thereathbrane. The findings also confirmed
reduced general cell metabolism that is characteristic of a VBNC state.

This dissertation highlights the important and complex effects of Cuegionellagrowth in

potable water systems as modified by water chemistayer heater anode type, characteristics of

the surrounding microbiome, ahégionellastrain characteristics and growth status. The findings
raise important questions about how to measure disinfectant efficacy and provide fundamental new
knowledge thatan help to better optimize the application of Cu as an antimicrobial to drinking
water systems argktterprotect public health.
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GENERAL AUDIENCE ABSTRACT

The opportunistic pathogebegionellais the leading cause of reportable waterborne disease
outbreaks in the United Statdsegionellais capable of growing in drinking water plumbing
systems in homes, hospitals, hotels, and other buildlregionellais spread by inhaling tiny
droplets of water that are suspended in the air when using the water, for example when showering,
resultingina severe and deadly form of pneumoni a c:
promising antimicrobial t hat <can byanstalogaed di r
coppersilver ionization system. There is also interest in understandingharhebpper released
naturally from copper pipes could help contrelyionella However, prior research indicates that
copper sometimes inhibits, sometimes has no effect, and sometimes even seems to stimulate
Legionellagrowth. The purpose of this dissertat was to better understand how the chemical
properties of the drinking water, such as pH, presence of corrosion inhibitors that are commonly
added to the water by utilities, and natural organic matter impact the ability of copper to Kill
Legionella Impects of the design of the drinking water system were also examined, for example,
the material used in the anodes of water heaters to prevent corrosive damage to other system
components was hypothesized to change the water chemistry in such a way trelsoontdrfere

with copper disinfection. Finally, the effect of the strain Lafgionellg its growth phase
(exponential or stationary), and culturability status (culturable versus viable beulorable)

was also examined. Experiments were conduotex a wide range of conditionfrom bench
scalepure cultureexperiments of a few days full-scale plumbing systenwver a period of 3.5

years. The complementary approaches maximize the strength of scientific conclusions about
approaches that camore efectively controlLegionella

Several discoveries were made as a result of this research that can help to improve the use of
copper for controlling-egionellain drinking water systems. In particular, it was found that it is

best to keep the pH less tharb,7because above pH 7.5 coppeacts withorthophosphate
corrosion inhibitor or natural organic matter in the watest manner that makesléss potent to
microbes. Through disinfection modeling it was found that soluble copper was the best predictor
of the ability to killLegionella Therefore, it is recommended from this research that practitioners
should monitor soluble copper instead of total copper for the purpose of asdessimgella

control.

From the pilotscale experiments, it was furtheufal that the type of anode installed in the water
heater can affect the ability of copper to kilgionella Magnesium anodes performed the worst,
likely because they raised the pH above the recommended level of 7.5. Aluanodesvere

also a problemdxrause aluminum ions released form an aluminum hydroxide gel that can remove
more than 80% of the soluble copper from water. Electric powered anodes did not reduce copper
antimicrobial effectdy raising pH or forming a gebut they are much less commonked.



A surprising finding throughout this study was that very high levels of copper (>1.2 mg/L) were
required to measurably redudeegionella in the pilotscale systemsin the pure culture
experiments, it was found that the outbreakociated strain from Quincy, IL, that was inoculated
into the system was highly copper tolerant. This demonstrated that the sttaigiafellathat
colonizes a particular drinking water systeauld be the reason why copper is sometimes less
effective.Pureculture experimentalsofound that stationary phasegionellaare more difficult

to kill than exponential phadeegionella which could explain some discrepancies among lab
studies reporteth the literature. A particularly noteworthy discovery of this research was that
copper can make it appear ateagionellahave been killed, because the traditional culture media
indicate that there is no growth on the Petri dish; however, they ard stifaalive and capable

of causing human di sease. TFchulst ursa brleef e(rBNC)too
VBNC state ofLegionellawas confirmed using an array of techniques (membrane integrity,
enzyme activity, ATP generation, and amoetsseiscitation) for two strains &f pneumophila

We also examined how VBNegionellacellular functions were impacted by copper using whole
cell proteome, i.e., analysis of all of the proteins extracted fiegronella Copper induced VBNC
Legionellamodulated its proteome to favor cell membrane and motility related proteins, and
reduced others related to primary metabolism compared with culturable cells. These results were
consistent with those obtained via shotgun metagenomic analysis of the micarbralunity

DNA in the pilotscale water systems. Given the potential for VBNC organisms to prevail in
systems disinfected with copper, it is recommended to supplement <udtsed monitoring with
molecularbased monitoring, e.g., with quantitative polynserahain reaction.

This dissertation highlights the important and complex effects of coppeggianellagrowth in

potable water systems. The findings help to inform guidance on how to improve the antimicrobial
effect of copper, through adjusting the watkemistry, selecting appropriate water heater anodes,

and optimizing the overall hot water system design. The dissertation also helps to inform improved
strategies for monitoring the efficacy of copper for killihggionellain reatworld systems.

Overal, the findings can help to improve policy and practice aimed at reducing the incidence of
Legionnaireso6 Disease and protecting public h
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Chapter 1:Introduction

Legionnaires6 Disease, c alegioretlyislthe leadimgcauseopreportahlen i s t i
waterborne diseases in the United States and sth@esands of deatlamnually. Health care related costs

are over$300 million pe yearfor Legionellaalone(Center for Infectious Disease Research and Policy,

2017 CDC, 2019) Much of thisdisease originates ipremise (i.e. building) plumbingotable water
systemshat are characterized by high surface area to volume ratio, lomgter stagnation times, low
disinfectant residual chemically and biologically reactive plumbing materialsl @anange of temperatures

from freezing in refrigerators to near boiling in water heaters. Premise plumbingreate ideal
environmental niches for growth akgionellaand other opportunistic pathogef@ullom et al., 2020;
Falkinham, 2015; Falkinharet al., 2015) Therefore, practicaolutionsto controlLegionellaand other

OPsmust consider the chemistry, design, operation and maintenapeentée plumbingystems.

Copper (Cu) is a promising antimicrobighat is eitherdoseddirectly via coppessalts(or coppersilver
ionizationsystemspr released naturally via corrosion of Cu piggst Cucansometimes inhibjthave no
impact on, osstimulateLegionellagrowth (Bédard et a).2021; Cachafeiro et al., 2007;-8. E. Lin et al.,

1996; Y:S. e. Lin et al., 2002; Mathys et al., 2002; Miuetzner et al., 1997; Song et al., 2021; US EPA,
2016) Water chemistry factors such as higher, gdmplexation and precipitatiocan decreaseopper
antimicrobial propertig, and thecomplexity of water chemistry in premise plumbing systems calla for
holistic analysis obther influentiafactorsincluding orthophosphatmorrosion inhibitos, effectsof natural
organic matter, water hardnesster heater anode typ&®n corrosion and effects of sacrificial anode rod
corrosion.

The interactions betwedregionellaandthebackground microbial community aaésokey to itsLegionella
proliferation ast generallyreplicates within Amoebadosts(Ewann & Hoffman, 2006; Falkinham, 2015)
Biofilms mayenhance thgrowth ofLegionellaby supportingAmoebagwhich provide access tmutrients
such as amino acigmdprotection fromdisinfectants Ewann & Hoffman, 2006 Otherunderappreciated
biotic factors includind-egionellagrowth phase, species or straipecific tolerance to Candviable but
nortculturable statusnay also be important Conventional culturdased methods and molecularsed
techniques (qPCR, metagenomics, proteomics) are powerfulthablsan provide new insights ¢ffects
of CuonOPs.

RESEARCH OBJECTIVES

The dissertation aims to examine the interactive effects of Cu, water chemistnhiology, andnicrobial
community composition othegionellato advance understanding of mechanisms by which Cu acts to
encourage or discouragegionellagrowth in hot watr plumbing systems and help prevent waterborne
disease. The work employs bencpilot-, and fieldscale experiments texamine the followingpecific
objectives:

1. Identify research gaps related to premise plumisifigence orLegionellaand other OPs,
especially invarmhot water plumbing systems.

2. Investigate the role of water chemisfrg. pH, corrosion inhibitor orthophosphate concentration,
aluminum ion concerdtion, natural organic matter concentrafion Cu speciatioand resultant
antimicrobial effects fotegionellathrough bencfscale experiments.

3. Examine the impacts dfegionella pneumophilgrowth phasestrain difference foCu tolerance,
andcell dengty on CuantimicrobialeffectstowardsLegionellathrough benctscale pure culture
experiments.

4. Assess viability of.. pneumophilahat has been inactivated By with multiple assays antb
extend the understanding of VBN@gionellainfectivity to Amoebadiosts and proteomics.

5. Test observations inenchscale experiments under realistic piatale plumbing conditions and
inform practical recommendatioigr Cu useasandantimicrobial in wéer systers.



6. Explore the role of microbial communities in mediating toxicity ofi€plumbing systemsia
shieldingfrom biofilms andprotozoan hosts

DISSERTATION OUTLINE AND ATTRIBUTIONS

Chapter 2: Critical Review of the Propensity of Premise PlumBipg Materials to Enhance or Diminish
Growth ofLegionellaand Other Opportunistic Pathogens

This literature review summarized research on the complex environments created in premise plumbing as
influenced by material selection, system design and oper&adaction of copper, plastics, iron and the

type of anode can affect nutrient levels, disinfectant decay and efficacy of copper as an antimicrobial. The
important role of the microbiome, microbial physiology and VBNC cell status are also identified as
important research gaps in understanding how Cu might increase or decrease incidence of disease.

This manuscript has been published:

Cullom, A.C.; Martin, R.L.; Song, Y.; Williams, K.; Williams, A.; Pruden, A.; Edwards, M.A. Critical
Review: Propensity ofl@mise Plumbing Pipe Materials to Enhance or Diminish Growtlegionellaand
Other Opportunistic Pathogerizgathogen®02Q 9, 957. https://doi.org/10.3390/pathogens9110957.

Attributions: Yang Sondauthor of this dissertation) shares firstautthorship with Abraham C. Collum

and Rebekah L. Martin by making equal contributions to the work. Yang Song, Abraham Cullom, and
RebekahMartin conceivedhe work, executed thi@derature review, prepareahdeditedthe manuscript.

Krista Williams and Amanda Williams provided initial ideas on key sections and reei@mentsMarc
Edwards and Amy Pruden supervised assisted in all aspects of the manuscript preparation.

Chapter 3: Natural Organic Matter, tBophosphate, pH, and Growth Phase Can Limit Copper
Antimicrobial Efficacy forLegionellain Drinking Water

Benchscale experimentsvere employedto comprehensively examine effects of pH, phosphate
concentration, and natural organic matter (NOM) over gaai conditions relevant to drinking water in
benchscale pure culture experimentherebyilluminating theimportanceeffects of Cu speciation and
precipitationon Legionellacontrol It was found that cupric ions (E)were drastically reduced at pH >
7.0 or in the presence of phosphates or NOM. Further, exponentiallpl@ssumophilavere 2.5times
more susceptible to Cantimicrobial effectselative to early stationary phase cultures. Whilé*@n was

the most effective biocidal form of Cu, othmorganic ligands also had some biocidal impacts. A
comparison of 33 | ar g edatafromai%0 amndj20i8edictedthat C¥ lievels t i e s 0
likely decreased more dramatically ((tifieg than did the total or soluble Cut{gheg over ecent decades
providing yet another partial explanation for rising incidencevatierbornediseaseThe overall findings
aid inunderstanding thefficacy of Cu as an actively dosed or passively released antimicrobial dgainst
pneumophila

This manuscript has been published:

Song, Y., Pruden, A., Edwards, M., Rhoads, W. Natural Organic Matter, Orthophosphate, pH, and Growth
Phase Can Limit Copper Antimicrobial Efficacy foegionellain Drinking Water. Environmental Science
& Technology2021, 558), 17591768.

Attributions: Yang Song, William Rhoads, and Marc Edwards designed the experiments and assisted in the
analysis of results. Yang Song conducted the experiments and prepared the first draft of the manuscript.
Amy Pruden was a eBl on the NSKrant and provided feedback on the experimental design and analysis

of the results. All authors contributed to the writing of the manuscript.

Chapter 4Pilot-Scale Assessment Revellteractive Effects of Anode Type and Orthophosphate Addition
in Governng Copper Solubility and Antimicrobial Capacity floegionellaControl




This chapter reported divergent effects of coppel.opneumophilagrowth under realistic hot water
plumbing conditionsincluding the fact tha€u can sometimes promateinhibitthe growth ofLegionella
in the same experimental apparatus depended on conditions Settbate Cuwas often a usefuhdicator
for Cu antimicrobial effectBut high levels ofLegionellapersistedn the presence of Cand this can be
partially explainedy the higher pHassociated with Mg anode corrosion, Al ions relddisam anode rod
corrosion, and high copper tolerance of the wyigle strairthat colonized the systerfihe remainder of the
resistance of.. pneumophilao Cu antimicobial effectsmight bedue to the protection gkmoebaend
biofilm. This study provided practicaisights as to howvater heater desigesystemoperation, anode rod
type,and pipe selection by building ownexan influencehe risks from waterborneegionella

This manuscript is in preparatiféor submission t&Vater Research

Attributions: Yang Song, William Rhoadamy Prudenand Marc Edwards designed the experiments and
assisted in the analysis of results. William Rhoads led building thespéd¢hot water systems. Yang

Song conducted the experiments and prepared the first draft of the manuscript. All authors contributed to
the writing of the manuscript.

Chapter 5:Shotgun MetagenonscReveals Impacts of Coppddose and Water Heater Anodeon
Path@ens andVicrobiomein Hot Water Plumbin@ystems

This chapteapplied shotgun metagenomic sequencing to characterize shifts in microbiome composition as
cold influent tap water transitions to a hot water environment and partitions into bulk water fdnd bio
environments. We examined how Cu dose& (fhg/L) and water heater anode materials (aluminum vs
magnesium vs powered anode) acted to shift microbiomes with time. Metagenomics estimated
pneumophilaand Mycobacterium aviuntoncentrations (annotations/L) matched the culture and gPCR
levels and thus it holds the potential to predict absolute quantitative information in addition to analyze the
relative abundance comparison. Hot water samples eniicipagumophilaM. avium hydrogen oxidation
bacteria, andDeinococcusThermus a thermophilic phylum compared to influent water samples.
Actinobacteria and Nitrospira trended higher in biofilm samples whil®einococcusThermus
NitrosomonasandMycobacteroidesvas enriched in bilwater samples. Cu and anode types were the
driving forces of the microbial community components, in addition to the season. Cu reduced the relative
abundance of phylBeinococcusThermus Chloroflexiand most Cu enriched genera were belonging to
phylaProtebacteriaandFirmicutes We al so showed that Cu dose, espe
reduce the relative abundance lafgionella associated protozoan hosts. Copper dose also enriched
functional genes related to DNA modification and metabolic ®gerotein modification and metabolic
process, cell membrane, ATP hydrolysis activity, and redox related process. Al biofilm samples increased
the relative abundance of phyl#Pnoteobacteridbut decreased the alpha diversity with enriched functional
genegelated to chemotaxis and transport related functions. Magnesium anode biofilm samples increased
the levels of phylumNitrospirae as well as over 290 genera includiRgraoerskovia Dickeya and
Shewanella

This manuscript is in preparation to be subadttoEnvironmental Science & Technology

Attributions: Yang Song, Amy Prudeand Marc Edwarddesigned the experiments and assisted in the
analysis of results. Yang Song conducted the experiments and prepared the first draft of the manuscript.
Rachel Fikelstein assisted in performing the experiments. Marc Edwards provided feedback on the
experimental design and analysis of the results. All authors contributed to the writing of the manuscript.

Chapter 6: Coppdinduced Viable but NoswulturableLegiondla Produces Distinct Proteome and Géitl
infect Amoebae

This chapter reported the first study examining Cu induced formation of VB&¢ibnella Multiple
viability assays were applied to two straind.opneumophildocusing on cell membrane integrity, enzyme
activity, ATP production, and infectivity to free living amoebae. Results showed that 5 mg/L Cu could
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reduce culturability more than 5 ledto <10 CFU/mL) of.. pneumophild 30b after 4 hours and wikype

QC after 24 hrs incubation. After Cu inactivatié®60% of the cells had intact membranes and active
enzyme activity. ATP production was observed with Cu inactivated strain 130b b@QCnstrain cells

based on comparison with dead cell negative controls. Both Cu inactivatedeumophilastrains
demonstrated resuscitation Aganthamoeba castellaniiith the highest success rate of 43% observed for
strain 130b after EDTA Cu washing. Aebae ceculture tests are believed to provide a lower bound to
VBNC cells whereas other viability tests may provide an upper bound to cell resuscitation. Future research
needs to narrow in on VBNC methods that better estimate the fraction-ctitorabk cells that can still

cause infection. The inconsistent VBNLEgionellaresuscitation results also calls for optimization of co
culture methods and further study on VBNEgionellaphysiological and metabolic process changes. We
reported whole cell proteee of Cu induced VBNCegionellaand compared with that of culturable cells.
Functional annotation of proteins with statistically significant changes in relative abundance, revealed that
VBNC L. pneumophilanodulated its proteome to favor cell membrane rmotility related proteins, and
reduced others related to primary metabolism compared with culturable cells. These observations support
the theory that Cu inactivation impacts the cell membrane and upon enteringcaltonosble state,
Legionellareduceshe general cell metabolism.

This manuscript is in preparation to be submittedoiarnal of Pathogen

Attributions: Yang Song conducted the experiments and prepared the first draft of the manuscript. Marc
Edwards and Amy Pruden provided feedback on tiperxental design andiata interpretatianDidier

Aguilar and Connor Brown assisted in performing proteomics samples preparation and data analysis. All
authors contributed to the writing of the manuscript.

Chapter 7: Conclusions and Future Work

This chaper provides a summary of key conclusions from each chapter in this dissertation and proposes
related future work based on the conclusions and knowledge gaps found in these chapters.
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Chapter 2: Critical Review: Propensity of Premise Plumbing
Pipe Materials to Enhance or Diminish Growth ofLeiognella
and Other Opportunistic Pathogens

Yang Song, Abraham C. Cullom, Rebekah L. Martin, Krista Williams, Amanda Williams, Amy
Pruden and Marc A. Edwards

ABSTRACT

Growth of Legionella pneumophiland other opportunistic pathogens (OPs) in drinking water premise
plumbing poses an increasing public health concern. Premise plumbing is constructed of a variety of
materials, creating complex environments thatyvahemically, microbiologically, spatially, and
temporally in a manner likely to influence survival and growth of OPs. Here we systematically review the
literature to critically examine the varied effects of common metallic (copper, iron) and plasticofes<

linked polyethylene (PEX) pipe materials on factors influencing OP growth in drinking water, including
nutrient availability, disinfectant levels, and the composition of the broader microbiome. Plastic pipes can
leach organic carbon, but demonstratower disinfectant demand and fewer water chemistry interactions.
Iron pipes may provide OPs with nutrients directly or indirectly, exhibiting a high disinfectant demand and
potential to form scales with high surface areas suitable for biofilm cotaniz&Vhile copper pipes are

known for their antimicrobial properties, evidence of their efficacy for OP control is inconsistent. Under
some circumstances, copperd6s interactions with pr
can encourage gratvof OPs. Plumbing design, configuration, and operation can be manipulated to control
such interactions and health outcomes. Influences of pipe materials on OP physiology should also be
considered, including the possibility of influencing virulence antibitic resistance. In conclusion, all

known pipe materials have a potential to either stimulate or inhibit OP growth, depending on the
circumstances. This review delineates some of these circumstances and informs future research and
guidance towards eft¢ive deployment of pipe materials for control of OPs.

Keywords: nontuberculous mycobacteri®seudomonasAcinetobacter amoebae; copper; iron; PEX;
PVC; drinking water; disinfection

1.INTRODUCTION

Legionnaires6 Disease bilse twhae efirlbeoardnien g |cl@hsesstls 0o fi nr et
2015b; National Academies of Sciences & Medicine, 20d44&h 52,00070,000 cases per ye@iational

Academies of Sciences & Medicine, 2019; United States Occupational Safety & Health Adtioms

1990) 800018,000 hospitalizationgCDC, 2015) an overall mortality rate of 6 (United States
Occupational Safety & Health Adinistration, 199Q)and high healthcare and legal cqgtshbolt, 2015b;

J. Falkinham et al., 2015; McCoy, 2005; Singh et al., 2@&jteria belonging to the genusgionellaare

the causative agent of Legionnairesé6é Disease and |
via inhalation or spirationLegionellair s ¢l assi fi ed as Aopportunistico b
with underlying illnesses or weakened immune syst@esiters for Disease Control, 2018; J. Fatiem

et al., 2015; United States Occupational Safety & Health Administration, .1860Jate more than 60
Legionellaspecies have been identifif@omezValero & al., 2014) with Legionella pneumophilaeing

the species most commonly attributed to human disfassociation of Water Technologies, 2003)
Legionellac an be found even in At he mdAldnetalg20ihtdiesv el v t
have confirmed that potable water is a key source of infe(@arrabeig et al., 2010; Mahoney et al., 1992;

National Academies of Sciences & Medicine, 2019; Rhoads et al., 2020; Stout et al., 1992; Stout et al.,
1985; United States Occupational Safety & Health Adrraiion, 1990) for both hospital and
communityacquired casg$sobin et al., 2009; Joseph, 2004; Janet E Stout et al.,.X98®)r opportunistic

pathogens (OPs) such as nontuberculous mycobacteria (NPs8Budomnas aeruginosa and
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Acanthamoebaecan similarly be transmitted via tap water and tend to infect individuals belonging to
certain risk group$J. Falkinham et al., 2015)

To infect humanslegionellaand other OPs must be present in tap water at the point of use. While
Legionellacan occasionally surviverinking water treatment and be transported through the main water
distribution system, the primary environment fargiorella proliferation to numbers needed to infect
humans generally occur s (FhermanskethldloflyG. Fa kee & Joiiee,mi s e 0 |
1993) Premise plumbing inatles the service pipe that connects buildings to the water main, in addition to
the full array of components comprising c@ld and
Falkinham et al., 2015Premise plumbing is characterized by high surface area to volume ratios, longer
stagnation times, low disinfectant residual, areas with excess sediment and scale, chemically and
biologically reactive plumbing materialsné water with relatively warm temperatures. Such conditions

can create ideal micrand macreenvironmental niches for growth of various (Bsrella et al., 2004; J.

Falkinham et al., 2015; National Academies of Sciences & Medicine, 2019)

Premise plumbing is a key conduit for human exposure via showering, handwashing, and other applications

that create airborne aeros@alkinham Ill, 2015). Legionellahas been detected in faucets, showerheads,
decorative fountains, gcery store mist systems, ice machines, and cooling tq®arsabeig et al., 2010;

Mahoney et al., 1992; Parr et al., 2015; Janet E Stout et al.,. 1988¢r buildings with more complex

plumbing systems are more likely to create physicochemical conditions suitegdionellaproliferation,

but it is also often detectable in water mains and residences with simple conventional hot and cold water
plumbing system¢Mercante & Winchell, 2015; Rhoads et al., 2020; Rhoads et al., 281Z¢ntre for

Di sease Control (CDC) summary of Legionnairesod Di
200062 01 4, concluded that 85% of the cases had fde:
buildings as a contributing fact@&arrison, 2016and that water chemistry flowing into buildings is one,

but not the only, predictor dfegionellaincidence(Perrin et al., 2019; Pierre et al., 2019)

The mechanisms by which premise plumbing influedcegneumophilaand other OPs, as well as the
broader premise plumbing microbiome, are varied and complex (Rdyré'he influent water chemistry

has been found to influendeegionella,and also strongly shape the plumbing microbiome, especially
through the delivery of growtpromoting nutrients, growtmhibiting disinfectants, and influent
microorganismgBaron et al., 2014, Liu et al., 2017; Pinto et al., 2012; §\&tral., 2015)The ecological
interactions among microorganisms in biofilms of building plumbing systems can also help overcome
barriers to growth from low nutrient levels and disinfectédhtskinham lll, 2015; Greub & Raoult, 2004;
Schwering et al., 2013)Conversely, other interactionsuch as competition, exclusion, predation, or
inactivation of symbiotic organisms, may inhibit the growth of @Q®Rang et al., 2013)The selective
pressures in premise plumbing might also alter the physiologies of resident microbes inea timzinn
influences infectivitWargo, 2019)All these phenomena are further complicated by the fact that premise
plumbing configurations, hydraulics, temperature, and water use patterns including velocity, flow or
stagnation events, all differ significantly from building to building. In particular, there is strong variability
due to occupancy, building size, wateater design, water saving devices, storage and other fédtors

et al., 2017; Rhoads et al.0I5) Thus, while there are many overarching similarities, every premise
pl umbing system is at | east as variable as the oc

The type of pipe material can also strongly influence the relationship betwees@pmumbing materials

and OPs through both direct effects (interaction with chemical species released from pipe) and indirect
effects (secondary consequences of released material from pipes) by altering the level of nutrients,
disinfectants, and microbiddiomass (Table.1, Figure2.1). Selection of pipe material can therefore
strongly affect chemistry, biological stabilif¢ R Proctor & Hammes, 201,5nd microbiome composition

(Neu & Hammes, 2020)f the drinking water.

