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ABSTRACT 
The opportunistic pathogen Legionella is the leading cause of reported waterborne disease 

outbreaks in the United States. Legionella can thrive under the warm, stagnant, low-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 dosed directly to water via copper-silver ionization systems or released naturally via corrosion 

of Cu pipes to help control growth of Legionella and other pathogens. However, prior research has 

shown that Cu does not always reliably control Legionella and sometimes seems to even stimulate 

its growth. A deeper understanding of the mechanistic effects of Cu on Legionella, at both pure-

culture and real-world scales, is critical in order to inform effective controls for Legionella. The 

overarching objective of the research embodied by this dissertation was aimed at elucidating the 

chemical and microbial interactions in premise plumbing that govern efficacy of Cu for Legionella 

control through a series of complementary bench-, pilot-, and field-scale studies. 

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) in distributed 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 of Legionella (e.g., exponential or stationary), strain-specific Cu 

tolerance, background microbiome composition, and the possibility that viable but non-culturable 

(VBNC) Legionella might 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, orthophosphate corrosion inhibitor concentration, and NOM were examined in 

bench-scale pure culture experiments over a range of conditions relevant to drinking water. Cupric 

ions and antimicrobial effects were drastically reduced at pH >7.5, especially in the presence of 

phosphate, which precipitates copper, or NOM, which complexes the Cu in a form that is less 

bioavailable. Chick-Watson disinfection models indicated that soluble Cu was the most robust 

correlate with observed Cu antimicrobial effects across a range of tested 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 control corrosion over the last few decades, have 

significantly altered Cu chemistry in buildings, undermining antimicrobial capacity and increasing 

likelihood of Legionella growth. 



 

 

Pilot-scale experiments confirmed that soluble Cu is an effective indicator of Cu antimicrobial 

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 copper and overall antimicrobial capacity. In some cases, Cu 

added together with orthophosphate apparently promoted the growth of Legionella, providing an 

example of at least one circumstance where Cu addition can induce interactive effects that elevate 

Legionella compared to a control system with trace Cu.  

It was also demonstrated 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 >2-log at pH=7. Corrosion from magnesium anodes was found to dramatically increase 

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 microbial growth 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 pilot-scale experiments, even very high levels of Cu (>1.2 

mg/L) at low pH (<7) failed to fully eradicate culturable Legionella.  

The much lower than expected antimicrobial efficacy of Cu in the pilot-scale hot water plumbing 

systems was found to be partially explained by the properties of the strain that colonized the 

systems. Based on fitting the data to a Chick-Watson disinfection model, the outbreak-associated 

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 bench-scale tests. Further, exponential growth 

phase L. pneumophila were found to be 2.5 times more susceptible to Cu relative to early stationary 

phase cultures. It is important to also recognize that, in the pilot-scale systems, drinking water 

biofilms and the amoeba hosts that colonize them can further shield Legionella from the 

antimicrobial effects of Cu.  

Application of shotgun metagenomic sequencing offered the opportunity to more deeply examine 

the response of Legionella and other pathogens to Cu dosed to the pilot-scale hot water systems in 

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 outbreak-associated strain of Legionella that 

colonized the rigs was relatively tolerant of Cu.  Functional gene analysis provided further insight 

into the mechanistic action of Cu, suggesting multi-modal action of both membrane damage and 

interruption of nucleic acid replication. The metagenomic analysis further revealed that protozoan 

host numbers tended to increase in the pilot-scale systems with time, and this could also increase 

the potential for Legionella proliferation with time.  

Additional pure culture studies aiming to further assess the mechanistic action of Cu provided 

strong evidence that Cu can induce a VBNC state for Legionella. This is a concern, given that 

other studies have indicated that VBNC Legionella are still capable of causing legionellosis.  

However, VBNC cells are not detected by conventional culturing. Multiple lines of evidence 



 

 

supported the conclusion that Cu induced a VBNC state for Legionella, including membrane 

integrity, enzyme activity, ATP generation, and Amoebae resuscitation assays applied to two 

different strains of L. pneumophila. After exposure to Cu, up to a 5-log (99.999%) reduction in 

culturable Legionella was observed, whereas corresponding reductions in the various viability 

measures were only by <1-log (90%). In other words, conventional culturing may miss up to 

99.99% of the Legionella that is still capable of causing disease. To our knowledge, this is the first 

study that has assessed the potential for Cu-induced VBNC Legionella. Additional research is 

needed to further quantify the contribution of VBNC status to challenges in effective Cu-based 

control of Legionella in premise plumbing.   

This research further examines, for the first time, the proteomic response of Legionella to Cu, 

comparing both presumably VBNC and culturable cells. Functional annotation of proteins that 

were differentially produced by the cells in response to Cu addition revealed that VBNC L. 

pneumophila modulated its proteome to favor cell membrane- and motility-related proteins, while 

reducing production of other proteins related to primary metabolism compared to culturable cells. 

These observations are consistent with the metagenomic-based observations and support the 

hypothesis that Cu inactivates cells by damaging the cell membrane. The findings also confirmed 

reduced general cell metabolism that is characteristic of a VBNC state. 

This dissertation highlights the important and complex effects of Cu on Legionella growth in 

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

the surrounding microbiome, and Legionella strain characteristics and growth status. The findings 

raise important questions about how to measure disinfectant efficacy and provide fundamental new 

knowledge that can help to better optimize the application of Cu as an antimicrobial to drinking 

water systems and better protect public health.  
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GENERAL AUDIENCE ABSTRACT  
The opportunistic pathogen Legionella is the leading cause of reportable waterborne disease 

outbreaks in the United States. Legionella is capable of growing in drinking water plumbing 

systems in homes, hospitals, hotels, and other buildings. Legionella is spread by inhaling tiny 

droplets of water that are suspended in the air when using the water, for example when showering, 

resulting in a severe and deadly form of pneumonia called Legionnairesô Disease. Copper is a 

promising antimicrobial that can be dosed directly into a buildingôs water system by installing a 

copper-silver ionization system. There is also interest in understanding whether copper released 

naturally from copper pipes could help control Legionella. However, prior research indicates that 

copper sometimes inhibits, sometimes has no effect, and sometimes even seems to stimulate 

Legionella growth. The purpose of this dissertation 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. Impacts 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 that could also interfere 

with copper disinfection. Finally, the effect of the strain of Legionella, its growth phase 

(exponential or stationary), and culturability status (culturable versus viable but non-culturable) 

was also examined. Experiments were conducted over a wide range of conditions, from bench-

scale pure culture experiments of a few days to full -scale plumbing systems over a period of 3.5 

years. The complementary approaches maximize the strength of scientific conclusions about 

approaches that can more effectively control Legionella. 

Several discoveries were made as a result of this research that can help to improve the use of 

copper for controlling Legionella in drinking water systems. In particular, it was found that it is 

best to keep the pH less than 7.5, because above pH 7.5 copper reacts with orthophosphate 

corrosion inhibitor or natural organic matter in the water in a manner that makes it less potent to 

microbes. Through disinfection modeling it was found that soluble copper was the best predictor 

of the ability to kill Legionella.  Therefore, it is recommended from this research that practitioners 

should monitor soluble copper instead of total copper for the purpose of assessing Legionella 

control.  

From the pilot-scale experiments, it was further found that the type of anode installed in the water 

heater can affect the ability of copper to kill Legionella. Magnesium anodes performed the worst, 

likely because they raised the pH above the recommended level of 7.5.  Aluminum anodes were 

also a problem because 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 effects by raising pH or forming a gel, but they are much less commonly used.  



 

 

A surprising finding throughout this study was that very high levels of copper (>1.2 mg/L) were 

required to measurably reduce Legionella in the pilot-scale systems. In the pure culture 

experiments, it was found that the outbreak-associated strain from Quincy, IL, that was inoculated 

into the system was highly copper tolerant. This demonstrated that the strain of Legionella that 

colonizes a particular drinking water system could be the reason why copper is sometimes less 

effective. Pure culture experiments also found that stationary phase Legionella are more difficult 

to kill than exponential phase Legionella, which could explain some discrepancies among lab 

studies reported in the literature. A particularly noteworthy discovery of this research was that 

copper can make it appear as if Legionella have been killed, because the traditional culture media 

indicate that there is no growth on the Petri dish; however, they are in fact still alive and capable 

of causing human disease. This is referred to as a ñviable but non-culturable (VBNC)ò state. The 

VBNC state of Legionella was confirmed using an array of techniques (membrane integrity, 

enzyme activity, ATP generation, and amoebae resuscitation) for two strains of L. pneumophila. 

We also examined how VBNC Legionella cellular functions were impacted by copper using whole 

cell proteome, i.e., analysis of all of the proteins extracted from Legionella. Copper induced VBNC 

Legionella modulated 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 microbial community 

DNA in the pilot-scale water systems. Given the potential for VBNC organisms to prevail in 

systems disinfected with copper, it is recommended to supplement culture-based monitoring with 

molecular-based monitoring, e.g., with quantitative polymerase chain reaction. 

This dissertation highlights the important and complex effects of copper on Legionella growth in 

potable water systems. The findings help to inform guidance on how to improve the antimicrobial 

effect of copper, through adjusting the water chemistry, 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 killing Legionella in real-world systems. 

Overall, the findings can help to improve policy and practice aimed at reducing the incidence of  

Legionnairesô Disease and protecting public health.  

 



 

vi 

 

ACKNOWLEDGEMENTS  

Since I first visited Virginia Tech for the open house and learned about this research project, I have 

been excited to be engaged in such an important endeavor that is larger than myself. The path to 

seeking science and truth is covered with grass and thorns, and I could not have made it to today 

without the support, guidance, patience, trust, care and love from the people around me. 

First and foremost, I would like to thank my advisors Dr. Marc Edwards, Dr. Amy Pruden and Dr. 

William Rhoads. Thank you for being the role models and my academic parents to help me grow 

and mature along this Doctorate study. You are all fierce mentors and generously gave me the 

opportunities to improve myself and learn from mistakes. Your dedication, enthusiasm, intensity, 

and vision to your work will always be the things I admire.  

Marc, thank you for your mentorship, patience, inspiration, and encouragement. I will never forget 

the lesson of ñpassing the laugh barò and a need to be committed to the highest standards of rigor 

and ethics for my future career. Amy, thank you for your detailed and thoughtful guidance on 

experimental designs, manuscript writing, public speaking and presentations. William, you were 

my go-to mentor and assisted me from the very beginning of the project, teaching me many key 

skills that were necessary to my dissertation success. I cannot give adequate praise for your help 

and friendship.  

I also want to thank Dr. Emily Sarver of my committee for being a great academic resource, who 

provided guidance on troubleshooting the bench-scale copper speciation tests.  

I would also like to thank the members of the Pruden and Edwards research group, past and present. 

You inspire me each day with your generosity, friendship, hardworking and leadership. Thank you 

especially to Jeff Parks, Dongjuan Dai, Joyce Zhu, Menglu Zhang, Min Tang, Emily Garner, Matt 

Blair, Abe Cullom, Ayella Maile-Moskowitz, Storme Spencer, Christina Devine, Ishi Keenum, 

Ben Davis, Connor Brown, Didier Aguilar, Kris Mapili, Carol Yang, and Rachel Finkelstein for 

your precious friendship, generous help, and meaningful discussions. We have a large group and 

itôs my honor to know each of you on this journey. 

To the amazing staff in our department including Beth Lucas, Jody Smiley, Julie Petruska, AJ 

Prussin, Bonnie Franklin, Lisa Burns, and Lindy Cranwell--nothing would run smoothly without 

each of you. Thank you for going above and beyond at your job to make the research experience 

enjoyable. To the collaborating external department faculty and staffs including Dr. Ann Stevens, 

Dr. Joe Falkinham, Myra Williams, Nancy Vogelaar, Kristin Lee, thank you for supporting the 

interdisciplinary research. 

I would like to acknowledge all the funding agencies that made this dissertation possible, including 

the National Science Foundation, Spring Point LLC, Copper Development Association Inc. and 

Virginia Tech Institute for Critical Technology and Applied Science Center. 

Last but not the least, I would not be here today without my wife Jinrong and my family. Your 

unconditional love and support have always been the source of my strength and power. To my 

daughter Reina Skye Song, thank you for doubling the struggles and joys at the final stretch of this 

journey.  

 

 



 

vii  

 

TABLE OF CONTENTS  

ABSTRACT ................................................................................................................................... ii  

GENERAL AUDIENCE ABSTRACT  ........................................................................................ v 

ACKNOWLEDGEMENTS  ........................................................................................................ vi 

TABLE OF CONTENT S ........................................................................................................... vii  

LIST OF FIGURES ..................................................................................................................... xi 

LIST OF TABLES  .................................................................................................................... xvii  

 INTRODUCTION  ................................................................................................ 1 

RESEARCH OBJECTIVES ....................................................................................................................................... 1 

DISSERTATION O UTLINE AND ATTRIBUTIONS  ............................................................................................. 2 

REFERENCES ............................................................................................................................................................ 4 

 CRITICAL REVIEW: PROPENSITY OF PREMISE PLUMBING PIPE 

MATERIALS TO ENHANCE OR DIMINISH GROWTH OF LEIOGNELLA  AND 

OTHER OPPORTUNISTIC PATHOGENS  .............................................................................. 6 

ABSTRACT ................................................................................................................................................................. 6 

1. INTRODUCTION  ................................................................................................................................................... 6 

2. DIRECT EFFECTS OF PLUMBING MATERIAL ON PATHOGEN GROWTH  ........................................ 10 
2.1. Copper Has Both Antimicrobial and Micronutrient Properties ........................................................................ 10 
2.2. Copper Pipe as an Antimicrobial Material in Premise Plumbing ..................................................................... 13 
2.3. Direct Release of Organic Carbon by Plastics.................................................................................................. 16 
2.4. Iron Release from Pipes ................................................................................................................................... 17 
2.5. Zinc, Aluminum, Magnesium Plumbing Materials .......................................................................................... 17 

3. INDIRECT EFFECTS OF PIPE MATERIAL ON PATHOGEN GROWTH ................................................. 18 
3.1. Pipe Material Effect on Disinfectant Availability ............................................................................................ 18 
3.2. Effect of Metallic Plumbing Materials on Nutrient Availability via Autotrophic Carbon Fixation ................. 18 
3.3. Pipe Scaling Effects ......................................................................................................................................... 20 

4. INFLUENCE OF PLUMBING SYSTEM DESIGN, CONFIGURATION AND OPERATION .................... 20 
4.1. Water Stagnation .............................................................................................................................................. 20 
4.2. Hot Water Recirculation Lines s ...................................................................................................................... 21 
4.3. Pipe Aging ........................................................................................................................................................ 21 
4.4. Possible Mixed Material Interactions ............................................................................................................... 22 



 

viii  

 

5. MEDIATING ROLE OF MICROBIOME AND OTHER MICROBIOLOGICAL CONSIDERATIONS  .. 22 
5.1. The Role of Pipe Material in Shaping the Premise Plumbing Microbiome and Resident Amoeba Host 

Organisms ............................................................................................................................................................... 22 
5.2. Variation in Copper Tolerance Among Species and Strains. ........................................................................... 23 
5.3. Confounding Effects of VBNC Bacteria .......................................................................................................... 24 
5.4. Virulence .......................................................................................................................................................... 24 
5.5. Antibiotic Resistance and Tolerance ................................................................................................................ 25 

6. CONCLUSIONS .................................................................................................................................................... 25 

FUNDING .................................................................................................................................................................. 26 

CONFLICT OF INTEREST STATE MENT ........................................................................................................... 26 

REFERENCES .......................................................................................................................................................... 27 

 NATURAL ORGANIC MATTER, ORTHOPHOSPHATE, PH, AND 

GROWTH PHASE CAN LIMIT COPPER ANTIMICROBIAL EFFICACY FOR 

LEGIONELLA  IN DRINKING WATER .................................................................................. 51 

ABSTRACT ............................................................................................................................................................... 51 

INTRODUCTION  ..................................................................................................................................................... 51 

MATERIAL AND METHODS  ................................................................................................................................ 52 
Test water, reagents, and glassware ........................................................................................................................ 52 
Kinetics of copper precipitation .............................................................................................................................. 53 
Copper speciation .................................................................................................................................................... 53 
Water chemistry measurements ............................................................................................................................... 53 
L. pneumophila cultivation experiments ................................................................................................................. 53 
Drinking water utilities field-data analyses ............................................................................................................. 55 
Statistical analyses .................................................................................................................................................. 55 

RESULTS AND DISCUSSION ................................................................................................................................ 55 
Copper speciation and solubility experiments ......................................................................................................... 55 
Impact of Cu on L. pneumophila culturability ........................................................................................................ 58 
Impact of Cu concentration ..................................................................................................................................... 59 
Impact of Cu speciation ........................................................................................................................................... 60 
Estimating Cu disinfection coefficient .................................................................................................................... 61 
Total Cu and Cu2+ trends among drinking water utilities over the last three decades ............................................. 62 

IMPLICATIONS  ....................................................................................................................................................... 63 

AUTHOR INFORMATION  ..................................................................................................................................... 64 

FUNDING SOURCES ............................................................................................................................................... 64 

ACKNOWLEDGEMENT  ........................................................................................................................................ 64 

REFERENCE ............................................................................................................................................................ 65 

Appendix A - Supplemental Information for Chapter 3  ........................................................................................ 69 



 

ix 

 

 PILOT -SCALE ASSESSMENT REVEALS INTERACTIVE EFFECTS OF 

ANODE TYPE AND ORTHOPHOSPHATE ADDITION IN GOVERNING COPPER 

SOLUBILITY AND ANTIMICROBIAL CAPACITY FOR LEGIONELLA  CONTROL  .. 77 

ABSTRACT ............................................................................................................................................................... 77 

INTRODUCTION  ..................................................................................................................................................... 77 

MATERIALS AND METHODS  .............................................................................................................................. 78 
Hot water plumbing system configuration and operation........................................................................................ 78 
System sampling and analysis ................................................................................................................................. 79 
Biological Analysis ................................................................................................................................................. 80 
Complementary bench-scale pure culture experiments ........................................................................................... 81 
Statistical Analysis .................................................................................................................................................. 82 

RESULTS ................................................................................................................................................................... 82 
Baseline Conditions: Inoculation and Establishment of L. pneumophila ................................................................ 82 
Effect of Cu Dosing on L. pneumophila .................................................................................................................. 82 
Impact of Anode Rod Type on Water Chemistry and Efficacy of Antimicrobial Cu ............................................. 85 
Cu Solubility as a Function of Anode Type and Observed Anti-microbial Effect .................................................. 88 
Exploring The Limited Antimicrobial Properties of Cu .......................................................................................... 89 
Phosphate precipitates Cu and indicates synergistic Legionella growth promotion effect ...................................... 90 
Cu and Anode Materialsô Impacts on HPC, 16S rRNA gene, TCC ........................................................................ 91 

DISCUSSION ............................................................................................................................................................. 93 

ACKNOWLEDGEMENT  ........................................................................................................................................ 95 

REFERENCES .......................................................................................................................................................... 96 

Appendix B ï Supplementary Information for Chapter 4 ................................................................................... 100 

 SHOTGUN METAGENOMIC REVEALS IMPACTS OF COPPER DOSE 

AND WATER HEATER ANODES ON PATHOGENS AND MICROBIOMES IN HOT 

WATER PLUMBING SYSTEMS ........................................................................................... 110 

ABSTRACT ............................................................................................................................................................. 110 

INTRODUCTION  ................................................................................................................................................... 110 

METHODS ............................................................................................................................................................... 112 
Hot water system operation ................................................................................................................................... 112 
Bulk water and biofilm sample collection ............................................................................................................. 112 
Water chemistry measurements ............................................................................................................................. 113 
DNA extraction, qPCR, and shot gun metagenomic sequencing .......................................................................... 113 
Metagenomic sequencing analysis ........................................................................................................................ 114 
Statistical Analysis ................................................................................................................................................ 115 

RESULTS ................................................................................................................................................................. 115 
Metagenomics Quality Control ............................................................................................................................. 115 
Distribution of Pathogen Gene Markers in the Hot Water Systems ...................................................................... 115 
Landscape of the Hot Water System Microbiomes Relative to Cold Influent Tap Water ..................................... 117 



 

x 

 

Pipe Loope and Anode Biofilm Microbiomes ....................................................................................................... 119 
Effect of Cu on the Hot Water System Microbiome ............................................................................................. 120 
Effect of Anode on the Hot Water System Microbiomes ...................................................................................... 121 

DISCUSSION ........................................................................................................................................................... 124 

ACKNOWLEDGEMENT  ...................................................................................................................................... 127 

REFERENCES ........................................................................................................................................................ 128 

Appendix C ï Supplemental Information for Chapter 5 ..................................................................................... 134 

 COPPER-INDUCED VIABLE BUT NON -CULTURABLE LEGIONELLA  

PNEUMOPHILA  PRODUCES DISTINCT PROTEOME AND CAN STILL INFECT 

AMOEBAE  ................................................................................................................................ 161 

ABSTRACT ............................................................................................................................................................. 161 

INTRODUCTION  ................................................................................................................................................... 161 

METHODS ............................................................................................................................................................... 163 
Legionella pneumophila strain, sample preparation, and culture .......................................................................... 163 
Cu inactivation experiments .................................................................................................................................. 164 
Viability assays ..................................................................................................................................................... 164 
Flowcytometry (FCM) .......................................................................................................................................... 165 
Amoebae maintenance and coculture experiments ............................................................................................... 165 
Proteomic sample preparation and mass spectrometry analysis ............................................................................ 165 
Data analysis ......................................................................................................................................................... 166 

RESULTS ................................................................................................................................................................. 167 
Copper caused loss of culturability at high doses.................................................................................................. 167 
Non-culturable cells retained indicators of viability  ............................................................................................. 167 
Putative VBNC L. pneumophila resuscitation results ........................................................................................... 168 
Proteomics of Cu-exposed L. pneumophila .......................................................................................................... 170 

DISCUSSION ........................................................................................................................................................... 173 

ACKNOWLEDGEMENT  ...................................................................................................................................... 175 

REFERENCES ........................................................................................................................................................ 176 

Appendix D ï Supplemental Information for Chapter 6 ..................................................................................... 179 

 OVERALL CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 

WORK  ....................................................................................................................................... 185 

GENERAL CONCLUSIONS  ................................................................................................................................. 185 

FUTURE WORK  ..................................................................................................................................................... 186 
 

  



 

xi 

 

LIST OF FIGURES 
Figure 2. 1. 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 growth by: A) 

providing organic or inorganic nutrients that enhance growth, B) acting as a growth-inhibiting antimicrobial, 

or C) inducing viable-but-non-culturable (VBNC) status, from which microbes might recover in terms of 

infectivity and growth rates subsequent to exposure. Pipes can also indirectly affect OPs by: D) consuming 

secondary disinfectants, allowing for microbial growth downstream, E) evolving hydrogen gas or enhance 

nitrification, fueling autotrophic growth, or F) developing thick pipe scales, which provide additional 

surface area for microbial growth, or G) selecting 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 increasing H) OP virulence by selecting for resistance to 

phago-somal copper overload, or I) resistance to antibiotics. ..................................................................... 10 

Figure 2. 2. Copper sources in premise plumbing (Boulay & Edwards, 2000; Y. E. Lin et al., 2002; Y. S. 