Table 2.1. Positive (+, ++), Negative-,(--), and Neutral (0) Pipe Material Effects on OPs Control as
Mediated by Various Water Chemistry Attributes.

7



Water Effect of Pipe Materials on OPs Control as Mediated
Chemistry

by the Indicated Water Chemistry Attribute
Attribute  Relevance

Influenced
by to OPs
. Copper PVC PEX SS Iron?
Pipe
Materials
0 or- -
(Al-Jasser, 2007; R. ) ) . . .
Clark et al., 2010: (Al-Jassg 2007; (Al-Jasser, 2007; R

) Monique Lucia Durang (M L Durand & Monique Lucia  Clark et al., 2010;
Chlorine  Disinfectant (Y. Zhang & 2005; Haas et al., 2002 Dietrich, 2007; ) Dl.”and’ 2005; H Monique L.uma
R ; o ~ Mao etal., 2018; Kim et al., 2015; Durand, 2005; Haas
Edwards, 2009) Heim & Dietrich, 2007; . !
Lehtola et al. 2005: G Y. Zhang & C. Zhang et al., al., 2002; CZhang e
" ' Edwards, 2009) 2017;Y. Zhang & al., 2017; Y. Zhang ¢
Zhang et al., 2017, ¥. Edwards, 2009)  Edwards, 2009)
Zhang & Edwards, 200¢ ’ !

- 0
(C. Nguyen et 0 (M L Durand & 0 (BucheliWitschel et

; i . (Heim & Dietrich, 2007; ." . - ) al., 2012; Westbrool
Chloramine Disinfectant al., 2012; Y. Y. Zhang & Edwads, Dietrich, 2007; Y. (Y. Zhang &

Zhang & 2009) Zhang & Edwads, Edwards, 2009) &ZE;%' agol’zﬁsv(;%:
Edwards, 2009 2009) 9 '
2009)
) (BucheliWitschel
. L et al., 2012; Neu ¢
Assmlla_ble Carbon (Buch.ethtscheI etal., Hammes, 2020:
Organic 0 2012; Neu & Hammes, 1 0 0
source o Caitlin R Proctor
Carbon 2020; Skjevrak et al., L 2017 C. L
2003) et al., 017; C. L.
Williams et al.,
2016)
Ig:sro(ge? Food web 0 0 0 0 (Niu & Cheng, 2007
q Rushing et al., 2003
+/-
(Y.-S. E. Lin et
al., 1996; Lu et 0
Release of Release of al., 2014; . --
Metals metals Mathys et al., 0 0 (Merrltltg%;rown, (Morton et al., 2005
2008; Caitlin R
Proctor et al.,
2017)

Abbreviations: OPs, opportunistic pathoger®yC, Polyvinyl chloride; PEX, crodiked polyethylene; SS, stainless steel; aq, aqut
1. Includes unlined iron and old galvanized iron pipes.
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Figure 21. Overview of exemplar mechanisms by which pipe materials can affect OPs in premise plumbing.
Depending on the circumstances, the pipe material itself can have direct effects on OPs gréwth by:
providing organic or inorganic nutrients that enhance grdjtacting as a growtimhibiting antimicrobial,

or C) inducing viablebut-non-culturable (VBNC) status, from which microbes might recover in terms of
infectivity and growth rates subsequent to exposure. Pipes can also indirectly affect DPsamguming
secondary disinfectants, allowing for microbial growth downstrégmayolving hydrogen gas or enhance
nitrification, fueling autotrophic growth, df) developing thick pipe scales, which provide additional
surface area for microbial growth, @) selectihg for certain types of amoebae that are preferred hosts for
bacterial OPs and protect them from negative effects of copper and disinfectants. Finally, pipes may
unfavorably alter the physiology of microbes by increasip@P virulence by selecting forgistance to
phagesomal copper overload, or I) resistance to antibiotics.

Motivations for this review include:

1 Growing direct or indirect potable water reuse, which can sometimes alter levels of nutrients and
Cu*?in the source watdGarner et al., 2016)

1 Increased natural organic matter (NOM) in some source waters as an indirect consequence of
improving sulfur and nitrogen air pollution controls under rules and regulations such as the U.S.
Clean Air Act or Directive 2008/50/E(Anderson et al., 2017; European Environment Agency,
2019; Monteith et al., 2007)

I Emphasis on and investment in greeuilding design for water and energy efficiency and
associated unintended consequences fdyuilding hydraulics (e.g., more stagnation, higher
surface area to volume ratios of water to plumbing surfaces, required hot water recirculation
systems) that at water chemistry and delivery of nutrients or disinfecté@tsNguyen et al.,

2012; J. W. Rhoads et al., 2015; W. Rhoads et al., 2015; United Nations, 2015)

1 Greater use of plastic pipes (e.g., PEX, PVC, polyethylene), which vary in leaching potential by
type of plastic and due to the presence of petgry stabilizers and procesgdslLee et al., 2013)

1 Increasing awareness of viafdatnonculturabe (VBNC) bacteria, which are difficult to
measure directly. Molecular and fluorescebesed techniques suggest that they can be prevalent
under certain circumstancé3. Falkinham et al., 2015; Ramamurthy et al., 2044 recent
evidence indicates they can still cause dis¢akeron etal., 2013; Dietersdorfer et al., 2018)

1 Heightened concern about an array of bacterial OPs bdsig@snellg includingPseudomonas
aeruginosa, Acinetobacter baumanniind NTM, as well as amoebae (e.gcanthamoeha
Vermamoebg which can themselves be pathogenic or can serve as host organisms for bacterial
OP proliferationJ. Falkinham et al., 2015)

Here we critically examine existing knowlpelwith respect to the direct (section 2) and indirect (section 3)
effects of common metallic (copper, iron, zinc, aluminum, magnesium) and plastic (PVC, PEX) building
pipe materials on the growth bégionellaand other OPs, in addition to identifying tt@mplex effects of
plumbing system configuration (section 4) and the characteristics of the drinking water microbiome (section
5). This review is particularly timely, at a moment when societal expectations for public health protection
are elevated and eapding aspirations for improved water/energy conservation will be a major drive of
water system design and pipe material selec¢tiofV. Rhoads et al., 20183 executing this review, we

aimed to holigtally assess the effects of pipe materials, primarily focusingegionellawhile including

other OPs, seeking to shed light on why various pipe materials appear to sometimes enhance and other
times diminish OP proliferation under reabrld premise plurbing conditions.

2. DIRECT EFFECTS OF PLUMBING MATERIAL ON PATHOGEN
GROWTH

2.1. Copper Has Both Antimicrobial and Micronutrient Properties
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Copper is sometimes present at trace levels in the source water or in distributed water mains, but the main
sources in premise plumbing are copper pipes and brass fittings that are installed beginning at the service
line connecting the building to the water main (Figu®.2Due to longlasting life span, durability, and
relatively few concerns about metal e when compared to those of antiquated lead and galvanized iron
alternatives, copper and its alloys are common in premise plumbing sy&empger Development
Association Inc.2020. Copper is a registered antimicrobial of the US Environmental Protection Agency
(EPA) (Antimicrobid Copper Surface2020 and listed as a biocidal product in the European Union, but
some countries require special approval for use of copper in drinking water for OP ¢Botapean
Chemicals Agency2020. It is also an essential nutrient for all living organisms, including humans and
OPs(Caitlin R Proctor et al., 2017; Samanovic et al., 20H&re we review the mechanisms by which
copper plumbing may influence control of various OPs (Taldg

Copper sources include: Premise Plumbing
* premise plumbing pipe corrosion ~
(0.020 - 2 mg/L); M Bath _
« source water (0.003 — 0.022 mg/L); athroom Kitchen
« installation of copper-silver | & -
ionization system (0.1 — 0.8 mg/L) c r !
h___ 4 1
Cu/brass I Hot water
fiting ™= I,/| Recirculation
Water Main = | Loo
Shut-off Valve p
/ Cu-Ag lonization "4 |
SESiEnS / Water Meter = |
- eee !
Laundry !

Curb Stop

Figure 2.2. Copper sourcem premise plumbingBoulay & Edwards, 2000; Y. E. Lin et al., 2002; Y. S.
Lin et al., 1998; Organization, 201@&ote that CtAg lonization systems can be used in either point of
entry or hot water distoution networks.

Table 2.2. Copper can be growtpromoting or-inhibiting to opportunistic pathogens.

Inactivation via Copper Growth via Copper
Opportunistic . . Exposure — - - - -
plfathogen Associated Diseases Rc?ute(s) Antimicrobial Evidence for Cu Micronutrient Amoeba
Efficacy* Induced VBNC Activity Mediated
Growth
Encephalitis, Eye infection Dermal, Moderate to Possible that

Primary amebit Inhalation, e
meningoencephalitis(Centers (Centers for Somewhat inhibited
for Disease Control ar Disease
Prevention, National Center f Control and (Proctor et al., 2017 -

. ‘ . Thomas et al., 2004 copper deficient
Emerging and Zoonoti Prevention,
Infectious Diseases (NCEZIC National

Amoebae Unknown and unlikel organisms e NA
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Acinetobacter
baumannii

Staphylococcus
aureus

Stenotrophomot
as maltophilia

Nontuberculous
Mycobacteria
(NTM):
Mycobacterium
avium complex;
Mycobacterium
abscessus
complex;
Mycobacterium
kansasii and
other species

Aeromonas
hydrophila

Legionella
pneumophila

Division of
Waterborne,

Foodborne Center for

2010,

Hajialilo et al., 2015)

Bacteremia,
Pneumonia,

Bacteremia,
Osteomyelitis,

Meningitis
Urinary
infections(Peleg et al., 2008)

201 Emerging
and
Zoonotic
Infectious
Diseases
(NCEZID),
Division of
Foodborne,
Waterborne
2010, 2019;
Hajialilo et
al., 2015)

Dermal,
Inhalation
(Peleg et al.
2008)

tra

Endocarditi

Pneumoni

Dermal,

Sepsis, Skin infection€enters Inhalatin

for Disease

Control

ar (Kozajda et

Prevention, National Center f al., 2019;

Emerging  and
Infectious Diseases (NCEZIC

2019b)

Bacteremia, Endocarditis, E

Zoonoti Plipat et al.,

2013)

Dermal,

Meningitis Inhalation

infections,
Pneumonia, Sepsis,
infections, Urinary

infections  (Brooke,

Denton & Kerr, 1998)

Bacteremia, Pneumonia, S}

infections(Centers for Diseas

Sk (Brooke,
trac 2012,

2012 Denton &

Kerr, 1998)

Dermal,
Ingestion,

Control and  Preventio
and " Zoonolt  nfectiou Jomnson &
Odell, 2014;

Diseases (NCEZID), 2019a)

Gastroenteritis, Meningitis,

Ingestion,

Peritonitis, Pneumonia, Sk !nhalation
infections (Igbinosa et

2012)

al (Igbinosa et
" al, 2012)

Inhalation

Legionnaires®d (National

fever (National

Center

fo Center for
Immunizati

Moderate to
Somewhat inhibited

(Cervantes et al.,
2013; Huang et al.,
2008; Shih & Lin,

2010; Williams et al..
2016)

Moderate

(Cervantes et al.,
2013; Landeen et al.
1989; Yahya et al.,
1990)

Moderate

(Huang et al., 2008;
Shih & Lin, 2010)

Moderate

(Kusnetsov et al.,

Inhalation 2001; Lin et al., 199¢&

Mullis & Falkinham,
2013; Rhoads et al.
2017)

Unknown

(ASSANTA et al.,
1998)

Somewhat inhibited
to High
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Unknown

Unknown

Limited

(Gomes et al., 2020

Limited

(Lin et al., 1998)

Unknown

Moderate

and additional
copper could

increase growth

(Proctor et al.,

2017; Samanovit

Yes

(Cateau et al.,

2014; Estelle

Cateau et al.,
2011)

Yes

(Hopkin, 2006;
Huws et al.,
2006)

Yes

(J. M. Thomas
& Ashbolt,
2011)

Yes

(Cirillo et al.,
1997; Greub &
Raoult, 2004)

Yes

(Delafont et al.
2019; Raman
et al., 2008)

Yes

(Grossi et al.,
2018;



Immunization and Respirato onand (Linetal, 1996; Lin (Buse et al., 2014; Rowbotham,
Diseases, 2019) Respiratory et al., 2002; Gido et al., 2015) 1980)
Diseases, Miuetzner et al.,
2020) 1997; Stout et al.,
1998)

Somewhat inhibited
to High(Cervantes e
al., 2013; Huang et
al., 2008; Shih & Lin,

Bacteremia, Endocarditis, E IDerm_aI, 2010; Landeen et al, Strong Yes
. g . ngestion, X
infections, Gastrenteritis, Inhalation 1989; Yahya et al., )
Pseudomonas Osteomyelitis, Pneumoni (Bodey et 1990; Bidardet al., (Bédard et al., 2014 (Greub &
aeruginosa Sepsis, Skin infections, Urina al 19{33, 2014:; Moritz et al., DQpp et al'? 2017; Raoult, .2004;
tract infections(Bodey et al. Williams et 2010; Jeanvoine et a Dwidjosiswojo et al., Pukatzki et al.
1983) al., 2010) 2019; Petignat et al. 2011) 2002)
" 2006; Teizel &

Parsek, 2006;
Dwidjosiswojo et al.,
2011)

*Categorizations of efficacy based upon studies that sh@letktonic phase growth inhibition at: <0.1 mg/L (High),i@B mg/L (Moderate]
and >0.8 mg/L (somewhat inhibited) copper concentrations in water or media.

2.2. Copper Pipe as an Antimicrobial Material in Premise Plumbing

The antimicrobial properties of copper were first described more than 3000 years ago in the Hindu Vedas
and are occasionally observed at least temporarily in modern plumbing syS&chsfeiro et al., 2007;

Hans et al., 2013; Miuetzner et d1997; National Academies of Sciences & Medicine, 2019; US EPA
Office of Water., 2016)The role of supplemental dosing of copper as disinfectants in building plumbing
can be important, becaukegionellaand other premisplumbingassociated OPs are moresistant to
chlorine than traditional fecassociated bacteria that are used for traditional water quality monitoring
(Falkinham 111, 2015; J. Falkinham et al., 2015; B. R. Kim et al., 200%hile there is no clear consensus

on the primary mechanisms by which copper inactivates bacteria, two hypotheses have been put forward:
1) positively charged Ctions interferewith negatively charged cell membranes, creating holes; and 2)
Cu? disrupts the replication and production of DNA, RNA, and proteins, potentially through metabolic
cycling between Cd and C@* oxidation states, which generates radical oxidative spestieh as
hydroxide radicalg§Rakshit et al., 2018)In potable water, copper passively released from plumbing
materials can be present in the germicidal rangedgionellaof 0.1/ 0.8 mg/L(Y.-S. E. Lin et al., 1996;
Miuetzner et al., 1997; Janet E Stout et al., 1998; van der Kadij, @005) even in some parts of plastic

pipe systems connected with brass fittii@sdrill & Edwards, 1995; Kimbrough, 200Rassive release

or purposeful dosing that results in copper concentrations af@®&g/L are thought to limltegionella
growth(June & Dziewulski, 2018; ¥S. E. Lin et al., 1996; Y. E. Lin et al., 2002; Miuetzner et al., 1997;
Janet E Stout et al., 1998)

A number of studies have confirmed the efficatgopper, either passively leached from premise plumbing
materials(Assaidi et al., 2018; CaitliR Proctor et al., 2017; van der Kooij et al., 20@5actively added

using coppesilver ionization (CSI) system@&shbolt, 2015a; ¥S. E. Lin et al., 1996; Y. E. Lin et al.,
2002) as alegionellaantimicrobial. Biofilms grown at room temperature for 30 days inspedlized
reactors withcopper, PVC, and stainless steel coupons were found to have lower total bacterial counts on
copper than PVC surfac€Morvay et &, 2011) Other batch reactor studies indicate similar results,
demonstrating lowek. pneumophilanumbers on copper plumbing than plastic plumi{isgsaidi et al.,

2018; Daiet al., 2018; Proctor et al., 2017; van der Kooij et al., 208Balogous responses to copper
surfaces by other Ops, suchidsbsiellaspp.(Soothill, 2016) NTM (Mullis & Falkinham, 2013; Norton
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et al., 2004)P. aeruginosdMoritz et al., 201Q)andAeromonas hydrophileASSANTA et al., 1998)have
been reportedTwo different field studies found that copper concentrations were significantly lower in
samples positive fdr. pneumophildhan samples negative for pneumophilgLeoni et al., 2005; Marrie

et al., 1994)Borellaet al. (Borella et al., 2004, 200%)entified a threshold total copper level of 0.5 mg/L
in one sample of water, above which samples were approximatelfotaeven tims less likely to be
positive forL. pneumophila

Studies of CSI applications also demonstrate that copper can have direct antimicrobial effettd. Mn

E. Lin et al., 1998, 2002howed that 0.5 and 48 hours of exposure to 0.4/0.04 mg/L copper/silver achieved
99% inactivation of.. pneumophilaandMycobacterium aviugrespectively, in benehcale testing. Stout

et al. (Janet E Stout et al., 1998rformed longerm monitoring of CSI systems in 16 hospitals and
demonstrated their efficacy fdregionellacontrol, as the numbers of hospitals with >30&gionella
positive samples droppddr om 7/ 16 to 0/ 16, and no Legionnaireods
16 hospitals after the implementation of CSI. Addition of copper ions to solution from pipes or via CSlI, at
the bench and buildingcale, has also been shown to inhibit theagh or reduce the frequency of OPs
such asStaphylococcuspp. (Landeen et al., 1989; Yahya et al., 19%Xenotrophomonamaltophilia
(Gomes et al., 2020; H. Huang et al., 2008; Shih & Lin, 201®#cinetobactebaumannii(H.-l. Huang et

al., 2008; Shih & Lin, 2010; C. L. Williams et al., 2016)TM (Kusnetsov et al., 2001; Y. E. Lin et al.,
1998) andP. aeruginosgBédard et al., 2014; H. Huang et al., 2008; Landeen et al., 1989; Petignat et
al., 2006; Shih & Lin, 2010; Yahya et al., 1990)

2.2.1. Noteworthy Limitations to Copperods Ant

Despite the encouraging examples presented in theéopeesection, the overall success of copper as a
disinfectant folLegionellais mixed(Rhoad<t al., 2017)Several studies have found that théraicrobial
effects of copper were limited, or that copper even encouraged growtygiahellain some instances
(Buse et al., 2014, Lin et al., 2002; Mathys et al., 2002, 2008)ne studyl egionellawas consistently
detected in a hospital hot water plumbing system with average pH = 7.7, even when copper wiaatprese
concentratioss of 1.1 + 0.2 mg/L(Mathys et al., 2002)Other studies have shown similar trends. For
instance, Gio et al. (Gido et al., 2015)ound no significant difference between biofilmrwed on plastic
(PEX and PVC) coupons and biofiims formed on copper coupons when the biofilms contained a
heterogeneous community or when the biofilms were plrgdpeumophilaP. aeruginosdas been found

to persist in hospital copper plumbifigeanvoine et al., 201and the implementation af CSI system in

one hospital did not appear to fully eliminate patienaeruginosanfections associated with exposures
from faucetgPetignat et al., 2006)

Prominently, in one field study conducted in Germany with low or no chlorine residual, hot water systems
containing copper pipes were colonized witkgionella much nore often (>30x) than those with

galvanized steel or plastic pipes, despite the fact that the temperature of the hot water in these systems was
similar. Also, samples (n = 44) from hot water recirculation lines with >0.5 mg/L of copper displayed
2,4000 = 5,000 (mean + standard deviation) CEepgionelld L, whi |l e samples (n = 1.
of copper had 10 + 100 CHLegionelldL (Mathys et al., 2008)

There are many possible explanations for the apparent contradictions in overall impacts of copper (Table
2.2). It is important to first recognize that the antimicrobial properties of copper can be almost completely
controlled by water chemistry (Figug&3). Notably, the concentration of Cand its associated inorganic

ions tend to decrease in concentration in aged pipes, at higher pH, or in the presence of common corrosion
inhibitors, such as orthophosphate. Unfortunatstiydies frequently do not collect or report such relevant
datgJeanvoine et al., 2019; Mathys et al., 2002, 2008; Petignat et al., #606)g the ability to trace

di fferences in copper6s anti mi cr obalsathelikefihboadofacy t o
strainto-strain differences in copper resistance, and the selection for copper resistant organisms in systems
with copper pipe¢Bédard et al., 2019, 2020)
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Figure 2.3. Copper pipe corrosion and speciation is controlled by influent water chemistry and pipe age.
Water chemistry parameters, such as pH, dissolved oxygen (¥Djfectants, inorganic complexing

agents (e.g., alkalinity, phosphate, ammonia), organic complexing agents (e.g., hatural organic matter
(NOM)), hardness, trivalent metal ions (e.g., aluminum, iron), sulfate, and chloride can influence copper
pipe dissalition, speciation, and the precipitation process. Copper is categorized as either free copper ions
and inorganic complexed copper (considered relatively bioavailable), or organically complexed or
particulate copper (considered relatively fimoavailable).The level of copper species in the premise
plumbing systems are also affected by the pipe aging (new vs. old pipes) and the water use pattern, including
flow rate, stagnation and temperature.

2.2.2. Water Chemistry Effects on Copper Bioavailability.

The demistry of the influent bulk water can reduce toxicity of copper by: 1) reducing overall solubility
and the equilibrium level of Ctin the presence of copper rufitd. Edwards et al., 2001; Darren A. Lytle

& Liggett, 2016) 2) forming copper complexd&arvey et al., 1991; Meador, 1991; Zevenhuizen et al.,
1979) 3) having elevated divalent (€aMg?*) or trivalent (F&', Al®*) caions, which compete with copper

for uptake sites of organisn{Bbrahimpour et al., 2010; Pourkhabbaz et al., 2011; Riethmuller et al., 2000)
Therefore, water chemistry details are useful to explain theegiaocy of copper effects, but such
information is often lacking in some studigiao et al., 2015; Jeanvoine et al., 2019; Mathys et al., 2002,
2008; Petignat et al., 2006)

Prior culturebased research demonstrated that precipitation of copper at pH 9 reduced toxicity of copper
towards nascerit. pneumophilacolonies by 1€old relative to pH 7, where copper is more solulYeE.

Lin et al., 2002) Other compounds known to reduce levels of?®y complexation and precipitation are
logically expected to interfere with copper antimicrobial properties and include NOM and eithemortho
poly-phosphate$M. Edwards et al., 2001; Garvey et al., 1991; Darren A. Lytle & Liggett, 2016; Meador,
1991; Zevenhuizen et al., 1979pecifically, NOM and polyphosphate segtrants can vary in
concentration and complexation ability from water to water, can birfd &l dramatically reduce its
bioavailability. Orthophosphate added as a corrosion inhibitor can reduce metal pipe corrosion rates and
lower free metal ion concémations in drinking water. For example, our research has shown that the addition
of 3 mg/L of phosphate and 5 mg/L NOM at IpH = 7
pneumophilaby four and seven times, respectivéBong, Yang; Pruden, Amy; Marc, Edwards; Rhoads,
2020)

Copper 6s ant i mi expestbditoancreagerablqwer pH, loveeshardness, lovigand Fe?,
lower phosphate or polyphosphate, lower NOM, and colder temperatures due to known interactions with
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Cu*?ion. Studies of copper toxicity to algae and higher aquatic organisms havetslaoMdg*, Ca* Al

and Fé&® compete with copper for binding sites, reducing the toxicity of cofifimahimpour et al., 2010;
Pourkhabbaz et al., 2011; Riethmuller et al., 2080y instance, Ebrahimppoet al. (Ebrahimpour et al.,
2010) reported that the 9Bour median lethal concentration (LC50) valuesGapoeta fuscancreased
roughly linearly (1.1 to 7.5 iy copper) over a hardness range of38D mg/L as CaCOTrivalent metal

ions, such as Af and Fé*, can also form a layer of metal hydroxide gel around cells that can sorb copper
and reduce its availabilityStauber & Florence, 1987)ree copper also temdo decrease at higher
temperature and as pipe scales @ges & Rawson, 1962; C. Nguyen et al., 2012)

2.2.3. Copper as a Nutrient in Premise Plumbing

Copper (Cu) is an essential micronutrient used in protein synthesis, respiration, various oxidation/reduction
reactions and other functions in prokaryd@slai et al., 2012; Samanovic et al., 201&)cordingly, it is
reasonable to suspect that copper piping might sometimes act as a source of this essential nutrient in premise
plumbing, thereby increasing matrial growth relative to other materials. Bueteal. (Buse et al., 2014)

showed that effluent from CDC biofilm reactors equipped with coupons of different pipe materials at pH >

8 and P®> 0.2 mg/L, had up t@0x morelL. pneumophilayene copies when copper coupons were used
relative to PVC coupons. Mullit al.(Mullis & Falkinham, 2013)ndicated that copper surfaces supported

two to four times mordlycobacterium abscesstigan PVC. Mathy®t al. (Mathys et al., 2008eported

that hot water systems containing copper pipes were colonized significantly more often than those with
galvanized steel or plastic pipes.