Lin et al., 1998; Organization, 2016). Note that Cu-Ag Ionization systems can be used in either point of 

entry or hot water distribution networks. .................................................................................................... 11 

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 (DO), disinfectants, inorganic complexing 

agents (e.g., alkalinity, phosphate, ammonia), organic complexing agents (e.g., natural organic matter 

(NOM)), hardness, trivalent metal ions (e.g., aluminum, iron), sulfate, and chloride can influence copper 

pipe dissolution, 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 non-bioavailable). 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. ........................................................................................................ 15 

Figure 2. 4. Water heater material interactions create multiple niches suitable 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 dissolved H2 gas, which is an electron donor for autotrophs. 

If the anode rod consists of magnesium, then the pH will become elevated as well. Figure adapted from 

Brazeau et al. (Randi Hope Brazeau et al., 2012). ...................................................................................... 20 
 

Figure 3. 1. Cu species (total Cu, soluble Cu, and Cu2+) concentration as a function of time at pH of 7.0, 

7.5, 8.0, and 8.5. Cu2+ levels at total Cu=30 µg/L are not shown because they are below the probe 

quantification limit of 50 µg/L. For other conditions, Cu2+ measurements < 50 µg/L are plotted as 25 µg/L 

for visualization purposes. .......................................................................................................................... 56 

Figure 3. 2.  Steady-state percentage of Cu measured at 20-240 minutes as (A) average soluble Cu and (B) 

average Cu2+. All data points represent the average of all data collected after 20 minutes of incubation; error 

bars represent standard deviation. n ƌ3 (median = 6) for each data point. Cu2+ levels at total Cu=30 µg/L 

are not shown because it is below the Cu2+ probe quantification limit of 50 µg/L. Due to a substantial portion 

of the data being censored (Cu2+ < 50 µg/) in the Cu=300 µg/L condition at pH=8 and 8.5, as well as 

Cu=1000 µg/L at pH=8.5, means are not computed and are plotted at 25 µg/L for visualization purposes 

for these conditions. .................................................................................................................................... 57 

Figure 3. 3.  Cu speciation (total, soluble, Cu2+) in base water at various pH (7-8.5) and with addition of 

ligand-forming constituents (PO43-, 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 after 20-240 mins incubation. For the pH=8.5 and PO4
3- 

dosing at 1 mg/L conditions, Cu2+ summary statistics were not computed due to the high amount of left-

censored data (i.e., below the quantification limit of 50 µg/L), therefore the means are displayed at 25 µg/L 



 

xii  

 

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 or Cu2+ levels that were significantly different from those at pH=7 

are indicated above the corresponding bars in the charts (Kruskal-Wallis test with post hoc Dunnôs Test 

(Bonferroni correction) or regression by maximum likelihood estimation for left-censored data, ñ***ò for 

p<0.001 and ñ**ò for p<0.01). For water chemistry conditions to the right of the dashed line, the bars 

represent results of one trial using total Cu=800 µg/L speciation with the indicated HA and FA doses to 

assess any potential differences between the two NOM sources after 40 mins incubation. ....................... 58 

Figure 3. 4.  L. pneumophila log reduction in CFU for exponential phase and early stationary growth phase 

with and without 800 µg/L Cu at pH=7. Data points and error bars represent the average and standard 

deviation of triplicate independent sacrificial 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 time point according to the plate 

dilutions applied. ......................................................................................................................................... 59 

Figure 3. 5.  Early stationary L. pneumophila log reduction with different Cu doses as a function of time at 

pH=7. Data points and error bars represent the average and standard deviation of triplicate independently 

sacrificed inactivation reactors. ñControlò and ñControl w/ EDTAò were not dosed with Cu, with one trial 

for each, measured over several time points, to demonstrate stability in the control conditions. ............... 60 

Figure 3. 6.  Log reduction in early stationary phase L. pneumophila after 6 hours of incubation under the 

indicated water chemistry conditions. Control group combines measurements without Cu at pH=7, 7.5, 8, 

8.5, PO4
3-=3 mg/L and NOM=5 mg/L as TOC (13 replicates total; 3 from pH=7 and 8.5; 2 from PO4

3-=3 

mg/L and NOM=5 mg/L; and 1 from pH=7.5, 8, and PO4
3-=0.5 mg/L). Bars and error bars represent average 

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

log(Ct/C0) reduction that were significantly different from those of pH=7 condition (ANOVA test, ñ***ò 

for p<0.001; ñ**ò for p<0.01) and control condition (ANOVA test, ñ###ò for p<0.001; ñ##ò for p<0.01) are 

labeled below the bars. ................................................................................................................................ 61 

Figure 3. 7.  Total Cu (90th percentile) extracted from Consumer Confidence Reports of 33 major drinking 

water utilities from 1990 and 2018. Total Cu (90th percentile) and estimated Cu2+ of a subset of 11 utilities 

for thermodynamic equilibrium models. Boxplots represent the interquartile range (IQR), whiskers 

represent a deviation of ±1.5*IQR from the median. Solid diamonds represent mean Cu concentrations. 63 
 

Figure A. 1. Copper stability tests workflow. All water was pre-heated to 37 °C. ..................................... 69 

Figure A. 2. Copper speciation tests workflow. All water was pre-heated to 37 °C. ................................. 69 

Figure A. 3. Measured Cu concentration comparison between Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS) and HACH Method 8506. Samples were acquired from a field sampling of Cu 

plumbing systems and subjected to two measurement methods to confirm the HACH field method was not 

significantly different from the ICPMS for the purposes of this study. ...................................................... 70 

Figure A. 4. Cupric ion selective probe relative standard deviation (RSD) changes as a function of total 

copper levels. Each data point includes 10 measurements to calculate RSD. ............................................ 71 

Figure A. 5. L. pneumophila strain 130b growth curve. Absorbance was calculated by 2-log(%T), where T 

as transmission measured by Spectronic 20 Spectrophotometer. ............................................................... 72 

Figure A. 6. Copper inactivation tests workflow. All water was pre-heated to 37 °C. ............................... 73 

Figure A. 7. Disinfection rate k comparison across different water chemistry conditions using disinfectants 

as Cu2+, Soluble Cu, Inorganic Soluble Cu, and Total Cu. The secondary y axis is only for Cu2+ condition.

 .................................................................................................................................................................... 74 
 



 

xiii  

 

Figure 4. 1. A) Culturable L. pneumophila levels in water heater recirculating lines measured by Legiolert. 

Boxes report the 25th, 50th, and 75th percentile of repeated samplings in each phase and whiskers represent 

1.5 times the interquartile range (n=6-7). Statistically significant differences are indicated above each 

boxplot, relative to WH-Control for that phase: ***- p<0.001, **- p<0.01 and *- p<0.05. B) Measured total 

and soluble copper concentrations. Data are shown for phases Al-50 ï Al-2000 (n=6-7 for each 

measurement). ............................................................................................................................................. 85 

Figure 4. 2. A) L. pneumophila levels measured by culture in water heater recirculating lines for each anode 

type. Boxes report the 25th, 50th, and 75th percentile of repeated samplings in each phase and whiskers 

represent 1.5 times the interquartile range. Statistically significant differences are indicated above each 

boxplot, relative to WH-Control 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 relative to the influent (effluent -influent) in all four water heaters for each of the three anode 

conditions.  Copper dosing was maintained at 2000 µg/L to the WH-Cu and WH-Cu+PO4 conditions as the 

anodes were changed. ................................................................................................................................. 88 

Figure 4. 3. Difference in Log10 L. pneumophila concentration in the WH-Cu condition relative to the WH-

Control condition (no copper dose) as a function of measured soluble Cu levels in the pilot-scale water 

heater systems. For comparison, data are also plotted from a previously published bench-scale study of 

soluble copper effects on a pure culture, using same base water and pH=7 condition, with L. pneumophila 

strain 130b (Song et al., 2021). ................................................................................................................... 89 

Figure 4. 4. A) Impact of 1 mg/L and 3 mg/L of Al on Cu toxicity towards L. pneumophila strain 130b, B) 

Impact of 1 mg/L Al on Cu solubility at pH 6.5-7.5 in inert glass containers, C) Differences in Cu toxicity 

towards lab strain 130b and the outbreak-associated strain inoculated into the water heater pilot experiments 

when compared head-to-head in pure culture. ............................................................................................ 90 

Figure 4. 5. Relationship between soluble Cu, soluble phosphate, and culturable L. pneumophila difference 

relative to the WH-Control condition (no Cu or P added). Higher or lower indicates cases where the L. 

pneumophila levels are significantly higher/lower than the WH-Control during the same phase and the 

difference is consistent with that of the prior phase. No change indicates all other comparison results. The 

dashed line highlights that 300 µg/L of soluble Cu as a key threshold for L. pneumophila reduction relative 

to the control. .............................................................................................................................................. 91 

Figure 4. 6. Log levels of biological parameters of WH-Control (A) and log changes of biological 

parameters of WH-PO4
3-(B), WH-Cu(C), and WH-Cu+PO4

 (D) compared with WH-Control. ................. 93 
 

Figure B. 1. Pilot-scale hot water plumbing systems. ............................................................................... 107 

Figure B. 2. Profile of culturable L. pneumophila in WH-Control and WH-Cu across experimental phases.

 .................................................................................................................................................................. 108 

Figure B. 3. Biological parameters in WH-PO4
3- (A), WH-Cu (B), and WH-Cu+PO4

3- (C). ................... 109 
 

Figure 5. 1. L. pneumophila and M. avium levels detected by culture (red, CFU/L), qPCR (blue, gc/L), and 

metagenomics (green, annotated reads/L) in hot water samples with corresponding anode material (Al, Mg, 

and Power for aluminum, magnesium, and powered anodes respectively), sampling days post start of 

experiment phase, and sampling season noted on the x-axis. The annotated reads/L was estimated through 

multiplying relative abundance of target pathogens by the 16S rRNA genes/L measured independently by 

qPCR. Influent was treated sequentially with 4 GAC and 2 ferric oxide filters to remove chloramines and 

orthophosphate corrosion inhibitor from the local tap water. WH-Control did not receive chemical dosing. 

WH-PO4 and WH-Cu+PO4
 were dosed orthophosphate to 3 mg/L as PO4. For WH-Cu and WH-Cu+PO4, a 

stepwise increase of copper dose up to 2 mg/L was implemented. Biofilms samples were either collected 



 

xiv 

 

from anode surface, immediately after removal for replacement, or recirculation pipe loops, at the time the 

magnesium anodes were replaced. ............................................................................................................ 117 

Figure 5. 2. Relative abundance profiles of bulk water and biofilm samples at the phylum level with phyla 

<1% total reads lumped as ñotherò and corresponding anode material (Al, Mg, and power for aluminum, 

magnesium, and powered anodes respectively), sampling days post start of experimental phase, and 

sampling season noted on the x-axis. Influent was treated sequentially with 4 GAC and 2 ferric oxide filters 

to remove chloramines and orthophosphate corrosion inhibitor from the local tap water. WH-Control had 

no chemical dose. WH-PO4 and WH-Cu+PO4
 were dosed orthophosphate to 3 mg/L as PO4. For WH-Cu 

and WH-Cu+PO4, a stepwise increase of copper dose up to 2 mg/L was implemented. Biofilms samples 

were either collected from anode surface, immediately after removal for replacement, or recirculation pipe 

loops, at the time the magnesium anodes were replaced. ......................................................................... 118 

Figure 5. 3. Non-metric multidimensional scale (NMDS) for water heater bulk water samples based on the 

Bray-Curtis dissimilarity and vector/factor analysis at the genus level. Statistically-significant factors and 

vectors impacting the microbial community composition are shown (Cu_level, aluminum anode, 

Magnesium anode, Power anode, Spring, Fall, Winter, Summer). ........................................................... 119 

Figure 5. 4. Linear discriminant analysis Effect Size (LEfSe) of genus level microbial community 

components with A) anode material as class and B) copper level as class within the bulk water samples. A 

p-value threshold of 0.05 and minimum LDA score of 1 or 2 were selected to screen significantly enriched 

taxa. ........................................................................................................................................................... 124 
 

Figure C. 1. Pilot-scale hot water plumbing systems. ............................................................................... 134 

Figure C. 2. Targeted microorganismsô relative abundance (%) based on total reads (A) and annotated reads 

(B) in positive controls of ZymoBIOMICS Microbial Community Standard II (Log Distribution) at low and 

high DNA concentrations (0.1 and 1 ng/uL) and spiked samples at low, medium and high (0.1, 0.5, 1 ng/uL) 

DNA concentrations. ................................................................................................................................. 135 

Figure C. 3. Relative abundance A) L. pneumophila; B) M. avium; and metagenomics estimated 

annotations/L or /in2 of C) L. pneumophila; D) M. avium, which were estimated through multiplying relative 

abundance by the 16S r RNA genes/L measured independently by qPCR. .............................................. 139 

Figure C. 4. Relative abundance profiles of bulk water and biofilm samples at genus level with genera <0.5 % 

total reads lumped as ñotherò. Influent is 4X GAC and 2X ferric oxide filter treated Blacksburg tap water. 

WH-Control had no chemical dose. WH-PO43- was dosed orthophosphate to read 3 mg/L as PO43-. WH-

Cu and WH-Cu+PO43- experienced stepwise increase of copper dose up to 2000 µg/L with 3 mg/L PO43- 

maintained in the WH-Cu+PO43-. Biofilms samples were either collected from anode surface or 

recirculation pipe loops. No results of Al anode biofilm samples from control water heater and copper only 

dosed water heater due to inadequate initial library preparation. ............................................................. 140 

Figure C. 5. Alpha diversity indexes of Shannon index, evenness, richness, and Chao 1 index for samples. 

Diamonds indicate bulk water samples, circles indicate anode biofilm samples, and squares indicate pipe 

loop biofilm samples. ................................................................................................................................ 141 

Figure C. 6. Non-metric multidimensional scale (NMDS) for all the bulk water samples based on the Bray-

Curtis dissimilarity. ................................................................................................................................... 142 

Figure C. 7. Cluster dendrogram of samples including bulk water, biofilm, positive control, spiked sample, 

and negative control. Distance (Height) were calculated based on the Bray-curtis dissimilarity. ............ 143 

Figure C. 8. Linear discriminant analysis Effect Size (LEfSe) of genus level microbial community 

components between influent and hot water samples. A p-value threshold of 0.05 and minimum LDA score 

of 2 were selected to screen significantly enriched taxa. .......................................................................... 145 



 

xv 

 

Figure C. 9. Linear discriminant analysis Effect Size (LEfSe) of genus level microbial community 

components between biofilm and hot water samples from WH-Control and WH-PO4 when magnesium 

anodes were implemented. A p-value threshold of 0.05 and minimum LDA score of 2 were selected to 

screen significantly enriched taxa. ............................................................................................................ 147 

Figure C. 10. Non-metric multidimensional scale (NMDS) for each water heater bulk water samples based 

on the Bray-curtis dissimilarity. A) for WH-PO43-, B) for WH-Cu, C) for WH-Cu+PO43-, and D) for WH-

Control. ..................................................................................................................................................... 147 

Figure C. 11. Linear discriminant analysis Effect Size (LEfSe) of genus level microbial community 

components with A) anode material as class and B) copper level as class within the biofilm samples. A p-

value threshold of 0.05 and minimum LDA score of 2 were selected to screen significantly enriched taxa.

 .................................................................................................................................................................. 149 
 

Figure 6. 1. Research gap of Cu-induced VBNC Legionella and the potential of using viability parameters 

and proteomic analysis to explain Legionella response to Cu exposure, the killing mechanism of Cu, and 

discrepancies with VBNC Legionella resuscitation. Note, all disinfection methods were demonstrated to be 

capable of fully eliminating culturability of Legionella. .......................................................................... 163 

Figure 6. 2. Log changes of L. pneumophila culturability (CFU/mL) and viability based on membrane 

integrity (%), enzyme activity (%), and ATP production (µM) from t=0 to end of incubation as 4 hrs for 

strain 130b (A) and 24 hrs for outbreak-associated strain (B). Corresponding percent changes of viability 

indicators are also noted. Note, due to limited ATP data at t=0, the percent change of ATP levels for 

condition Cu=5 mg/L was based on the ATP levels measured in the Control condition at the end of 

incubation. ................................................................................................................................................. 168 

Figure 6. 3. Culturability of (A) L. pneumophila strain 130b and (B) outbreak-associated strain after co-

culturing with A. castellanii on 0, 7 and 14 days. Control (no copper) condition was co-cultured at 

multiplicities of infection (MOIs) of 1:100 to 1:0.001 (amoebae: L. pneumophila) and copper-exposed 

condition at MOIs of 1:100 to 1:10. Cu-EDTA indicates directly mixing with EDTA at 1:5 (Cu: EDTA) 

molar ratio and Cu-EDTAWashing indicates mixing with the same EDTA solution, incubating for 30 min, 

and removing >90% copper from the cells through centrifugation and resuspension. *- No samples collected.

 .................................................................................................................................................................. 169 

Figure 6. 4. Proteins detected from copper exposed nonculturable (copper_4hr) and copper-free culturable 

(control_4hr) L. pneumophila strain 130b. Proteins/peptides were detected by mass spectrometry and 

identified using L. pneumophila proteome database. Numbers represent unique proteins identified in at least 

two of the three replicates. ........................................................................................................................ 171 

Figure 6. 5. Cluster of orthologous groups (COG) categories percentile among proteins that were 

significantly higher in abundance in the copper=5 mg/L (blue) and control (maroon) L. pneumophila strain 

130b after 4-hour incubation. .................................................................................................................... 172 

Figure 6. 6. Conceptual relationship between total cells, viable cells, culturable cells, non-culturable cells, 

cells with intact membrane, cells maintaining cell activity, and cells capable of being resuscitated by 

amoeba co-culture (infectivity). The size of the subcomponents do not imply quantitative relationships.