2.3. Direct Release of Organic Carbon by Plastics

Potable water is oligotrophic, because organic carbon is relatively scarce and often limiting to the growth
of drinking water microorganism@-alkinham Ill, 2015; Van der Kooij et al., 2013; Wingender &
Flemming, 2011)Plastic premise plumbing pipes, which are made with polymeric organic compounds,
including stabilizers, flexibilizers and plasticizers, can leach organic carbon to(BatéreliWitschel et

al., 2012; Connell et al., 2016; Skjevrak et al., 200B¢reas metallic pipes do not. These organic carbon
compounds can fuel the growthlafgionella(Monique Lucia Durand, 2005; Caitlin R Proctor et al., 2017)

and presumably other OPs. In some cases, the organics leached to water are not thetpeiysaives,

but rather are additives (i.e., flexibilizers, plasticizers, stabilizers) to improve aspects of pipe performance
(Connell et al., 2016; Neu & HammeX020; Tsuchida et al., 2011)

New PEX pipes commonly leach 2800 pg/L of total organic carbon (TOC) as determined by
temperature, stagnation, surface area to volume ratio, pipe brand afi@ualgeliWitschel et al., 2012;
Connell et al., 2016; Kelley, 2014)hese levels of carbon, are far above the commonly cited threshold of
100 pg/L suggested to spur microbial growth in potable waten disiribution systemgorfitzen, 2002)
However, the proportion of this released organic carbon that is assimilable is not clear. Many studies have
demonstrate that some PEX pipes increase biofilm grobai et al., 2018; Proctor et al., 2017; van der

Kooij et al., 2005)and OP growtt{Proctor et al., 2017; van der Kooij et al., 2008gative to copper and

iron. Unfortunately, it is unclear how general these effects are because the formulation of PEX used (e.g.,
PEX-b) varies from one manufacturer to anotf@onnell et al., 2016; Kelley, 2014nd is typically
proprietary and thus not cited in the available literafDeg et al., 218; Proctor et al., 2017; van der Kooij

et al., 2005)An experiment in the Netherlands using srsaklile recirculating water heater systems (eight
gallon tanks) connected to copper or PEX pipes (19.4 ft) attributed over three timed agjbeellabulk

water levels in PEX pipe systems as compared to copper pipe systems although the authors did not
determine if the difference was due to copper antimicrobial effects or leached organic carbon growth
promotion(van der Kooij et al., 2005)

PVC pipes can leach 60,000 pg/L of TOC under typical water use conditi®schelrWitschel et al.,
2012; Heim & Dietrich, 2007; Kowalska et al., 201Df which roughly 50% was estimated to be

16



assimilablgNeu & Hammes, 20200ther studies indicate that PVC can promote biofilm grdtttilam

et al., 2001; Pedersen, 1920)d proliferdéion of OPs compared to copper, lined cement, iron, and stainless
steel(Buse et al., 2019; Learbuch et al., 2019; Mullis & Falkinham, 2013; Thomson et al., Al1&})
copper, glass, PEX, and PVC were uaednaterials in a biofilm apparatus simulating premise plumbing,
PVC and PEX materials maintained the higHesgionellagrowth potential in remineralized reverse
osmosis watelLearbuch et al., 2019)0ther studies have drawn similar conclusions for other OPs
compared to coppé€Moritz et al., 2010; Mullis & Falkinham, 2013; Norton et al., 2004; Soothill, 2016)

2.4. Iron Release from Pipes

Iron pipes may provide important niches and nutrients for OP growth. Antiquated cast iron, galvanized iron,
and seel pipes in service lines and home plumbing can leach iron to water in a rangel&f dg/L
dependent on factors including water chemistry, stagnation, surface area to volume ratio, and historical
corrosion contro(Sarin et al., 2004; Zhang et al., 2010bn can also accumulate in loose deposit or
biofilms and some studies have suggested that such locations are himisgodsvth of Legionellaand

other pathogenfLiu et al., 2017; WHO, 2007Studies examininiyl. aviumhave found that galvanized

steel supported more growth than copper, PVC, and stainlesg\dtdled & Falkinham, 2013; Norton et

al., 2004)

Iron is an important nugnt for microorganisms involved in oxygen transfer, protein synthesis, and other
essential metabolisfraraldoGémez & Sansom, 200and some studies have shown that the presence of

iron contributes to OP growth. Benshale studies have demonstrated that iron concentrations of up to 1

mg/L could enhanck. pneumophilagrowth in tap water while high conceations (10, 100 mg/L) of iron

produced toxic effects dn pneumophildStates etal.,, 1985) Dur i ng t he Legionnaire:
in Flint, MI, our research found that the median iron concentration was 0.11 mg/L in cold water samples

during the outbreak, but t h ewitchudropping raekli@nsronenncold ¢ oi nc
water samples down to less than 0.01 n{&hoads et al., 2017Qther field studies have observed similar
positive correlations betwedn pneumophildevels and iron concentratiofisR a k i | et al ., 201

et al., 1992)In a simulated household drinking water system with no chlorimedeaLugtet al. (van der

Lugt et al., 2017pbserved that colonization of stainless steel faucetselyjorella was enhanced in the
presence of 0.09 mg/L castiron rust. It is important to note that in anysstugijoying chlorine, iron pipe
corrosion will remove the chlorine, confounding simplistic attribution of the higbgionellato either

iron or chlorne (Martin et al., 2020; Rhoads et al., 2017; Wang et al., 2008 study specifically
examined if iron addition increaséd pneumophilayrowth without any chlorine present, and showed that

it did so in one water with naturally low iron, but had no effect in another water with relatively high ambient
iron (R. Martin et al., 2020)

2.5. Zinc, Aluminum, Magnesium Plumbing Materials

Pipes and plumbing devices can be composed of other metals thaafféghthe growth of OPs, but their
impacts are largely unexploredinc is present in source waters in concentrations ranging from <0.011 to
0.04 mg/L (Oyem et al., 2015; World Health Organization., 2088) is normally below 0.1 mg/L in
finished water(World Health Organization Water Sanitation, 200B)nc concentrations at the tap are
largely driven by its addition in corrosion inhibitors, or release from brass fixtures and galvanized pipes
(Salehi et al., 2020; World Health Organization., 2003; World Health Organization Water Sanitation, 2006)
and concentrations can reach 5 mg/L or higHeward, 1923; Sharrett et al., 1982nhalogous to copper,
zincis an essential nutrient for microbial grow@®houdhury & Srivastava, 2001; Li et al., 2018; L. Ma et
al., 2015; Nies, 1992; Silver & Lusk, 1987; Suryawati, 20Z8)c addition has been shown to ieasd..
pneumophilaandP. aeruginosagrowth in culture medigReeves et al., 1981and high soluble zinc has
been correlated with NTNKirschner et al., 1992)
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Zinc can be toxic to microorganisr{Babich & Stotzky, 1978; Choudhury & Srivastava, 2001; Norberg &
Molin, 1983; Nweke et al., 2006, 200Dut is believed to have limited biocidal activity compared to other
metals(Choudhury & Srivastava, 20019specially as it is below the US EPAc8edary Drinking Water
Regulation limit of 5 mg/l{United States Environmental Protection Agency., 2@i%) Chinese Standard
for Drinking Water Quality of 1 mg/L(Standardization Administration of China, 200&hhibitory
concentrations of zinc for Ops suchRseudomonaspp.,P. aeruginosaandAspergillus nigerange from

13 to 650mg/L in nutrient broth(Babich & Stotzky, 1978; Nweke et aRp06, 2007) While this is a
relatively high concentration range, Zhagtcal. (Y. Zhang et al., 2010Jemonstrated that galvanized iron
pipes can release zinc to these levels in the presenitefging bacteria. Furthermore, the biocidal activity
of zinc or any other trace metal in premise plumbing will be controlled by the same chemistry factors
including pH, hardness and NOM mentioned previously for copper.

Aluminum or magnesium rods are @lsommonly present as sacrificial anodes in water heaters (Figure
2.4), elevating A or Mg levels in the water. Mg is known to be an essential nutrient f@ygionella

(Reeves et al., 1981\hereas no such criteria have been established farMére research is needed to
determine whether these additional trace metals encourage or discourage OP growth in plumbing systems.

3. INDIRECT EFFECTS OF PIPE MATERIAL ON PATHOGEN GROWTH

3.1. Pipe Material Effect on Disinfectant Availability

Pipematerial is a key factor affecting disinfectant decay in potable water syd¢krimtaining relatively

high levels of disinfectant residual is impamt to OP control because OPs are6@0x more disinfectant
resistant than the common indicator microorganisms sukh edi (Falkinham 111, 2015) and are further
protected in biofilms or host organistffsdékambi ¢ al., 2006; Barker et al., 1992; Cervekoago et al.,
2015; Garcia et al., 2007; Hwang et al., 2006; Marci@abral et al., 2009)Plastic pipe materials are
generally norreactive with chlorine and chloramine in terms of maintaining disinfectaidusddevels,

even though chlorine does sometimes slowly react with and degrade certain types of PEX and polyethylene
pipe(Al-Jasser, 2007; R. Clark et al., 2010; Monigueia Durand, 2005; Haas et al., 2002; Inkinen et al.,
2018; Lehtola et al., 2005; Mao et al., 2018; C. Zhang et al., 2Qhrdhe other hand, iron pipes have an
extremely high disinfectant demand, as free chlorine cannekisb in equilibrium withferrous or zero
valent iron (Al-Jasser, 2007; R. Clark et al., 2010; Haas et al., 2002; C. Zhang et al., \B0ill@)
chloramine is relatively nereactive, iron oxide scale and associated nitrifying biofilms can cause relatively
rapid monochloramine decé¥ikesland & Valentine, 2000; Z. Zhang et al., 2Q08)e reactivity of copper
pipes and copper oxides is typically between plastics and iron and chemically catalyzes baih ahtbri
chloramine degradatiofM. A. Edwards et al., 2011; Fu et al., 2009; Darren A. Lytle & Liggett, 2016; C.
Nguyen et al., 2012; C. K. Nguyen et al., 2011; Y. Zhang & Edwards, 20@f)jer pH and the existence

of phosphate can help maintain disinfectant residual lendisth iron and copper pip€slguyen et al.,
2012; Rhoads et al., 2017)

3.2. Effect oMetallic PlumbingMaterials on Nutrient Availability via Autotrophic Carbon
Fixation

Although metallic plumbing does not leach assimilable organic carbon directly to water, certain metals can
indirectly help OPs overcome carbon limitations by facilitathmgygrowth of autotrophic microorganisms.
Specifically, metallic pipes can encourage growth of hydrapedizing, ammonisoxidizing, and ferrous
oxidizing autotrophic bacteria that fix inorganic carbon into new biorfRasdi H Brazeau & Edwards,

2013; Morton et al., 2005)

3.2.1. Hydrogen Oxidizing Bacteria

The corrosion of iron pipes and the galvanic corrosion of aluminum or magnescrificial anodes
protecting steel water heaters can evolve hydrogen gas, which is a strong electron donor for autotrophs
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(Randi H Brazeau & Edwards, 2013; Niu & Cheng, 2007; Rhoads et al., 2017n&wthal., 2003)
Ishizaki et al. (Ishizaki et al., 2001)ndicated that hydrogeoxidizing bacteriaAlcaligenes eutrophys
could fix 2300ug C/mmol H in biomass in closed circuit cultivation system at gas pressure slightly higher
than atmosphere, which could practically translate into production of ugig/B@rganic carbon biomass

per day in an 8@allon water heater equipped with a magijnm anodéMarc Edwards et al., 2013

study by Daiet al. (Dai et al., 2018pf an experimental water heater plumbing rig at 39, 42, and 51 °C
confirmed elevated levels of functional genes associated with hydrogabati@m, demonstrating that
hydrogenroxidizing bacteria were able to proliferate in water heaters.

3.2.2. Autotrophic Ammonia and Iron Oxidizing Bacteria

Iron and copper can catalyze the conversion of chloramine disinfectant to free ammonia, whieim can th
serve as a substrate for autotrophic ammonia oxidizing bacteria. Ammadiaing bacteria can fix
substantial amounts of organic carbon into the system, specifically 21 to 240 pg Chang idided on
experimental growth yield values of pure or mixetlures(GonzalezCabaleiro et al., 2019Ferrous iron,
released as a natural -pyoduct of iron corrosion, can also fix an average of 26 pug C/mt Ureler
circumneutral condition measured in bioreactdlsubauer et al., 2002)

3.2.3. Copper Deposition Corrosion AcceleratinoBdolution

Although copper cannot corrodettvievolution of H gas, cupric ions in water can plate onto the less noble
metals (zinc, aluminum, iron and magnesium) via deposition corrosion. This copper coating can
dramatically accelerate corrosion of less noble metals and indirectly stimulate@voluliydrogen (k)

gas (Figure.4) (Randi H Brazeau & Edwards, 2013; B. Clark et2015; A. K. Martin et al., 2012; Morton

et al., 2005) A study using a combination of bencand pilotscale hot water system experiments
demonstrated these effe(andi H Brazeau & Edwards, 2013)
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Figure 24. Water heater material interactions create multiple nishi¢éable for bacterial and opportunistic
pathogen (OP) growth. Deposition of copper onto less noble metals (e.g., a water heater anode) can result
in dramatically accelerated corrosion and release dissolvgadiiwhich is an electron donor for autotrophs

If the anode rod consists of magnesium, then the pH will become elevated as well. Figure adapted from
Brazeatet al.(Randi Hope Brazeau et al., 2012)

3.3. Pipe Scaling Effects

Scaling caused by pipe corrosion or higher pH iterease pipe surface roughness, which is known to
enhance biofilm colonization and overall growth, creating an ideal environment for OP establishment and
proliferation (Cirillo et al. 1997) One study showed that copper coupons in a biofilm reactoretbrm
extensive scales and promoted sef@d more biofilm biomass than PVC pipes after three months of
incubation(Fox & Abbaszadegan, 2013)\ged metal pipes may form very thick scales charactétize
corrosion tubercles and extensive networks of p@Reishing et al., 2003; Sarin et al., 2004; Tuovinen et

al., 1980; Yang teal., 2012) providing an area for not only additional biofilm growth, but also distinct
microenvironmentgW. Lee et al., 1995; Tuovinen et al., 198@)h pH is as low as 2.0 or as high as 10

(C. K. Nguyen et al., 2010)

4. INFLUENCE OF PLUMBING SYSTEM DESIGN, CONFIGURATION
AND OPERATION

All of the direct and indirect interactions described in previous sections are further influenced by the specific
premise plumbing design, configuration, and operation. Flow rate, water stagnation, temperature profile,
secondary disinfectant concentratiand nutrient availability can all interact to create hot spots for OPs
growth in buildings.

4.1. Water Stagnation

Water age is defined as the time it takes water to move from one point to another in the system, which may
influence OP growth through a vVetty of mechanisms. This includes the time from when it is freshly
produced at the treatment plant and travels to the service line, as well as the time from when it first enters
the buildingbs pl (WnRhoadgetat.@5) Highewatprage im buildingis isinsreased

by: 1) existence of dead ends/legs and stagnation in plumbing syktasitset al. 2006 WHO, 2007) 2)

use of low flow devices or presence of large storage tanks such as those used forteplagatiag or

onsite rainwater collectiofd. W. Rhoads et al., 2031%nd 3) using low volumes of water in a building or

at a particular outldgSalehi et al., 2020Btagnation and infrequent water use may concentrate and enhance
release of organic matter in water in plastic pipes and metals in metalli¢Piged ytle & Schock, 2000;

McNeill & Edwards, 2001; Merkel et al., 2002; Nawrocki et al., 2010; Sarin et al., ZDbdhget al. (L.

Zhang & Liu, 2014¥ound a fousfold increase in bulk water TOC in unplasticiZedC pipes between 24

hours and 72 hours of stagnation. Fixtures in a green building with the fewest water use events (most
stagnation) also had greater organic carbon, bacteria counts, and heavy metal (Zn, Fe, Pb) concentrations
(Richard et al., 2020; Salehi et al., 2020)

Stagnation and high water age also increases the likelihood and rate of disinfectant decay. High
consumption of chlori@ and chloramine during stagnant periods of724ours have been observed for
synthetic pipes (0.4 and 0.6 mg/L of chlorine loss, respectively), and stagnant perie8sholis in
metallic pipes (3 and 4 mg/L chlorine loss, 1.5 and 3.5 mg/L chloramsse lespectively()C. Nguyen et

al., 2012; L. Zhang & Liu2014) In a green building study, shour stagnation almost fully eliminated
monochloramine (>99%) within pip€¥/. Rhoads et al., 2015)

Such water quality changes have been related to increased levels of OPs in premise plutetis@syg
et al, 2018; Hozalski et al., 2020; Ley et al., 2020; J. W. Rhoads et al.,. 20 b)ield sampling study of
main water distribution system, 120 water samples were taken throughout a drinking water distribution
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system. Only four samples were positive for cultivdhlgpneumophilaand all four samples were taken

from dead end pointst the end of streets with no chlorine residual remaitBdmcheBuso et al., 2015)
Another field study identified their most frequentlggionellapositive sites as being located at the end of

the distribution system and having the highest turbidity, iron, TOC, and water age, as well as the lowest
flow (Pryor et al., 2004)The association between OPs and stagnation has created interestgnestta

reduce building water stagnation effects such as removingldgagdflushing, maintaining the hot water
system, and shock disinfectigBuidance for Reopening Buildings After Prolonged ShutdovReoduced
Operation | CDC 202Q; Proctor et al., 2020; Rhoads al., 2020; US EPA2020. The effectiveness of

these strategies should be evaluated within the context of the specific pipe materials that are present.

4.2. Hot Water Recirculation Lines

Some plumbing codes require or suggest the use of recirculating hot water lines for water/energy
conservation, convenience and comf@@015 International Energy Conservation Cod214; 2018
International Plumbing Code017;2021 Uniform Plumbing Cod2020; National Academies of Sciences

& Medicine, 2019) In these systems, water is circulated continuously between the water heater and the
point of use, preventing cooling of the distal lines and allowing for nearly instant delivery of hot water at
thepoint of usgAlly, 2002). There are many important differences between hot water recirculating systems
and conventional systems, which are stagnant during periodsusiditat can affect OP growth. The
constantly flowing water can deliver more nutrients to biofilm and hypothetically increase OP growth
(Randi Hope Brazeau et al., 2012n the other hand, continuous flow can deliver moreni@istants and

more hot water, which are critical control measures for (PRsnery et al., 2006; W. J. Rhoads et al.,
2015) The net effect depends on which of these factors is dominant.

Continuously recirculating water could also increase relefiseetals, increase deposition corrosion of
anodes by constantly recirculating water through copper pipe, and result in greater accumulation of
sediments and +yas. One study showed that recirculating systems with copper pipinglt¥ith®s more
aluminum and copper, -6 times more hydrogen in effluent water, and 9% more aluminum anode weight
loss, compared with standard (Ratirculating) systemgRandi H Brazeau & Edwards, 2013)
Recirculating systems can also accumula2® 8mes more sedimentRandi H Brazeau & Edwards, 2013)
arising from corrosion of metallic pipe material and the anode(Edisards et al., 2001; Oh et al., 1998;
Sarin et al., 2004; Tuovinen et al., 1980; Yang et al., 20I2se sediments, which also collect at the
bottom of hot water tanks, may serveaasmportant growth niche within warm regions of hot water tanks
where influent cold water depresses temperatures, and there are also relatively low levels of disinfectant
and high levels of nutrients ftuegionellg heterotrophs, and host organisfRéioads et al., 2020; Stout et

al., 1985)

4.3. Pipe Aging

New plastic and copper pipes behave differently than older pipes. Specifically, corrosion and release of
metals is strongly influenced by pipe age, with corrosion rates and metal release tending to decrease as
thicker and more passivating pipe scales fakging can dramatically reduce levels of metal leaching from
copper and other pipg€M. Edwards et al., 2001; Sancy et al., 2010; Zhu et al., 20 rate of aging,

and whether it decreases release of pipe constituents at all, is highly affeataigbyghemistry and water

use pattern@M. Edwards et al., 2001)ikewise, leaching of organics from plastic pipe may attenuate 50%

to >99% after aging for a period of a few weeks with hot water exp¢Soreell et al., 2016; Mao et al.,

2018) but in other cases has been sustained for m@&tishi et al., 2018)r even over a yegtund et

al,2011) Pipe aging is an important factor to consi
Legionellagrowth. One study showed that thegionellanumbers in bulk water of both PEX and copper

pipes in a simulated warm water system were the same after two(yaarder Kooij et al., 2005)WVe

speculate thaine possible cause for this convergence is that, as plastic pipes age, organic carbon migration
to water decreases, whereas levels of antimicrobial copper released from copper pipe also tends to decrease.
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Hence, in some situations, it is expected thateiry wld copper and plastic pipe systems there would be
little difference between these pipe materials.

4 .4. Possible Mixed Material Interactions

Building plumbing is typically comprised of multiple pipe materials, either in the original design or after
patial retrofits or renovations. It is anticipated that there are sometimes synergistic and other times
antagonistic interactions between pipe materials that would influence growth of OPs. Copper deposition
accelerating the evolution of,Hrom aluminum, zie, magnesium and iron corrosion, as discussed in
section 3.2.3, is an important exemplar. Copper is also known to catalyze degradation of plastic pipes
(Bulletin, 2012; X. Huang et al., 2019%dtitute, 2018; Tanemura et al., 2014; Wright, 20@t}d the
presence of copper pipe upstream of plastic pipe might enhance organic carbor(Xelelasag et al.,

2019) surface roughness for biofilm growfffanemura et al., 2014and perhaps even disinfectant
consumption due to copper in the scale. Iron pipes upstream of copper may produce riixeakfekes,

which can be extraordinary catats for free chlorine decaf.ewis, 1928) Similarly, copper released
upstream of iron pipes could increase iron relé@sese, 1971)Any galvanic couplingpetween two metals

in plumbing materials (copper/brakesad (Cartier et al., 2012; DeSantis et al., 2QX&@)pper/iron(Cruse,

1971; Hack, 1988; X. G. Zhang, 201tOn/zinc(Marques et al., 2016; Souto et al., 2Q@Bpper/aluminum

(Jorcin et al., 2008; Kuntyi et al., 2018)opper/zinc(Cartier et al., 2012; B. N. Clark et aR015)
copper/magnesiurfZzhou et al., 2018)has the potential to enhance corrosion and cause changes to water
quality parameters relevant to corrosion and OP gr@g®thK. Nguyen et al., 2010; Tada et, &004)
dissolved oxygen (DOjX. G. Zhang, 2011)metal concentration&artier et al., 2012; DeSantis et al.,
2018) and disinfectant residual concentration. These reactions also create microenvironments of very high
or very low pH(Nawrocki et al., 2010; C. K. Nguyen et al., 201Bjven that in the 2017 American Housing
Survey 10% of households that reported any home improvement projects also reported adding or replacing
an interior water pipéJnited State8ureau of the Census., 201lidhderstanding the effects of mixing pipe
materials during renovation appears to be a valuable research area as antiquated premise plumbing is
increasingly replaced.

5. MEDIATING ROLE OF MICROBIOME AND OTHER
MICROBIOLOGICAL CONSIDERATIONS

5.1. The Role of Pipe Material in Shaping the Premise Plumbing Microbiome and Resident
Amoeba Host Organisms

Interactions between OPs and the microbial communities surrounding them are key to OP proliferation and
are likely influenced by pipe materials. OPs can be parasitic tdifieg amoebae that first prey upon

them in drinking water biofilms, before thegproduce inside and eventually kill the host organism
(Falkinham 111, 2015). In fact, there isome doubt thategionellaactually reproduces significantly in
drinking water outside of an amoeba h@@wann & Hoffman, 2006)Amoebae can also protect OPs from
disinfectants and provide access to nutrients. For exaitmgagnellaexclusively use amino acids, which

are abundant in amoeba vacuoles, as a carbon géutékambi et al., 2006; Barker et al., 9% Cervere

Arago et al., 2015; Garcia et al., 2007; Hwang et al., 2006; Richards et al., 2013; Shaheen et.al., 2019)
Thus, although poorly studied, any factor altering growth of key host amoebae (indhadininamoeba
VermamoebgandNaegleria)is expected to indirectly affect growth of OPs, includingopneumophila, P.
aeruginosaandNTM (Adékambi et al., 2006; Barker et al., 1992; Buse et al., 2014; Cefvagp et al.,

2015; Dai et al., 2018; Garcia et al., 2007; Hwang et al., 2006; Ji et al., 2017; Midhel@% Rhoads

et al., 2015)In one experiment, copper coupons were found to host Azarethamoeba polyphadhan

PVC coupongBuse et al., 2014possibly because copper hosts less diversaymtiacommunitiegBuse

et al., 2014; Lu et al., 2014nd limits competition foA. polyphagaAs a resultl.. pneumophilarew and
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shed to the bulk waters in higher numbers on these copper cabhparen PVC coupons if eiooculated
with A. polyphagdBuse et al., 2014)

Interbacterial interactions may also influence the growth of OPs. Broadly speaking, OPs benefit from the
biofilm community through acas to nutrients and protection from disinfectgftskinham 111, 2015; J.