 .................................................................................................................................................................. 173 
 

Figure D. 1. Copper inactivation experiments of L. pneumophila strain 130b culturability at time=0, and 

4hrs after incubation at 37 °C with control (no copper dose) and Cu= 5 mg/L. ....................................... 179 

Figure D. 2. Copper inactivation experiments of L. pneumophila strain QC culturability at time=0, and 4hrs 

after incubation at 37 °C with control (no copper dose) and Cu= 5 mg/L. ............................................... 180 



 

xvi 

 

Figure D. 3. Example flowcytometry plots of L. pneumophila cell membrane integrity of A) 100% live 

strain 130b L. pneumophila cells; B) 100% dead strain 130b L. pneumophila cells after 70 °C heat treatment 

for one hour; C) control condition of strain 130b L. pneumophila cells after four hours incubation at 37 °C; 

D) Cu=5 mg/L condition of strain 130b L. pneumophila cells after four hours incubation at 37 °C. In the 

plot, gate P2 (right lower) represents viable cells and gate P3 (right upper) represents dead cells. ......... 181 

Figure D. 4. Example flowcytometry plots of L. pneumophila enzyme activity of A) 100% live strain 130b 

L. pneumophila cells; B) 100% dead strain 130b L. pneumophila cells after 70 °C heat treatment for one 

hour; C) control condition of strain 130b L. pneumophila cells after four hours incubation at 37 °C; D) 

Cu=5 mg/L condition of strain 130b L. pneumophila cells after four hours incubation at 37 °C. In the plot, 

quadrants UL and UR represent viable cells and quadrants LL and LR represent dead cells. As noted in the 

plot A, 100% live cells also rendered ~ 50% live signals, therefore a correction factor of 0.18 was applied 

to the dead cells signals across all the enzyme activities to counter the extra dead cells detection issue. 182 

 

  



 

xvii  

 

LIST OF TABLES  
Table 2. 1. Positive (+, ++), Negative (-, --), and Neutral (0) Pipe Material Effects on OPs Control as 

Mediated by Various Water Chemistry Attributes........................................................................................ 7 

Table 2. 2. Copper can be growth-promoting or -inhibiting to opportunistic pathogens. ........................... 11 
 

Table A. 1. Typical base water characters before and after three filter treatments. Base water prior and post 

three filter treatments samples were tested once during Cu speciation tests. ............................................. 75 

Table A. 2. MINEQL+ model of representative base water conditions (pH=7, alkalinity=40 mg/L) 

predicting Cu (0.8 mg/L or 1.25E-5 M) species at equilibrium (assuming no solids formation to represent 

short-term steady state). Note other soluble Cu complexes represent < 0.1% total Cu individually. ......... 76 
 

Table 4. 1. Pilot-scale plumbing system experimental test phases. ............................................................ 79 
 

Table B. 1. Example of L. pneumophila culture comparison between Legiolert and conventional 

BCYE/GVPC plating. ............................................................................................................................... 100 

Table B. 2. Seven ordered alleles numbers representing the sequence based typing results of L. penumophila 

serogroup 1................................................................................................................................................ 100 

Table B. 3. Mass Balance of L. pneumophila Growth in Water Heaters (using phase vii as example) .... 100 

Table B. 4. Basic Water Chemistry Parameters for Bulk Water Samples ................................................ 101 

Table B. 5.  Corrosion electrochemical parameters comparison among different anode materials .......... 103 

Table B. 6. Corrosion Related Metals and Hydrogen Levels in Bulk Water Samples ............................. 104 

Table B. 7. Aluminum solubility with Al, Mg, and Power Anodes. ......................................................... 106 

Table B. 8. L. pneumophila Relative Abundance (%) across phases ........................................................ 106 

Table B. 9. Culturable L. pneumophila and L. pneumophila gene levels, total cells and total bacterial gene 

levels in biofilm samples. ......................................................................................................................... 106 
 

Table C. 1. Pilot-scale hot water system test conditions.1 ........................................................................ 151 

Table C. 2. Sample Information, DNA Concentration, and Sequencing Statistics. .................................. 152 

Table C. 3. Pearson correlation tests of culture, qPCR, and metagenomic estimated absolute levels of 

Legionella pneumophila and Mycobacterium avium. The metagenomic absolute levels were calculated 

through normalization to 16S rRNA gene levels. ..................................................................................... 154 

Table C. 4. Bulk water and biofilm samples enriched functional genes comparison based on LEfSe relative 

abundance analysis (LDA>2, p<0.05) among samples from WH-Control and WH-PO4 when magnesium 

anodes were implemented. ........................................................................................................................ 154 

Table C. 5. Hydrogen oxidation bacteria species included in this study. ................................................. 156 

Table C. 6. Summary of copper impacts on functional genes relative abundance. Similar functional genes 

related to biological processes/molecular function/cellular components are grouped into one category and 

presented those showed statistically significant enriched- or diminished-regulated functional genes 

abundance in bulk water and biofilm samples based on LEfSe analysis (LDA>2, p<0.05). .................... 156 

Table C. 7. Summary of anode material impacts on functional gene relative abundance. Similar functional 

genes related to biological processes/molecular functions/cellular components are grouped into one 



 

xviii  

 

category and presented those showed statistically significant enriched functional gene abundance in bulk 

water and biofilm samples. ....................................................................................................................... 159 
 

Table D. 1. ATP luminescence QAQC results .......................................................................................... 183 

Table D. 2. Percent copper removal from cell pellets after treatments ..................................................... 183 

Table D. 3. Proteins related to copper, oxidoreductive process, and Amoebae/infection process detected in 

copper induced VBNC (Copper_T4) and culturable (Control_T4) L. pneumophila strain 130b. Kruskal-

Wallis tests were performed to compare protein abundance among triplicates of VBNC and culturable L. 

pneumophila and only the proteins showed statistically significant difference were indicated. .............. 184 



 

1 

 

Introduction  
Legionnairesô Disease, caused by the opportunistic pathogen Legionella, is the leading cause of reportable 

waterborne diseases in the United States and causes thousands of deaths annually. Health care related costs 

are over $300 million per year for Legionella alone (Center for Infectious Disease Research and Policy, 

2017; CDC, 2019). Much of this disease originates in premise (i.e. building) plumbing potable water 

systems that are characterized by a high surface area to volume ratio, long water stagnation times, low 

disinfectant residuals, chemically and biologically reactive plumbing materials, and a range of temperatures 

from freezing in refrigerators to near boiling in water heaters. Premise plumbing can create ideal 

environmental niches for growth of Legionella and other opportunistic pathogens (Cullom et al., 2020; 

Falkinham, 2015; Falkinham et al., 2015). Therefore, practical solutions to control Legionella and other 

OPs must consider the chemistry, design, operation and maintenance of premise plumbing systems.  

Copper (Cu) is a promising antimicrobial, that is either dosed directly via copper salts (or copper silver 

ionization systems) or released naturally via corrosion of Cu pipes. But Cu can sometimes inhibit, have no 

impact on, or stimulate Legionella growth (Bédard et al., 2021; Cachafeiro et al., 2007; Y.-S. 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 pH, complexation and precipitation can decrease copper 

antimicrobial properties, and the complexity of water chemistry in premise plumbing systems calls for a 

holistic analysis of other influential factors including orthophosphate corrosion inhibitors, effects of natural 

organic matter, water hardness, water heater anode types, iron corrosion and effects of sacrificial anode rod 

corrosion.  

The interactions between Legionella and the background microbial community are also key to its Legionella 

proliferation as it generally replicates within Amoebae hosts (Ewann & Hoffman, 2006; Falkinham, 2015). 

Biofilms may enhance the growth of Legionella by supporting Amoebae, which provide access to nutrients 

such as amino acids and protection from disinfectants (Ewann & Hoffman, 2006). Other underappreciated 

biotic factors including Legionella growth phase, species or strain-specific tolerance to Cu, and viable but 

non-culturable status may also be important. Conventional culture-based methods and molecular-based 

techniques (qPCR, metagenomics, proteomics) are powerful tools that can provide new insights to effects 

of Cu on OPs. 

RESEARCH OBJECTIVES 

The dissertation aims to examine the interactive effects of Cu, water chemistry, microbiology, and microbial 

community composition on Legionella to advance understanding of mechanisms by which Cu acts to 

encourage or discourage Legionella growth in hot water plumbing systems and help prevent waterborne 

disease. The work employs bench-, pilot-, and field-scale experiments to examine the following specific 

objectives: 

 

1. Identify research gaps related to premise plumbing influence on Legionella and other OPs, 

especially in warm/hot water plumbing systems. 

2. Investigate the role of water chemistry (i.e. pH, corrosion inhibitor orthophosphate concentration, 

aluminum ion concentration, natural organic matter concentration) on Cu speciation and resultant 

antimicrobial effects for Legionella through bench-scale experiments. 

3. Examine the impacts of Legionella pneumophila growth phase, strain difference for Cu tolerance, 

and cell density on Cu antimicrobial effects towards Legionella through bench-scale pure culture 

experiments.  

4. Assess viability of L. pneumophila that has been inactivated by Cu with multiple assays and to 

extend the understanding of VBNC Legionella infectivity to Amoebae hosts and proteomics. 

5. Test observations in bench-scale experiments under realistic pilot-scale plumbing conditions and 

inform practical recommendations for Cu use as and antimicrobial in water systems.  
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6. Explore the role of microbial communities in mediating toxicity of Cu in plumbing systems via 

shielding from biofilms and protozoan hosts. 

DISSERTATION OUTLINE AND ATTRIBUTIONS  

Chapter 2: Critical Review of the Propensity of Premise Plumbing Pipe Materials to Enhance or Diminish 

Growth of Legionella and Other Opportunistic Pathogens 

This literature review summarized research on the complex environments created in premise plumbing as 

influenced by material selection, system design and operation. Selection 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 of Premise Plumbing Pipe Materials to Enhance or Diminish Growth of Legionella and 

Other Opportunistic Pathogens. Pathogens 2020, 9, 957. https://doi.org/10.3390/pathogens9110957. 

Attributions: Yang Song (author of this dissertation) shares first co-authorship with Abraham C. Collum 

and Rebekah L. Martin by making equal contributions to the work. Yang Song, Abraham Cullom, and 

Rebekah Martin conceived the work, executed the literature review, prepared and edited the manuscript. 

Krista Williams and Amanda Williams provided initial ideas on key sections and review comments. Marc 

Edwards and Amy Pruden supervised and assisted in all aspects of the manuscript preparation.   

Chapter 3: Natural Organic Matter, Orthophosphate, pH, and Growth Phase Can Limit Copper 

Antimicrobial Efficacy for Legionella in Drinking Water 

Bench-scale experiments were employed to comprehensively examine effects of pH, phosphate 

concentration, and natural organic matter (NOM) over a range of conditions relevant to drinking water in 

bench-scale pure culture experiments, thereby illuminating the importance effects of Cu speciation and 

precipitation on Legionella control. It was found that cupric ions (Cu2+) were drastically reduced at pH > 

7.0 or in the presence of phosphates or NOM. Further, exponential phase L. pneumophila were 2.5 times 

more susceptible to Cu antimicrobial effects relative to early stationary phase cultures. While Cu2+ ion was 

the most effective biocidal form of Cu, other inorganic ligands also had some biocidal impacts. A 

comparison of 33 large drinking water utilitiesô field-data from 1990 and 2018 predicted that Cu2+ levels 

likely decreased more dramatically (>10 times) than did the total or soluble Cu (2 times) over recent decades, 

providing yet another partial explanation for rising incidence of waterborne disease. The overall findings 

aid in understanding the efficacy of Cu as an actively dosed or passively released antimicrobial against L. 

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 for Legionella in Drinking Water. Environmental Science 

& Technology 2021, 55(3), 1759-1768. 

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 co-PI on the NSF grant and provided feedback on the experimental design and analysis 

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

Chapter 4: Pilot-Scale Assessment Reveals Interactive Effects of Anode Type and Orthophosphate Addition 

in Governing Copper Solubility and Antimicrobial Capacity for Legionella Control 
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This chapter reported divergent effects of copper on L. pneumophila growth under realistic hot water 

plumbing conditions, including the fact that Cu can sometimes promote or inhibit the growth of Legionella 

in the same experimental apparatus depended on conditions tested. Soluble Cu was often a useful indicator 

for Cu antimicrobial effects. But high levels of Legionella persisted in the presence of Cu, and this can be 

partially explained by the higher pH associated with Mg anode corrosion, Al ions released from anode rod 

corrosion, and high copper tolerance of the wild-type strain that colonized the system. The remainder of the 

resistance of L. pneumophila to Cu antimicrobial effects might be due to the protection of Amoebae and 

biofilm. This study provided practical insights as to how water heater design, system operation, anode rod 

type, and pipe selection by building owners can influence the risks from waterborne Legionella. 

This manuscript is in preparation for submission to Water Research. 

Attributions: Yang Song, William Rhoads, Amy Pruden, and Marc Edwards designed the experiments and 

assisted in the analysis of results. William Rhoads led building the pilot-scale 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 Metagenomics Reveals Impacts of Copper Dose and Water Heater Anodes on 

Pathogens and Microbiome in Hot Water Plumbing Systems  

This chapter 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 examined how Cu dose (0-2 mg/L) and water heater anode materials (aluminum vs 

magnesium vs powered anode) acted to shift microbiomes with time. Metagenomics estimated L. 

pneumophila and Mycobacterium avium concentrations (annotations/L) matched the culture and qPCR 

levels and thus it holds the potential to predict absolute quantitative information in addition to analyze the 

relative abundance comparison. Hot water samples enriched L. pneumophila, M. avium, hydrogen oxidation 

bacteria, and Deinococcus-Thermus, a thermophilic phylum compared to influent water samples. 

Actinobacteria and Nitrospira trended higher in biofilm samples while Deinococcus-Thermus, 

Nitrosomonas, and Mycobacteroides was enriched in bulk water 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 phyla Deinococcus-Thermus, Chloroflexi and most Cu enriched genera were belonging to 

phyla Protebacteria and Firmicutes. We also showed that Cu dose, especially high Cu (Ó1.2 mg/L) would 

reduce the relative abundance of Legionella associated protozoan hosts. Copper dose also enriched 

functional genes related to DNA modification and metabolic process, protein modification and metabolic 

process, cell membrane, ATP hydrolysis activity, and redox related process. Al biofilm samples increased 

the relative abundance of phylum Proteobacteria but decreased the alpha diversity with enriched functional 

genes related to chemotaxis and transport related functions. Magnesium anode biofilm samples increased 

the levels of phylum Nitrospirae as well as over 290 genera including Paraoerskovia, Dickeya, and 

Shewanella.  

This manuscript is in preparation to be submitted to Environmental Science & Technology. 

Attributions: Yang Song, Amy Pruden, 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. 

Rachel Finkelstein 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: Copper-Induced Viable but Non-culturable Legionella Produces Distinct Proteome and Can still 

infect Amoebae 

This chapter reported the first study examining Cu induced formation of VBNC Legionella. Multiple 

viability assays were applied to two strains of L. pneumophila focusing 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 logs (to <10 CFU/mL) of L. pneumophila 130b after 4 hours and wild-type 

QC after 24 hrs incubation. After Cu inactivation 40-60% of the cells had intact membranes and active 

enzyme activity. ATP production was observed with Cu inactivated strain 130b but not QC strain cells 

based on comparison with dead cell negative controls. Both Cu inactivated L. pneumophila strains 

demonstrated resuscitation by Acanthamoeba castellanii, with the highest success rate of 43% observed for 

strain 130b after EDTA Cu washing. Amoebae co-culture 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 of non-culturable cells that can still 

cause infection. The inconsistent VBNC Legionella resuscitation results also calls for optimization of co-

culture methods and further study on VBNC Legionella physiological and metabolic process changes. We 

reported whole cell proteome of Cu induced VBNC Legionella and compared with that of culturable cells. 

Functional annotation of proteins with statistically significant changes in relative abundance, revealed that 

VBNC L. pneumophila modulated its proteome to favor cell membrane and motility 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 entering a non-culturable state, 

Legionella reduces the general cell metabolism. 

This manuscript is in preparation to be submitted to Journal of Pathogens. 

Attributions: Yang Song conducted the experiments and prepared the first draft of the manuscript. Marc 

Edwards and Amy Pruden provided feedback on the experimental design and data interpretation. Didier 

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 chapter 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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 Critical Review: Propensity of Premise Plumbing 

Pipe Materials to Enhance or Diminish Growth of Leiognella 

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 pneumophila and 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 that vary chemically, 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 plastic (PVC, cross-

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 demonstrate a lower 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 colonization. While copper pipes are 

known for their antimicrobial properties, evidence of their efficacy for OP control is inconsistent. Under 

some circumstances, copperôs interactions with premise plumbing water chemistry and resident microbes 

can encourage growth of 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 and antibiotic 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 effective deployment of pipe materials for control of OPs. 

Keywords: non-tuberculous mycobacteria; Pseudomonas; Acinetobacter; amoebae; copper; iron; PEX; 

PVC; drinking water; disinfection  

1. INTRODUCTION  

Legionnairesô Disease is the ñleading cause of reportable waterborne illnessò in the United States (Ashbolt, 

2015b; National Academies of Sciences & Medicine, 2019), with 52,000-70,000 cases per year (National 

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

1990), 8000-18,000 hospitalizations (CDC, 2015), an overall mortality rate of 15% (United States 

Occupational Safety & Health Administration, 1990), and high healthcare and legal costs (Ashbolt, 2015b; 

J. Falkinham et al., 2015; McCoy, 2005; Singh et al., 2020). Bacteria belonging to the genus Legionella are 

the causative agent of Legionnairesô Disease and Pontiac Fever, which infect the human respiratory system 

via inhalation or aspiration. Legionella is classified as ñopportunisticò because it preferentially infects those 

with underlying illnesses or weakened immune systems (Centers for Disease Control, 2018; J. Falkinham 

et al., 2015; United States Occupational Safety & Health Administration, 1990). To date more than 60 

Legionella species have been identified (Gomez-Valero et al., 2014), with Legionella pneumophila being 

the species most commonly attributed to human disease (Association of Water Technologies, 2003). 

Legionella can be found even in ñthe most aggressively treated drinking waterò (Allen et al., 2015). Studies 

have confirmed that potable water is a key source of infection (Barrabeig 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 Administration, 1990), for both hospital- and 

community-acquired cases (Gobin et al., 2009; Joseph, 2004; Janet E Stout et al., 1992). Other opportunistic 

pathogens (OPs) such as nontuberculous mycobacteria (NTM), Pseudomonas aeruginosa, and 
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Acanthamoebae, can similarly be transmitted via tap water and tend to infect individuals belonging to 

certain risk groups (J. Falkinham et al., 2015). 

To infect humans, Legionella and other OPs must be present in tap water at the point of use. While 

Legionella can occasionally survive drinking water treatment and be transported through the main water 

distribution system, the primary environment for Legionella proliferation to numbers needed to infect 

humans generally occurs in building or ñpremiseò plumbing (Fliermans et al., 1981; G. F. Lee & Jones-Lee, 

1993). Premise plumbing includes the service pipe that connects buildings to the water main, in addition to 

the full array of components comprising cold and hot portions of a buildingôs potable water system (J. 

Falkinham et al., 2015). Premise 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 materials, and water with relatively warm temperatures. Such conditions 

can create ideal micro- and macro-environmental niches for growth of various OPs (Borella 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 aerosols (Falkinham  III, 2015). Legionella has been detected in faucets, showerheads, 

decorative fountains, grocery store mist systems, ice machines, and cooling towers (Barrabeig et al., 2010; 

Mahoney et al., 1992; Parr et al., 2015; Janet E Stout et al., 1985). Larger buildings with more complex 

plumbing systems are more likely to create physicochemical conditions suited for Legionella proliferation, 

but it is also often detectable in water mains and residences with simple conventional hot and cold water 

plumbing systems (Mercante & Winchell, 2015; Rhoads et al., 2020; Rhoads et al., 2017). A Centre for 

Disease Control (CDC) summary of Legionnairesô Disease potable water outbreak investigations from 

2000-2014, concluded that 85% of the cases had ñdeficienciesò in water system maintenance within 

buildings as a contributing factor (Garrison, 2016) and that water chemistry flowing into buildings is one, 

but not the only, predictor of Legionella incidence (Perrin et al., 2019; Pierre et al., 2019).  