O. Falkinham et al., 2015; Greub & Raoult, 2004; Schwering e2@L3) Some studies have identified
correlations between specific taxa and OPs in premise pluniinlyla et al., 202Q) cooling towers
(Paranjape et al., 202@nd drinking water distribution systeni&arner et al., 2018)However, the
significance of these correlations to premise plumbing material selection is not well understood, as most
studies examining differences in bacterial communities focus on very broad measures of community
structure(Buse et al., 2014; Inkinen et al., 2018; Ji et al., 2015; W. Lin et al., 2012; Lu et al., 2014; Caitlin
R Prodor et al., 2016, 2017; C. Zhang et al., 20XZ¢rtain waterborne bacteria are known to produce
toxins that inhibitL. pneumophilagrowth (Corre et al., 2019; Inkinen et al., 2018) exude other
compounds that have secondary bacteriostatic effedtegionella(Kimura etal., 2009) Intra-bacterial
inhibition also may be mediated through amoebae by reducing host (pakget al., 2010; Declerck et

al., 2005)or killing the host populatiofMatz et al., 2008; Pukatzki et al., 2002; Weitere et al., 200&)e
research is needed to elucidate how the broad ecological differences resulting from pipe material influence
these interactions. Integration of metagenomic or +iratescriptomic analyses targeting the production of
bacteriocins or other toxins witmk&wn effects on OPs could elucidate the ecological effects of taxonomic
shifts resulting from pipe material. Interrupting ‘@moeba endosymbiosis through the enrichment of
preferential norOP amoeba preyBerry et al., 2010; Declerck et al., 200%s beenggested as a
probiotic means of controlling OR¥/ang et al., 2013 and pipe material could be explored as a means of
enrichment of these taxa.

5.2. Variation in Copper Tolerance Among Species and Strains.

Strainto-strain differences in intrinsic tolerance of copper, acclimation to copper concentrations with time
through induction of the appropriate genes, or acquisition of copper resistance via mutation or horizontal
gene transfer in premise plumbing might explain some of the discrepancies in variable outcomes of copper
on OPs (Table .2). Legionella(Bédard et al., 2020and other OP$C. L. Williams et al., 2016jnay
acclimate to high copper levels through the expression of copper detoxification or efflux sysidand. B

et al.(Bédad et al., 2020)eported foufold differences in the copper tolerance of environmeniafijated

L. pneumophilatrains, noting that more resistant strains showed increased copper AdpPasepression,
speculating that their increased tolerance mlap be a result of higher biofilm production. Strikingly,
Williams et al. (C. L. Williams et al., 20163howed that, during exposure to 95 mg/L of copper over 6
hours in liquid culture, culturabl&. baumanniievels (CFU/mL) could increase byl@gs or decrease by
2-logs, depending on the strain. The authors identified putative coppmdifitation and efflux systems

within the genome of the most resistant isolate and identified specific genes that were upregulated in
response to copper exposure. However, a majority of the less tolerant strains tested also possessed these
genes, leadinthe authors to suggest that further definition of the proteins involved in copper resistance is
required. One recent study showed two environmenistiiatedLegionellastrains reduced by less than

one log in culturability, even after two weeks of expesio 5 mg/L copper, which the authors attributed

to adaptation to the high levels of copper (average 0.48 mg/L ) in the hot water system from which these
isolates were collectg@édard et al., 2019 profile of Fusariumisolates revealed that tap water isolates
were more coppetolerant than soil isolatdSteinberg et al., 2015p. aeruginosasolates isolated from a
hospital with copper plumbing exhibited only slightly limited growth in the presence of 0.15 mg/L copper
(Jeanvoine et al., 2019l of these strains were found to harbor-Gla molie genetic element that
confers copper resistance and that has also been identifi€d aeeuginosatrain associated with hospital
outbreaks(Petitjean et al., 2017)Limited data suggest th&. baumanniiand mycobacteria are more
difficult to inactivate with copper thaother OPs, whild®. aeruginosds more readily inactivate(H.-I.

Huang et al., 2008; Kusnetsov et al., 2001; Landeen et al., 1989; Y. E. Lin et al., 1998; Shih & Lin, 2010)
L. pneumopifa has been found both at the more resistpahdeen et al., 198@%nd less resistarit.-I.
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Huang et al., 2008; Kusnetsov et 2D01; Y. E. Lin et al., 199&nds of this spectrum. The wide variability

among OPs and even strains of OPs in their intrinsic tolerance of copper, ability to acquire genetic resistance,
and ability to acclimate to elevated levels of copper makesfitudifto precisely predict the efficacy of

copper and other antimicrobials for OP control.

5.3. Confounding Effects of VBNC Bacteria

The discovery of VBNC bacteria has complicated prior understanding for all OP control strategies,
including copper. Vimal I 'y al | prior work relied on culture
killing OPs(Lin et al., 1996; Mathys et al., 2008; Lin et al., 2002; Huang et al., 2008; Shih et al., 2010;
Landeen et al., 1989; Kusnetsov et al., 2001; Lin et al., 19R&tkher et al.1997; Cachafeiro et al., 2007;

Borella et al., 2005 but some microbes rendered not culturable might remain viable and still infect host
amoebae or humar{Bietersdorfer et al., 2018; Dusserre et al., 2008; Oliver, 2010; Ramamurthy et al.,
2014; K. Williams etal., 2015) The existence of VBNC pathogens in premise plumbing has been
demonstrated by comparing culttvased numbers with those enumerated via fluorescence (e.g., live/dead)
and moleculabased (e.g., quantitative polymerase chain reaction) mmgtorethodgWang et al., 2017)

Benchs cal e studies examining copperb6s antimicerobial

based and moleculyased numbers @f. pneumophildBuse et al., 2014; Gido et al., 201b3t are also
suggestive of a coppémduced VBNC state. Similar discrepancies have been noted. faeruginosa
Stenotrophomonas maltophiliandM. avium(Bédard et al., 2014; Dopp et al., 2017; Dwidjosiswojo et al.,
2011; Gomes et al., 2020; Y. E. Lin et al., 198)idence of coppenduced VBNC activity is particularly
strong in the case d®. aeruginosawhereone study applied multiple nesulturebased measures of
viability (Bédard et al., 2014; Dwidjosiswojo et al., 201R)rthermore, VBN@. aeruginosdhave been
shown to partially recover infectivity after removal of coppgesm solution (Dopp et al., 2017,
Dwidjosiswojo et al., 2011)To understand how VBNC bacteria contribute to OP infections, additional
studies are needed to delineate the premise plumbing conditions more precisely teaVBNC status
and to confirm the range of functionality maintained in this state. A primary challenge in achieving this is
that there are currently no reliable methods for confidently enumerating VBNC bacteria.

5.4. Virulence

The premise plumbing envirorant exhibits several features that could possibly contribute to the virulence
of resident OPs. Wargd®Vargo, 2019)escribes features of drinking water plumbing that could prime OPs

to infect cystic fibrosis patients, although the interactions described in this review could also pose risk to
otherwise immunocompromised individuals. Such features that are relevig# togierial includéWargo,

2019)

i Elevated copper levels, selecting for resistance to copper overload withiropimage
phagosomes, a component of the innate immune resfieasdand & Niederweis, 2012)
Elevated iron levels, influencing interactions between iron homeostasis and virulence.
Exposure to lipids, which are generally not well removed by drinking water treatment, priming
OPs for lipidrich environments within hosts. Accumulation of phospholfpity acids has been
shown to be greater in the biofilms of polyethylene pipes than copper pipes, though these lipids
were putatively associated with bactdtiahtola et al., 2004)
1 Low DO levels, selecting for OPs capable of survival in lowr@@ons of the biofilm in infected
host tissue.
T Exposure to eukaryotic predation, selecting
macrophages) or enhanced virulence.

1
1

Some studies suggest that the above types of interaction may iritre@sghogenic potential of premise
plumbingassociated OPs specifically. Copper resistance is important to mammalian host infed®on for
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aeruginosaSchwan et al., 20089ndA. baumanni{Abdollahi et al., 2@8; Alguethamy et al., 2019nd

other evidence suggests that exposure to copper in aquatic environments selects for greater copper
resistance among certain OBsanvoine et al., 2019; Petitjean et al., 2017; Steinberg et al., Zaidper

and other divalent metals may also play a role in nutrient acquisition and pathogenesis even after infecting
hosts(Huston et al., 2002)

The effects of iron exposure on OPs are not as apphargmeumophil@erogroup 1 grown in medium that

was iron limited (0.01i70.056 mg/L) has been shown to lose its virule@@enes et al., 1995ndicating

that limiting adequate congtations of iron could not only decrease the presentegibnellabut also

the likelihood of human infection. Iron also plays a role in modulating various behaviors, including
modulating virulence factor production h aeruginosaandA. baumanniiBjorn et al., 1978; Fiester et

al., 2016; Jimenez et al., 2010; Penwell et al., 2012; SOKOL & WOODS, 1984; Vasil & Ochsner, 1999)
but it is unclear what effects exposure to iron haveinulence in the premise plumbing environment. This
subject is largely unexplored and more research is needed to determine the overall effects of the premise
plumbing environment on OP virulence.

5.5. Antibiotic Resistance and Tolerance

Copper, among o#dr heavy metals. has been shown to exert selection pressure, leading to enhanced survival
of antibiotic resistant bacteria. In fact, heamgtalassociated cgelection and crosselection has been
proposed to be as much of a concern for environmentahgation of antibiotic resistance as antibiotics
themselveqPruden, 2014)Increases in antibiotic resance genes at the community scale have been
identified after longterm copper exposure in s@il Berg et al., 2005; Jeanette Berg et al., 2010; Hu et al.,
2016; Knapp et al., 20113ediment{Graham et al., 2011and drinking watefM. Zhang et al., 2018)
Benchscale tests using bacterial isolates from biofilidsZhang et al., 2018nd wastewatgBecerra

Castro et al., 2015hoculated into growth media have shown that a selective or inductive effect of copper
can take places within hours. However, these studies were performed with copper conceniratione$

greater than the 1.3 mg/L US EPA copper action level andasiynih exceedance of the Chinese Standard

for Drinking Water Quality of 1 mg/L(Standardization Administration of China, 200&d WHO
Guideline for DrinkingWater Quality of 2 mg/l{(Organization, 2016)Thus, these concentrations may not

be repesentative of potable water systems. One study examining antibiotic resistant and sensitive strains
of Staphylococcus aurewshowed that the more antibiotic resistant strain survived longer in a copper
container(Cervantes et al., 2013)s discussed above, copper may also better suppanthamoeb¢han

other materials, while in one studly pneumophilagrown within A. polyphagademonstrated ineased
tolerance to all antibiotics tested (rifampin, ciprofloxacin, and erythromycin) compared to those grown in
culture medigBarker et al., 1995)The role of copper plumbing and other pipe materials in these emerging
areas of research is worthy of further investigation.

There is more limited evidence that the presence of iron may also induce or select for antibiotic resistance,
as observed fdP. aeruginosaising ironramended growth med{®glesbySherrouse et al., 2014hd the

gut microbiomes of mice supplied with iremended watgiGuo et al., 2014)The latter case, while using

an iron concentration more than 25 times the EU drinking water standard of 0.2(Ewgbpean
Commisssion, 1998nd 16 times both the US EPA National Secondary Drinking Wa#erd&rd and
Chinese Standard for Drinking Water Quality of 0.3 mg/L, may be of particular concern, as it suggests that
pipe corrosion products have the potential to select for antibiotic resistance inside the infected host organism.

6. CONCLUSIONS

Premiseplumbing is a complex, temporally dynamic, and spatially diverse environment that is strongly
influenced by pipe materials. Virtually all pipe materials have known benefits and/or detriments for OP
growth. Plumbing materials are an important driver ottimical and biological water quality parameters
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that influence the control of OPs and there are no silver (copper or plastic) bullets that will uniformly inhibit
the growth ofLegionellaand other OPs under all circumstances.

Synthetic plastic pipe maiafs vary between type and manufacturer. They can act as a supply of organic
carbon for the growth of microorganisms, but exert a lower chlorine demand and tend to form fewer scales
that could provide more surface area for biofilm growth. Iron pipes sumpplients for growth, exhibit a

high disinfectant demand, produce hydrogen and other nutrients through corrosion, and tend to form thick
scales with extremely high surface areas. While they may no longer be used in new construction, even short
sections opipe can affect an entire downstream premise plumbing distribution system. Stainless steel has
few known effects on water quality, and correspondingly, OP control, perhaps because it is the least studied
and is less commonly used as a result of its high €opper pipes are known for their antimicrobial ability,

but this is inconsistently realized in practice, and in some cases they seem to encourage OP growth relative
to other pipes. Premise plumbing materials have a role to play in preventing Olvmsfentd, at a
minimum, should be examined more closely for their propensity to inhibit or stimulate OP proliferation
during outbreak investigations. Research is needed to better define:

1 Both the intraspecies and intespecies variation of copper resista amongst OPs, as well as
environmental drivers of this variation.

9 Effects of copper pipes on OPs in a more holistic sense, with identification-afaddlconditions
that are drivers for discrepancies in copper 0s

1T Copper dbls migomadrent activity in OPs within premise plumbing contexts, including
threshold concentrations required for various physiological functions, as well as physicochemical
and ecological factors that influence those thresholds.

1 The disease risk that \NBC OPs pose and conditions under which copper and other antimicrobials
induce VBNC status in premise plumbing OPs

1 The inhibitory action of trace metals on OP growth in premise plumbing, as well as growth
requirements for other trace elements exhibited Bg (D premise plumbing.

1 Potential mediating effects of the wider microbial community composition resulting from pipe

material on OPs.

Effect of mixed pipe materials on physicochemical parameters of bulk water and OP growth.

The effects of plumbing matergabn OP antibiotic resistance and virulence.

The impact of stagnation, velocity, sediments, corrosion control, and consumer water use patterns

on all of the above.

E ]

An improved understanding will provide actionable advice for multiple stakeholders. itroadd the
obvious direct use of the results in the construction industry and by building water quality managers, water
utilities can benefit from improved understanding of how the interplay of premise plumbing pipe materials
with disinfectants, nutriestand corrosion control can be harnessed to reduce disease incidence.
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Chapter 3: Natural Organic Matter, Orthophosphate, pH,
and Growth Phase Can Limit Copper Antimicrobial Efficacy
for Legionellain Drinking Water

Yang Song, Amy Pruden, Marc A Edwards, William J Rhoads

ABSTRACT

Copper (Cu) is a promising antimicrobial for premise plumbing, where ions can be dosed direofhpeia ¢
silver ionization or released naturally via corrosion of Cu pipes, but Cu sometimes inhibits and other times
stimulatesLegionellagrowth. Our overarching hypothesis was that water chemistry and growth phase
controls the net effect of Cu dregionella Combined effects of pH, phosphate concentration, and natural
organic matter (NOM) were comprehensively examined over a range relewiriking water in bench

scale pure culture experiments, illuminating effects of Cu speciation and precipitation. It was found that
cupric ions (C&) were drastically reduced at pH > 7.0 or in the presence of higaming phosphates or

NOM. Further,exponential phaske. pneumophilavere 2.5timesmore susceptible to Cu toxicity relative

to early stationary phase cultures. While?Cion was the most effective biocidal form of Cu, other
inorganic ligands also had some biocidal impacts. A comparis8rBof | ar ge dr i nkieldng wat e
data from 1990 and 2018 showed that'Gavels likely decreased more dramatically (*ih@eg than total

or soluble Cu (2imeg over recent decade$he overall findings aid in improving efficacy of Cu as an
actively dosed or passively released antimicrobial againsheumophila

Keywords

Copper,Legionella pneumophilacorrosion control, natural organic matter, premise plumbing

INTRODUCTION

With >500% increase in reported incidence in the U.S. ovda#h@0 years, building owners and operators

are increasingly burdened with controlling Legion
broad guidelines on how t o en€bG2019%and specifiastrategigs of a
depend on the technology applied, local laws and code, water quality parameters, and-lbuiting
treatment and operatidissociation of State Drinking Weit Administrators, 2019; National Academies

of Sciences, Engineering, and Medicine, 2020; US EPA, 2@dgcting pipe materials that are less
amenable th.egionellagrowth is one avenue of interest. In particular, copper (Cu) pipes can exert natural
biocidal properties when Cu is released via corrosion. Intentionally dosing Cu ions-silwéuonization

(CSI) systems is also a commongite disinfection technology for large institutional buildirfbsi et al.,

1994; Rohr et al., 1999; Triantafyllidou et al., 2016; Walraven et al., 28b8)ever, conflicting efficacies

of both Cu pipes and CSI systems in controlliegionellagrowth have beereported Cullom et al., 2020;

Y.-S. e. Lin et al., 2002; Mathys et al., 2008; Stout & Yu, 2003; Walraven et al.,. 2016)

The main biocidal form of Cu is believed to be cupric ion*C{Hans et al., 2013Wwhich interacts with
negatively chargedell membranes and causes cell Iy&is et al., 1994)In many drinking waters, Ct
concentrations are expected to be relatively low and strongly influenced by water chemisteyeHtittle

research has been carried out to establish the practical range of water chemistry parameters that ensure
efficacy of Cu as a biocide in building water systems. Monitoring plans for CSI systems tend to focus
mainly on maintaining total Cu lewgeln the range of 200800 pg/L, and do not consider soluble Cu or

Cu?* ions (Cachafeiro et al., 2007; ¥S. E. Lin et al., 1996; Miuetzner et al., 1997; US EPA, 201bg

negative impacts of elevated pH on the biocidal capacity of Cu tdvegidnellahas been reportgd .-S.

e. Lin et al., 2002)out only at extremes of typical drinking water system pH (7 vs 9). A higisefution
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examination of pH effects between thege extremes, and considerate of other potential mediating factors,
is needed.

Other water chemistry attributes that are likely to influence Cu corrosion, speciation, and bioavailability in
tap water are also important to consider. The use of phospasét corrosion inhibitors has increased
nationally over the last 20 years and is likely to reduce the toxic effects of Cagimnellabased on

existing knowledge of cuprosolvency and speciafioytle & Liggett, 2016; Zevenhuizen et al., 1979)
However, to our knowledge, this has never been demonstrated or studied. In addition, baseline levels of
natural organic matter (NOM) have been increasing in some U.S. source waters as an indirect consequence
of climate change, land use alteration, angrimmed sulfur and nitrogen air pollution controls under the
Clean Air Act(Anderson et al., 2017; Eikebrokk et al., 2Q@)ich might be decreasing Cu bioavailability

in potable water systen{Edwards et al., 1994; Edwards & Sprague, 2001; Garvey et al., 1991; Meador,
1991)

The physiological state dfegionellais also important taonsider in evaluating the efficacy of Cu
disinfection. Within host amoeba cell&gionellaare typically viewed as being in a replicative state, which

is simulated in pure culture experiments by the exponential growth phase. However, the statioritary grow
phase ol egionella which can be induced by starvation and environmental stress, is thought to be more
resistant to CuMolofsky & Swanson, 2004)Stationary growth phase, i.e., the stage entered after
Legionella are released from the host organism, is also thought to be more refeviaagionella
transmissivity (i.e., virulence). However, previous work regarding the efficacy of Cu as a biocide focused
onlLegionellagenerated from nascent colonies grown on agar media (i.e., plate s€vaged}. Lin et al.,

1996) which contains a miyare of growth phases and, without other-peatment steps, consist largely of
exponential phase cells or an unknown mixture of exponential and stationary cells. More recent work has
demonstrated that strain dependency resultsfadddifference in suseptibility (Bédard et al., 2019put,

to our knowledge, the impact of the physiological stateegionellaon the biocidal capacity of Cu has not
been explicitly investigated.

Here we provide an integrated and compreha&nexamination of the impact of key water chemistry factors
on Cu speciation and precipitation on the culturabiliti.gbneumophildn benchscale experiments. We
determine the impact of pH, levels of orthophosphate corrosion inhibitor, and NOM lenélseof total,
soluble, and Ci ions in a simulated drinking water environment and investigate their resulting impact on
exponential and stationaphaselLegionella The results are contextualized with respect to trends in
comparable fielelata in ordeto improve guidance on effective application of Cu aggionellacontrol
measure.

MATERIAL AND METHODS

Test water, reagents, and glassware

To represent a realistic background drinking water matrix for this and future studies, Blacksburg, VA tap
was useds the base water for all experiments. Blacksburg tap water was passed through three filters in
sequence for use in all experiments: 1) ferric oxide column (Brightwell Aquatics), which removed
municipally-supplied phosphatleased corrosion inhibitor andrse NOM; 2) granular activated carbon
(GAC), which removed chlorine and additional NOM; and 3) a 0.22 pm pore size mixed cellulose ester
filter (MilliporeSigma) to remove particles and microorganisms. Afterward, the base water had <0.05 mg/L
total chloring(>98.3 % removal), <10 pg/L phosphorous (>97.5 % removal), and <0.5 mg/L organic matter
(TableA.1). This water was autoclaved at 121 °C for 15 minutes. Glassware was used asactivs,

inert material to conduct all experiments. All glassware usedseaked in 10 % nitric acid for 24 hours,
rinsed with reverse osmosis water, and autoclaved. All experiments were carried out at 37 °C-ma walk
incubator (Thermmax, Warminster, PA) to mimic werase portions of building water plumbing systems
(bottam of electric water heate(Brazeau & Edwards, 2013)onvectively mixed distal tagRhoads et al.,
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2016)or tempered water after mixing valves) and eliminate temperatuadagor that may negatively
impactLegionellaculturability. pH was adjusted with 0.2 N sulfuric acid or 0.1 N potassium hydroxide.

Cu stock solutions of 100 mg/L Cu as Cu$8igmaAldrich, St. Louis, MO) were freshly prepared and
adjusted to pH= 4.0+090to maintain Cu solubility. Orthophosphate stock solutions were prepared by
adding 9.52 g/L monobasic dihydrogen phosphate and 5.92 g/L dibasic monohydrogen phosphate targeting
a solution with pH=7.0. As per convention in water treatment, the summatiantladphosphate
components (P9, HPQ?*, H.PQy) are noted4onimomnihs MmasnPOext .
solutions were prepared from cleaned humic acid (HA) (Sigiddch) solutions after sequential
alkalinization and acidification to remove imypies (Zhang,2005) or Suwannee River Il fulvic acid (FA)
(Standard FA, International Humic Substance Society).

Kinetics of copper precipitation

Cu precipitation tests were performed in batch reactors (Figd)e Base water was dosed with 0, 30, 300,

and 1000 pg/ICu, and pH was adjusted to 7.0, 7.5, 8.0, or 8.5 (+0.05 pH units). Total and solublé'Cu, Cu
ions, and pH were measured initially in the base water, then immediately aliquoted to 50 mL glass reactors
and capped without any headspace, which limited pitidire to gas transfer. Reactors were sacrificed for
sampling at t=10, 20, 30, 40, 50, 60, 120, and 240 mins. Control groups (with no Cu dosed) were confirmed
to contain Cu<10 ug/L as background throughout the experiments.

Copper speciation

The impact ofpH and ligands on Cu speciation were evaluated in experiments set up in the same manner
as the precipitation tests (Figuke?) in triplicate. When analyzing pH impact, Cu was added to achieve a
final concentration of 1,000 pug/L Cu to base water at thgetgoH. When analyzing the impact of Cu
ligands, orthophosphate (at 0.5 and 1 mg/L orthophosphate & #*QNOM (2 and 5 mg/L HA and FA

as total organic carbon; TOC) were added to base water with pH=7.0+0.02, followed by Cu dosing at 1,000
pg/L and pH e-adjustment to 7.0+0.02. This pH was selected to represent the lowest end of the typical pH
range for water utilities and maximize the concentration &f.@iological replicates were obtained by
repeating this process three times for every condition.