The mechanisms by which premise plumbing influences L. pneumophila and other OPs, as well as the 

broader premise plumbing microbiome, are varied and complex (Figure 2.1). The influent water chemistry 

has been found to influence Legionella, and also strongly shape the plumbing microbiome, especially 

through the delivery of growth-promoting nutrients, growth-inhibiting disinfectants, and influent 

microorganisms (Baron et al., 2014; Liu et al., 2017; Pinto et al., 2012; Wang et al., 2015). The ecological 

interactions among microorganisms in biofilms of building plumbing systems can also help overcome 

barriers to growth from low nutrient levels and disinfectants (Falkinham  III, 2015; Greub & Raoult, 2004; 

Schwering et al., 2013). Conversely, other interactions, such as competition, exclusion, predation, or 

inactivation of symbiotic organisms, may inhibit the growth of OPs (Wang et al., 2013). The selective 

pressures in premise plumbing might also alter the physiologies of resident microbes in a manner that 

influences infectivity (Wargo, 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, water heater design, water saving devices, storage and other factors (Liu 

et al., 2017; Rhoads et al., 2015). Thus, while there are many overarching similarities, every premise 

plumbing system is at least as variable as the occupantsô unique water use patterns and habits. 

The type of pipe material can also strongly influence the relationship between premise plumbing 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 microbial biomass (Table 2.1, Figure 2.1). Selection of pipe material can therefore 

strongly affect chemistry, biological stability (C R Proctor & Hammes, 2015), and microbiome composition 

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

Table 2. 1. Positive (+, ++), Negative (-, --), and Neutral (0) Pipe Material Effects on OPs Control as 

Mediated by Various Water Chemistry Attributes. 
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Water 

Chemistry 

Attribute 

Influenced 

by  

Pipe 

Materials 

Relevance 

 to OPs 

Effect of Pipe Materials on OPs Control as Mediated 

by the Indicated Water Chemistry Attribute  

Copper PVC PEX SS Iron 1 

Chlorine Disinfectant 

- 

(Y. Zhang & 

Edwards, 2009) 

0 

(Al -Jasser, 2007; R. 

Clark et al., 2010; 

Monique Lucia Durand, 

2005; Haas et al., 2002; 

Heim & Dietrich, 2007; 

Lehtola et al., 2005; C. 

Zhang et al., 2017; Y. 

Zhang & Edwards, 2009) 

- 

(M L Durand & 

Dietrich, 2007; 

Mao et al., 2018; 

Y. Zhang & 

Edwards, 2009) 

0/- 

(Al -Jasser, 2007; 

Monique Lucia 

Durand, 2005; H. 

Kim et al., 2015; 

C. Zhang et al., 

2017; Y. Zhang & 

Edwards, 2009) 

-- 

(Al -Jasser, 2007; R. 

Clark et al., 2010; 

Monique Lucia 

Durand, 2005; Haas et 

al., 2002; C. Zhang et 

al., 2017; Y. Zhang & 

Edwards, 2009) 

Chloramine Disinfectant 

- 

(C. Nguyen et 

al., 2012; Y. 

Zhang & 

Edwards, 2009) 

0 

(Heim & Dietrich, 2007; 

Y. Zhang & Edwards, 

2009) 

0 

(M L Durand & 

Dietrich, 2007; Y. 

Zhang & Edwards, 

2009) 

0 

(Y. Zhang & 

Edwards, 2009) 

-- 

(Bucheli-Witschel et 

al., 2012; Westbrook 

& Digi ano, 2009; Y. 

Zhang & Edwards, 

2009) 

Assimilable 

Organic 

Carbon  

Carbon 

source 
0 

- 

(Bucheli-Witschel et al., 

2012; Neu & Hammes, 

2020; Skjevrak et al., 

2003) 

-- 

(Bucheli-Witschel 

et al., 2012; Neu & 

Hammes, 2020; 

Caitlin R Proctor 

et al., 2017; C. L. 

Williams et al., 

2016) 

0 0 

Hydrogen 

Gas (aq) 
Food web 0 0 0 0 

- 

(Niu & Cheng, 2007; 

Rushing et al., 2003) 

Release of 

Metals  

Release of 

metals 

+/- 

(Y.-S. E. Lin et 

al., 1996; Lu et 

al., 2014; 

Mathys et al., 

2008; Caitlin R 

Proctor et al., 

2017) 

0 0 

0 

(Merritt & Brown, 

1995) 

-- 

(Morton et al., 2005) 

Abbreviations: OPs, opportunistic pathogens; PVC, Polyvinyl chloride; PEX, cross-linked polyethylene; SS, stainless steel; aq, aqueous. 

1. Includes unlined iron and old galvanized iron pipes.  
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Figure 2. 1. 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 growth by: A) 

providing organic or inorganic nutrients that enhance growth, B) acting as a growth-inhibiting antimicrobial, 

or C) inducing viable-but-non-culturable (VBNC) status, from which microbes might recover in terms of 

infectivity and growth rates subsequent to exposure. Pipes can also indirectly affect OPs by: D) consuming 

secondary disinfectants, allowing for microbial growth downstream, E) evolving hydrogen gas or enhance 

nitrification, fueling autotrophic growth, or F) developing thick pipe scales, which provide additional 

surface area for microbial growth, or G) selecting 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 increasing H) OP virulence by selecting for resistance to 

phago-somal copper overload, or I) resistance to antibiotics. 

Motivations for this review include: 

¶ Growing direct or indirect potable water reuse, which can sometimes alter levels of nutrients and 

Cu+2 in the source water (Garner et al., 2016). 

¶ 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/EU (Anderson et al., 2017; European Environment Agency, 

2019; Monteith et al., 2007). 

¶ Emphasis on and investment in green building design for water and energy efficiency and 

associated unintended consequences for in-building hydraulics (e.g., more stagnation, higher 

surface area to volume ratios of water to plumbing surfaces, required hot water recirculation 

systems) that alter water chemistry and delivery of nutrients or disinfectants (C. Nguyen et al., 

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

¶ 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 proprietary stabilizers and processes (J. Lee et al., 2013). 

¶ Increasing awareness of viable-but-non-culturable (VBNC) bacteria, which are difficult to 

measure directly. Molecular and fluorescence-based techniques suggest that they can be prevalent 

under certain circumstances (J. Falkinham et al., 2015; Ramamurthy et al., 2014) and recent 

evidence indicates they can still cause disease (Alleron et al., 2013; Dietersdorfer et al., 2018). 

¶ Heightened concern about an array of bacterial OPs besides Legionella, including Pseudomonas 

aeruginosa, Acinetobacter baumannii, and NTM, as well as amoebae (e.g. Acanthamoeba, 

Vermamoeba), which can themselves be pathogenic or can serve as host organisms for bacterial 

OP proliferation (J. Falkinham et al., 2015). 

 

Here we critically examine existing knowledge with 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 of Legionella and other OPs, in addition to identifying the complex 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 expanding aspirations for improved water/energy conservation will be a major drive of 

water system design and pipe material selection (J. W. Rhoads et al., 2015). In executing this review, we 

aimed to holistically assess the effects of pipe materials, primarily focusing on Legionella while including 

other OPs, seeking to shed light on why various pipe materials appear to sometimes enhance and other 

times diminish OP proliferation under real-world premise plumbing 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 (Figure 2.2). Due to long-lasting life span, durability, and 

relatively few concerns about metal release when compared to those of antiquated lead and galvanized iron 

alternatives, copper and its alloys are common in premise plumbing systems (Copper Development 

Association Inc., 2020). Copper is a registered antimicrobial of the US Environmental Protection Agency 

(EPA) (Antimicrobial Copper Surfaces, 2020) 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 control (European 

Chemicals Agency, 2020). It is also an essential nutrient for all living organisms, including humans and 

OPs (Caitlin R Proctor et al., 2017; Samanovic et al., 2012). Here we review the mechanisms by which 

copper plumbing may influence control of various OPs (Table 2.2). 

 

 

Figure 2. 2. Copper sources in premise plumbing (Boulay & Edwards, 2000; Y. E. Lin et al., 2002; Y. S. 

Lin et al., 1998; Organization, 2016). Note that Cu-Ag Ionization systems can be used in either point of 

entry or hot water distribution networks.  

Table 2. 2. Copper can be growth-promoting or -inhibiting to opportunistic pathogens. 

Opportunistic 

Pathogen 
Associated Diseases 

Exposure 

Route(s) 

Inactivation via Copper Growth via Copper 

Antimicrobial 

Efficacy* 

Evidence for Cu-

Induced VBNC 

Micronutrient 

Activity  

Amoeba- 

Mediated 

Growth 

Amoebae 

Encephalitis, Eye infections, 

Primary amebic 

meningoencephalitis (Centers 

for Disease Control and 

Prevention, National Center for 

Emerging and Zoonotic 

Infectious Diseases (NCEZID), 

Dermal, 

Inhalation,  

(Centers for 

Disease 

Control and 

Prevention, 

National 

Moderate to 

Somewhat inhibited 

(Proctor et al., 2017; 

Thomas et al., 2004) 

Unknown and unlikely 

Possible that 

organisms are 

copper deficient 

NA 
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Division of Foodborne, 

Waterborne, 2010, 2019; 

Hajialilo et al., 2015) 

Center for 

Emerging 

and 

Zoonotic 

Infectious 

Diseases 

(NCEZID), 

Division of 

Foodborne, 

Waterborne, 

2010, 2019; 

Hajialilo et 

al., 2015) 

and additional 

copper could 

increase growth 

(Proctor et al., 

2017; Samanovic 

et al., 2012) 

 

 Acinetobacter 

baumannii 

Bacteremia, Meningitis, 

Pneumonia, Urinary tract 

infections (Peleg et al., 2008) 

Dermal, 

Inhalation 

(Peleg et al., 

2008) 

Moderate to 

Somewhat inhibited 

(Cervantes et al., 

2013; Huang et al., 

2008; Shih & Lin, 

2010; Williams et al., 

2016) 

Unknown 

Yes 

(Cateau et al., 

2014; Estelle 

Cateau et al., 

2011) 

Staphylococcus 

aureus 

Bacteremia, Endocarditis, 

Osteomyelitis, Pneumonia, 

Sepsis, Skin infections (Centers 

for Disease Control and 

Prevention, National Center for 

Emerging and Zoonotic 

Infectious Diseases (NCEZID), 

2019b) 

Dermal, 

Inhalation 

(Kozajda et 

al., 2019; 

Plipat et al., 

2013) 

Moderate 

(Cervantes et al., 

2013; Landeen et al., 

1989; Yahya et al., 

1990) 

Unknown 

Yes 

(Hopkin, 2006; 

Huws et al., 

2006) 

Stenotrophomon

as maltophilia 

Bacteremia, Endocarditis, Eye 

infections, Meningitis, 

Pneumonia, Sepsis, Skin 

infections, Urinary tract 

infections (Brooke, 2012; 

Denton & Kerr, 1998) 

Dermal, 

Inhalation 

(Brooke, 

2012; 

Denton & 

Kerr, 1998) 

Moderate 

(Huang et al., 2008; 

Shih & Lin, 2010) 

Limited 

 (Gomes et al., 2020) 

Yes 

(J. M. Thomas 

& Ashbolt, 

2011) 

Nontuberculous 

Mycobacteria 

(NTM): 

Mycobacterium 

avium complex; 

Mycobacterium 

abscessus 

complex; 

Mycobacterium 

kansasii and 

other species 

Bacteremia, Pneumonia, Skin 

infections (Centers for Disease 

Control and Prevention, 

National Center for Emerging 

and Zoonotic Infectious 

Diseases (NCEZID), 2019a) 

Dermal, 

Ingestion, 

Inhalation 

(Johnson & 

Odell, 2014) 

Moderate 

(Kusnetsov et al., 

2001; Lin et al., 1998; 

Mullis & Falkinham, 

2013; Rhoads et al., 

2017) 

Limited 

(Lin et al., 1998) 

Yes 

(Cirillo et al., 

1997; Greub & 

Raoult, 2004) 

Aeromonas 

hydrophila 

Gastroenteritis, Meningitis, 

Peritonitis, Pneumonia, Skin 

infections (Igbinosa et al., 

2012) 

Ingestion, 

Inhalation 

(Igbinosa et 

al., 2012) 

Unknown 

 (ASSANTA et al., 

1998) 

Unknown 

Yes 

(Delafont et al., 

2019; Rahman 

et al., 2008) 

Legionella 

pneumophila 
Legionnairesô disease, Pontiac 

fever (National Center for 

Inhalation 

(National 

Center for 

Immunizati

Somewhat inhibited 

to High 
Moderate  

Yes 

(Grossi et al., 

2018; 
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Immunization and Respiratory 

Diseases, 2019) 

on and 

Respiratory 

Diseases, 

2020) 

(Lin et al., 1996; Lin 

et al., 2002; 

Miuetzner et al., 

1997; Stout et al., 

1998) 

(Buse et al., 2014; 

Gião et al., 2015) 

Rowbotham, 

1980) 

Pseudomonas 

aeruginosa 

Bacteremia, Endocarditis, Eye 

infections, Gastroenteritis, 

Osteomyelitis, Pneumonia, 

Sepsis, Skin infections, Urinary 

tract infections (Bodey et al., 

1983) 

Dermal, 

Ingestion, 

Inhalation 

(Bodey et 

al., 1983; 

Williams et 

al., 2010) 

Somewhat inhibited 

to High (Cervantes et 

al., 2013; Huang et 

al., 2008; Shih & Lin, 

2010; Landeen et al., 

1989; Yahya et al., 

1990; Bédard et al., 

2014; Moritz et al., 

2010; Jeanvoine et al., 

2019; Petignat et al., 

2006; Teizel & 

Parsek, 2006; 

Dwidjosiswojo et al., 

2011) 

Strong 

(Bédard et al., 2014; 

Dopp et al., 2017; 

Dwidjosiswojo et al., 

2011) 

Yes 

(Greub & 

Raoult, 2004; 

Pukatzki et al., 

2002) 

*Categorizations of efficacy based upon studies that showed planktonic phase growth inhibition at: <0.1 mg/L (High), 0.1ï0.8 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 systems (Cachafeiro et al., 2007; 

Hans et al., 2013; Miuetzner et al., 1997; 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, because Legionella and other premise-plumbing-associated OPs are more resistant to 

chlorine than traditional fecal-associated bacteria that are used for traditional water quality monitoring 

(Falkinham  III, 2015; J. Falkinham et al., 2015; B. R. Kim et al., 2002). While there is no clear consensus 

on the primary mechanisms by which copper inactivates bacteria, two hypotheses have been put forward: 

1) positively charged Cu+2 ions interfere with negatively charged cell membranes, creating holes; and 2) 

Cu+2 disrupts the replication and production of DNA, RNA, and proteins, potentially through metabolic 

cycling between Cu1+ and Cu2+ oxidation states, which generates radical oxidative species such as 

hydroxide radicals (Rakshit et al., 2018). In potable water, copper passively released from plumbing 

materials can be present in the germicidal range for Legionella of 0.1ï0.8 mg/L (Y.-S. E. Lin et al., 1996; 

Miuetzner et al., 1997; Janet E Stout et al., 1998; van der Kooij et al., 2005), even in some parts of plastic 

pipe systems connected with brass fittings (Dodrill & Edwards, 1995; Kimbrough, 2007). Passive release 

or purposeful dosing that results in copper concentrations of 0.05ï0.8 mg/L are thought to limit Legionella 

growth (June & Dziewulski, 2018; Y.-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 efficacy of copper, either passively leached from premise plumbing 

materials (Assaidi et al., 2018; Caitlin R Proctor et al., 2017; van der Kooij et al., 2005) or actively added 

using copper-silver ionization (CSI) systems (Ashbolt, 2015a; Y.-S. E. Lin et al., 1996; Y. E. Lin et al., 

2002), as a Legionella antimicrobial. Biofilms grown at room temperature for 30 days in pre-sterilized 

reactors with copper, PVC, and stainless steel coupons were found to have lower total bacterial counts on 

copper than PVC surfaces (Morvay et al., 2011). Other batch reactor studies indicate similar results, 

demonstrating lower L. pneumophila numbers on copper plumbing than plastic plumbing (Assaidi et al., 

2018; Dai et al., 2018; Proctor et al., 2017; van der Kooij et al., 2005). Analogous responses to copper 

surfaces by other Ops, such as Klebsiella spp. (Soothill, 2016), NTM (Mullis & Falkinham, 2013; Norton 
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et al., 2004), P. aeruginosa (Moritz et al., 2010), and Aeromonas hydrophila (ASSANTA et al., 1998), have 

been reported. Two different field studies found that copper concentrations were significantly lower in 

samples positive for L. pneumophila than samples negative for L. pneumophila (Leoni et al., 2005; Marrie 

et al., 1994). Borella et al. (Borella et al., 2004, 2005) identified a threshold total copper level of 0.5 mg/L 

in one sample of water, above which samples were approximately two to seven times less likely to be 

positive for L. pneumophila. 

Studies of CSI applications also demonstrate that copper can have direct antimicrobial effects. Lin et al. (Y. 

E. Lin et al., 1998, 2002) showed that 0.5 and 48 hours of exposure to 0.4/0.04 mg/L copper/silver achieved 

99% inactivation of L. pneumophila and Mycobacterium avium, respectively, in bench-scale testing. Stout 

et al. (Janet E Stout et al., 1998) performed long-term monitoring of CSI systems in 16 hospitals and 

demonstrated their efficacy for Legionella control, as the numbers of hospitals with >30% Legionella 

positive samples dropped from 7/16 to 0/16, and no Legionnaireôs disease cases were reported in 15 out of 

16 hospitals after the implementation of CSI. Addition of copper ions to solution from pipes or via CSI, at 

the bench and building-scale, has also been shown to inhibit the growth or reduce the frequency of OPs 

such as Staphylococcus spp. (Landeen et al., 1989; Yahya et al., 1990), Stenotrophomonas maltophilia 

(Gomes et al., 2020; H.-I. Huang et al., 2008; Shih & Lin, 2010), Acinetobacter baumannii (H.-I. Huang et 

al., 2008; Shih & Lin, 2010; C. L. Williams et al., 2016), NTM (Kusnetsov et al., 2001; Y. E. Lin et al., 

1998), and P. aeruginosa (Bédard et al., 2014; H.-I. 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 Copperôs Antimicrobial Efficacy 

Despite the encouraging examples presented in the previous section, the overall success of copper as a 

disinfectant for Legionella is mixed (Rhoads et al., 2017). Several studies have found that the antimicrobial 

effects of copper were limited, or that copper even encouraged growth of Legionella in some instances 

(Buse et al., 2014; Lin et al., 2002; Mathys et al., 2002, 2008). In one study, Legionella was consistently 

detected in a hospital hot water plumbing system with average pH = 7.7, even when copper was present at 

concentrationss of 1.1 ± 0.2 mg/L (Mathys et al., 2002). Other studies have shown similar trends. For 

instance, Gião et al. (Gião et al., 2015) found no significant difference between biofilm formed on plastic 

(PEX and PVC) coupons and biofilms formed on copper coupons when the biofilms contained a 

heterogeneous community or when the biofilms were purely L. pneumophila. P. aeruginosa has been found 

to persist in hospital copper plumbing (Jeanvoine et al., 2019) and the implementation of a CSI system in 

one hospital did not appear to fully eliminate patient P. aeruginosa infections associated with exposures 

from faucets (Petignat 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 with Legionella much more 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 ± 15,000 (mean ± standard deviation) CFU Legionella/L, while samples (n = 153) with Ò0.5 mg/L 

of copper had 10 ± 100 CFU Legionella/L (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 (Figure 2.3). Notably, the concentration of Cu+2 and 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. Unfortunately, studies frequently do not collect or report such relevant 

data(Jeanvoine et al., 2019; Mathys et al., 2002, 2008; Petignat et al., 2006), limiting the ability to trace 

differences in copperôs antimicrobial efficacy to water quality parameters. There is also the likelihood of 

strain-to-strain differences in copper resistance, and the selection for copper resistant organisms in systems 

with copper pipes (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 (DO), disinfectants, inorganic complexing 

agents (e.g., alkalinity, phosphate, ammonia), organic complexing agents (e.g., natural organic matter 

(NOM)), hardness, trivalent metal ions (e.g., aluminum, iron), sulfate, and chloride can influence copper 

pipe dissolution, 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 non-bioavailable). 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 chemistry of the influent bulk water can reduce toxicity of copper by: 1) reducing overall solubility 

and the equilibrium level of Cu+2 in the presence of copper rusts (M. Edwards et al., 2001; Darren A. Lytle 

& Liggett, 2016); 2) forming copper complexes (Garvey et al., 1991; Meador, 1991; Zevenhuizen et al., 

1979), 3) having elevated divalent (Ca2+, Mg2+) or trivalent (Fe3+, Al3+) cations, which compete with copper 

for uptake sites of organisms (Ebrahimpour et al., 2010; Pourkhabbaz et al., 2011; Riethmuller et al., 2000). 