Water chemistry measurements

pH was measured with an Oakton (Vernon Hills, IL) portable pH meter with automatic temperature
correction and was calibrated before each experiment and every two hours during experiments. Total Cu
samples were prepared by trarsing 10 mL solutions from sacrificial reactors, after mixing by inverting,
into sterile tubes (Evergreen, Buffalo, NY). Soluble Cu was operatiedaflped by filtration through a

0.45 pm pore size nylon syringe filter (Whatman, GE Healthcare, Pittsdeg. Both total Cu and soluble

Cu samples were acidified with nitric acid (2% vol/vol) and initially measured by both Inductively Coupled
Plasma Mass Spectrometry (K86#S) and spectrophotometry with HACH Cu Verl reagents (Method 8506,
Hach, Loveland, CPDfor a range of experimental conditions. Since the results of both methods were in
good agreement (Figuré.3), the colorimetric method was used to check concentrations during
experimental runs and one of three replicates were-chessked with the ICRIS for QA/QC. Cé* were
measured by ion selective electrode (@& mer, Vernon Hills, IL) following instructions provided by the
manufacture with 50 mL samples gtesed with 1 mL ionic strength adjustment (ISA) solution (5 N
NaNQGs). The ion selective et¢rode was checked every two hours for calibration drift using methods
recommended by the manufactui@ole-Parmer Instrument Compar020, with a limit of quantification

of 50 pg/L. Relative standard deviation (RSD) of the ion selective electrode was determined with 10
individual tests as < 20% variation when total Cu > 100 pg/L and over 50 % when total Cu < 50 pg/L
(FigureA.4).

L. pneumohila cultivation experiments
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Bacterial culture preparation

L. pneumophilacultures were freshly prepared for each experimental Lupneumophilsserogroup 1

strain 130b, was obtained from the U.S. Centers for Disease Control and st8&dadh buffered yeast
extract (BYE) broth (10 -ketoguGicSgcid, 0140y LysteiveamdDPL5ge xt r ac
ferric pyrophosphate per litter) with glycerol (20% vol/vol). Frozen stocks were isolated onto buffered
charcoalyeast extract (BCYE) agarlpat es (12 g wagar, 2 -kgtoglatardte v at ed
monopotassium, 10 g ACES buffer, 2.8 g potassium hydroxide, 0.25 g iron pyrophosphate, 3 g ammonium

free glycine, 80,000 IU polymyxin B sulfate, 0.001 g vancomycin hydrochloride, 0.08 g cyiohathex

0.4 g L-cysteine monohydrate per liter) and incubated for 72 hrs at 37 °C. BYE broth was inoculated with

L. pneumophilat an initial optical density at wavelength of 600 nm §&of 0.2 (Implen) by transferring

1 mL of sterile BYE broth ontodtreaked culture plates and harvesting colonies with a 3x ftengized

glass cell spreader. Inoculated BYE broth was incubated at 37 °C with agitation for either 9 hrs (exponential
phase) or 14 hrs (early stationary phase), as determined &y g@d@wth curves (Figured.5). After broth

culture, cells were pelleted by centrifuging at 5000 x g for 10 mins and the supernatant decanted. Cell
pellets were washed twice with 10 mL base water, resuspended in 2 mL base water, and diluted to ~3x10
colony forming uits (CFU)/mL (McFarland Standard No. 1, @80.257) (Weinstein & Patel2018.
Subsequently, ~3x2@FU/mL dilutions were used for each experimental run.

Copper inactivation tests

Cu inactivation test procedures were similar to those of the Cu speciationFigste A.6). All Cu
inactivation tests were performed at initial total Cu of 800 pg/L, unless otherwise stated, which represents
the upper limit of recommended copper ion levels for copper inactiv@fie8. E. Lin et al., 1996; ¥S.

e. Lin et al., 2002; Stout & Yu, 2003, p. 208jter Cu dosing, ligand addition (at pH 7 only; none, 0.5, 3
mg/L phosphate as RE or NOM=5 mg/L as TOC), pH adjustment (7.0, 7.5, 8.0, or &, mixing for

20 min to allowed Cu speciation to stabilize (based on the solubility and speciation experiential results),
glass bottles were moved to a biosafety cabinet to inoculapgeumophilaAfter mixing, initial L.
pneumophilalevels were quaniiéd as described below, solutions were transferred to sterile 50 mL
sacrificial glass reactors and incubated at 37 °C. Reactors were inverted to mix and sacrificed to quantify
culturableL. pneumophilatargeting time points of t=10, 20, 30, 40, 50, 60, 120, 240, and 360 mins. All
Cu inactivation data was fitted with ChidMatson first order inactivation curves and the disinfection
constants were estimated by best fitted lines using least squares rBathagical replicates were obtained

by repeating this process three times for every condition. At least one control representing background
chemistry conditions and growth phases, without copper, was operated for each condition. For controls in
Cu inactiwation tests using early stationary phspneumophilatotal 13 replicates (3 from pH=7 and 8.5;

2 from PQ* =3 mg/L and NOM=5 mg/L; and 1 from pH=7.5, 8, and,P€D.5 mg/L) showed negligible
reduction inL. pneumophilawith time, and therefore contslwere combined across experiments for
statistical comparison.

L. pneumophil@&numeration

One milliliter of solution was transferred to sterile tubes-gweed with EDTA (molar ratio of
EDTA:Cu=5:1) to complex Cu. We confirmed EDTA had no impact on @ltility of L. pneumophilan

our experiments. Serial dilutions (1:101(°) were prepared with base water and 10 pL was transferred
onto BCYE+GVCP agar plates using a multichannel pipette in triplicate (FAg@yeOnly dilutions with

3-30 distinctL. pnaumophilacolonies were considered quantifiable. The lower limit of detection (LOD) (1
CFU counted) and limit of quantification (LOQ) (3 CFUs counted) of the serial dilution plating method
were 100 CFU/mL and 300 CFU/mL, respectively, when 10 yuL was pMthdre the number of CFUs

was expected to be few, 100 uL was also directly spread plated to further lower the LOD and LOQ to 10
CFU/mL and 200 CFU/mL, respectively (i.e. 1 colony and 20 colonies observed). After drying in the
biosafety cabinet, plates wdareubated at 37 °C and enumerated after 72 hrs.
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Drinking water utilities fielddata analyses

Thirty-three large drinking water utilities were selected from a 1990 systematic survey of drinking water
utilities (Dodrill & Edwards, 19950 be representative of their corrosion control methods (no corrosion
control, pH control, inhibitor control, and both controls). Most recent (2018) custmmédence reports

of the 33 utilities were utilized to extract data for 90% total Cu, pH, phosphate, and alkalinity. A subset of
11 utilities that contain all needed information were utilized to predict changes in Cu speciation in drinking
water systems the U.S. using equilibrium models.

Statistical analyses

Statistical differences in Cu speciation and Cu inactivation data were determined using ANOWAswith
hocTukeyds T e aMallisdtest witkpost kokDaul n n 6 sBorffegrent correction)n R (3.4.3).

The summary statistics (mean, standdediation) and statistical difference for lkeftnsored (below LOQ

or LOD) datasets were calculated using regression on order statistics gRO&)aximum likelihood

estimation (MLE) regression te@iS EPA, 2015)n R (3.4.3) Si gni fi cance threshol d
Calculations and graphs were generated using R (3.4.3) ands#dficrExcel 2016 (Microsoft).
Thermodynamic equilibrium models were generated using MINEQL+ (4.6).

RESULTS AND DISCUSSION

Changes in Cu speciation and precipitation in laboratory tests are reported first, followed by experiments
guantifying the impact othese changes on the toxicity of Cu ltegionella Finally, a systematic
comparison of publichavailable Cu monitoring data and predicted changes in the presence of toxic forms
of Cu in drinking water systems in the U.S. using equilibrium models is egbort

Copper speciation and solubility experiments

Copper stability

Water was dosed with Cu at 30, 300, or 1000 pg/L at pH of 7.0, 7.5, 8.0, or 8.5 to examine precipitation
and speciation kinetics (Figur&.1). Cu species (total, soluble, ¥ugenerally rached shorterm
equilibrium after 20 mins of incubation (FiguBl). The mean pH after incubation was 7.02+0.08,
7.42+0.08, 7.82+0.10, and 8.26+0.14 for the targeted pH=7.0, 7.5, 8.0, and 8.5 conditions, respectively,
reflecting slight naturalhoccurrirg pH shifts. Cu did not significantly (< 2%) precipitate at the lower doses

of 30 and 300 pg/L at any pH level. At 1000 pg/L, more Cu precipitated (i.e., less soluble Cu was measured)
at the higher pH, as would be predicted based on solubility (FRj#9. For instance, soluble Cu was
87.2% of total Cu at pH 7.0 and decreased to 68.7% at pH 7.5, 41.4% at pH 8.0, and 23.7% at pH 8.5. The
level of Ci#* ions decreased even more dramatically as pH increased. At a dose of 300 pg/L Cu at pH 7.0,
50.8% of the @ was present in the form of Eudropping to <11.7% at pH 8.5. A similar trend was
observed at a Cu dose of 1000 p¢Aigure3.2B).
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Figure 3.1. Cu species (total Cu, soluble Cu, and¢goncentration as a function of time at pH of 7.0,
7.5, 8.0, and 8.5. Culevels at total Cu=30 pg/L are not shown because they are below the probe
guantification limit of 50 pg/L. For other conditions, €meaurements < 50 pg/L are plotted as 25 pg/L
for visualization purposes.
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Figure 3.2. Steadystate percentage of Cu measured a220 minutes as (A) average soluble Cu and (B)

average Cti. All data points represent the avgeaof all data collected after 20 minutes of incubation; error

bars represent standard devi at i?levelsantotadDGu=30pggld i an =
are not shown because it is below thé*@uobe quantification limit of 50 pg/L. Due &1 substantial portion

of the data being censored €C« 50 pg/) in the Cu=300 pg/L condition at pH=8 and 8.5, as well as
Cu=1000 pg/Lat pH=8.5, means are not computed and are plotted at 25 pg/L for visualization purposes

for these conditions.

Copperspeciation

The presence of Cu ligarffdrming components reduced the solubility and/or level &f Cithe addition

of 2-5 mg/L humic acid or fulvic acid (as TOC) produced < 50 pg/L of@nd completely prevented
precipitation (Figure8.3). The conditiorwith 5 mg/L HA was utilized for further Cu inactivation
experiments. At 1000 pg/L, the addition of just 0.5 mg/LsP&s orthophosphate at pH 7 reduced soluble
Cu from 813.8 pg/L (89.1% of total Cu) without PQo 407.8 pg/L (48.6% of total Cu) and reduced

Cu?* from 52.9% down to 6.1% (Figure3}. These observed soluble and?Oavels were generally

greater than practed by chemical equilibrium models, consistent with the sieont nature of the tests
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(hours) relative to the anticipated time to reach copper equilibrium conditions (days to weeks). This could
be interpreted as a potential benefit to application ofsgSiems, because the lower levels of copper
predicted by complexation and precipitation did not occur.
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T=20-240 mins Cu Speciations T-40 mins Cu Speciations
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Water Chemistry Conditions

Figure 3.3. Cu speciation (total, soluble, €)in base water at various pH-875) and with addition of
ligand-forming constituents (P&, NOM as humic acid (HA) or fulvic acid (FA)). For water chemistry
conditions left of the dashed line, bars represent average and error bars represent standard deviation of
triplicate independent reactors, including samples aft&#480mins incubation. For the pH=8.5 and £O

dosing at 1 mg/L conditions, Elsummary statistics were not computed due to the high amount-of left
censored data (i.e., below the quantification limit of 50 pg/L), therefore the means are displayed at 25 pg/L
for visualization purposes. Some loss of total Cu from target dose is due to attachment to the glass reactor
at elevated pH. The average soluble Cu ot (awvels that were significantly different from those at pH=7

are indicated above the corresponding larhe charts (Kruskalva |l | i s t est with post
(Bonferroni correction) or regression by maximum likelihood estimation fecleftn s or ed dat a,
p<0.001 and A**0 for p<0.01). For watieerthedbtre mi st

represent results of one trial using total Cu=800 ug/L speciation with the indicated HA and FA doses to
assess any potential differences between the two NOM sources after 40 mins incubation.

Impact of Cu on L. pneumophila culturability

Exporential vs. stationary phase
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Exponential phasd. pneumophilacultures were 2.5 times more susceptible to Cu relative to early
stationary phase cultures (Figu84). In 120 mins, 800 pg/L total Cu at pH=7.0 caused complete loss of
detectable CFUs (~418g reduction) relative to a 1-®g reduction in CFUs for early stationary phase
pneumophilaControl groups (no Cu dose) decreased <0.3 log CFU/mL in both the exponential phase (180
mins test) and the early stationary phase (360 mins testet lah(Y.-S. E. Lin et al., 19965howed that

800 pg/L Cu was able to reducepneumophilan DI water by over 6 logs (presumed to be in exponential
phase due to using nascent colonies from plate scrapes) in Q@mirgata suggest that the transmissive
form of Legionellg which is thought to exist outside of host organisms, can be more resistant to Cu than
previously understood.

L. pneumophila 130b Log CFU Reduction (pH=7.0)

o
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Figure 34. L. pneumophildog reduction in CFU for exponential phase and early stationary growth phase
with and without 800 pg/L Cu at pH=7. Data points and error bars represent the average and standard
deviation of triplicate independentcsdicial inactivation reactors. Control shows one trial, measured over
several time points to demonstrate stability during the experiment. Dashed line represents the maximum
measurable log reduction based on the lower LOD, which varies at each timagooirtting to the plate
dilutions applied.

Impact of Cu concentration

To understand the Cu concentrations needed to reduce stationary phasemophilathree levels of Cu
spanning biocidal level recommendations (200 pg/L, 600 pg/L, and 800 ug/L) maieda with pH=7.0

to maximize concentration of Gi(Figure3.2). At a dose of 200 ug/L total Cu, which yielded less than 10
ug/L Cu? (Figure3.1A and FigureA-6), there was only ~1.5 log reductionlinpneumophilaover 360
mins compared to 0.1bg reduction in a control without added Cu (Fig®6). At 600800 ug/L total Cu,
which were not significantly different (p> 0.05 across all sampling points, ANOVA), whéfevas 317.4
-423.2 ug/L in the Cu speciation tedtspneumophilavas reduced by up telégsover 360 mins.
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Figure 35. Early stationary. pneumophildog reduction with different Cu doses as a function of time at
pH=7. Data points and error bars represent the average and standatidrde¥ triplicate independently
sacrificed inactivation reactors. AfiControl o and
for each, measured over several time points, to demonstrate stability in the control conditions.

Impact of Cuspeciation

To analyze the effects of water chemistry on Cu inhibition of statidngmgeumophila800 ug/L total Cu

was dosed to reactors at pH=7.0, 7.5, 8.0, 8.5. At pH 7, parallel tests were conducted with 0.5 or 3.0 mg/L
PQ® or 5 mg/L NOM as TOC. Qurol experiments without any Cu dosing indicated < 0.7 log CFU
reduction in all tested conditions over 360 minutes (Fig8¥ As pH increased from 7.0 to 8.5, the-log
reduction inLegionellaCFUs at t=360 mins decreased from 3.65 to 1.34 (Figi6jeWith the addition of

5 mg/L NOM, which is at the higher range of what is typicaldionking water(Volk et al., 2000)the
toxicity of Cu was virtually eliminated (Figurg.6), consistent with undetectable €ions due to the
formation of organic Cu ligands (Figure3p With the addition of 0.5 mg/L PO, Cu was less biocidal
than without phosphate, but it still redudegoneumophildy more than 2 logs. At higher phosphate levels

(3 mg/L PQ*), similar to the higher levels used in municipal drinking water systems for lead and Cu
corrosion control, Cu only had ddg reduction in culturableegionellaand was not significantly diffent

than the control (value=0.092, ANOVA).

The negative effect of elevated pH on soluble Cu and toxicity tolsegibnellahas been demonstrated
before with presumed exponential phasgionellg but only at the two pH extremes of ald 9.0(Y.-S.

e. Lin et al., 2002)Here, we demonstrate Cu toxicity towards stationary phagaeumophilawith finer
granularity over this key pH ange, demonstrating there is a gradual drop off of Cu toxastLu is
precipitated. In addition, previous work reported that 20 mg/L dissolved organic carbon was needed to
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eliminate Cutoxicity, suggesting that only unrealistic levels of organic matiedfinking water would
likely impact Cu toxicity(Y.-S. e. Lin et al., 2002However, here, we demonstrated that 5 mg/L organic
carba, at the higher range of what is typical for drinking wétik et al., 2000xan also nearly eliminate
Cu toxicity. Based on the copper speciation results, it is reasdoagt@ect that even doses as low as 2
mg/L HA or FA would have also reduced toxicity (Figur8)3in contrast to the prior study indicating no
impact of 2 mg/L on Cu toxicityY.-S. e. Lin et al., 2002}t is possible that the higher hardness in the
earlier work (110 mg/L as CaGversus this work (30 mg/L as Cag)@naintained the antimicrobial
effects of Ct?in the presence of 2 mg/When we adde@0 mg/L extra calcium hardness to our water
with NOM, we observed a >50% increase irfdeavels in the water. Finally, we demonstrate for the first
time that enhanced corrosion control, with the addition of phosibiaated corrosion inhibitors that
complex Cu, also reduce Cu toxicity by 3.9x at concentrations relevant to drinking water.
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Figure 3.6. Log reduction in early stationary phdsepneumophilafter 6 hours of incubation under the

indicated water chemistry conditions. Control group combines measurements without Cu at pH=7, 7.5, 8,
8.5, PQ*=3 mg/L andNOM=5 mg/L as TOC (13 replicates total; 3 from pH=7 and 8.5; 2 front£®O

mg/L and NOM=5 mg/L; and 1 from pH=7.5, 8, andsP€D.5 mg/L). Bars and error bars represent average

and standard deviation of 13 replicates (control) and triplicate (in Cuviathah) samples. The average

log(G/Co) reduction that were significantly different
for p<0.001; A**0o for p<O0.01%0 afnodr cpdanltfreodl 1 pc<ofn.dq 1t )i
labeled below thears.

Estimating Cu disinfection coefficient
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The ChickWatson modell v G 06, dvas used to calculate the Cu disinfection constant for the

strain ofL. pneumophilaised in this study, k (L*ugmin-t), where Nis the average of three replicatds o
culturableL. pneumophilat time t, N is the average initial culturable pneumophilaat time=0 min, and

C is the biocidal copper concentration. Four forms of copper were considered for modelling the reduction
in L. pneumophilameasured total Cu, soluble Cu,?Guand inorganic soluble Cu (inorganic ligands
complexed portion of soluble Curhe latter was estimated using thermodynamic equilibrium models based
on the measured €y soluble Cu, pH, and published complexation constants for Cu(@td) Cu(OHY".

We assumed that chloride Cu complexes were negligible in the base water useexpehment (Table

A.2).

The Cu disinfection constant far pneumophilaangedfrom 4.1x10° to 8.9x10* L*ug **min! (Figure

A.7). Despite 2rders of magnitude variation, all estimates fit CAi¢tson model with R> 0.8 for all
conditions, excepte condition with 5 mg/L NOMas TOC (R > 0.5). This was likely due to <0.6 lag
reduction in Cu inactivation experiments and the large fraction of the soluble Cu existingiaavadable
organicallybound Cu. Across this wide range of pHs, phosplaaieg NOM, inorganic soluble Cu was the

best measure of the biocidal concentration of Cu species in these experiments, as indicated by the lowest
RSD across conditions (20.4%). The next best fit was soluble Cu (RSD=44%), suggesting that in most
drinking wates without significant amounts of organic matter, soluble Cu could be a good measure to
predict the toxicity of Cu.

Only at pH=8.5, where both soluble Cu and'®uere reduced by 69.7 and >94.4%, respectively, compared

to pH 7.0, did the log CFU/mL redumh become significantly different relative to that at pH=7 (Figure
3.6). The increase in pH from 7 to 7.5, which can occur within a plumbing syBteBerry et al.1982),
resulted in substantial reduction®Cbut the log CFU/mL reductions were not significantly changed. This

is attributed to: 1) inherent variation of microbial resistance to heavy metals in replicates observed in this
study (e.g., Figur8.6); 2) other forms of soluble Cu besidesQassumedo be Cu hydroxide species in

this study) still exerting toxicity towardsegionellg and 3) reduction in competition for complexation of
toxic forms of Cu between hydroxide ions and bionf{sdsador, 1991)This clearly demonstrates that not

all soluble Cu has the same biocidal afya In practical applications, only total and, in some instances
(e.g., with high NOM), soluble Cu can be misleading in terms of quantifying biocidal action because water
chemistry can strongly influence Cu solubility via precipitation and complexggdwards et al., 1996,

1994; Schock et al., 1995)

Estimating ChickWatson model disinfectant coefficient from Let ald6 s wor k, using solu
measured in their experiment, yielded 3.53%IL6ug **mint, this is approximately 100 times higher than

estimated herein, resulting in much faster-iGduced L. pneumophiladisinfection rates. Some key
differences in experimental conditions likely contribute to this difference, including straingBéskzad et

al.,, 2019)and life stage, as demonstrated herein. Howeveretal. (Y.-S. e. Lin et al., 2002)efined

soluble Cu as that which remained in suspension after pelleting cells, which would represent an
underestimate of Cu due to complexation with cell debris relative to the 0.45 pm filter definition herein.

With these key differences, in combinatieith natural biological variability, it is likely these disinfectant

constants are not substantially different.

Total Cu and C#' trends among drinking water utilities over the last three decades

We compared reported 9@ercentile Cu levels at 33 fjoa drinking water utilities in 199@QDodrill &

Edwards, 1995}o the most recent data for the same utilities in 2018 in pukdicylable consumer
confidence reports. As expected, given that Cu pipes aged and corrosion control efficacy has improved, the
average 90 percentile total Cu levels have decreased in rttuma 90% (30 of 33) of utilities surveyed,

from an average 477 pg/L in 1990 to 223 pg/L in 2018 (Figure Out of 33 surveyed utilities, 11 had

data on phosphate, pH, and alkalinity available to prediét @®wels in both 1990 and 2018 using
MINEQL+so f t war e with the assumpt i o(Rdwardsattal., 2002t Sclo€k% b6 i | e
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et al., 1995)Overall, results from 1990 indicated a range of predictéd, @aom 0-293 ug/L, with a median
level of 11 pg/L (Figure8.7). The 2018 results indicated a range of'Gtom 0-54 pg/L, and a median
level of 1 ug/L. This analysis confirms that characteristié*@avels likely decreased more dramatically
(>10x) than total or soluble Cu (2x). This is a potential contributing fabtirhas not previously been

suggested related to increasing incidence of Legi
material used in commercial buildings. Other potentially prominent factors thought to contribute to
increasing ratesofdegi onnai resd® disease include improved dia

water infrastructure, and an aging popula{iBalconi et al., 2018)
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Figure 3.7. Total Cu (90" percentile) extracted from Consumer Confidence Reports of 33 major drinking
water utilities from 1990 and 2018. Total Cu {{Qfkrcentile) and estimated €wf a subset of 11 utilities

for thermodynamic equilibrium model Boxplots represent the interquartile range (IQR), whiskers
represent a deviation of +1.5*IQR from the median. Solid diamonds represent mean Cu concentrations.

IMPLICATIONS

On the basis of the results presented herein, to achieve at ledsgaetiucion in bulk waterL.
pneumophilan 6 hours, it would be necessary to maintain a level of copper inorganic complexes at about
600 pg/L. While passive control &f pneumophildnas been documented, the increased use of phosphate
based corrosion control has decreased baseline levelsinfdtinking water systems down to an average

90" percentile Cu of ~250 pg/L. The increased phosphate dose also likely disproportionately decreased the
forms of soluble Cu that are most biocidal (Fig®6 and3.7). For CSI systems, EPA and WHO
recommendegular monitoring of total Cu leve(slS EPA, 2016; WHO | Legionella and the Prevention of
Legionellosis2007) and published studies suggest that-800 ug/L for Cu and 80 ug/L for silver will

be effectiveg(Cachafeiro et al., 2007; ¥5. E. Lin et al., 1996; Miuetzner et al., 1997; US EPA, 2006}
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results demonstrated that these levels would not be sufficient for a wide range of retenhiibres,
including higher pH, high levels of NOM, or presence of orthophosphate corrosion inhibitors, at least for
copper alondY.-S. E. Lin et al., 1996)This study also helps explain noted discrepancies in observed
effects of copper ohegionellarepoted in the literatur€dCullom et al., 2020; ¥S. e. Lin et al., 2002;
Mathys et al., 2008; Stout & Yu, 2003; Walraven et2016) In practice, to balance corrosion inhibition

and counter other water chemistry effects on Cu biocidal efficadyilding water chemistry adjustment

and other applicable. pneumophilacontrol technologies should be considerAtla minimum,those
implementing CSI should measure soluble Cu and organic carbon. Organic carbon concentrations in the
range of 25 mg/L are at higher risk of decreasing Cu biocidal effi¢acyS. e. Lin et al., 2002Here, we

focus only on the effect of copper ions. Follow up research on silver ions, which have been demonstrated
to have synergistic antimicrobial effects with copper, would alsaf belue(Y.-S. E. Lin et al., 1996)

Other factors not examined in this study is also likely to impact Cu toxi@tionellastrain. Recently, an

up to 4fold variation in the susceptibility to cupric chloride was reported among various environmental
strains ofLegionellatested(Bédard et al., 2019)In addition, exposure to Cu may induce viable but-non
culturable (VBNC)Legionellathat may regrow once the external stress (i.e., Cu) is removed or changes in
conditions acourage their growth (e.g. amodtast), as has been demonstrated with other biocides, but

not with Cu(Alleron et al., 2008; Dietersdorfer et al., 2018; Grossi et al., 2018; Mustapha et al., 2015)
Finally, Legionellaresiding within amoeba hosts and/or biofilms would likely require higher levels of Cu

to be inactivated than indicated in this work, as the amoebae serve as an additional barrier to exposure to
biocidal levels of CBorella et al., 2005nd Cu may form organic complexes with biomass, reducing its
biocidal capacity. Such factors require additional research.
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Appendix A - Supplemental Information for Chapter 3

=0 Sampling
20mins from 50 mL
sacrificial
;? gg E%L Aliquot i40mms test vials to
# measure pH,
, 4 hrs Total Cu,
Bgse water in continuously i Soluble Cu,
mixed glass jar pre-heated to and Cu2*
37 °C; Adjust pH to 7; Dose
Cu?* (CuS0O,) at 0, 30, 300,
1000 pg/L; Adjust pH back to
7,7.5, 8, 8.5 (Repeat three Sacrificial
times for replicates) 50mL test vials
Figure A.1. Copper stability tests workflow. All water was greated to 37 °C.
t20 Sampling
20mins from 50 mL
1000 mL sacrificial
RTAl  Aliquot [l [ ASmins: test vials to
) ) measure pH,
Base water in continuously 4 hrs Total Cu,
mixed glass jar pre-heated to Soluble Cu,
37 °C; Adjust pH to 7; Dose and Cu?*
ligands; Dose Cu?* (CuSQ,)
at 0, 30, 300, 1000 pg/L;
Adjust pH back to 7, 7.5, 8, Sacrificial
8.5 (Repeat three times for 50mL test vials
replicates)

Figure A.2. Copper speciation tests workflow. All water was-peated to 37 °C.
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Cu Measurements Comparison
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Figure A. 3. Measured Cu concentration comparison between Inductively Coupled Plasma Mass
Spectrometry (ICRMS) and HACH Method 8506. Samples were acquired from a field sampling of Cu
plumbing systems and subjected to two mearsent methods to confirm the HACH field method was not
significantly different from the ICPMS for the purposes of this study.
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Figure A.4. Cupric ion selective probe relative standard deviation (RSD) changes as a functitat of t
copper levels. Each data point includes 10 measurements to calculate RSD.
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Growth Curve of L. pneumophila 130b
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Figure A.5. L. pneumophilastrain 130b growth curve. Absorbance was calculatedlbyg(®6T), where T
as transmission measured by Spectroni§@éctrophotometer.
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Figure A.6. Copper inactivation tests workflow. All water was-besated to 37 °C.
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Figure A.7. Disinfection rate k comparison across different water chemistry ttmmglusing disinfectants
as Cu2+, Soluble Cu, Inorganic Soluble Cu, and Total Cu. The secondary y axis is only for Cu2+ condition.
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Table A.1. Typical base water characters before and after threetfédtments. Base water prior and post
three filter treatments samples were tested once during Cu speciation tests.

_ Prior Three Filters Post Three Filters

Total Chlorine, mg/L 3.04 <0.05
NOM, mg/L 0.85 0.42
Phosphorous, pg/L 450 <10
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Table A. 2. MINEQL+ model of representative base water conditions (pHsialinity=40 mg/L)
predicting Cu (0.8 mg/L or 1.25& M) species at equilibrium (assuming no solids formation to represent
shortterm steady state). Note other soluble Cu complexes represent < 0.1% total Cu individually.

Molar concentration at equilibrium % of total Cu

Cu2* 2.78E-6 22.1
Cu,(OH),>* 6.51E-8 0.52
Cu(OH)* 1.55E-6 12.4
Cu(OH),(aq) 1.78E-8 0.14
CuHCO;* 1.79E-7 1.4
Cu(CO;), (aq) 7.83E-6 62.6
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Chapter 4: Pilot-Scale Assessment Revisdnteractive Effects
of Anode Type and Orthophosphate Addition in Governing
Copper Solubility and Antimicrobial Capacity for Legionella
Control

Yang Song,Amy Pruden, William J Rhoads, Marc A Edwards

ABSTRACT

Copper (Cu) is a promising antimicrobial for controllicggionellagrowth in hot water plumbing systems,

but its efficacy can be highly variable. Here we examined the interactive effects of -C f@y/L),
orthophosphate corrosion inhibitor (0 or 3 m@é phosphate), and water heater anodes (aluminum vs
magnesium vs powered anodes) on both bulk water and biaditociated.. pneumophilan pilot-scale

water heater systems. It was found that soluble, but not total, Cu was a good predictor of antimicrobia
capacity of Cu. Remarkably, even very high levels of Cu (>1.2 mg/L) and low pH (<7) only marginally
(~1-log) reduced culturable. pneumophilafter months of exposure. Copper antimicrobial capacity was
shown to be limited by various factors, includirigding of Cu ions by aluminum hydroxide precipitates
released from corrosion of aluminum anodes, higher pH due to magnesium anode corrosion, and high Cu
tolerance of the outbreadssociated.. pneumophilastrain that was inoculated into the systein.
pneumophila numbers were also higher in several instances when Cu was dosed together with
orthophosphate (with an Al anode), indicating at least one scenario where Cu appeared to stimulate
Legionella The controlled, pilescale nature of this study provideew understanding to the limitations

of the application of Cu as an antimicrobial in re@irld plumbing systems. The overall findings can help
improve control oLegionellain systems with copper pipe or active-§ilver dosing.

INTRODUCTION

Thedriversbehind thevariable antimicrobial effestreported focopper towardtegionella pneumophila
arenot well understood. Copper that is dosed through cegiper ionization (CSI) systems or naturally
released from copper pipe corrosion has been demondwatdidience levels ofegionellain benchscale
andpilot-scale experimentas well asn realworld hot water plumbing systems, such as those encountered
in hospitals(Cachafeiro et al., 2007; 35. E. Lin et al., 1996; Miuetzner et al., 1997; US EPA, 20It6)
many cases achieving totalpger levels of 0.2 0.8 mg/L, which are below the UBnvironmental
Protection AgencyEPA) or World Health Organization/HO) copperdrinking waterguidelines of 1.2
mg/L (Guidelines for DrinkingWater Quality, 4th Edition, Incograting the 1st Addendur2017 US
EPA, 2015) did decreasé¢helevels ofLegionellaas expecte@Cachafeiro et al., 2007; 3S. E. Lin et al.,
1996; Miuetzner et al., 199 However other studies have shown that coppetmaimpact orLegionella
levels(Bédard et al., 2021; ¥S. e. Lin et al., 2002; Mathys et al., 2002; Song et al., 2023)few cases,
e.g, in benchsale experiment®use et al., 20149nd in recirculating hot water systems with copper pipes
(Gido et al., 2015; Mathys et al., 200Bi)gher coppelevels were actuallgssociated withigher levelof
Legionella

Many factors carhypothetically diminishcopper antimicrobial properties includingj) precipitation of
copper due thigher pH anghosphatédased corrosion inhibito¥ .-S. e. Lin et al., 2002; Mathys et al.,
2002; Song et al., 20213) complexation o€opperby ligands such asatural organic mattgSong et al.,
2021) 3) competition for cell bindingsites with metal ions such as €dEbrahimpour et al., 2010;
Pourkhabbaz et al., 20119nd4) species or straispecific tolerance to coppéBédard et al., 2021We
recently hypothesized thabpper could enhandeegionellagrowth by: 1) serving as a micronutrient; 2)
catalyzing nutrient generatiomcluding hydrogen evolution from anode rd@ullom et al., 202Q)or 3)
causing a shift in microbial community structures that supbegionella proliferation (eg., favoring
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amoebae hostgBuse et al., 2014; Falkinham et al., 2015; Lu et al., 200d)our knowledge, no well
controlled studies have reproduced circumstances in which all three effects of coppgiooellagrowth
(i.e., reduces, promotes, or has no effect) occumeldr different conditions

The objective of this study was to evaluate the extent to which orthophosphate corrosion inhibitor and water
heater anode type can undermine the efficacy of antimicrobiglecdpr L. pneumophilacontrol. To
understand how these factors interact under a backdrop of complexity characteristiovoflcaystems,

four controlled, semcontinuous flow pilotscale water heater systems were operated in parallel over a 1.5
year experiment. After acclimation of the four systems to the local tap water and establishment of inoculated
L. pneumophilathe WHCu system received step increases in influent copper des0(D pg/L) every

3-4 months. The WHCu+PQreceived the same stagreases in copper, in addition to a constant dose of

3 mg/L PQ?*, while the WH PQ,system served as an additional control and only received the 3 mg/L PO

® After the 2000 pg/L Cu dosing phase was completed, the anodes were sequentially changed from Al to
Mg, to powered across all four systems to evaluate the effect. The results are compared relative to a prior
study carried out with a pure culture in ineldgp vessels to gain insight into how factors at play in real
world systems can interfere with the antimicrobial capacity of copper. The findings can help to improve hot
water system design in a manner that more effectively limipgmeumophilgroliferaion.

MATERIALS AND METHODS

Hot water plumbing system configuration and operation

Four identical 19allon electric water heaters with aluminum (Al) anodes were connected in parallel to
Blacksburg, VA tap water. Heated water was continuously recirculated througih RE%-b pipe on each
plumbing system (FigurB.1). Influent watertda he pl umbi ng systems was del i\
pipes to four idine GAC filters and two ferric oxide (Brightwell Aquatics, Fort Payne, AL) filters to reduce
disinfectant, background metals, and phosphate coming from the distribution or plundiemg $ye.,
treated influent water). The influent flow rate was set at 0.5 gpm and effluent from the plumbing systems
was treated by two #ine ultraviolet disinfection units (Viqua, Guelph, ON) before conveyance to the
building wastewater plumbing. Infunt lines are composed ofi#ich PVC pipes and fittings and effluent

lines are mainly reinforced-#ach PVC pipes and PVC fittings (McMst&arr, EImhurst, IL). Water heater
influent and effluent lines were equipped with check valves (ProLline, Memphistolptevent cross
contamination. Water flow was controlled by automated timers (ChronTrol, San Diego, CA) and solenoid
valves (red hat ASCO, St. Louis, MO).

All four plumbing systems were conditioned for >2 years at 37 °C to establish mature biofibms bef
experiments begah. pneumophiladid not naturally establish during this acclimation period. Thus,
environmentastrains ofL.. pneumophilaserogroupl were inoculated at the beginning of the experimental
phase. These two strains were previoustyaied from a water systems soci ated with a L.
disease outbreafRhoads et al., 2020ach strain wasoculated into all four systems at 8X10FU/L
followed by two months of acclimation to alloww pneumophilao integrate into the existingpicrobial
community. Inoculum concentration was determined by optical density readings (OD=600, Implen
spectrophotometer, Westlake Village, USA) lof pneumophilacolonies scraped from agar plates,
resuspended imutoclavedreated influent watdp the sgtem After depressurizingach tank and removing

the anode,nioculum was added directly to the water heater tank via the anode rod port located on the top
of the water heater after depressurizing each tank and removing the anode. Dupast ineculatbn
acclimation, systems were flushed 1x/day for 1 min at 0.5 gpm for 3 weeks to facilitate the growth of
Legionella Subsequently, the systems were set to-Hush 12x/day for 1 minute at 0.5 gpmmimic
medium hot heater water usage in (32 days hydralic retention time)

After L. pneumophilareached stable numbers in all four systems (Phase 1), according to-bakace
measurements, a series of eight experimental phases were conducted (Phasaset.1). Chemical
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dosing pumps werautomated to inject Cu, phosphate, or Cu and phosphate into water heater influent lines
during system flushing. Conditions included targets of 3 mg/l>R@H-PQy), variable Ct? (WH-Cu),
variable Ct?+ 3 mg/L PQ* (WH-Cu+PQ), and nothing dosed for awtrol (WH-Control) (Table4.1).

Target levels of Cu in WKCu and WHCu+PQ were increased stepwise from 50, 100, 300, 600, 1200, to
2000 pg/L (Phases-2). Each target Cu level was maintained feé8 thonths to achieve stable conditions
before each samplirevent (Tabld.1). After achieving a target Cu dose of 2000 pg/L, water heater anodes
were replaced with new magnesium (Mg) rods (Phase 8) and then electricity powered Titanium (non
sacrificial) rods (Phase 9, Plessisville, Quebec, Canada) and opeitte&D00 pg/L Cu for >3 months

with each anode type.

Table 4.1. Pilot-scale plumbing system experimental test phases.

Anode Concentration Samolin
Phase . Targeted for Cu Duration Piing
Material Events
Dose, pg/L
1) Baseliné Aluminum 0 9 weeks 4
2) AI-50%3 Aluminum 50 4 weeks 6
3) Al-10¢%3 Aluminum 100 4 weeks 7
4) AI-30¢%3 Aluminum 300 4 weeks 6
5) Al-60¢%3 Aluminum 600 4 weeks 6
6) Al-1200-3 Aluminum 1200 6 weeks 6
7) Al-200G-3 Aluminum 2000 12 weeks 6
8) Mg-200¢3 Magnesium 2000 12 weeks 6
9) Powered Powered 2000 16 weeks 6
200G

1 All four water heaters were exposed to control water with no phosphate or copper for the baseline condition.

2 Subsequent to the Baseline Phase, one heater remained at the baseline condition, one received the indicated Cu dose,
one received phosphate ($fh as PQ), and one received both the indicated Cu dose and phosphate (3 mg/).as PO

3 Thenumber after anode material indicate the target Cu dose iCwWhkind WHCu+PQ.

System sampling and analysis

Water/biofilm Sampling Strategy

Each phase included7 sampling event§lrable4.1). Each sampling event included treated influent water

and system bulk water from the recirculation lines of each water heater system. The treated influent water
samples (42 L) were collected in sterile-R polypropylene bottles after 20 mins programmed flushing to
waste. Recirculation line water samples (1 L) were collected in stekilpdlypropylene bottles after 5
seconds of sample tap flushing, targeting water in the water heater tank. Biofilm saompléé &nd Mg

anode rods were collected at the end of the @0 and Me2000 Phases, by depressurizing the systems,
removing the anode rods, and swabbing the surface &-1nithe middle section. The exterior of the
plumbing system recirculation loopsere sanitized with 70% ethanol, cut with similarly sanitized pipe
cutters, and the inner surfaces (~0.68 imere swabbed. Sterile polyestgr and cottortip applicators
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were used in biofilm sampling for culturing and DNA samples, respectively, carggahg full length of
the polyester/cotton portion of the applicators in a single moflaternational Organization for
Standardizatior2017; Kozak et al., 2013)

Water Chemistry Analysis

Temperature, dissolved oxygen (DO), pH, phosphate, total organic carbon (TO@)getaial and soluble

metals were measured for all treated influent and plumbing system water samples. Soluble metals were
operationally defined as those passing through a 0.45 um pore size nylon syringe filter (Whatman, GE
Healthcare, Pittsburgh, PA). pH cakemperature were measured using a pH 110 meter with automatic
temperature correction (Oakton Research, Vernon Hills, 11). DO was measured using a polarized DO probe
(Thermo Fisher Scientific Orion-&ar meter, Waltham, MA). Phosphate was measured asiis00

HACH spectrophotometer with PhosVer®3 ascorbic acid (Method 8048, HACH, Loveland, CO). TOC was
measured using a Sievers Model 5300C autosampler according to Standard Method 5310 C. Total and
soluble metals were measured following acidification % v/v nitric acid using inductively coupled
plasma mass spectroscopy (iCAP RQ4@B; Thermo Fisher Scientific, Waltham, WA).

Total chlorine and total ammonia were monitored in treated influent water using a 4500 HACH
spectrophotometer with DPD (Method@&1 HACH) and Salicylate (Method 8155, HACH) and were
confirmed to be low (<0.05 mg/L total chlorine and <0.06 mg/L NNj3Hydrogen measurements in water
samples were included in some sampling events during the Baseli680AAIF2000, Mg2000, and
Poweaed2000 phases using a GC method described elsewitiieads et al., 2017)Cu?* ion
concentrations were measured in the \WWd and WHCu+PQ water system using an ion selective
electrode based on manufacture instruction (®aemer, Vernon Hills, IL). Electrical potential and the
sacrificial current flowing between the water heater taard anodes were measured using a multimeter
when anodes were not in electrical contact with the tank via physical separation or use of threaded PVC
adapters. If PVC adapters were used an external copper grounding wire was normally used to allow electron
flow between the tank and anode.

Biological Analysis

L. pneumophila cultivation. All biofilm suspensions and a portion of water samples from Baseline
operation were cultured using Buffered Charcoal Yeast Extract (BYCE) agar (Remel, Lenexa, KS)
supplemented with 3 g/L glycine, 0.4 g/l-cysteine, 80,000 units/L of polymyxin B sulfa001 g/L
vancomycin, and 0.08 g/L cycloheximide following arBh pretreatment at 5@ for 30 min?’ After

being dried in the biosafety cabinet, plates were incubated at 37 °C and enumerated after 7 days. The lower
limit of quantification (LLQ) and uppdimit of quantification (ULQ) of the plating methods were 20 and

300 CFU/mL. During the experimental phases, dilutions of water samples (1:10 or 1:100) were cultured
using Legiolert tests (IDEXX, Westbrook, ME) at 8for 7 days and enumerated using thost probable
number (MPN). Positive controls and negative controls (sterile tap water) were included occasionally to
confirm no systematic bias. The LLQ and ULQ of the Legiolert methods were 100 anc® B34 for

1:10 dilution or 1,000 and 2.3x4MPN/L for 1:100 dilution. Potentidl. pneumophilaolonies on BCYE

plates and positive wells from Legiolert tests were culture confirmed on BCYE media with and without 0.4
g/L of L-cysteine. In the acclimation phase, we also confirmed that both cultunedeenatched each

other reasonably well (TablB.1), and thus subsequently used IDEXX Legiolert forpneumophila
cultivation.

Heterotrophic Plate Count (HPC). All water sample suspensions with 10X or 50X dilutions were plated
onto R2A agarHiiardy Diagnosics, Santa MariaCA) and cultured at 3% for 7 days before enumeration.
The LLQ and ULQ of the plating methods were 2xa0d 3x16 CFU/mL for 10X dilution and 1x1and
1.5x1G CFU/mL for 50X dilution.
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gPCR. After mixing, 1-1.5 L of treated influentrad 0.51 L of plumbing system effluent water samples

were filter concentrated onto 0:22m mi xed ni trocel l ul ose ester membr
DNA was extracted from fragmented filters using a FastDNA Spin Kit (MP Biomedicals, Solon, OH)
folowi ng manufacturerb6s protocols on the filter i n

polymerase chain reactions (QPCR) targeting total bacterial 16S rRNA gene were performed as described
previously (Warg et al., 2012)Briefly, for 16S EvaGreen assay, qPCR reactions were carried out in
triplicate 10 eL reacti ons c o nRad, iHerdulasgCA), 400 @vsob Fa s t
forward and reverse primers, and UV sterilized, molecular gradeeva wi t h 1 €L of D N /
Samples were diluted 1:5 (1:10 dilution utilized for Y&ild samples in phase MEPOO) to minimize
inhibition. A standard curve was generated for each run usifigld @erial dilutions of custom gBlock
(Integrated DNA Technolgies, Coralville, I1A) gene fragments with a quantification limit of 10D gene

copies per reaction, applied as appropriate to each gPCR run. Samples were considered quantifiable if at
least 2 of 3 triplicates were above the LLQ. Otherwise, results weredsas noftletectable and entered

as 0 gc/mL or below the quantification limit (BQL) and entered as half of the quantification limit (1 or 10
gc/mL) for statistical analyses, as appropriate.

Sequence based Typing (SBTL. pneumophilasolates fromheinfluent and WHCu effluent along with

the outbreakassociatedsolates inoculated to the rigwereresuspended in 1€@00 pg/L of molecular

grade waterfrozen at-80 °C for 2 hrs and heat treated at 90 °C for 1 hr to extract avedo et al.,

2017; Zhang et al., 2019 even PCR reactions targeting seven alltdes pilE, asd mip, mompSproA,
andneuAwere conducted foraeh isolate with positive and negative cont(@sia et al., 2005; Ratzow et

al., 2007) PCR products were confirmed by gel electrophoresis and purified using Qiagen PCR purification
kit (Qiagen,Germantown, NJ) before Sangequsmcing. Sequence results were mapped to the European
workgroup ofLegionellainfection (EWGLI) SBT database for identificatigfARCHIVED CONTENT]
Legionella Pneumophila Sequence Basedniyj2019.

Total Cell Counts. Total cell counts were measured using quantitative flow cytometry (BD Accuri C6; BD
Biosciences, San Jose, CA) following staining with SYBR Green fluorescent nucleic acid stain using
previously developed metholdammes et al., 2008)

Complementary benescale pure culture experiments

Pure culture experiments were performed to determine diegied responses to Cu and elucidate the
impact of Al ions on Cu toxicity. Details &f pneumophilacell preparation, Cinactivation experiments

and L. pneumophilaenumeration can be found in our previous st(8gng et al., 2021)Briefly, L.
pneumophilgplate cultures (BCYE, 37 °C for 72 hr) of lab strain 130b (serogroup 1) andutimeak
associatedtrain inoculated into the experimental systems were freshly prepared from freezer stocks (stored
in BYE broth with 20% v/v glycerol) foeach experimental run. Note, only aneculatedstrain was used

for follow-up bench scale test since betrainswere found to be theame SBT. BYE broth was inoculated

with L. pneumophildrom the freshly inoculated plates at an initial optical deragityavelength of 600nm
(ODeog) of 0.2(Y.-S. e. Lin et al., 2002)The inoculated BYE broth was subsequently incubated at 37 °C
with agitation for ~14 hr (to early stationary phase). After broth culture, cells were pelleted by centrifuging
at 5000Xg for 10 min, and the supernatant was decanted. Cell pellets were washed twice, resuspended, and
diluted to ~3X18 colony forming units (CFU/in) using sterilized treated influent water. Subsequently,
~3X1C( CFU/mL aliquots were used for each experimental run unless otherwise stated.

For Cu inactivation tests, after Cu dosing, ligand addition (none, 1 mg/L Al, and 3 mg/L A(8&),

pH adjwstment (7.5, 7.0, or 6.5) and 20 minutes mixing, the glass bottles (acid washed and sterilized) were
moved to a biosafety cabinet whdrepneumophilavas inoculated. InitiaL. pneumophildevels were
quantified and solutions were transferred to 50 misgl@actors and incubated at 37 °C. Reactors were
inverted to homogenize and sampled to quantify cultudabmeumophilat t=10, 40, 60, 120, 240, 360,
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and 1440 min in triplicate. The Cu inactivation data were fitted with G\ekson firstorder inactation
curves, and the disinfection constants were estimated bYitregjression using the leastjuares method.

Statistical Analysis

Statistical differences in culturahle pneumophilave r e det er mi ned using ANOVA w

Test or KruskaWal | i s t est with post hoc Dunnodés Test ( Bo
Significance thresholdwas setgimal ue O 0. 05. Cal cul ations and gr ap
3.6.1) and Microsoft Excel 2016 (Microsoft).

RESULTS

Baseline ©nditions: Inoculation and Establishmentlofpneumophila

After the 2year conditioning phase of the water heaters with tap water containing with low ambient Cu (<
30 pg/L) no culturablé. pneumophilavas detected in the influent or recirculating lines of the water heaters.
After theoutbreakassociated.. pneunophilawere inoculated directly to each water heater and allowed to
establish for nine weeks while receiving treated (GAC and ferric oxide filtered) influent water 4Tigble

L. pneumophildncreasedo 2-4x1® MPN/L, approximately Aogs higher than theénoculated doseand

there were no significant differences between the four replicate systems @ighire

We discoveredat phase AlL200 (when influent watet. pneumophilamonitoring began)that L.
pneumophilaf the same sequence type as the inoedlstrain (ST 36) colonized the influent water supply
at aboutl.3-7.7x1¢ MPN/L (TableB.2). Thus the inoculated strain migrated upstream of the spriregk
valve (i.e., against the direction of normal flow) to colonize the GAC filters. The treateeninkl.
pneumophilalevels wereconsistently~2-log lower compared to the lowesystemeffluent sampls
demonstratingobustgrowth of L. pneumophilan the hot watersystem tank ancecirculationline (Table
B.3).