Therefore, water chemistry details are useful to explain the discrepancy of copper effects, but such 

information is often lacking in some studies (Gião et al., 2015; Jeanvoine et al., 2019; Mathys et al., 2002, 

2008; Petignat et al., 2006). 

Prior culture-based research demonstrated that precipitation of copper at pH 9 reduced toxicity of copper 

towards nascent L. pneumophila colonies by 16-fold relative to pH 7, where copper is more soluble (Y. E. 

Lin et al., 2002). Other compounds known to reduce levels of Cu+2 by complexation and precipitation are 

logically expected to interfere with copper antimicrobial properties and include NOM and either ortho- or 

poly-phosphates (M. Edwards et al., 2001; Garvey et al., 1991; Darren A. Lytle & Liggett, 2016; Meador, 

1991; Zevenhuizen et al., 1979). Specifically, NOM and polyphosphate sequestrants can vary in 

concentration and complexation ability from water to water, can bind Cu+2 and dramatically reduce its 

bioavailability. Orthophosphate added as a corrosion inhibitor can reduce metal pipe corrosion rates and 

lower free metal ion concentrations in drinking water. For example, our research has shown that the addition 

of 3 mg/L of phosphate and 5 mg/L NOM at pH = 7 reduced copperôs antimicrobial effects towards L. 

pneumophila by four and seven times, respectively (Song, Yang; Pruden, Amy; Marc, Edwards; Rhoads, 

2020).  

Copperôs antimicrobial properties are expected to increase at lower pH, lower hardness, lower Al+3 and Fe+3, 

lower phosphate or polyphosphate, lower NOM, and colder temperatures due to known interactions with 
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Cu+2 ion. Studies of copper toxicity to algae and higher aquatic organisms have shown that Mg2+, Ca2+
, Al +3

, 

and Fe+3 compete with copper for binding sites, reducing the toxicity of copper (Ebrahimpour et al., 2010; 

Pourkhabbaz et al., 2011; Riethmuller et al., 2000). For instance, Ebrahimpour et al. (Ebrahimpour et al., 

2010) reported that the 96-hour median lethal concentration (LC50) values for Capoeta fusca increased 

roughly linearly (1.1 to 7.5 mg/L copper) over a hardness range of 40-380 mg/L as CaCO3. Trivalent metal 

ions, such as Al3+ and Fe3+, can also form a layer of metal hydroxide gel around cells that can sorb copper 

and reduce its availability (Stauber & Florence, 1987). Free copper also tends to decrease at higher 

temperature and as pipe scales age (Ives & 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 prokaryotes (Galai et al., 2012; Samanovic et al., 2012). Accordingly, it is 

reasonable to suspect that copper piping might sometimes act as a source of this essential nutrient in premise 

plumbing, thereby increasing microbial growth relative to other materials. Buse et al. (Buse et al., 2014) 

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

8 and PO4 > 0.2 mg/L, had up to 20× more L. pneumophila gene copies when copper coupons were used 

relative to PVC coupons. Mullis et al. (Mullis & Falkinham, 2013) indicated that copper surfaces supported 

two to four times more Mycobacterium abscessus than PVC. Mathys et al. (Mathys et al., 2008) reported 

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 microorganisms (Falkinham  III, 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 water (Bucheli-Witschel et 

al., 2012; Connell et al., 2016; Skjevrak et al., 2003) whereas metallic pipes do not. These organic carbon 

compounds can fuel the growth of Legionella (Monique Lucia Durand, 2005; Caitlin R Proctor et al., 2017) 

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

but rather are additives (i.e., flexibilizers, plasticizers, stabilizers) to improve aspects of pipe performance 

(Connell et al., 2016; Neu & Hammes, 2020; Tsuchida et al., 2011).  

New PEX pipes commonly leach 100-1800 µg/L of total organic carbon (TOC) as determined by 

temperature, stagnation, surface area to volume ratio, pipe brand and age (Bucheli-Witschel et al., 2012; 

Connell et al., 2016; Kelley, 2014). These levels of carbon, are far above the commonly cited threshold of 

100 µg/L suggested to spur microbial growth in potable water main distribution systems (Corfitzen, 2002). 

However, the proportion of this released organic carbon that is assimilable is not clear. Many studies have 

demonstrated that some PEX pipes increase biofilm growth (Dai et al., 2018; Proctor et al., 2017; van der 

Kooij et al., 2005) and OP growth (Proctor et al., 2017; van der Kooij et al., 2005) relative 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 another (Connell et al., 2016; Kelley, 2014) and is typically 

proprietary and thus not cited in the available literature (Dai et al., 2018; Proctor et al., 2017; van der Kooij 

et al., 2005). An experiment in the Netherlands using small-scale recirculating water heater systems (eight 

gallon tanks) connected to copper or PEX pipes (19.4 ft) attributed over three times higher Legionella bulk 

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 60-50,000 µg/L of TOC under typical water use conditions (Bucheli-Witschel et al., 

2012; Heim & Dietrich, 2007; Kowalska et al., 2011), of which roughly 50% was estimated to be 
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assimilable (Neu & Hammes, 2020). Other studies indicate that PVC can promote biofilm growth (Hallam 

et al., 2001; Pedersen, 1990) and proliferation 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., 2013). When 

copper, glass, PEX, and PVC were used as materials in a biofilm apparatus simulating premise plumbing, 

PVC and PEX materials maintained the highest Legionella growth potential in remineralized reverse 

osmosis water (Learbuch et al., 2019). Other studies have drawn similar conclusions for other OPs 

compared to copper (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 steel pipes in service lines and home plumbing can leach iron to water in a range of 0.2ï18 mg/L 

dependent on factors including water chemistry, stagnation, surface area to volume ratio, and historical 

corrosion control (Sarin et al., 2004; Zhang et al., 2010). Iron can also accumulate in loose deposit or 

biofilms and some studies have suggested that such locations are hotspots for growth of Legionella and 

other pathogens (Liu et al., 2017; WHO, 2007). Studies examining M. avium have found that galvanized 

steel supported more growth than copper, PVC, and stainless steel (Mullis & Falkinham, 2013; Norton et 

al., 2004).  

Iron is an important nutrient for microorganisms involved in oxygen transfer, protein synthesis, and other 

essential metabolism (Faraldo-Gómez & Sansom, 2003) and some studies have shown that the presence of 

iron contributes to OP growth. Bench-scale studies have demonstrated that iron concentrations of up to 1 

mg/L could enhance L. pneumophila growth in tap water while high concentrations (10, 100 mg/L) of iron 

produced toxic effects on L. pneumophila (States et al., 1985). During the Legionnairesô Disease outbreak 

in Flint, MI, our research found that the median iron concentration was 0.11 mg/L in cold water samples 

during the outbreak, but the outbreakôs end coincided with a water switch, dropping median iron in cold 

water samples down to less than 0.01 mg/L (Rhoads et al., 2017). Other field studies have observed similar 

positive correlations between L. pneumophila levels and iron concentrations (Rakiĺ et al., 2012; J E Stout 

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

Lugt et al., 2017) observed that colonization of stainless steel faucets by Legionella was enhanced in the 

presence of 0.09 mg/L cast iron rust. It is important to note that in any studys employing chlorine, iron pipe 

corrosion will remove the chlorine, confounding simplistic attribution of the higher Legionella to either 

iron or chlorine (Martin et al., 2020; Rhoads et al., 2017; Wang et al., 2012). One study specifically 

examined if iron addition increased L. pneumophila growth 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 that might affect the growth of OPs, but their 

impacts are largely unexplored. Zinc is present in source waters in concentrations ranging from <0.011 to 

0.04 mg/L (Oyem et al., 2015; World Health Organization., 2003) and is normally below 0.1 mg/L in 

finished water (World Health Organization Water Sanitation, 2006). Zinc 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 higher (Howard, 1923; Sharrett et al., 1982). Analogous to copper, 

zinc is an essential nutrient for microbial growth (Choudhury & Srivastava, 2001; Li et al., 2018; L. Ma et 

al., 2015; Nies, 1992; Silver & Lusk, 1987; Suryawati, 2018). Zinc addition has been shown to increase L. 

pneumophila and P. aeruginosa growth in culture media (Reeves et al., 1981), and high soluble zinc has 

been correlated with NTM (Kirschner et al., 1992). 
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Zinc can be toxic to microorganisms (Babich & Stotzky, 1978; Choudhury & Srivastava, 2001; Norberg & 

Molin, 1983; Nweke et al., 2006, 2007), but is believed to have limited biocidal activity compared to other 

metals (Choudhury & Srivastava, 2001), especially as it is below the US EPA Secondary Drinking Water 

Regulation limit of 5 mg/L (United States Environmental Protection Agency., 2015) and Chinese Standard 

for Drinking Water Quality of 1 mg/L (Standardization Administration of China, 2006). Inhibitory 

concentrations of zinc for Ops such as Pseudomonas spp., P. aeruginosa, and Aspergillus niger range from 

13 to 650 mg/L in nutrient broth (Babich & Stotzky, 1978; Nweke et al., 2006, 2007). While this is a 

relatively high concentration range, Zhang et al. (Y. Zhang et al., 2010) demonstrated that galvanized iron 

pipes can release zinc to these levels in the presence of nitrifying 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 also commonly present as sacrificial anodes in water heaters (Figure 

2.4), elevating Al+3 or Mg+2 levels in the water. Mg+2 is known to be an essential nutrient for Legionella 

(Reeves et al., 1981), whereas no such criteria have been established for Al+3. More 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 

Pipe material is a key factor affecting disinfectant decay in potable water systems. Maintaining relatively 

high levels of disinfectant residual is important to OP control because OPs are 20-600x more disinfectant 

resistant than the common indicator microorganisms such as E. coli (Falkinham  III, 2015) and are further 

protected in biofilms or host organisms (Adékambi et al., 2006; Barker et al., 1992; Cervero-Aragó et al., 

2015; García et al., 2007; Hwang et al., 2006; Marciano-Cabral et al., 2009). Plastic pipe materials are 

generally non-reactive with chlorine and chloramine in terms of maintaining disinfectant residual levels, 

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; Monique Lucia Durand, 2005; Haas et al., 2002; Inkinen et al., 

2018; Lehtola et al., 2005; Mao et al., 2018; C. Zhang et al., 2017). On the other hand, iron pipes have an 

extremely high disinfectant demand, as free chlorine cannot co-exist in equilibrium with ferrous or zero 

valent iron (Al -Jasser, 2007; R. Clark et al., 2010; Haas et al., 2002; C. Zhang et al., 2017). While 

chloramine is relatively non-reactive, iron oxide scale and associated nitrifying biofilms can cause relatively 

rapid monochloramine decay (Vikesland & Valentine, 2000; Z. Zhang et al., 2008). The reactivity of copper 

pipes and copper oxides is typically between plastics and iron and chemically catalyzes both chlorine and 

chloramine degradation (M. 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, 2009). Higher pH and the existence 

of phosphate can help maintain disinfectant residual levels in both iron and copper pipes (Nguyen et al., 

2012; Rhoads et al., 2017). 

3.2. Effect of Metallic Plumbing Materials 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 facilitating the growth of autotrophic microorganisms. 

Specifically, metallic pipes can encourage growth of hydrogen-oxidizing, ammonia-oxidizing, and ferrous-

oxidizing autotrophic bacteria that fix inorganic carbon into new biomass (Randi 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 magnesium sacrificial 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., 2017; Rushing et al., 2003). 

Ishizaki et al. (Ishizaki et al., 2001) indicated that hydrogen-oxidizing bacteria, Alcaligenes eutrophus, 

could fix 2300 µg C/mmol H2 in biomass in closed circuit cultivation system at gas pressure slightly higher 

than atmosphere, which could practically translate into production of up to 80 µg/L organic carbon biomass 

per day in an 80-gallon water heater equipped with a magnesium anode (Marc Edwards et al., 2013). A 

study by Dai et al. (Dai et al., 2018) of an experimental water heater plumbing rig at 39, 42, and 51 °C 

confirmed elevated levels of functional genes associated with hydrogen metabolism, demonstrating that 

hydrogen-oxidizing 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, which can then 

serve as a substrate for autotrophic ammonia oxidizing bacteria. Ammonia-oxidizing bacteria can fix 

substantial amounts of organic carbon into the system, specifically 21 to 240 µg C/mg NH3-N based on 

experimental growth yield values of pure or mixed cultures (González-Cabaleiro et al., 2019). Ferrous iron, 

released as a natural by-product of iron corrosion, can also fix an average of 26 µg C/mg Fe2+ under 

circumneutral condition measured in bioreactors (Neubauer et al., 2002).  

3.2.3. Copper Deposition Corrosion Accelerating H2 Evolution 

Although copper cannot corrode with evolution of H2 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 evolution of hydrogen (H2) 

gas (Figure 2.4) (Randi H Brazeau & Edwards, 2013; B. Clark et al., 2015; A. K. Martin et al., 2012; Morton 

et al., 2005). A study using a combination of bench- and pilot-scale hot water system experiments 

demonstrated these effects (Randi H Brazeau & Edwards, 2013).  
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Figure 2. 4. Water heater material interactions create multiple niches suitable 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 dissolved H2 gas, which is an electron donor for autotrophs. 

If the anode rod consists of magnesium, then the pH will become elevated as well. Figure adapted from 

Brazeau et al. (Randi Hope Brazeau et al., 2012). 

3.3. Pipe Scaling Effects 

Scaling caused by pipe corrosion or higher pH can increase 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 reactor formed 

extensive scales and promoted seven-fold more biofilm biomass than PVC pipes after three months of 

incubation (Fox & Abbaszadegan, 2013). Aged metal pipes may form very thick scales characterized by 

corrosion tubercles and extensive networks of pores (Rushing et al., 2003; Sarin et al., 2004; Tuovinen et 

al., 1980; Yang et al., 2012), providing an area for not only additional biofilm growth, but also distinct 

microenvironments (W. Lee et al., 1995; Tuovinen et al., 1980) with 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 concentration, and 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 variety 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 buildingôs plumbing to the point of use (W. Rhoads et al., 2015). High water age in buildings is increased 

by: 1) existence of dead ends/legs and stagnation in plumbing systems (Hasit et al., 2006; WHO, 2007); 2) 

use of low flow devices or presence of large storage tanks such as those used for solar water heating or 

onsite rainwater collection (J. W. Rhoads et al., 2015); and 3) using low volumes of water in a building or 

at a particular outlet (Salehi et al., 2020). Stagnation and infrequent water use may concentrate and enhance 

release of organic matter in water in plastic pipes and metals in metallic pipes (D. A. Lytle & Schock, 2000; 

McNeill & Edwards, 2001; Merkel et al., 2002; Nawrocki et al., 2010; Sarin et al., 2004). Zhang et al. (L. 

Zhang & Liu, 2014) found a four-fold increase in bulk water TOC in unplasticized PVC 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 chlorine and chloramine during stagnant periods of 24-72 hours have been observed for 

synthetic pipes (0.4 and 0.6 mg/L of chlorine loss, respectively), and stagnant periods of 2-8 hours in 

metallic pipes (3 and 4 mg/L chlorine loss, 1.5 and 3.5 mg/L chloramine loss, respectively) (C. Nguyen et 

al., 2012; L. Zhang & Liu, 2014). In a green building study, six-hour stagnation almost fully eliminated 

monochloramine (>99%) within pipes (W. Rhoads et al., 2015). 

Such water quality changes have been related to increased levels of OPs in premise plumbing systems (Haig 

et al., 2018; Hozalski et al., 2020; Ley et al., 2020; J. W. Rhoads et al., 2015). In a field 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 cultivable L. pneumophila and all four samples were taken 

from dead end points at the end of streets with no chlorine residual remaining (Sánchez-Busó et al., 2015). 

Another field study identified their most frequently Legionella positive 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 interest in strategies to 

reduce building water stagnation effects such as removing dead-legs, flushing, maintaining the hot water 

system, and shock disinfection (Guidance for Reopening Buildings After Prolonged Shutdown or Reduced 

Operation | CDC, 2020.; Proctor et al., 2020; Rhoads et al., 2020; US EPA, 2020). 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 s 

Some plumbing codes require or suggest the use of recirculating hot water lines for water/energy 

conservation, convenience and comfort (2015 International Energy Conservation Code, 2014; 2018 

International Plumbing Code, 2017; 2021 Uniform Plumbing Code, 2020; 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 

the point of use (Ally, 2002). There are many important differences between hot water recirculating systems 

and conventional systems, which are stagnant during periods of disuse, that can affect OP growth. The 

constantly flowing water can deliver more nutrients to biofilm and hypothetically increase OP growth 

(Randi Hope Brazeau et al., 2012). On the other hand, continuous flow can deliver more disinfectants and 

more hot water, which are critical control measures for OPs (Flannery 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 release of metals, increase deposition corrosion of 

anodes by constantly recirculating water through copper pipe, and result in greater accumulation of 

sediments and H2 gas. One study showed that recirculating systems with copper piping had 3-13 times more 

aluminum and copper, 4-6 times more hydrogen in effluent water, and 9% more aluminum anode weight 

loss, compared with standard (non-recirculating) systems (Randi H Brazeau & Edwards, 2013). 

Recirculating systems can also accumulate 3-20 times more sediments (Randi H Brazeau & Edwards, 2013) 

arising from corrosion of metallic pipe material and the anode rods (Edwards et al., 2001; Oh et al., 1998; 

Sarin et al., 2004; Tuovinen et al., 1980; Yang et al., 2012). These sediments, which also collect at the 

bottom of hot water tanks, may serve as an important 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 for Legionella, heterotrophs, and host organisms (Rhoads 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 form. Aging can dramatically reduce levels of metal leaching from 

copper and other pipes (M. Edwards et al., 2001; Sancy et al., 2010; Zhu et al., 2014). The rate of aging, 

and whether it decreases release of pipe constituents at all, is highly affected by water chemistry and water 

use patterns (M. Edwards et al., 2001). Likewise, leaching of organics from plastic pipe may attenuate 50% 

to >99% after aging for a period of a few weeks with hot water exposure (Connell et al., 2016; Mao et al., 

2018), but in other cases has been sustained for months (Salehi et al., 2018) or even over a year (Lund et 

al., 2011). Pipe aging is an important factor to consider when comparing PEX to copperôs capacity for 

Legionella growth. One study showed that the Legionella numbers in bulk water of both PEX and copper 

pipes in a simulated warm water system were the same after two years (van der Kooij et al., 2005). We 

speculate that one 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 that in very old 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 

partial 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 H2 from aluminum, zinc, 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; Institute, 2018; Tanemura et al., 2014; Wright, 2001), and the 

presence of copper pipe upstream of plastic pipe might enhance organic carbon release (X. Huang et al., 

2019), surface roughness for biofilm growth (Tanemura et al., 2014), and perhaps even disinfectant 

consumption due to copper in the scale. Iron pipes upstream of copper may produce mixed Fe-Cu oxides, 

which can be extraordinary catalysts for free chlorine decay (Lewis, 1928). Similarly, copper released 

upstream of iron pipes could increase iron release (Cruse, 1971). Any galvanic coupling between two metals 

in plumbing materials (copper/brass-lead (Cartier et al., 2012; DeSantis et al., 2018), copper/iron (Cruse, 

1971; Hack, 1988; X. G. Zhang, 2011) iron/zinc (Marques et al., 2016; Souto et al., 2007), copper/aluminum 

(Jorcin et al., 2008; Kuntyi et al., 2018), copper/zinc (Cartier et al., 2012; B. N. Clark et al., 2015), 

copper/magnesium (Zhou et al., 2018)) has the potential to enhance corrosion and cause changes to water 

quality parameters relevant to corrosion and OP growth (C. K. Nguyen et al., 2010; Tada et al., 2004), 

dissolved oxygen (DO) (X. G. Zhang, 2011), metal concentrations (Cartier 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., 2010). Given that in the 2017 American Housing 

Survey 10% of households that reported any home improvement projects also reported adding or replacing 

an interior water pipe (United States Bureau of the Census., 2017), understanding 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 to free-living amoebae that first prey upon 

them in drinking water biofilms, before they reproduce inside and eventually kill the host organism 

(Falkinham  III, 2015). In fact, there is some doubt that Legionella actually reproduces significantly in 

drinking water outside of an amoeba host (Ewann & Hoffman, 2006). Amoebae can also protect OPs from 

disinfectants and provide access to nutrients. For example, Legionella exclusively use amino acids, which 

are abundant in amoeba vacuoles, as a carbon source (Adékambi et al., 2006; Barker et al., 1992; Cervero-

Aragó et al., 2015; García 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 (including Acanthamoeba, 

Vermamoeba, and Naegleria) is expected to indirectly affect growth of OPs, including L. pneumophila, P. 

aeruginosa, and NTM (Adékambi et al., 2006; Barker et al., 1992; Buse et al., 2014; Cervero-Aragó et al., 

2015; Dai et al., 2018; García et al., 2007; Hwang et al., 2006; Ji et al., 2017; Michel et al., 1995; Rhoads 

et al., 2015). In one experiment, copper coupons were found to host more Acanthamoeba polyphaga than 

PVC coupons (Buse et al., 2014), possibly because copper hosts less diverse eukaryotic communities (Buse 

et al., 2014; Lu et al., 2014) and limits competition for A. polyphaga. As a result, L. pneumophila grew and 
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shed to the bulk waters in higher numbers on these copper coupons than on PVC coupons if co-inoculated 

with A. polyphaga (Buse et al., 2014). 

Interbacterial interactions may also influence the growth of OPs. Broadly speaking, OPs benefit from the 

biofilm community through access to nutrients and protection from disinfectants (Falkinham  III, 2015; J. 

O. Falkinham et al., 2015; Greub & Raoult, 2004; Schwering et al., 2013). Some studies have identified 

correlations between specific taxa and OPs in premise plumbing (X. Ma et al., 2020), cooling towers 

(Paranjape et al., 2020) and drinking water distribution systems (Garner 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 Proctor et al., 2016, 2017; C. Zhang et al., 2017). Certain waterborne bacteria are known to produce 

toxins that inhibit L. pneumophila growth (Corre et al., 2019; Inkinen et al., 2018) or exude other 

compounds that have secondary bacteriostatic effects on Legionella (Kimura et al., 2009). Intra-bacterial 

inhibition also may be mediated through amoebae by reducing host uptake (Berry et al., 2010; Declerck et 

al., 2005) or killing the host population (Matz et al., 2008; Pukatzki et al., 2002; Weitere et al., 2005). More 

research is needed to elucidate how the broad ecological differences resulting from pipe material influence 

these interactions. Integration of metagenomic or meta-transcriptomic analyses targeting the production of 

bacteriocins or other toxins with known effects on OPs could elucidate the ecological effects of taxonomic 

shifts resulting from pipe material. Interrupting OP-amoeba endosymbiosis through the enrichment of 

preferential non-OP amoeba prey (Berry et al., 2010; Declerck et al., 2005) has been suggested as a 

probiotic means of controlling OPs (Wang 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.  

Strain-to-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 2.2). Legionella (Bédard et al., 2020) and other OPs (C. L. Williams et al., 2016) may 

acclimate to high copper levels through the expression of copper detoxification or efflux systems. Bédard 

et al. (Bédard et al., 2020) reported four-fold differences in the copper tolerance of environmentally-isolated 

L. pneumophila strains, noting that more resistant strains showed increased copper ATPase copA expression, 

speculating that their increased tolerance may also be a result of higher biofilm production. Strikingly, 

Williams et al. (C. L. Willi ams et al., 2016) showed that, during exposure to 95 mg/L of copper over 6 

hours in liquid culture, culturable A. baumannii levels (CFU/mL) could increase by 2-logs or decrease by 

2-logs, depending on the strain. The authors identified putative copper detoxification 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, leading the authors to suggest that further definition of the proteins involved in copper resistance is 

required. One recent study showed two environmentally-isolated Legionella strains reduced by less than 

one log in culturability, even after two weeks of exposure to 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 collected (Bédard et al., 2019). A profile of Fusarium isolates revealed that tap water isolates 

were more copper-tolerant than soil isolates (Steinberg et al., 2015). P. aeruginosa isolates isolated from a 

hospital with copper plumbing exhibited only slightly limited growth in the presence of 0.15 mg/L copper 

(Jeanvoine et al., 2019). All of these strains were found to harbor GI-7, a mobile genetic element that 

confers copper resistance and that has also been identified in a P. aeruginosa strain associated with hospital 

outbreaks (Petitjean et al., 2017). Limited data suggest that A. baumannii and mycobacteria are more 

difficult to inactivate with copper than other OPs, while P. aeruginosa is more readily inactivated (H.-I. 

Huang et al., 2008; Kusnetsov et al., 2001; Landeen et al., 1989; Y. E. Lin et al., 1998; Shih & Lin, 2010). 

L. pneumophila has been found both at the more resistant (Landeen et al., 1989) and less resistant (H.-I. 



 

24 

 

Huang et al., 2008; Kusnetsov et al., 2001; Y. E. Lin et al., 1998) ends 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 makes it difficult to 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. Virtually all prior work relied on culture methods to determine copperôs efficacy for 

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., 1998; Miuetzner 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 humans (Dietersdorfer et al., 2018; Dusserre et al., 2008; Oliver, 2010; Ramamurthy et al., 

2014; K. Williams et al., 2015). The existence of VBNC pathogens in premise plumbing has been 

demonstrated by comparing culture-based numbers with those enumerated via fluorescence (e.g., live/dead) 

and molecular-based (e.g., quantitative polymerase chain reaction) monitoring methods (Wang et al., 2017).  

Bench-scale studies examining copperôs antimicrobial efficacy have found discrepancies between culture-

based and molecular-based numbers of L. pneumophila (Buse et al., 2014; Gião et al., 2015) that are also 

suggestive of a copper-induced VBNC state. Similar discrepancies have been noted for P. aeruginosa, 

Stenotrophomonas maltophilia, and M. avium (Bédard et al., 2014; Dopp et al., 2017; Dwidjosiswojo et al., 

2011; Gomes et al., 2020; Y. E. Lin et al., 1998). Evidence of copper-induced VBNC activity is particularly 

strong in the case of P. aeruginosa, where one study applied multiple non-culture-based measures of 

viability (Bédard et al., 2014; Dwidjosiswojo et al., 2011). Furthermore, VBNC P. aeruginosa have been 

shown to partially recover infectivity after removal of copper from 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 that induce VBNC 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 environment exhibits several features that could possibly contribute to the virulence 

of resident OPs. Wargo (Wargo, 2019) describes 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 relevant to pipe material include (Wargo, 

2019): 

¶ Elevated copper levels, selecting for resistance to copper overload within macrophage 

phagosomes, a component of the innate immune response (Rowland & 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 lipid-rich environments within hosts. Accumulation of phospholipid fatty acids has been 

shown to be greater in the biofilms of polyethylene pipes than copper pipes, though these lipids 

were putatively associated with bacteria (Lehtola et al., 2004). 

¶ Low DO levels, selecting for OPs capable of survival in low DO regions of the biofilm in infected 

host tissue. 

¶ Exposure to eukaryotic predation, selecting for resistance to the hostôs immune response (e.g., lung 

macrophages) or enhanced virulence. 

 

Some studies suggest that the above types of interaction may increase the pathogenic potential of premise 

plumbing-associated OPs specifically. Copper resistance is important to mammalian host infection for P. 
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aeruginosa (Schwan et al., 2005) and A. baumannii (Abdollahi et al., 2018; Alquethamy et al., 2019), and 

other evidence suggests that exposure to copper in aquatic environments selects for greater copper 

resistance among certain OPs (Jeanvoine et al., 2019; Petitjean et al., 2017; Steinberg et al., 2015). Copper 

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 apparent. L. pneumophila serogroup 1 grown in medium that 

was iron limited (0.017ï0.056 mg/L) has been shown to lose its virulence (James et al., 1995), indicating 

that limiting adequate concentrations of iron could not only decrease the presence of Legionella but also 

the likelihood of human infection. Iron also plays a role in modulating various behaviors, including 

modulating virulence factor production in P. aeruginosa and A. baumannii (Bjorn 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 have on virulence 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 other heavy metals. has been shown to exert selection pressure, leading to enhanced survival 

of antibiotic resistant bacteria. In fact, heavy-metal-associated co-selection and cross-selection has been 

proposed to be as much of a concern for environmental propagation of antibiotic resistance as antibiotics 

themselves (Pruden, 2014). Increases in antibiotic resistance genes at the community scale have been 

identified after long-term copper exposure in soil (J Berg et al., 2005; Jeanette Berg et al., 2010; Hu et al., 

2016; Knapp et al., 2011), sediment (Graham et al., 2011), and drinking water (M. Zhang et al., 2018). 

Bench-scale tests using bacterial isolates from biofilters (M. Zhang et al., 2018) and wastewater (Becerra-

Castro et al., 2015) inoculated 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 concentrations 5-77 times 

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

for Drinking Water Quality of 1 mg/L (Standardization Administration of China, 2006) and WHO 

Guideline for Drinking-Water Quality of 2 mg/L (Organization, 2016). Thus, these concentrations may not 

be representative of potable water systems. One study examining antibiotic resistant and sensitive strains 

of Staphylococcus aureus showed that the more antibiotic resistant strain survived longer in a copper 

container (Cervantes et al., 2013). As discussed above, copper may also better support Acanthamoeba than 

other materials, while in one study L. pneumophila grown within A. polyphaga demonstrated increased 

tolerance to all antibiotics tested (rifampin, ciprofloxacin, and erythromycin) compared to those grown in 

culture media (Barker 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 for P. aeruginosa using iron-amended growth media (Oglesby-Sherrouse et al., 2014) and the 

gut microbiomes of mice supplied with iron-amended water (Guo et al., 2014). The latter case, while using 

an iron concentration more than 25 times the EU drinking water standard of 0.2 mg/L (European 

Commisssion, 1998) and 16 times both the US EPA National Secondary Drinking Water Standard 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 

Premise plumbing 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 of the chemical 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 of Legionella and other OPs under all circumstances.  

Synthetic plastic pipe materials 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 supply nutrients 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 of pipe 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 cost. Copper 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 OP infections and, 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:  

¶ Both the intra-species and inter-species variation of copper resistance amongst OPs, as well as 

environmental drivers of this variation. 

¶ Effects of copper pipes on OPs in a more holistic sense, with identification of real-world conditions 

that are drivers for discrepancies in copperôs antimicrobial capacity. 

¶ Copperôs possible micronutrient 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. 

¶ The disease risk that VBNC OPs pose and conditions under which copper and other antimicrobials 

induce VBNC status in premise plumbing OPs 

¶ The inhibitory action of trace metals on OP growth in premise plumbing, as well as growth 

requirements for other trace elements exhibited by OPs in premise plumbing. 

¶ 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 materials on OP antibiotic resistance and virulence. 

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

on all of the above.  

 

An improved understanding will provide actionable advice for multiple stakeholders. In addition to 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, nutrients and corrosion control can be harnessed to reduce disease incidence.  
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 Natural Organic Matter, Orthophosphate, pH, 

and Growth Phase Can Limit Copper Antimicrobial Efficacy 

for Legionella in 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 directly via copper 

silver ionization or released naturally via corrosion of Cu pipes, but Cu sometimes inhibits and other times 

stimulates Legionella growth. Our overarching hypothesis was that water chemistry and growth phase 

controls the net effect of Cu on Legionella. Combined effects of pH, phosphate concentration, and natural 

organic matter (NOM) were comprehensively examined over a range relevant to drinking water in bench-

scale pure culture experiments, illuminating effects of Cu speciation and precipitation. It was found that 

cupric ions (Cu2+) were drastically reduced at pH > 7.0 or in the presence of ligand-forming phosphates or 

NOM. Further, exponential phase L. pneumophila were 2.5 times more susceptible to Cu toxicity relative 

to early stationary phase cultures. While Cu2+ ion was the most effective biocidal form of Cu, other 

inorganic ligands also had some biocidal impacts. A comparison of 33 large drinking water utilitiesô field-

data from 1990 and 2018 showed that Cu2+ levels likely decreased more dramatically (>10 times) than total 

or soluble Cu (2 times) over recent decades. The overall findings aid in improving efficacy of Cu as an 

actively dosed or passively released antimicrobial against L. pneumophila. 

Keywords 

Copper, Legionella pneumophila, corrosion control, natural organic matter, premise plumbing   

INTRODUCTION   

With >500% increase in reported incidence in the U.S. over the last 20 years, building owners and operators 

are increasingly burdened with controlling Legionnairesô Disease. Water management programs provide 

broad guidelines on how to ensure the safety of a given buildingôs water (CDC, 2019) and specific strategies 

depend on the technology applied, local laws and code, water quality parameters, and building-level 

treatment and operation (Association of State Drinking Water Administrators, 2019; National Academies 

of Sciences, Engineering, and Medicine, 2020; US EPA, 2016). Selecting pipe materials that are less 

amenable to Legionella growth 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 via Cu-silver ionization 

(CSI) systems is also a common on-site disinfection technology for large institutional buildings (Liu et al., 

1994; Rohr et al., 1999; Triantafyllidou et al., 2016; Walraven et al., 2016). However, conflicting efficacies 

of both Cu pipes and CSI systems in controlling Legionella growth have been reported (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 (Cu2+) (Hans et al., 2013), which interacts with 

negatively charged cell membranes and causes cell lysis (Liu et al., 1994). In many drinking waters, Cu2+ 

concentrations are expected to be relatively low and strongly influenced by water chemistry. However, little 

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 levels in the range of 200 - 800 µg/L, and do not consider soluble Cu or 

Cu2+ ions (Cachafeiro et al., 2007; Y.-S. E. Lin et al., 1996; Miuetzner et al., 1997; US EPA, 2016). The 

negative impacts of elevated pH on the biocidal capacity of Cu toward Legionella has been reported (Y.-S. 

e. Lin et al., 2002), but only at extremes of typical drinking water system pH (7 vs 9). A higher resolution 
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examination of pH effects between these two 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 phosphate-based corrosion inhibitors has increased 

nationally over the last 20 years and is likely to reduce the toxic effects of Cu on Legionella based on 

existing knowledge of cuprosolvency and speciation (Lytle & 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, and improved sulfur and nitrogen air pollution controls under the 

Clean Air Act (Anderson et al., 2017; Eikebrokk et al., 2004), which might be decreasing Cu bioavailability 

in potable water systems (Edwards et al., 1994; Edwards & Sprague, 2001; Garvey et al., 1991; Meador, 

1991).   

The physiological state of Legionella is also important to consider in evaluating the efficacy of Cu 

disinfection. Within host amoeba cells, Legionella are typically viewed as being in a replicative state, which 

is simulated in pure culture experiments by the exponential growth phase. However, the stationary growth 

phase of Legionella, which can be induced by starvation and environmental stress, is thought to be more 

resistant to Cu (Molofsky & Swanson, 2004). Stationary growth phase, i.e., the stage entered after 

Legionella are released from the host organism, is also thought to be more relevant to Legionella 

transmissivity (i.e., virulence). However, previous work regarding the efficacy of Cu as a biocide focused 

on Legionella generated from nascent colonies grown on agar media (i.e., plate scrapes) (Y.-S. E. Lin et al., 

1996), which contains a mixture of growth phases and, without other pre-treatment steps, consist largely of 

exponential phase cells or an unknown mixture of exponential and stationary cells. More recent work has 

demonstrated that strain dependency results in 4-fold difference in susceptibility (Bédard et al., 2019), but, 

to our knowledge, the impact of the physiological state of Legionella on the biocidal capacity of Cu has not 

been explicitly investigated. 

Here we provide an integrated and comprehensive examination of the impact of key water chemistry factors 

on Cu speciation and precipitation on the culturability of L. pneumophila in bench-scale experiments. We 

determine the impact of pH, levels of orthophosphate corrosion inhibitor, and NOM on the levels of total, 

soluble, and Cu2+ ions in a simulated drinking water environment and investigate their resulting impact on 

exponential and stationary-phase Legionella. The results are contextualized with respect to trends in 

comparable field-data in order to improve guidance on effective application of Cu as a Legionella control 

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 used as 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 phosphate-based corrosion inhibitor and some NOM; 2) granular activated carbon 

(GAC), which removed chlorine and additional NOM; and 3) a 0.22 µm pore size mixed cellulose ester 

filter (MilliporeSigma) to remove particles and microorganisms. Afterward, the base water had <0.05 mg/L 

total chlorine (>98.3 % removal), <10 µg/L phosphorous (>97.5 % removal), and <0.5 mg/L organic matter 

(Table A.1). This water was autoclaved at 121 °C for 15 minutes. Glassware was used as a non-reactive, 

inert material to conduct all experiments. All glassware used was soaked in 10 % nitric acid for 24 hours, 

rinsed with reverse osmosis water, and autoclaved. All experiments were carried out at 37 °C in a walk-in 

incubator (Thermmax, Warminster, PA) to mimic worst-case portions of building water plumbing systems 

(bottom of electric water heaters (Brazeau & Edwards, 2013), convectively mixed distal taps (Rhoads et al., 



 

53 

 

2016) or tempered water after mixing valves) and eliminate temperature as a factor that may negatively 

impact Legionella culturability. pH was adjusted with 0.2 N sulfuric acid or 0.1 N potassium hydroxide. 

Cu stock solutions of 100 mg/L Cu as CuSO4 (Sigma-Aldrich, St. Louis, MO) were freshly prepared and 

adjusted to pH= 4.0±0.05 to 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 summation of orthophosphate 

components (PO43-, HPO4
2-, H2PO4

-) are noted in units ñas PO4
3-ò in the main text. Two NOM stock 

solutions were prepared from cleaned humic acid (HA) (Sigma-Aldrich) solutions after sequential 

alkalinization and acidification to remove impurities (Zhang, 2005), or Suwannee River II fulvic acid (FA) 

(Standard FA, International Humic Substance Society). 

Kinetics of copper precipitation 

Cu precipitation tests were performed in batch reactors (Figure A.1). Base water was dosed with 0, 30, 300, 

and 1000 µg/L Cu, and pH was adjusted to 7.0, 7.5, 8.0, or 8.5 (±0.05 pH units). Total and soluble Cu, Cu2+ 

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 pH drift due 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 µg/L as background throughout the experiments.  

Copper speciation 

The impact of pH and ligands on Cu speciation were evaluated in experiments set up in the same manner 

as the precipitation tests (Figure A.2) in triplicate. When analyzing pH impact, Cu was added to achieve a 

final concentration of 1,000 µg/L Cu to base water at the target pH. When analyzing the impact of Cu 

ligands, orthophosphate (at 0.5 and 1 mg/L orthophosphate as PO4
3-) or NOM (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 

µg/L and pH re-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 of Cu2+. Biological 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 transferring 10 mL solutions from sacrificial reactors, after mixing by inverting, 

into sterile tubes (Evergreen, Buffalo, NY). Soluble Cu was operationally-defined by filtration through a 

0.45 µm pore size nylon syringe filter (Whatman, GE Healthcare, Pittsburgh, PA). 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 (ICP-MS) and spectrophotometry with HACH Cu Ver1 reagents (Method 8506, 

Hach, Loveland, CO) for a range of experimental conditions. Since the results of both methods were in 

good agreement (Figure A.3), the colorimetric method was used to check concentrations during 

experimental runs and one of three replicates were cross-checked with the ICP-MS for QA/QC. Cu2+ were 

measured by ion selective electrode (Cole-Parmer, Vernon Hills, IL) following instructions provided by the 

manufacture with 50 mL samples pre-dosed with 1 mL ionic strength adjustment (ISA) solution (5 N 

NaNO3). The ion selective electrode was checked every two hours for calibration drift using methods 

recommended by the manufacturer (Cole-Parmer Instrument Company, 2020), with a limit of quantification 

of 50 µg/L. Relative standard deviation (RSD) of the ion selective electrode was determined with 10 

individual tests as < 20% variation when total Cu > 100 µg/L and over 50 % when total Cu < 50 µg/L 

(Figure A.4). 

L. pneumophila cultivation experiments  
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Bacterial culture preparation 

L. pneumophila cultures were freshly prepared for each experimental run. L. pneumophila serogroup 1 

strain 130b, was obtained from the U.S. Centers for Disease Control and stored at -80 C in buffered yeast 

extract (BYE) broth (10 g ACES, 10 g yeast extract, 1 g Ŭ-ketoglutaric acid, 0.4 g L-cysteine and 0.25 g 

ferric pyrophosphate per litter) with glycerol (20% vol/vol). Frozen stocks were isolated onto buffered 

charcoal-yeast extract (BCYE) agar plates (12 g agar, 2 g activated charcoal, 1 g Ŭ-ketoglutarate 

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 cycloheximide, 

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

L. pneumophila at an initial optical density at wavelength of 600 nm (OD600) of 0.2 (Implen) by transferring 

1 mL of sterile BYE broth onto t-streaked culture plates and harvesting colonies with a 3× flame-sterilized 

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 by OD600 growth curves (Figure A.5). After broth 

culture, cells were pelleted by centrifuging at 5000 × 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 ~3×108 

colony forming units (CFU)/mL (McFarland Standard No. 1, OD600=0.257) (Weinstein & Patel, 2018). 

Subsequently, ~3×106 CFU/mL dilutions were used for each experimental run.  