Effect of Cu Dosing oh. pneumophila

High Cu doses were required to decrdageneumophila

MedianL. pneumophilan the WHControl without chemical dosing remained constardrthe duration

of the experimentround2-3x1 MPN/L (Figure4.1A, FigureB.2). Levels of.. pneumophilan the WH

PQ, were generally not significantly different from those in the control without phosphate, except during
phase AI100 when it was ~0-bg lower than the control (ANOVA test wifosthocTukey test, p=0.0019)

and inphase Al2000 when it was ~0-bg higher than the control (p<0.0001).

No antimicrobial effects of Cu were observed in the M@ until the target level of 1200 pg/L Cu was
achieved At this point, WH-Cuyielded~0.4log lessL. pneumophilahan the contil condition (Kruskal
Walllis with posthoc Dunn test, p=0.01). After increasing the target Cu dose to 2000 pg/Ll,.the
pneumophildurther declined by an additional ~6idg.

The addition of orthophosphate not only eliminated the antimicrobial effe@206f and 2000 pg/L Cu,
butL. pneumophildevels inthe WH-Cu+PQ heater were 0-8.6 logs higher than WA€ontrol in 5 of 6
dose phases (Krusk®allis with posthocDunn test, p<0.05Addition of orthophosphate and Cu together
also resulted i®.2-0.4 logs highei.. pneumophilaelative tothe WHPQ, system in 2 of 6 dose phases
(Kruskalwallis with posthoc Dunn test, p<0.05)This demonstrated a scenario where Cu addition can
increasd.. pneumophilaaumbers, i.e., when orthophosphate is also dosed.

Al anode biofilm samples collectéwm WH-Cu at the end of phase &000were found to contain more
than 1-log less L. pneumophila(<1x10* CFU/ir?) relative to WHPQ, and WHCu+PQ (1.7-2.3x10°
CFU/ird). However, it is important to note that pneumophildevels were also very lom WH-Control
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biofilm samples(<1x10* CFU/ir?; Table B.9), which makes it difficult to pinpoint effects specifically
attributable to Cu addition.

Cu speciation and bioavailaity

Total Cu wagonsistently<30 pg/L in the WHControl and WHPQ, systemswhere no Cu was dosdebr
WH-Cu and WHCu+PQ, Cu levels werenaintainedwithin 35% of the target dose (Figu4elB).

In WH-Cu and WHCu+PQ, the pH rangeffom 6.22-6.73acrossall phases (TablB.4), resulting in36-

65% soluble Cu in WHCu, but <10% soluble Cu in WA€u+PQ. The mean level of cupric ion (Elirose

to 80 pg/Land 15Qug/L whenthetarget Cu concentration was 1200 pg/L 2060 ug/L, respectivelybut

Cu?* was always undetectable in WEU+PQ,. Low Cu solubility (high particulate Cu) in WBu+PQ

due to precipitation of cupric phosphate solids was observed, as expected, and contributed to high variability
in total Cu measurements (FigutdB).
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Figure 4.1. A) CulturableL. pneumophildevels in water heater recirculating limegasured by Legiolert
Boxesreport the 28, 50", and 7% percentile of repeated samplings in each phase and whiskers represent
1.5 times the interquartile rande=6-7). Statistically significant differences are indicated above each
boxplot, relative to WHControl for that phasé** - p<0.001, ** p<0.01 and * p<0.05. B) Measured total

and soluble copper concentratiori3ata are shown fophases ABO i Al-2000 (n=6-7 for each
measurement)

Impact of Anode Rod@lypeon Water Chemistrand Efficacy oAntimicrobial Cu

Culturablel.. pneumophilampacted by anodi/pe

The WH-Control condition afforded the opportunity to examine the effect of the anode rod type in the
absence of addition of Cu or RONhile thee was atrend towards a slight increa¢e0.5log) in L.
pneumophilafter switching to the Mg anode and corresponding decrease back to a level comparable to the
Al anode after switching to the powered anode, these apparent differences were not statistically significant
(Figure4 2A, FigureB.2).

In the WHCu condition, vimere Cu dosing was maintained at 2000 pg/L as the anodes were cHanged,
pneumophildevels increased to a level comparable to-@Wéhtrol after switching from an Al to Mg anode.
This higher level ot.. pneumophilan the WHCu condition was maintainedrtughout the 4 months of
operation with the M@node. After switching to the powered anodepneumophilalecreasedby >1-log

in the WHCu condition and the medidn pneumophilawas ~0.2og lower than the AROOO Phase
(KruskalWallis with posthoc Dunntest, p=0.08)

The medianL. pneumophilan WH-Cu+PQ also increased after switching to Mg anode, but was not
significantly different from WHControl (ANOVA test withposthoc Tukey test, p>0.05). The levels lof
pneumophiladropped and remained similar WH-Control after switching to the powered anode, but the
relative standard deviatiomas quite high (101%). Medidn pneumophilan WH-PQ:was always similar

to WH-Control while using Mg or powered anode.

Mg anode biofilm samples collected at the end of phas@00® showed >1:fog decrease of culturable
L. pneumophilaaf WH-Cu compared to all other water heater biofilm samplebleB.9). The pipe loop
biofilm samples collected at the same time as Mgdanbiofilm samples showed that culturathle
pneumophildrom WH-Cu was ~ 0.9o0g lower than those of WA€ontrol and WHPQ:. The dose of both
Cu and P@ increased the pipe loop biofilm culturatilepneumophildy >0.5log compared to the WH
Control (Talde B.9).

pH increase associated with Mg anode interferes with Cu antimicrobial properties

The loss of Cu antimicrobial propertidaring use of Mg anodesas likely caused by the increase in pH
to above 8.@ue tothe nature of corrosion imparted g arode rod, which decreased soluble Cu from
45% to 9% (Figure 2B, TabB.4). The reemergence of Cu antimicrobial properties corresponded to the
pH decreasing to 6.4 and soluble Cu increasing again to a&@¥he powered anodevere installed

Cu deposithn corrosion increased anode corrosion rate

In addition to impacting the pH as discussed above, the type of anode significantly impacted the
concentration and type of metals released to the water, rate of anode rod corrosion, and hydrogen gas
evolution.With the Al anode, treated influent Al wasnsistently <25 pg/L and the effluent increased to

~500 pg/L in WHControl due to anode rod corrosion (Figdr2C). Al levels in WHPQ, were comparable

to WH-Control but more variable. In contragioth condiions with Cu dosingWH-Cu or WHCu+PQ,

released much mowdl (>2.4X than control)during phase Al2000, presumably due to accelerated attack

of the Al surface from Cu deposition corrosion (Figdi2C). Likewise, when the Mg anode was used, the
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total Mgin WH-Cu or WHCu+PQ?* was higher (1.2X) than those in WkControl or WHPQ, (Figure
4.2C). The difference is again attributed to Cu deposition corrosion.

More evidence of Cu deposition corrosion was observed in the galvanic corrosion current measuremen
The sacrificial current increased 10X for the Al anode and 1.6X for Mg anodes i€Wédmpared to
WH-Control (TableB.5). The higher current in the Al system did not translate proportionally high Al in
the bulk water. We attribute this to the natufé\bcorrosion, which readily forms aluminum hydroxide
that remains attached to taroderod or will deposit as sediment to the bottom of the water heateritank.
practice, this should translate to at least a 90% lower useful lifetime for the Al archde3®8% lower
lifetime for the Mg anode.

Hydrogen not consumed by microbes will remain in the water. Only traces of evolved hydrogen gas were
detected using Al or powdered anodes (Tdh). Using a Mg anode, hydrogen levels were 87 ppm
(1.6X10° mg/L in water heaterin WH-Cu versus levels of-11 ppm (<2X16 mg/L in water heatgrfor

all other conditionsThis demonstrates that addition of Cu and presence of Mg anodes act synergistically
to increase hydrogen, an important microbial electimmor, in the water.

After switching from Al to the Mg and powered anode, it took time to flughlabileAl from the system.
When the pH increased to > 8.0 with g anodes, aluminum solubilitwould beexpected to increase
from pH 6.0 when the anodegere present, creating a driving force for dissolution of sediments (Table
B.4). This is consistent with the increased Al measured in the systems dosemttivighosphate (WH

PQy andWH-Cu+PQ; Fig 42C). Al solubility then decreased after switching wagred anodes and pH
decreased to <7.0 (Tal7), as predicted based on solubility

Levels of Fe, which couldriginatefrom steel corrosion or leaching from the ferric filters used to remove
influent phosphate from thtewn water supply, were comparabin the influent and across all anode rod
types (TableB.6). This suggestdbut does not prove, that all the anodes equally protected the water tank
liner from corrosion.
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Figure 42. A) L. pneumophildevels measured by culture in water heater recirculating lines for each anode
type. Boxesreport the 28, 50", and 7% percentile of repeated samplings in each phase and whiskers
represent 1.5 times the interquartile range. Statistically significEietatices are indicated above each
boxplot, relative to WHControl for that phase: ***p<0.001, **- p<0.01, *- p<0.05. B) Measured total,
soluble, and % soluble copper concentrations in all four water heaters; C) Total aluminum or magnesium
increase reitive to the influen{effluent -influent) in all four water heaters for each of the three anode
conditions. Copper dosing was maintained at 2000 pg/L to theQveind WHCu+PQ conditions as the
anodes were changed

Cu Solubility as a Function of Anodgpe and Observed Amtiicrobial Effect

For WH-Cu and WHCu+PQ, the trends i.egionellawith the different anode types versus V@idntrol

were consistent based on expectations of Cu solubility as controlled by pH and phosphate. The log removal
of Legionellain the system with Cu versus the control was strongly correlated with the measured soluble
Cu (Figure4.3; Pearson test,?R 0.85). As expected, there was no correlation between soluble Cu and log
change irLegionellafor WH-Cu+PQ likely dueto the very low levels of soluble Cu (data not shown).
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Figure 4.3. Difference in Logo L. pneumophilaoncentration in the WA€u condition relative to the WH
Control condition (no copper dose) as a function of measurethlsoCu levels in the piletcale water
heater systems. For comparison, data are also plotted from a previously publishedchénstudy of
soluble copper effects on a pure culture, using same base water andguidition,with L. pneumophila
strain130b(Song et al., 2021)

Exploring The Limited Antimicrobial Properties of Cu

The dose required to achieve measle&rab pneumophilaeduction in this study was unexpectedly high.
The maximum difference ib. pneumophilzulture numberachieved by Cu dosing to thNgH-Cu system
compared to WHControl was only slighthgreater thari-log, despite the very high target @ase (2000
pg/L). In our prior benc¥scale studiessingL. pneumophilastrain 130b, we observed > 3dg removal
after only 6 hours exposu(8ong et al., 2021(Figure4.3). Weevaluatedwo specific hypotheses related
to the much lowethan expectedntimicrobial eficacy of Cu in thepilot-scale plumbing systems versus
the earlier benclscale tests in the same tap waterwajer chemistrychangesassociated with anode rod
corrosion may have reducéébcidal forms of Cu and Zhe L. pneumophilastran dominating the pilot
scale systems in this study fundamentally differed inodBranceelative to strain 130b used in the bench
scale study

Al as a Cu Complexation Ligand

Iron and Al hydroxide solids can form surface complexes with copper and rerhdk@m solution
(Karthikeyan et al., 1997; McBride, 1985)he addition 6Al during pure culture tests reduced Cu toxicity
towardsL. pneumophilavhen compared to results withodt (Figure4.3A). Addition of just 800 ug/L Cu
led to a >3og reduction irL. pneumophilastrain 1®b in pure culture at pH 6.8Vhen1000 pg/L Al (as
Alx(SQy)3) was added, th€u antimicrobial effectvas reducetly 0.6log. When Al was increased 8000
Hg/L, the antimicrobial effects of Cu were redudsdl.9log (Figure 44A). At pH 7, the addition 1000
pg/L Al reduced the antimicrobial effect of 800 mg/L Cu by-@§. All of these trends are consistent with
expectations of Al binding soluble @uith greater binding at higher pHs (Figurl). Addition of 1 mg/L

Al reduced soluble Cu levelsbyme t han 50% at pH 6.5 and mor e
without aluminum (Figure 4B).

Different LegionellaStrainsRespond Differently to Cu

We confirmed that theutbreakassociatedtrain of L. pneumophilahat colonized the pilescale water
heatersvas more tolerant to Cu than the lab strain B@bwas used in previous berstale experiments
In a heaeto-head comparisongchieving the same-bg reduction inL. pneumophilaequired >720 mins
exposurdo 2000pg/L total Cu (pH 6.5; ~1600 pg/L soluble Cu) for ihebreakassociatedtrain but just
~210 mins exposure to 800 pg/L total Cu (pH 7; 690 pg/L solublef@upe strain 130jFigure4.2C).
Applying the ChickWa t s o n A Ctfieb. pmawmpd strainthat colonized the water heaters wés
times more resistant to Gian strain 130Song et al., 2021)
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Figure 4.4. A) Impact of 1 mg/L and 3 mg/L d&l on Cutoxicity towardsL. pneumophilatrain 130b, B)
Impact of 1 mg/LAI on Cu solubility at pH 6.57.5in inert glass container€) Differences irCutoxicity
towardslab strain 130b and tleitbreakassociatedtrain inoculated into the water heater pilot experiments
when compared heed-headin pure culture.

PhosphaterecipitatesCu andindicatessynergistic Legionella growth promotion effect

To demonstrate how orthophosphate impactsa@timicrobial capacitywe normalized the differences in

L. pneumophilaneasuredelative to WHControl and plotted the data as a function of soluble Cu and
soluble phosphaté-igure4.6). When soluble Cu levels wer00 pg/L, culturabld.. pneumophilavas
consistentlylower than in the WHControl (Figure4.5). When soluble Cu levels were <300 pg/L and
soluble P levels were <300 ug/L, pneumophilaaumberswverenot differentrelative to theWWH-Control.
However, when soluble Cu levels were <300 pg/L and soluble phosphorus levels were >300. ug/L,
pneumophilancreased relative to the control in four of twelve instances (Figjb)e Three of these four
cases were in Wi€u+PQwhile the fourh was in WH-PQ..
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For biofilm samples, lower levels of culturathlepneumophilavere observed in anode and recirculation
pipe loop biofilmscollected from théNVH-Cu systemscompared to WHControl. L. pneumophildevels
were maintained on the anode bimfibut increased in the recirculation pipe loop biofilm in VWeH+PQ
samples compared to WEontrol (TableB.8).
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Figure 4 5. Relationshigbetween solubl€u, soluble phosphate, and culturablgpneumophilalifference
relative to the WHControl condition (no Cu or P addedjigher or lowerindicates caseswhere thel.
pneumophildevels are significanthyhigherlower than theWWH-Control during the same phasand the
difference is consistent with that of the prior pha$® changendicates all other comparison resultbe
dashed lingnighlights that300 pg/L of soluble Cias a key threshold fdr. pneumophilaeduction relative
to the contral

Cuand AnodeMaer i al sd6 | mpacts on HPC, 16S r RNA gene

In the WH-Control system L. pneumophilaculture levels,16SRNA gene levels, and TC@mained
relatively stable (x0%0g) acrossall experiments,while HPC gradually increased -tdg as the
experiments progressed and the biofilms matured (FigGreFigureB.3). After normalization toVH-
Control as a basis for comparis@etross conditionghe addition of phosphate alom&s not found to
significantly nfluenceHPC, 16SrRNA gene, and TCC level3he exception that there was a ~h§
decrease in HPC during the testing of the powered anode.
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Upon reaching a threshold 200 pg/LCuin the WHCu conditionthe HPCcounts began to decrease
relative to tle WH-Control system, consistent with observationslfopneumophilaThe greatestHPC
reductionobserved (~1og) in the WH-Cu conditionwasduringuse ofPoweed anode and dosing 2000
pg/L. Both 168 RNA gene copies and TCC levels increased 4@y®luring use of the Al and Mg anodes
and dosing of 2000g/L Cu.

When both Cu and orthophosphate were dosed, there were higher levels of HPRINAGER:ne copies

and TCC levels in phase M2P00. The increase of 186RNA gene copies, TCC levels, and HRit(not

in the WHCu system)during phase Mg2000 mighthavebeesn due to the evolution of hydrogers an

electron donowithin this system. The increased levels of hydrogen gas (~=8mhiol/L) measured in the

Cu dosed water heater equipped with Mg anodes could potestnalble autotrophic hydrogen oxidizing
bacteria tdix 1.84X10? ug/L biomass carbon, arven more hydrogen might have been consumed by the
biofilm (Ishizaki et al., 2001)Here,HPC represents only the portion of heterotrophic bacterianatitie
plumbing systems that were culturable on R2A media. Thus, the observed reduction in HPCs, but not 16S
rRNA genes or TCC levels, in the WE system could be the result of VBNC and/or dead ¢Edible

B.6).

Among the four water heaters under diffietr experimental conditions, culturable pneumophila
represented 0-:4.7% of HPC and 0.063.24% of the TCC levels (Tabk7). Culturablel. pneumophila
levels were positively corelated to HPC and TCC levels with correlatefficientsof 0.62 and 0.3 in
this experiment without disinfectant (Pearson test, p<0.001) but were not corelated witkNK6§ene
levels. HPC levels ranged from 0-8%5% of the 163RNA gene and 0.929.64% of the TCC levels,
although no statistically significant correlatisas found between HPC versus I&NA gene or TCC
levels.
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Figure 4.6. Log levels of biological parameters of WEbntrol (A) and log changes of biological
parameters of WHPQ,*(B), WH-Cu(C), and WHCu+PQ (D) compared with WKControl.

DISCUSSION

This study provides fundamental insight into how water system design and other factors can act to
undermine the efficacy of antimicrobial copper agdiregfionella The pilotscale nature of this study was
particulaty valuable for assessing the outcomes of interactive effects; such as copper dose, anode type, and
orthophosphate addition, under conditions representative efvoeld hot water systems. The findings can

help to inform improved design of water heatesteyns and remedial strategiesfegionellacontrol.

Much lower than expected antimicrobial effects even at very high Cu doses

The inability ofvery high levels of Cu (>1.2 mg/L) at low pH (<7) and low level of orthophosphate (<0.2
mg/L) to eradicatd_egonella, even after months of exposuxeas striking and also unexpect&ased on

our prior benckscale pure culture study (Song et al., 2021), it was expected that a threshold dose of 0.8
mg/L Cu in the WHCu system would have begun to have an eflegportant differences between the
experiments in this study compared to our prior beseaie study include: 1) the berstale study was
conducted with a different strain bf pneumophilahan what was inoculated into the pikiale systems;

2) the benctscale was carried out in inert glass bottles, while this study incorporated varicusrigal
complexities associated with pitetale; 3) the benescale study was carried out in pure culture, while the
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present study was carried out under the more tieatisnditions of mixed microbial communities; and 4)
Cu was dosed immediately aftezgionellawere grown to stationary phase in the beschle study, while
the current experiments were performasihggradually increasing Cu levels over 8 montlkich could
have allowed the strains to acclimate

There are many possible mechanisms for the reduced Cu antimicrobial efficacy. First, it was previously
shown that factors such as high pH, orthophosphate, natural organic matter can reduce antirffiectdbial e

of Cu towardd_egionella(Song et al., 2021; Lin et al., 199®ut we identified additional factors through

this realistic study of a fubcale system. Specifically, Al ions that formed hydroxide geldd have
trappedbioavailable Cu (Figuré.4), while Mg anode corrosiowas shown taramatically increase the pH
within thewater heater system (Figuée).

But even withoutAl or elevatedpH in the case of powered anodes, even very high levels of Cu only
achieved ~1.2og reduction ot.. pneumohila compared to a control witho@u dosng (Figure4.2). Thus,
factors beyond thevater chemistrymust have played role inthe observed reduction entimicrobial
capacity of added Cu

Strain differencesinfluenced efficacy of Cu forL. pneumophilacontrol.

Here it was found that thmutbreakassociatedtraininoculated to the water heater systdrad a first order
inactivation constant >7X lower compared to strain 1tB@bwas useth thepure culture benchcale tests
(Song et al., 2021Bédardet al. (Bédard et al., 202X¥kcently demonstrated thiat pneumophilasolates
vary in their tolerance to Cu, notirg®-log reduction inculturability after expsureto 5 mg/L Cu for 600
hrs.However, theBédardet al.(Bédard et al., 2021¢st pHwas a 7.8, which would be expected to reduce
Cu biocidal effects compared to the lower pithge evaluatetierein In the present studypnly ~1-log
reduction was achieved after ~4 months (>2000 hrs) exposure.

Differences in pure culture vs pilothot water sysem experimental conditions influence outcomes of
Cu dosing.

Besides strain differences, it is also important to consider that thespdte hot water systems were
allowed to establish a robust microbial ecosystem of biofilm and bulk water microorgacidingated to

the systems. In fact, given that it can take multiple years for a drinking water system to establish mature
biofilm (Buse et al., 2019; Henne et al., 2012; Btansen et al., 2@), this study was unique in that the
systems were allowed to acclimate for two years before commencing this study, making it much more
realistic compared to other controlled lab studies. This allowed biofilms to mature, which are known to
provide a niche fothe proliferation of frediving amoebae that serve as hosts forpneumophila
replication (Falkingham, 2015). The biofilm itself can also provide shelteriveumophildFalkingham,

2015; Schwering et al., 2013)hus, it is reasonable to hypothesithat the biofilm and corresponding
amoebae also acted to protectpneumophildrom the antimicrobial action of dosed (tor amoeba in
culture, Hwanget al. (Hwang et al., 2006jlemonstrated in benetale pure culture suspensions that
planktonicL. pneumophilavas inactivated completely (>7#l@g reduction) within 8 hours after exposure

to 1 mg/L of Cu while the intracelluldr. pneumophd inside of Acanthamoebgolyphag had only ~3

log reduction even after 7 days of Cu exposure. Extrapolating their results, using same disinfection constant,
a 7.2log reduction for the intracelluldr. pneumophilavould be observed in 16 days. The resist of the
amoeba and biofilm in our rigs far exceeded this.

Thomaset al.(Thomas et al., 2004howed in one pilescale system at pH 7.6 that 0.8 mg/L of Cu had no
impacts on amoeb@AcanthamoebaHartmannella and Vahlkampfid levels in either planktonc and
biofilm samples, but the. pneumophilaeleased to the water was still reduced >3 logs (below detection
limit) after 6 days exposure to copper in that study. Again, the resistabhegiohellareported herein was
much higher.
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Pilot-scale study revealed interactive effects of water chemistry, water heater system design, and
drinking water microbiology govern antimicrobial capacity of Cu.

Here we reported divergent effects of coppeLegionellain realistic pilotscale water heater systems, as
copper sometimes reduced, had no impact on, or even promoted the grawtiosfellarelative to a
control system with low ambient copper. To &npwledge, this is the first study temonstrate all three
potential outcomes of Cu dosing in a h¢adhead multifactorial comparison

Three out of four cases where Cu dosing was associated with increasgmeumophilaelative to the
control wereobserved in WHCu+PQ system Buseet al. (Buse et al., 2014g3howed that effluent from
CDC biofilm reactors equipped with coupons of different pipe materials at pH > 8 ard@®2mg/L, had

up o 20x mord.. pneumophilaggene copies when Cu coupons were used relative to PVC coupons in a
study of simulated cold water pipes at room tempera@iée et al. (Gido et al., 2015)emonstrated that

Cu coupons could supgt more biofilmassociatedl. pneumophilawhere the content of corrosion inhibitor

in the test water was not reportétbwever, these studies did not offer a hypothesis to explain how Cu
could have acted to increase growthLegionella

This study proudes new understanding of potential mechanisms by which Cu can lead to indreased
pneumophilagrowth.One study showed that dosing Cu shifted the microbial community structure to favor
the growth of amoeba hogiBuse et al., 2014)This would contribute to the increaselofpneumophila
levels though enhancecamoeba protection and intracellular replication. Another possible cause of Cu
promoting growthin pilot- or full-scale systems could be Cu deposition corrosioiess noble metals

such as Al and Mg anodes, which would promote the hydrogauat®n andautotrophic fixation of carbon,
potentially indirectly promoing the growth ofLegionella(Rhoads et al., 2017Pur study showed that
higher levels of HPC, TCC, 168NA gene levels imot watersystemsiosed with Cicorresponded ith
increased hydrogen evolution when Mg arsslereused, althoughnincrease of.. pneumophilavas not

seen at the same phase. These factors are still not fully understood, and more research is needed to examine
theassociation of.. pneumophilgrowth to the levels of hydrogen gas, phosphate levedgraoeba hosts.

While Cu dosingcould not erdicatel. pneumophildrom these hot water systems, the reduction was still
achieved in a manner that demonstrated how anode type and corrosion control agents can act to undermine
the capacity of Cu to contrél. pneumophilalmportantly, weconfirmed oumprior benchscale work that

soluble Cuis a more accuratmdicator for Cu antimicrobial effectsnder more complex, realorld

conditions associated with pilstale Trends in soluble Cu were consistent with reduced antimicrobial
impacts in response tthpsphate, higher pH and Al. Thusthe intention is to relpn Cu inactivation for
controlling Legionella then soluble Cu should be monitorekh this study, >300 ug/L soluble Cu was
consistently associated with significagtuctionin L. pneumophilaelative to a control with no Cu dose.

Still, it may be challenging to implement Cu as an effective biocide, while still maintaining total copper
below1.3-2 mg/L, althougtsuch public health standards do not apply to hot wiatidre U.S.
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Appendix BT Supplementary Information for Chapter 4

Table B. 1. Example ofL. pneumophilaculture comparison between Legiolert and conventional
BCYE/GVPC plating.

Date Sampling Location MPN/L (by Legiolert) CFU/L (by BCYE plating)
11/13/2019 WH-PQO* 1.37E+05 1.63E+05

11/13/2019 WH-Cu 2.27E+05 3.1E+05

11/20/2019 WH-PQO* 2.38E+05 1.73E+05

11/20/2019 WH-Cu 2.52E+05 3.05E+05

11/20/2019 WH-Cu+ PQ* 3.56E+05 3.75E+05

11/20/2019 WH-Control 5.51E+05 1.55E+05

Table B.2. Seven ordered alleles numbers representing the sequence based typing teguétsushophila
serogroup 1

Sample flaA pilE asd mip mompS proA neuA or
neuAh

Quincy lIsolateA 3 4 1 1 14 9 1

Quincy lIsolateB 3 4 1 1 14 9 1

WH-Cu_lsolate 3 4 1 1 14 9 1

Influent_Isolate 3 4 1 1 14 9 1

Table B.3. Mass Balance df. pneumophiladGrowth in Water Heaters (using phase vii as example)

Water Heater L. pneumophilain water| L. pneumophilain influent,| MPN Growth/flush period
heater, MPN/L MPN/L (0.5 gallon or 1.89 L)

WH-Control 3.56E+5 7.13E+3 6.60E+5

WH-PO# 1.39E+6 7.13E+3 2.61E+6

WH-Cu 5.05E+4 7.13E+3 8.19E+4

WH-Cu+PQO* 1.32E+6 7.13E+3 2.48E+6
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Table B.4. BasicWater ChemistryParameterfor Bulk Water Samples

Target Influent WH-Control WH-PO4*
Cu Anode Sample
Phase Dose, Rod TOC, PO4%, TOC, PO4%,

ug/L (if Type Numbers pH DO, mg/L mg/L mg/L pH DO, mg/L mg/L mg/L pH DO, mg/L

apply)
Baseline 0 Al 2 6.82+0.14 NA NA 0.82+0.2 | 6.73+0.09 | 6.62+1.39 | 0.99+0.07 NA 6.47+0.12 | 7.86+1.77
Al-50Cu 50 Al 6 6.53 8.18 0.868 0.72+0.40 | 6.78+0.07 | 5.89+0.58 | 0.81+0.13 0.41 6.63+0.09 | 6.93+0.35
Al-100Cu 100 Al 7 6.59+0.19 | 8.74+0.19 | 0.97+0.13 | 0.48+0.19 | 6.76+0.03 | 6.59+0.34 | 0.78+0.07 0.24 6.66+£0.10 | 7.27+0.42
Al-300Cu 300 Al 6 6.53+0.18 | 8.70+0.38 | 0.88+0.15 0.8 6.79+0.12 | 6.60+0.37 | 0.68+0.05 NA 6.64+0.08 | 7.24+0.59
Al-600Cu 600 Al 6 6.53+0.10 | 8.51+0.21 | 0.98+0.24 | 0.30+0.06 | 6.81+0.06 | 6.74+1.06 | 0.97+0.11 NA 6.66+0.11 | 6.58+0.47
123&:” 1200 Al 7 6.51+0.04 | 7.98+0.60 | 0.75+0.18 | 0.67+0.16 | 6.83+0.05 | 5.96+0.80 | 0.70+0.13 NA 6.70+0.07 | 6.87+0.67
Zogcl)_Cu 2000 Al 6 6.50+0.11 | 7.2840.35 | 1.05+0.21 | 0.73+0.27 | 6.83+0.05 | 5.42+0.26 | 1.00+0.32 NA 6.60+0.05 | 6.04+0.54
20'\ggéu 2000 Mg 6 6.70+0.11 | 6.50+£0.93 | 0.94+0.19 0.84 7.44+0.08 | 5.50+0.95 | 0.73+0.14 NA 7.37£0.10 | 5.57+0.74
Powered Power
-2000CU 2000 ed 5 6.65+0.17 | 7.70+0.96 | 1.20+0.35 | 0.91+0.37 | 6.89+0.16 | 6.67+0.65 | 0.87+0.08 NA 6.75+0.19 | 6.62+0.61

Anode
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TableB-4. BasicWater Chemistryarameterfor Bulk Water Sample§ c ont 6 d )

Target WH-PO4* WH-Cu WH-Cu+PO4*
Cu Anode
Phase | Dose, | Rod ,\f’uar;“bp;fs TOC, PO.3, H 00 maL | TOC: PO.?, H 00 maL | TOC: PO,
pg/L (if Type mg/L mg/L P LY mg/L mg/L P Mg mg/L mg/L
apply)
Baseline 0 Al 2 1.30+0.28 NA 6.65+0.15 | 7.57+1.66 | 1.02+0.04 NA 6.70+0.17 7+1.32 0.99+0.10 NA
Al-50Cu 50 Al 6 1.02+0.27 | 3.28+0.49 | 6.71+0.05 | 6.83+0.47 | 0.96+0.27 0.63 6.76+0.07 | 6.27+0.40 | 0.96+0.28 | 3.57+1.34
Al-100Cu 100 Al 7 0.82+0.09 | 2.920.24 | 6.61+0.11 | 7.04+0.53 | 0.72+0.08 0.19 6.66+0.07 | 6.77+0.53 | 0.74+0.06 | 4.07+0.53
Al-300Cu 300 Al 6 0.74+0.07 | 2.87+0.47 | 6.68+0.14 | 6.85+0.43 | 0.71+0.07 NA 6.65+0.11 | 6.96+0.40 | 0.69+0.06 4+0.34
Al-600Cu 600 Al 6 0.80+0.15 | 2.59+1.04 | 6.73+0.23 | 6.37+0.35 | 0.75+0.14 NA 6.70+0.07 | 6.96+0.72 | 0.74+0.11 | 3.43+0.45
123(|)-Cu 1200 Al 7 1.16+1.21 | 3.36+£0.69 | 6.54+0.08 | 6.4+0.63 | 0.60+0.07 NA 6.66+0.07 | 6.32+0.52 | 0.64+0.09 | 3.51+0.77
Zogcl)-Cu 2000 Al 6 0.87+0.16 | 3.42+0.87 | 6.22+0.11 | 5.42+0.34 | 0.81+0.15 NA 6.45+0.11 | 5.86+0.39 | 0.82+0.14 | 3.09+1.05
20|\ggéu 2000 Mg 6 0.73+0.11 3.26 7.97+0.45 | 4.95+0.89 | 0.69+0.11 NA 7.88+0.34 | 5.57+1.90 | 0.67+0.12 3.03
Powered Power
-2000CU 2000 ed 5 0.7940.10 | 2.97+0.50 | 6.45+0.29 | 7.01+0.66 | 0.79+0.09 NA 6.69+0.24 | 6.93+0.65 | 0.79+0.08 | 2.47+0.40
Anode
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Table B.5. Corrosion electrochemicplrameters comparison amatifferent anode materials

Anode

Parameter WH-Control WH-PO4* WH-Cu WH-Cu+PO4*>
Rod/phase
Electric
Current, mA -0.08 -0.15 -2.19 -1.85
Electric
Potential, V -0.06 -0.49 -0.75 0.11
Weight loss
(%lyear) 1.82 1.24 1.85 1.23
Al anode
phase vii
Photo
Electric
Current, mA -1.45 -1.26 -2.44 -2.25
Electric
Potential, V -0.59 -0.45 -0.65 -0.63
Weight loss
(Yolyear) 0 0 1.2 1.25
Mg anode
phase viii
Photo
Electric
Power Current, mA -5.37 -5.31 -5.27 -5.14
anode Electric
phase ix Potential, V -24.96 -25.48 -25.74 -25.87
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Table B.6. Corrosion Related Metals and Hydrogen Levels in Bulk Water Samples

Target Influent WH-Control WH-PO4*
Cu Anode sample
Phase @75%’]‘ %%i Numbers Al, pg/L Mg, Hg/L Fe, ug/L Hz, ppm Al, pg/L Mg, ug/L Fe, ug/L Hz, ppm Al, ug/L Mg, ug/L
apply)
Baseline 0 Al 2 13 44977 52.7 6.807 NA NA NA 9.007 NA NA
28.13+10. | 6168.75+ | 141.63%1 341.68+1 | 5774.3t9 | 96.65+13 115327+ | 5714.15+
AlI-50Cu | 50 Al 6 78 1946.36 10.30 NA 61.38 13.96 0.20 NA 97712 | 1081.34
16.56+5.7 | 6056.3+3 | 157.71%7 649.09+1 | 5679.37+ | 172.83*1 732.49+2 | 5575.929
Al-100Cu | 100 Al / 2 455.38 8.96 NA 97.56 888.25 00.63 NA 74.93 +962.07
404732+ | 70.15+81. 388.88+4 | 4527.9+2 | 39.55+21. 262.88+1 | 4232.08+
Al-300Cu | 300 Al 6 4.942.98 | 1157959 37 NA 1.07 55.59 02 NA 11.16 205.39
22.75+40. | 963497+ | 83.68+13 587.12+1 | 6277.87+ | 35.47+13. 677.32+5 | 6241.5+1
Al-600Cu | 600 Al 6 39 8384.01 9.06 5.386 80.49 1105.34 83 8.105 49.49 201.56
Al- 5706.89+ 587.61+2 | 633221+ | 77.97+98. 464.7+11 | 5982.76+
1200cy | 1200 Al 7 4.79t1.43 | 44756 | 094596 NA 77.52 1140.29 87 NA 8.92 1153.62
Al- 4893.73+ | 53.83%11 516.22+1 | 5622.96+ | 19.87+8.9 757.94+9 | 524420+
s000cu | 2000 Al 6 7462539 | 751 49 4.0 NA 27.89 1027.24 6 NA 16.07 996.78
Mg- 2000 Mg s 2484312, | 529025+ | 22.13%22. | , . oo | 1529681 | 715254+ | 14.12+8.4 | 8.66+12.8 | 1036.64+ | 6927.24%
2000Cu 42 685.15 09 30.26 934.39 9 0 152049 | 927.97
Power

Powered- 68.25+10 | 6569.62+ | 18.55+18. 27.62+12. | 4981.1+1 | 20.35+22. 230.4+34 | 4757.47+
2000cu | 2000 Ar‘fg e 5 9.04 4322.84 13 trace 75 108.08 44 2.46+2.36 3.48 1021.50
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TableB-6. Corrosion Related Metals and Hydrogen Levels in Bulk Water Safiyptes nt 6 d )

Target WH-PO4* WH-Cu WH-Cu+PO4*
Cu Anode sample
Phase uDg%%f %%i Numbers Fe, pg/L Hz, ppm Al, pg/L Mg, pg/L Fe, pg/L Hz, ppm Al, pg/L Mg, pg/L Fe, pg/L Hz, ppm
apply)
Baseline | 0 Al 2 NA 8.427 NA NA NA 9.83 NA NA NA 8.962
132.33%1 695.8322 | 5699.95: | 101.43:1 104213+ | 5671.28 | 132.77%9
Al-50Cu | 50 Al 6 02.70 NA 81.16 895.09 10.04 NA 100859 | 103256 0.30 NA
195.84+9 923.24+4 | 5536.00% | 158.43+9 607.19+3 | 542527+ | 283.03:3
Al-100Cu | 100 Al 7 1.86 NA 15.74 971.19 7.75 NA 39.06 853.46 03.24 NA
50.07+53. 677.52+1 | 4118.63f | 35.72+16. 412.98+1 | 4142.32+ | 41.45:19.
Al-300Cu | 300 Al 6 72 NA 77.98 228.89 89 NA 80.63 251.76 90 NA
38.22429. 165638+ | 6125.78% | 37.82£22, 984+344. | 6062.3+1 | 197.38:3
Al-600Cu | 600 Al 6 25 6.393 62349 | 123637 46 6.828 39 086.93 33.45 8.837
Al 19.41+12. 1136.99+ | 5727.087 | 29.55£10. 1290.97% | 5782.22% | 43.12+28.
1200cy | 1200 Al 7 15 NA 320.83 +1041 17 NA 516.80 | 1017.60 94 NA
Al- 137534+ | 508120+ 1531.38% | 515501+ | 42.43£22.
s000cu | 2000 Al 6 14.48+17 NA 62093 | 95502 | 2968+16 NA 70815 | 972.79 35 NA
Mg- 2000 | m . 38.22£32. | 11.3£16.5 | 552.69+8 | 8553.52¢ | 65.08455. | 87.06:10 | 1224.26 | 7995.77% | 49.3+40.4 | 1.729:0.5
2000Cu 9 24 3 11.79 | 1209.41 99 0.76 1711.83 | 112855 6 4
Power
Powered- 14.325+1 69.82+11 | 5057.97+ | 32.12+11. 220.87+2 | 5134.75+ | 39.32+21.
s000cu | 2990 Arf: e 5 5.79 3.705 2.29 104761 73 4.06£327 | 7519 1140.16 88 trace
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Table B.7. Aluminumsolubility with Al, Mg, and Power Anodes.

Cu dose (WH-Cu and WH-Cu+PQ4%)=2000 pg/L; Orthophosphate dose
(WH-PO4* and WH-Cu+P043-)=3000 pg/L
Water Heater Al anode Mg anode Power anode
WH-Control 13.26 % 79.34 % 66.69 %
WH-PO4* 4.39 % 34.29 % 17.06 %
WH-Cu 1.99 % 37.79 % 19.02 %
WH-Cu+PO4* 0.78 % 32.28 % 5.52 %
Table B.8. L. pneumophil&Relative Abundance (%) across phases
Phase Baseline Al-50 Al-100 Al-300
Culture’ To}al* Culture | Total | Culture | Total | Culture | Total
WH-Control 0.067
2.864 | 0.043 | 1.298 | 0.113 | 3.074 | 0.071 | 1.938 5
WH-PO4* 2451 | 0.023| 1.238 | 0.102 | 1.977 | 0.036 | 0.972 | 0.052
WH-Cu 2689 | 0.032| 0.864 | 0.077 | 2.700 | 0.054 | 1.442 | 0.058
WH-Cu+PO4* | 3.010 | 0.040 | 1.862 | 0.201 | 4.695 | 0.100 | 1.475 | 0.081
*Culture stands for culturable L. pneumophila/HPC
**Total stands for culturable L. pneumophila/total cell counts (TCC)
Phase Al-600 Al-1200 Al-2000 Mg-2000 Power-2000
Culture | Total | Culture | Total | Culture | Total | Culture | Total | Culture | Total
WH-Control 1.285 | 0.050 | 1.198 | 0.079 | 0.390 |0.044 | 1.950 | 0.232 | 0.524 | 0.155
WH-PO4* 1.234 | 0.042 | 2.163 | 0.065| 2642 | 0.120 | 2.631 | 0.076 | 0.642 | 0.133
WH-Cu 2569 |0.055| 1.539 |0.022 | 0.258 | 0.003 | 3.408 | 0.041 | 0.104 | 0.018
WH-Cu+PO.3 | 3.719 | 0.066 | 1.856 | 0.067 | 4.341 | 0.075| 2.051 | 0.125| 1.109 | 0.235

Table B.9. CulturableL. pneumophilandL. pneumophilaene levels, total cells and total bacterial gene
levels in biofilm samples.

Biofilm

L. pneumophila,

Location Water Heater Total cells/in? 16S, gc/in? CEU/in2
WH-Control NA 1.69X108 <1.00X10%

Al Anode WH-PO43 NA 9.83X107 2.38X10°
WH-Cu NA 9.62X107 <1.00X10%

WH-Cu+PO43 NA 2.74X106 1.70X105
WH-Control 7.86X107 2.73X10° >1.50X10¢6
Mg Anode WH-PO43 2.91X107 2.69X10° >1.50X10¢6
WH-Cu 8.59X107 2.25X1010 6.10X104
WH-Cu+PO4* 1.06X108 4.33X108 >1.50X10¢6

WH-Control 1.43X108 7.95X107 6.32X10°

Pipe Loop WH-PQO4* 1.24X108 6.70X108 7.50X10°
WH-Cu 4.65X107 1.53X1010 1.00X1068
WH-Cu+PO4* 1.20X108 1.05X108 >2.20X10°%
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Figure B.1. Pilot-scale hot water plumbing systems.
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Figure B.2. Profile ofculturableL. pneumophilan WH-Control and WHCu across experimental phases.
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Chapter 5: Shotgun Metagenomic Reveals Impacts of Copper
Dose and Water Heater Anodes onPathogens and
Microbiomes in Hot Water Plumbing Systems

Yang Song,Rachel Finkelstein,Marc Edwards, Amy Pruden

ABSTRACT

Hot water premise (i.e., building) plumbing systems\anmerable to the proliferation of opportunistic
pathogens (OPs), includinggionella pneumophilandMycobacterium aviummplementation of copper

as a disinfectant, along with optimization of other aspects of water chemistry and plumbing materls, coul
help to reduce OP growth potential. However, given the dependency of OPs on microbial ecological
interactions, there is a need to understand how such interventions shape the broader microbiome. Here, we
carried out a controlled study of pistale hot ater systems and applied shotgun metagenomic sequencing

to characterize shifts in microbiome composition as cold influent tap water transitions to a hot water
environment and partitions into bulk water and biofilm environments. We then examined howdasgper

(0-2 mg/L) and water heater anode materials (aluminum vs magnesium vs powered anode) acted to shift
microbiomes with time. Metagenomic analysis revealed that, even though a very high copper dose of 1.2
mg/L was required to begin to reducegionellaand Mycobacteriunmumbers, that low doses (i.e., <0.6

mg/L) were bioavailable to much of the broader microbial community, indicating that the OP strains
colonizing these systems were highly copper tolerant. Putative protozoan hosts requiegidioella
replication were also sharply reduced by copper addition. Orthophosphate addition acted to elevate the
threshold bioavailability of copper, both to OPs and the broader microbiome. Taxonomic markers
corresponding to hydrogen oxidizing bacteria (HOB), whih wtilize hydrogen evolved from anodes and

fix organic carbon in the low nutrient environment, were enriched across all water heater systems. Notably,
copper addition together with a magnesium anode, which increases hydrogen evolution, was associated
with elevated HOB markers in biofilms. Functional gene analysis provided new insight into mechanisms
of copper inactivation across the microbiomes, indicating that membrane damage and interruption of
nucleic acid replication are likely both at play. This gtpdovides key information towards optimizing the

use of copper as an antimicrobial in hot water systems and identifying key factors that can confound its
efficacy for controlling OPs

INTRODUCTION

Hot water plumbing systems provide the luxury of hot water on demand for various essential purposes,
such as bathing, laundry, and dishwashing. However, they are also highly vulnerable to the proliferation of
opportunistic pathogens (OPs) (Falkinham, 2@dhofield & Locci, 1985). OPs are distinguished by their
tendency to grow in potable water system biofilms, making them more difficult to eradicate than fecal
pathogens, which are much more susceptible to disinfectants and the low nutrient enviromimekingf

water (Cullom et al., 2020; Falkinham et al., 2015). A number of factors in premise (i.e., building) plumbing
canstimulateOP growth; including warm temperatures, stagnation, flow rates, and loss of disinfectant
residual, but the precise triggen$ a given outbreak are often difficult to discern. Notably, various
microbial ecological interactions are thought to govern OP proliferation in the drinking water environment.
As a prime exampld,egionellapneumophilareplication in drinking water bidfns is largely dependent

on a parasitic relationship with free liviagnoebaghat graze on the biofilms, and this is thought to be the
case for many other OPs as well, includiigcobacterium aviunfFalkinham, 2015; Thomas & Ashbolt,
2011). Overall micrbial community diversity may also play a role, as some studies have reported that
levels ofL. pneumophilavere positively correlated with alpha diversity (Llewellyn et al., 2017). Likewise,
antagonistic relationships may exist, as evidenced by negativelatimns ofL. pneumophilawith
Pseudomonaspp. (Paranjape et al., 2020). Thus, broader microbial community analysis of hot water
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plumbing systems may provide deeper insight into underlying microbial ecological drivers of observed
effects of various plmbing materials and disinfection strategies.

One OP mitigation strategy of practical interest for hot water plumbing is the use of copper as an
antimicrobial, either actively dosed or passively leached from copper pipes (Liu et al., 1994; Stout et al.,
1998; Stout & Yu, 2003). However, copper pipesvdhaometimes been associated with increased
Legionellarelative to other pipe materials. Buseal. (Buse et al., 2014howed that effluent from CDC
biofilm reactors equipped with coupons of different pipstenals at pH > 8 and RG 0.2 mg/L, had up

to 20x mord.. pneumophilagyene copies when copper coupons were used relative toGt&gkt al.(Gido

et al., 2015)further demonstrated that copper coupons could support more basffotiatedL.
pneumophé. We recently conducted a pistale study of copper effects begionellaand found that
phosphate addition, which is commonly added by water utilities for corrosion control, can not only fully
eliminate the copper antimicrobial properties, but alsceama to have a synergistic effect of elevating
Legionellain the presence of copper (Song et al.,20Rurther, stepwise increases in total copper doses
up to 2 mg/L only resulted in ~lbg reduction ofL. pneumophilasuggesting that th@oculated strain

(from an outbreak in Quincy, IL) may have been particularly resistant to cdgjpeobial community
analysis under various copper conditions could help to identify thresholds of copper bioavailability to the
microbial community as a whel versus this strain df. pneumophilaand further yield insight into
microbial ecological responses to physicochemical conditions in hot water systems. In addition, the
functional genes abundance changes due to copper dose could shed light on thesmmediatopper
inactivation as well as the potential growth promotion effects

Considering that numerous factors that could influence copper antimicrobial properties, it is important to
evaluate the effects of copper under conditions that are represergatigalworld plumbing systems.
Notably, water heater anodes are a fundamental, yet relatively unexplored, component of hot water
plumbing. The purpose of the anode is to preferentially corrode relative to other water heater tank
components (e.g., steel)Ve have previously observed that corrosive reactions at the anode can alter the
local water chemistry and release hydrogen into the Btazeau & Edwards, 201Rhoads et al., 2017)

We hypothesize that such alterations can directly shape the hot water system micrétionieum

anodes are widely used because of their relative low cost, but tend to form a thick layer of aluminum
hydroxide and other corrosigaroducts(Cullom et al., 2020; Song et al., Z)2The nature and extent of

such corrosion byroducts settling in the tank and corresponding effects omvailability of
antimicrobials, such as copper, to OPs and other microbes is unkiMagmesium anodes are also
commonly used, and a recent study were found to release more hydrogen than aluminum anodes, especially
when copper is dosed, because of coppepsition corrosion (Song et al., 2)2Hydrogen is an electron

donor for autotrophic hydrogen oxidizing bacteria (HOB), which might indirectly stimulate OPs by fixing
organic carbon in the syster.third type of anode, power anodes, protects the waateh tanks from
corrosion through external electricity, without sacrificing the anode, and therefore will affect the water
chemistry in a different mannefo our knowledge, effects of different anode types on drinking water
microbiomes has yet to be eaptd.

The objective of this study was to assess interactive effects of copper and anode type on the hot water
microbiome and the resulting propensity to support OPs growth. To capture systemic dynamics at play in
real world plumbing, we employed four pHstale hot water systems operating in parallel. Each system
was configured with dedicated water heaters, recirculating lines, and sampling taps, with one system
receiving no chemical dose (WEontrol), the second dosed with orthophosphate corrosion iohlitH-

PQy), the third dosed with copper as copper sulfate {@H, and the fourth dosed with both copper and
orthophosphate (WK u+PQ). After examining the effects of incrementally increased total copper doses
(0,0.05,0.1,0.3,0.6, 1.2, to 2 mg/L) wvin aluminum anode, the anodes were then changed to magnesium
and then to power anodes, each for ~ 3 months, while maintaining the high copper dose (2 mg/L). After
reaching stable operation at each condition, we conducted shotgun metagenomic sequertaite to
taxonomic and functional aspects of the microbial community to corresponding water chemistry conditions
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