Copper inactivation tests  

Cu inactivation test procedures were similar to those of the Cu speciation tests (Figure A.6). All Cu 

inactivation tests were performed at initial total Cu of 800 µg/L, unless otherwise stated, which represents 

the upper limit of recommended copper ion levels for copper inactivation (Y.-S. E. Lin et al., 1996; Y.-S. 

e. Lin et al., 2002; Stout & Yu, 2003, p. 200). After Cu dosing, ligand addition (at pH 7 only; none, 0.5, 3 

mg/L phosphate as PO4
3-, or NOM=5 mg/L as TOC), pH adjustment (7.0, 7.5, 8.0, or 8.5), and 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 inoculate L. pneumophila. After mixing, initial L. 

pneumophila levels were quantified 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 

culturable L. pneumophila, targeting time points of t=10, 20, 30, 40, 50, 60, 120, 240, and 360 mins. All 

Cu inactivation data was fitted with Chick-Watson first order inactivation curves and the disinfection 

constants were estimated by best fitted lines using least squares method. Biological 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 inactivation tests using early stationary phase L. pneumophila, total 13 replicates (3 from pH=7 and 8.5; 

2 from PO4
3- =3 mg/L and NOM=5 mg/L; and 1 from pH=7.5, 8, and PO4

3-=0.5 mg/L) showed negligible 

reduction in L. pneumophila with time, and therefore controls were combined across experiments for 

statistical comparison.  

L. pneumophila enumeration 

One milliliter of solution was transferred to sterile tubes pre-dosed with EDTA (molar ratio of 

EDTA:Cu=5:1) to complex Cu. We confirmed EDTA had no impact on culturability of L. pneumophila in 

our experiments. Serial dilutions (1:10-1:105) were prepared with base water and 10 µL was transferred 

onto BCYE+GVCP agar plates using a multichannel pipette in triplicate (Figure A.6). Only dilutions with 

3-30 distinct L. pneumophila colonies 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 µL was plated. Where the number of CFUs 

was expected to be few, 100 µL 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 were incubated at 37 °C and enumerated after 72 hrs.  
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Drinking water utilities field-data analyses 

Thirty-three large drinking water utilities were selected from a 1990 systematic survey of drinking water 

utilities (Dodrill & Edwards, 1995) to be representative of their corrosion control methods (no corrosion 

control, pH control, inhibitor control, and both controls). Most recent (2018) customer confidence 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 in the U.S. using equilibrium models.  

Statistical analyses 

Statistical differences in Cu speciation and Cu inactivation data were determined using ANOVA with post 

hoc Tukeyôs Test or Kruskal-Wallis test with post hoc Dunnôs Test (Bonferroni correction) in R (3.4.3). 

The summary statistics (mean, standard deviation) and statistical difference for left-censored (below LOQ 

or LOD) datasets were calculated using regression on order statistics (ROS) and maximum likelihood 

estimation (MLE) regression test (US EPA, 2015) in R (3.4.3). Significance threshold was set at P Ò 0.05. 

Calculations and graphs were generated using R (3.4.3) and Microsoft Excel 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 

quantifying the impact of these changes on the toxicity of Cu to Legionella. Finally, a systematic 

comparison of publicly-available 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 reported.  

Copper speciation and solubility experiments 

Copper stability 

Water was dosed with Cu at 30, 300, or 1000 µg/L at pH of 7.0, 7.5, 8.0, or 8.5 to examine precipitation 

and speciation kinetics (Figure A.1). Cu species (total, soluble, Cu2+) generally reached short-term 

equilibrium after 20 mins of incubation (Figure 3.1). 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 naturally-occurring pH shifts. Cu did not significantly (< 2%) precipitate at the lower doses 

of 30 and 300 µg/L at any pH level. At 1000 µg/L, more Cu precipitated (i.e., less soluble Cu was measured) 

at the higher pH, as would be predicted based on solubility (Figure 3.2A).  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 Cu2+ ions decreased even more dramatically as pH increased. At a dose of 300 µg/L Cu at pH 7.0, 

50.8% of the Cu was present in the form of Cu2+, dropping to <11.7% at pH 8.5. A similar trend was 

observed at a Cu dose of 1000 µg/L (Figure 3.2B).  
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Figure 3. 1. Cu species (total Cu, soluble Cu, and Cu2+) concentration as a function of time at pH of 7.0, 

7.5, 8.0, and 8.5. Cu2+ levels at total Cu=30 µg/L are not shown because they are below the probe 

quantification limit of 50 µg/L. For other conditions, Cu2+ measurements < 50 µg/L are plotted as 25 µg/L 

for visualization purposes. 
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Figure 3. 2.  Steady-state percentage of Cu measured at 20-240 minutes as (A) average soluble Cu and (B) 

average Cu2+. All data points represent the average of all data collected after 20 minutes of incubation; error 

bars represent standard deviation. n Ó3 (median = 6) for each data point. Cu2+ levels at total Cu=30 µg/L 

are not shown because it is below the Cu2+ probe quantification limit of 50 µg/L. Due to a substantial portion 

of the data being censored (Cu2+ < 50 µg/) in the Cu=300 µg/L condition at pH=8 and 8.5, as well as 

Cu=1000 µg/L at pH=8.5, means are not computed and are plotted at 25 µg/L for visualization purposes 

for these conditions.    

Copper speciation 

The presence of Cu ligand-forming components reduced the solubility and/or level of Cu2+. The addition 

of 2-5 mg/L humic acid or fulvic acid (as TOC) produced < 50 µg/L of Cu2+ and completely prevented 

precipitation (Figure 3.3). The condition with 5 mg/L HA was utilized for further Cu inactivation 

experiments. At 1000 µg/L, the addition of just 0.5 mg/L PO4
3- as orthophosphate at pH 7 reduced soluble 

Cu from 813.8 µg/L (89.1% of total Cu) without PO4
3- to 407.8 µg/L (48.6% of total Cu) and reduced 

Cu2+ from 52.9% down to 6.1% (Figure 3.3). These observed soluble and Cu2+ levels were generally 

greater than predicted by chemical equilibrium models, consistent with the short-term 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 of CSI systems, because the lower levels of copper 

predicted by complexation and precipitation did not occur.

 

Figure 3. 3.  Cu speciation (total, soluble, Cu2+) in base water at various pH (7-8.5) and with addition of 

ligand-forming constituents (PO43-, 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 after 20-240 mins incubation. For the pH=8.5 and PO4
3- 

dosing at 1 mg/L conditions, Cu2+ summary statistics were not computed due to the high amount of left-

censored data (i.e., below the quantification limit of 50 µg/L), therefore the means are displayed at 25 µg/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 or Cu2+ levels that were significantly different from those at pH=7 

are indicated above the corresponding bars in the charts (Kruskal-Wallis test with post hoc Dunnôs Test 

(Bonferroni correction) or regression by maximum likelihood estimation for left-censored data, ñ***ò for 

p<0.001 and ñ**ò for p<0.01). For water chemistry conditions to the right of the dashed line, the bars 

represent results of one trial using total Cu=800 µg/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  

Exponential vs. stationary phase 
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Exponential phase L. pneumophila cultures were 2.5 times more susceptible to Cu relative to early 

stationary phase cultures (Figure 3.4). In 120 mins, 800 µg/L total Cu at pH=7.0 caused complete loss of 

detectable CFUs (~4.5-log reduction) relative to a 1.8-log reduction in CFUs for early stationary phase L. 

pneumophila. Control 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 test). Lin et al. (Y.-S. E. Lin et al., 1996) showed that 

800 µg/L Cu was able to reduce L. pneumophila in DI water by over 6 logs (presumed to be in exponential 

phase due to using nascent colonies from plate scrapes) in 90 mins. Our data suggest that the transmissive 

form of Legionella, which is thought to exist outside of host organisms, can be more resistant to Cu than 

previously understood. 

 

 

Figure 3. 4.  L. pneumophila log reduction in CFU for exponential phase and early stationary growth phase 

with and without 800 µg/L Cu at pH=7. Data points and error bars represent the average and standard 

deviation of triplicate independent sacrificial 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 time point according to the plate 

dilutions applied. 

Impact of Cu concentration  

To understand the Cu concentrations needed to reduce stationary phase L. pneumophila, three levels of Cu 

spanning biocidal level recommendations (200 µg/L, 600 µg/L, and 800 µg/L) were applied, with pH=7.0 

to maximize concentration of Cu+2 (Figure 3.2). At a dose of 200 µg/L total Cu, which yielded less than 10 

µg/L Cu+2 (Figure 3.1A and Figure A-6), there was only ~1.5 log reduction in L. pneumophila over 360 

mins compared to 0.11-log reduction in a control without added Cu (Figure 3.5). At 600-800 µg/L total Cu, 

which were not significantly different (p> 0.05 across all sampling points, ANOVA), where Cu+2 was 317.4 

- 423.2 µg/L in the Cu speciation tests, L. pneumophila was reduced by up to 4-logs over 360 mins.   
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Figure 3. 5.  Early stationary L. pneumophila log reduction with different Cu doses as a function of time at 

pH=7. Data points and error bars represent the average and standard deviation of triplicate independently 

sacrificed inactivation reactors. ñControlò and ñControl w/ EDTAò were not dosed with Cu, with one trial 

for each, measured over several time points, to demonstrate stability in the control conditions. 

Impact of Cu speciation 

To analyze the effects of water chemistry on Cu inhibition of stationary L. pneumophila, 800 µg/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 

PO4
3- or 5 mg/L NOM as TOC. Control experiments without any Cu dosing indicated < 0.7 log CFU 

reduction in all tested conditions over 360 minutes (Figure 3.6). As pH increased from 7.0 to 8.5, the log-

reduction in Legionella CFUs at t=360 mins decreased from 3.65 to 1.34 (Figure 3.6). With the addition of 

5 mg/L NOM, which is at the higher range of what is typical for drinking water (Volk et al., 2000), the 

toxicity of Cu was virtually eliminated (Figure 3.6), consistent with undetectable Cu2+ ions due to the 

formation of organic Cu ligands (Figure 3.3). With the addition of 0.5 mg/L PO43-, Cu was less biocidal 

than without phosphate, but it still reduced L. pneumophila by more than 2 logs. At higher phosphate levels 

(3 mg/L PO4
3-), similar to the higher levels used in municipal drinking water systems for lead and Cu 

corrosion control, Cu only had a 1-log reduction in culturable Legionella and was not significantly different 

than the control (p-value=0.092, ANOVA).  

The negative effect of elevated pH on soluble Cu and toxicity toward Legionella has been demonstrated 

before with presumed exponential phase Legionella, but only at the two pH extremes of 7.0 and 9.0 (Y.-S. 

e. Lin et al., 2002). Here, we demonstrate Cu toxicity towards stationary phase L. pneumophila, with finer 

granularity over this key pH range, demonstrating there is a gradual drop off of Cu toxicity as Cu is 

precipitated. In addition, previous work reported that 20 mg/L dissolved organic carbon was needed to 
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eliminate Cu toxicity, suggesting that only unrealistic levels of organic matter for drinking water would 

likely impact Cu toxicity (Y.-S. e. Lin et al., 2002). However, here, we demonstrated that 5 mg/L organic 

carbon, at the higher range of what is typical for drinking water (Volk et al., 2000) can also nearly eliminate 

Cu toxicity.  Based on the copper speciation results, it is reasonable to expect that even doses as low as 2 

mg/L HA or FA would have also reduced toxicity (Figure 3.3), in contrast to the prior study indicating no 

impact of 2 mg/L on Cu toxicity (Y.-S. e. Lin et al., 2002). It is possible that the higher hardness in the 

earlier work (110 mg/L as CaCO3) versus this work (30 mg/L as CaCO3) maintained the antimicrobial 

effects of Cu+2 in the presence of 2 mg/L. When we added 70 mg/L extra calcium hardness to our water 

with NOM, we observed a >50% increase in Cu+2 levels in the water. Finally, we demonstrate for the first 

time that enhanced corrosion control, with the addition of phosphate-based corrosion inhibitors that 

complex Cu, also reduce Cu toxicity by 3.9× at concentrations relevant to drinking water.  

 

Figure 3. 6.  Log reduction in early stationary phase L. pneumophila after 6 hours of incubation under the 

indicated water chemistry conditions. Control group combines measurements without Cu at pH=7, 7.5, 8, 

8.5, PO4
3-=3 mg/L and NOM=5 mg/L as TOC (13 replicates total; 3 from pH=7 and 8.5; 2 from PO4

3-=3 

mg/L and NOM=5 mg/L; and 1 from pH=7.5, 8, and PO4
3-=0.5 mg/L). Bars and error bars represent average 

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

log(Ct/C0) reduction that were significantly different from those of pH=7 condition (ANOVA test, ñ***ò 

for p<0.001; ñ**ò for p<0.01) and control condition (ANOVA test, ñ###ò for p<0.001; ñ##ò for p<0.01) are 

labeled below the bars.   

Estimating Cu disinfection coefficient 
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The Chick-Watson model, ÌÎ
ὔ
ὔ Ὧὅὸ, was used to calculate the Cu disinfection constant for the 

strain of L. pneumophila used in this study, k (L*µg-1*min-1), where Nt is the average of three replicates of 

culturable L. pneumophila at time t, No is the average initial culturable L. pneumophila at time=0 min, and 

C is the biocidal copper concentration. Four forms of copper were considered for modelling the reduction 

in L. pneumophila: measured total Cu, soluble Cu, Cu2+, and inorganic soluble Cu (inorganic ligands 

complexed portion of soluble Cu). The latter was estimated using thermodynamic equilibrium models based 

on the measured Cu2+, soluble Cu, pH, and published complexation constants for Cu(OH)+ and Cu(OH)20. 

We assumed that chloride Cu complexes were negligible in the base water used in this experiment (Table 

A.2).  

The Cu disinfection constant for L. pneumophila ranged from 4.1×10-6 to 8.9×10-4 L*µg -1*min-1 (Figure 

A.7). Despite 2-orders of magnitude variation, all estimates fit Chick-Watson model with R2 > 0.8 for all 

conditions, except the condition with 5 mg/L NOM-as TOC (R2 > 0.5). This was likely due to <0.6 log10 

reduction in Cu inactivation experiments and the large fraction of the soluble Cu existing as bio-unavailable 

organically-bound Cu. Across this wide range of pHs, phosphate, and 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 waters 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 Cu2+ were reduced by 69.7 and >94.4%, respectively, compared 

to pH 7.0, did the log CFU/mL reduction 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 system (DeBerry et al., 1982), 

resulted in substantial reduction Cu2+, but 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., Figure 3.6); 2) other forms of soluble Cu besides Cu2+ (assumed to be Cu hydroxide species in 

this study) still exerting toxicity towards Legionella; and 3) reduction in competition for complexation of 

toxic forms of Cu between hydroxide ions and biomass (Meador, 1991). This clearly demonstrates that not 

all soluble Cu has the same biocidal capacity. 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 complexation (Edwards et al., 1996, 

1994; Schock et al., 1995). 

Estimating Chick-Watson model disinfectant coefficient from Lin et al.ôs work, using soluble copper 

measured in their experiment, yielded 3.53×10-4 L*µg -1*min-1, this is approximately 100 times higher than 

estimated herein, resulting in much faster Cu-induced L. pneumophila disinfection rates. Some key 

differences in experimental conditions likely contribute to this difference, including strains used (Bédard et 

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

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 µm filter definition herein. 

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

constants are not substantially different.  

Total Cu and Cu2+ trends among drinking water utilities over the last three decades    

We compared reported 90th percentile Cu levels at 33 major drinking water utilities in 1990 (Dodrill & 

Edwards, 1995) to the most recent data for the same utilities in 2018 in publicly-available consumer 

confidence reports. As expected, given that Cu pipes aged and corrosion control efficacy has improved, the 

average 90th percentile total Cu levels have decreased in more than 90% (30 of 33) of utilities surveyed, 

from an average 477 µg/L in 1990 to 223 µg/L in 2018 (Figure 3.7). Out of 33 surveyed utilities, 11 had 

data on phosphate, pH, and alkalinity available to predict Cu2+ levels in both 1990 and 2018 using 

MINEQL+ software with the assumption that all 90%ôile copper was soluble (Edwards et al., 2002; Schock 
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et al., 1995). Overall, results from 1990 indicated a range of predicted Cu2+, from 0-293 µg/L, with a median 

level of 11 µg/L (Figure 3.7). The 2018 results indicated a range of Cu2+ from 0-54 µg/L, and a median 

level of 1 µg/L. This analysis confirms that characteristic Cu2+ levels likely decreased more dramatically 

(>10x) than total or soluble Cu (2x). This is a potential contributing factor that has not previously been 

suggested related to increasing incidence of Legionnairesô disease, even though Cu pipes are the primary 

material used in commercial buildings. Other potentially prominent factors thought to contribute to 

increasing rates of Legionnairesô disease include improved diagnosis and reporting, aging of the national 

water infrastructure, and an aging population (Falconi et al., 2018).  

 

Figure 3. 7.  Total Cu (90th percentile) extracted from Consumer Confidence Reports of 33 major drinking 

water utilities from 1990 and 2018. Total Cu (90th percentile) and estimated Cu2+ of a subset of 11 utilities 

for thermodynamic equilibrium models. 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 least a 2-log reduction in bulk water L. 

pneumophila in 6 hours, it would be necessary to maintain a level of copper inorganic complexes at about 

600 µg/L. While passive control of L. pneumophila has been documented, the increased use of phosphate-

based corrosion control has decreased baseline levels of Cu in drinking water systems down to an average 

90th percentile Cu of ~250 µg/L. The increased phosphate dose also likely disproportionately decreased the 

forms of soluble Cu that are most biocidal (Figure 3.6 and 3.7). For CSI systems, EPA and WHO 

recommend regular monitoring of total Cu levels (US EPA, 2016; WHO | Legionella and the Prevention of 

Legionellosis, 2007) and published studies suggest that 200-800 µg/L for Cu and 10-80 µg/L for silver will 

be effective (Cachafeiro et al., 2007; Y.-S. E. Lin et al., 1996; Miuetzner et al., 1997; US EPA, 2016). Our 
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results demonstrated that these levels would not be sufficient for a wide range of relevant conditions, 

including higher pH, high levels of NOM, or presence of orthophosphate corrosion inhibitors, at least for 

copper alone (Y.-S. E. Lin et al., 1996). This study also helps explain noted discrepancies in observed 

effects of copper on Legionella reported in the literature (Cullom et al., 2020; Y.-S. e. Lin et al., 2002; 

Mathys et al., 2008; Stout & Yu, 2003; Walraven et al., 2016). In practice, to balance corrosion inhibition 

and counter other water chemistry effects on Cu biocidal efficacy, in-building water chemistry adjustment 

and other applicable L. pneumophila control technologies should be considered. At a minimum, those 

implementing CSI should measure soluble Cu and organic carbon. Organic carbon concentrations in the 

range of 2-5 mg/L are at higher risk of decreasing Cu biocidal efficacy (Y.-S. e. Lin et al., 2002). Here, 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 also be of value (Y.-S. E. Lin et al., 1996).  

Other factors not examined in this study is also likely to impact Cu toxicity: Legionella strain. Recently, an 

up to 4-fold variation in the susceptibility to cupric chloride was reported among various environmental 

strains of Legionella tested (Bédard et al., 2019).  In addition, exposure to Cu may induce viable but non-

culturable (VBNC) Legionella that may regrow once the external stress (i.e., Cu) is removed or changes in 

conditions encourage their growth (e.g. amoeba host), 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, Legionella residing 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 Cu (Borella et al., 2005) and 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 

 

 

Figure A. 1. Copper stability tests workflow. All water was pre-heated to 37 °C.  

Figure A. 2. Copper speciation tests workflow. All water was pre-heated to 37 °C. 
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Figure A. 3. Measured Cu concentration comparison between Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS) and HACH Method 8506. Samples were acquired from a field sampling of Cu 

plumbing systems and subjected to two measurement 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 function of total 

copper levels. Each data point includes 10 measurements to calculate RSD. 
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Figure A. 5. L. pneumophila strain 130b growth curve. Absorbance was calculated by 2-log(%T), where T 

as transmission measured by Spectronic 20 Spectrophotometer. 
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Figure A. 6. Copper inactivation tests workflow. All water was pre-heated to 37 °C. 
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Figure A. 7. Disinfection rate k comparison across different water chemistry conditions using 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 three filter treatments. Base water prior and post 

three filter treatments samples were tested once during Cu speciation tests.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

76 

 

 

Table A. 2. MINEQL+ model of representative base water conditions (pH=7, alkalinity=40 mg/L) 

predicting Cu (0.8 mg/L or 1.25E-5 M) species at equilibrium (assuming no solids formation to represent 

short-term steady state). Note other soluble Cu complexes represent < 0.1% total Cu individually.  
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 Pilot-Scale Assessment Reveals Interactive 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 controlling Legionella growth in hot water plumbing systems, 

but its efficacy can be highly variable. Here we examined the interactive effects of Cu (0 - 2 mg/L), 

orthophosphate corrosion inhibitor (0 or 3 mg/L as phosphate), and water heater anodes (aluminum vs 

magnesium vs powered anodes) on both bulk water and biofilm-associated L. pneumophila in pilot-scale 

water heater systems. It was found that soluble, but not total, Cu was a good predictor of antimicrobial 

capacity of Cu. Remarkably, even very high levels of Cu (>1.2 mg/L) and low pH (<7) only marginally 

(~1-log) reduced culturable L. pneumophila after months of exposure. Copper antimicrobial capacity was 

shown to be limited by various factors, including binding 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 outbreak-associated L. pneumophila strain that was inoculated into the system. L. 

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, pilot-scale nature of this study provided new understanding to the limitations 

of the application of Cu as an antimicrobial in real-world plumbing systems. The overall findings can help 

improve control of Legionella in systems with copper pipe or active Cu-silver dosing.   

INTRODUCTION  

The drivers behind the variable antimicrobial effects reported for copper towards Legionella pneumophila 

are not well understood. Copper that is dosed through copper-silver ionization (CSI) systems or naturally 

released from copper pipe corrosion has been demonstrated to influence levels of Legionella in bench-scale 

and pilot-scale experiments, as well as in real-world hot water plumbing systems, such as those encountered 

in hospitals (Cachafeiro et al., 2007; Y.-S. E. Lin et al., 1996; Miuetzner et al., 1997; US EPA, 2016). In 

many cases achieving total copper levels of 0.2 ï 0.8 mg/L, which are below the US Environmental 

Protection Agency (EPA) or World Health Organization (WHO) copper drinking water guidelines of 1.3-2 

mg/L (Guidelines for Drinking-Water Quality, 4th Edition, Incorporating the 1st Addendum, 2017; US 

EPA, 2015), did decrease the levels of Legionella as expected (Cachafeiro et al., 2007; Y.-S. E. Lin et al., 

1996; Miuetzner et al., 1997). However, other studies have shown that copper had no impact on Legionella 

levels (Bédard et al., 2021; Y.-S. e. Lin et al., 2002; Mathys et al., 2002; Song et al., 2021). In a few cases, 

e.g., in bench-sale experiments (Buse et al., 2014) and in recirculating hot water systems with copper pipes 

(Gião et al., 2015; Mathys et al., 2008), higher copper levels were actually associated with higher levels of 

Legionella. 

Many factors can hypothetically diminish copper antimicrobial properties including: 1) precipitation of 

copper due to higher pH and phosphate-based corrosion inhibitors (Y.-S. e. Lin et al., 2002; Mathys et al., 

2002; Song et al., 2021); 2) complexation of copper by ligands such as natural organic matter (Song et al., 

2021); 3) competition for cell binding sites with metal ions such as Ca2+ (Ebrahimpour et al., 2010; 

Pourkhabbaz et al., 2011); and 4) species or strain-specific tolerance to copper (Bédard et al., 2021). We 

recently hypothesized that copper could enhance Legionella growth by: 1) serving as a micronutrient; 2) 

catalyzing nutrient generation, including hydrogen evolution from anode rods (Cullom et al., 2020), or 3) 

causing a shift in microbial community structures that support Legionella proliferation (e.g., favoring 
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amoebae hosts) (Buse et al., 2014; Falkinham et al., 2015; Lu et al., 2014). To our knowledge, no well-

controlled studies have reproduced circumstances in which all three effects of copper on Legionella growth 

(i.e., reduces, promotes, or has no effect) occurred under 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 antimicrobial copper for L. pneumophila control. To 

understand how these factors interact under a backdrop of complexity characteristic of real-world systems, 

four controlled, semi-continuous flow pilot-scale 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. pneumophila, the WH-Cu system received step increases in influent copper dose (0 - 2000 µg/L) every 

3-4 months.  The WH-Cu+PO4 received the same step increases in copper, in addition to a constant dose of 

3 mg/L PO4 
3-, while the WH- PO4 system served as an additional control and only received the 3 mg/L PO4 

3-
, After the 2000 µg/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 inert glass 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 limits L. pneumophila proliferation. 

MATERIALS AND METHODS  

Hot water plumbing system configuration and operation 

Four identical 19-gallon electric water heaters with aluminum (Al) anodes were connected in parallel to 

Blacksburg, VA tap water. Heated water was continuously recirculated through a 15-ft PEX-b pipe on each 

plumbing system (Figure B.1). Influent water to the plumbing systems was delivered by 1/2ò copper (Cu) 

pipes to four in-line GAC filters and two ferric oxide (Brightwell Aquatics, Fort Payne, AL) filters to reduce 

disinfectant, background metals, and phosphate coming from the distribution or plumbing system (i.e., 

treated influent water). The influent flow rate was set at 0.5 gpm and effluent from the plumbing systems 

was treated by two in-line ultraviolet disinfection units (Viqua, Guelph, ON) before conveyance to the 

building wastewater plumbing. Influent lines are composed of ¾-inch PVC pipes and fittings and effluent 

lines are mainly reinforced ¾-inch PVC pipes and PVC fittings (McMster-Carr, Elmhurst, IL). Water heater 

influent and effluent lines were equipped with check valves (ProLline, Memphis, TN) to prevent 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 biofilms before 

experiments began. L. pneumophila did not naturally establish during this acclimation period. Thus, two 

environmental strains of L. pneumophila serogroup-1 were inoculated at the beginning of the experimental 

phase. These two strains were previously isolated from a water system associated with a Legionnairesô 

disease outbreak (Rhoads et al., 2020). Each strain was inoculated into all four systems at 8X103 CFU/L 

followed by two months of acclimation to allow L. pneumophila to integrate into the existing microbial 

community. Inoculum concentration was determined by optical density readings (OD=600, Implen 

spectrophotometer, Westlake Village, USA) of L. pneumophila colonies scraped from agar plates, 

resuspended in autoclaved treated influent water to the system. After depressurizing each tank and removing 

the anode, inoculum 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. During the post inoculation 

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 auto-flush 12x/day for 1 minute at 0.5 gpm, mimic 

medium hot heater water usage in US (3.2 days hydraulic retention time).  

After L. pneumophila reached stable numbers in all four systems (Phase 1), according to culture-based 

measurements, a series of eight experimental phases were conducted (Phases 2-9; Table 4.1). Chemical 
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dosing pumps were automated to inject Cu, phosphate, or Cu and phosphate into water heater influent lines 

during system flushing. Conditions included targets of 3 mg/L PO4
3- (WH-PO4), variable Cu+2 (WH-Cu), 

variable Cu+2 + 3 mg/L PO4
3- (WH-Cu+PO4), and nothing dosed for a control (WH-Control) (Table 4.1). 

Target levels of Cu in WH-Cu and WH-Cu+PO4 were increased stepwise from 50, 100, 300, 600, 1200, to 

2000 µg/L (Phases 2-9). Each target Cu level was maintained for 1-3 months to achieve stable conditions 

before each sampling event (Table 4.1). After achieving a target Cu dose of 2000 µg/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 operated with 2000 µg/L Cu for >3 months 

with each anode type. 

Table 4. 1. Pilot-scale plumbing system experimental test phases. 

Phase  
Anode 

Material  

Concentration 

Targeted for Cu 

Dose, µg/L 

Duration 
Sampling 

Events 

1) Baseline1 Aluminum 0 9 weeks 4 

2) Al-502,3 Aluminum 50 4 weeks 6 

3) Al-1002,3 Aluminum 100 4 weeks 7 

4) Al-3002,3 Aluminum 300 4 weeks 6 

5) Al-6002,3 Aluminum 600 4 weeks 6 

6) Al-12002,3 Aluminum 1200 6 weeks 6 

7) Al-20002,3 Aluminum 2000 12 weeks 6 

8) Mg-20002,3 Magnesium 2000 12 weeks 6 

9) Powered-

20002,3 

Powered 2000 16 weeks 6 

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 (3 mg/L as PO4), and one received both the indicated Cu dose and phosphate (3 mg/L as PO4). 

3 The number after anode material indicate the target Cu dose in WH-Cu and WH-Cu+PO4. 

 

System sampling and analysis 

Water/biofilm Sampling Strategy 

Each phase included 4-7 sampling events (Table 4.1). 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 (1-2 L) were collected in sterile 2-L polypropylene bottles after 20 mins programmed flushing to 

waste. Recirculation line water samples (1 L) were collected in sterile 1-L polypropylene bottles after 5 

seconds of sample tap flushing, targeting water in the water heater tank. Biofilm samples from Al and Mg 

anode rods were collected at the end of the Al-2000 and Mg-2000 Phases, by depressurizing the systems, 

removing the anode rods, and swabbing the surface (~1 in2) in the middle section. The exterior of the 

plumbing system recirculation loops were sanitized with 70% ethanol, cut with similarly sanitized pipe 

cutters, and the inner surfaces (~0.68 in2) were swabbed. Sterile polyester-tip and cotton-tip applicators 
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were used in biofilm sampling for culturing and DNA samples, respectively, contacting the full length of 

the polyester/cotton portion of the applicators in a single motion (International Organization for 

Standardization, 2017.; Kozak et al., 2013). 

Water Chemistry Analysis 

Temperature, dissolved oxygen (DO), pH, phosphate, total organic carbon (TOC), total metals, 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 µm pore size nylon syringe filter (Whatman, GE 

Healthcare, Pittsburgh, PA). pH and temperature were measured using a pH 110 meter with automatic 

temperature correction (Oakton Research, Vernon Hills, Il). DO was measured using a polarized DO probe 

(Thermo Fisher Scientific Orion 3-star meter, Waltham, MA). Phosphate was measured using a 4500 

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 with 2% v/v nitric acid using inductively coupled 

plasma mass spectroscopy (iCAP RQ ICP-MS; Thermo Fisher Scientific, Waltham, WA). 

Total chlorine and total ammonia were monitored in treated influent water using a 4500 HACH 

spectrophotometer with DPD (Method 8167, HACH) and Salicylate (Method 8155, HACH) and were 

confirmed to be low (<0.05 mg/L total chlorine and <0.06 mg/L NH3-N). Hydrogen measurements in water 

samples were included in some sampling events during the Baseline, Al-600, Al-2000, Mg-2000, and 

Powered-2000 phases using a GC method described elsewhere (Rhoads et al., 2017). Cu2+ ion 

concentrations were measured in the WH-Cu and WH-Cu+PO4 water system using an ion selective 

electrode based on manufacture instruction (Cole-Parmer, Vernon Hills, IL). Electrical potential and the 

sacrificial current flowing between the water heater tanks and 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 L-cysteine, 80,000 units/L of polymyxin B sulfate, 0.001 g/L 

vancomycin, and 0.08 g/L cycloheximide following a 30-min pretreatment at 50 °C for 30 min.27 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 upper limit 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 39 °C for 7 days and enumerated using the most 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 and 2.3x105 MPN/L for 

1:10 dilution or 1,000 and 2.3x106 MPN/L for 1:100 dilution. Potential L. pneumophila colonies 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 culture methods matched each 

other reasonably well (Table B.1), and thus subsequently used IDEXX Legiolert for L. pneumophila 

cultivation. 

Heterotrophic Plate Count (HPC). All water sample suspensions with 10X or 50X dilutions were plated 

onto R2A agar (Hardy Diagnostics, Santa Maria, CA) and cultured at 35 °C for 7 days before enumeration. 

The LLQ and ULQ of the plating methods were 2x103 and 3x104 CFU/mL for 10X dilution and 1x104 and 

1.5x105 CFU/mL for 50X dilution. 
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qPCR. After mixing, 1-1.5 L of treated influent and 0.5-1 L of plumbing system effluent water samples 

were filter concentrated onto 0.22-ɛm mixed nitrocellulose ester membranes (Millipore, Billerica, MA). 

DNA was extracted from fragmented filters using a FastDNA Spin Kit (MP Biomedicals, Solon, OH) 

following manufacturerôs protocols on the filter instead of 200 ÕL of cell suspension. Quantitative 

polymerase chain reactions (qPCR) targeting total bacterial 16S rRNA gene were performed as described 

previously (Wang et al., 2012). Briefly, for 16S EvaGreen assay, qPCR reactions were carried out in 

triplicate 10 ɛL reactions containing 1x SsoFast Evagreen Supermix (Bio-Rad, Hercules, CA), 400 nM of 

forward and reverse primers, and UV sterilized, molecular grade water with 1 ɛL of DNA template. 

Samples were diluted 1:5 (1:10 dilution utilized for WH-Cu samples in phase Mg-2000) to minimize 

inhibition. A standard curve was generated for each run using 10-fold serial dilutions of custom gBlock 

(Integrated DNA Technologies, Coralville, IA) gene fragments with a quantification limit of 10-100 gene 

copies per reaction, applied as appropriate to each qPCR run. Samples were considered quantifiable if at 

least 2 of 3 triplicates were above the LLQ. Otherwise, results were scored as non-detectable 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 (SBT). L. pneumophila isolates from the influent and WH-Cu effluent along with 

the outbreak-associated isolates inoculated to the rigs, were resuspended in 100-200 µg/L of molecular 

grade water, frozen at -80 °C for 2 hrs and heat treated at 90 °C for 1 hr to extract DNA (Azevedo et al., 

2017; Zhang et al., 2019). Seven PCR reactions targeting seven alleles flaA, pilE, asd, mip, mompS, proA, 

and neuA were conducted for each isolate with positive and negative controls (Gaia 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 Sanger sequencing. Sequence results were mapped to the European 

workgroup of Legionella infection (EWGLI) SBT database for identification ([ARCHIVED CONTENT] 

Legionella Pneumophila Sequence Based Typing, 2019).   

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 methods (Hammes et al., 2008). 

Complementary bench-scale pure culture experiments 

Pure culture experiments were performed to determine strain-based responses to Cu and elucidate the 

impact of Al ions on Cu toxicity. Details of L. pneumophila cell preparation, Cu inactivation experiments 

and L. pneumophila enumeration can be found in our previous study (Song et al., 2021). Briefly, L. 

pneumophila plate cultures (BCYE, 37 °C for 72 hr) of lab strain 130b (serogroup 1) and one outbreak-

associated strain inoculated into the experimental systems were freshly prepared from freezer stocks (stored 

in BYE broth with 20% v/v glycerol) for each experimental run. Note, only one inoculated strain was used 

for follow-up bench scale test since both strains were found to be the same SBT. BYE broth was inoculated 

with L. pneumophila from the freshly inoculated plates at an initial optical density at wavelength of 600nm 

(OD600) 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 ~3X108 colony forming units (CFU/mL) using sterilized treated influent water. Subsequently, 

~3X108 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 Al as Al2(SO4)3), 

pH adjustment (7.5, 7.0, or 6.5) and 20 minutes mixing, the glass bottles (acid washed and sterilized) were 

moved to a biosafety cabinet where L. pneumophila was inoculated. Initial L. pneumophila levels were 

quantified and solutions were transferred to 50 mL glass reactors and incubated at 37 °C. Reactors were 

inverted to homogenize and sampled to quantify culturable L. pneumophila at t=10, 40, 60, 120, 240, 360, 
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and 1440 min in triplicate. The Cu inactivation data were fitted with Chick-Watson first-order inactivation 

curves, and the disinfection constants were estimated by best-fit regression using the least-squares method.  

Statistical Analysis 

Statistical differences in culturable L. pneumophila were determined using ANOVA with post hoc Tukeyôs 

Test or Kruskal-Wallis test with post hoc Dunnôs Test (Bonferroni correction) in R (version 3.6.1). 

Significance threshold was set at a p value Ò 0.05. Calculations and graphs were generated using R (version 

3.6.1) and Microsoft Excel 2016 (Microsoft). 

RESULTS 

Baseline Conditions: Inoculation and Establishment of L. pneumophila 

After the 2-year conditioning phase of the water heaters with tap water containing with low ambient Cu (< 

30 µg/L) no culturable L. pneumophila was detected in the influent or recirculating lines of the water heaters. 

After the outbreak-associated L. pneumophila were inoculated directly to each water heater and allowed to 

establish for nine weeks while receiving treated (GAC and ferric oxide filtered) influent water (Table 4.1), 

L. pneumophila increased to 2-4x105 MPN/L, approximately 2-logs higher than the inoculated dose, and 

there were no significant differences between the four replicate systems (Figure 4.1A). 

We discovered at phase Al-1200 (when influent water L. pneumophila monitoring began) that L. 

pneumophila of the same sequence type as the inoculated strain (ST 36) colonized the influent water supply 

at about 1.3-7.7x103 MPN/L (Table B.2). Thus, the inoculated strain migrated upstream of the spring-check 

valve (i.e., against the direction of normal flow) to colonize the GAC filters. The treated influent L. 

pneumophila levels were consistently ~2-log lower compared to the lowest system effluent samples, 

demonstrating robust growth of L. pneumophila in the hot water system tank and recirculation line (Table 

B.3). 

Effect of Cu Dosing on L. pneumophila  

High Cu doses were required to decrease L. pneumophila 

Median L. pneumophila in the WH-Control without chemical dosing remained constant over the duration 

of the experiment, around 2-3x105 MPN/L (Figure 4.1A, Figure B.2). Levels of L. pneumophila in the WH-

PO4 were generally not significantly different from those in the control without phosphate, except during 

phase Al-100 when it was ~0.2-log lower than the control (ANOVA test with post-hoc Tukey test, p=0.0019) 

and in phase Al-2000 when it was ~0.6-log higher than the control (p<0.0001).  

No antimicrobial effects of Cu were observed in the WH-Cu until the target level of 1200 µg/L Cu was 

achieved. At this point, WH-Cu yielded ~0.4-log less L. pneumophila than the control condition (Kruskal-

Wallis with post-hoc Dunn test, p=0.01). After increasing the target Cu dose to 2000 µg/L, the L. 

pneumophila further declined by an additional ~0.5-log.  

The addition of orthophosphate not only eliminated the antimicrobial effects of 1200 and 2000 µg/L Cu, 

but L. pneumophila levels in the WH-Cu+PO4 heater were 0.3-0.6 logs higher than WH-Control in 5 of 6 

dose phases (Kruskal-Wallis with post-hoc Dunn test, p<0.05). Addition of orthophosphate and Cu together 

also resulted in 0.2-0.4 logs higher L. pneumophila relative to the WH-PO4 system in 2 of 6 dose phases 

(Kruskal-Wallis with post-hoc Dunn test, p<0.05). This demonstrated a scenario where Cu addition can 

increase L. pneumophila numbers, i.e., when orthophosphate is also dosed. 

Al anode biofilm samples collected from WH-Cu at the end of phase Al-2000 were found to contain more 

than 1-log less L. pneumophila (<1x104 CFU/in2) relative to WH-PO4 and WH-Cu+PO4 (1.7-2.3x105 

CFU/in2). However, it is important to note that L. pneumophila levels were also very low in WH-Control 
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biofilm samples (<1x104 CFU/in2; Table B.9), which makes it difficult to pinpoint effects specifically 

attributable to Cu addition.  

Cu speciation and bioavailability 

Total Cu was consistently <30 µg/L in the WH-Control and WH-PO4 systems, where no Cu was dosed. For 

WH-Cu and WH-Cu+PO4, Cu levels were maintained within 35% of the target dose (Figure 4.1B). 

In WH-Cu and WH-Cu+PO4, the pH ranged from 6.22-6.73 across all phases (Table B.4), resulting in 36-

65% soluble Cu in WH-Cu, but <10% soluble Cu in WH-Cu+PO4. The mean level of cupric ion (Cu2+) rose 

to 80 µg/L and 150 µg/L when the target Cu concentration was 1200 µg/L and 2000 µg/L, respectively, but 

Cu2+ was always undetectable in WH-Cu+PO4. Low Cu solubility (high particulate Cu) in WH-Cu+PO4 

due to precipitation of cupric phosphate solids was observed, as expected, and contributed to high variability 

in total Cu measurements (Figure 4.1B).   
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Figure 4. 1. A) Culturable L. pneumophila levels in water heater recirculating lines measured by Legiolert. 

Boxes report the 25th, 50th, and 75th percentile of repeated samplings in each phase and whiskers represent 

1.5 times the interquartile range (n=6-7). Statistically significant differences are indicated above each 

boxplot, relative to WH-Control for that phase: *** - p<0.001, **- p<0.01 and *- p<0.05. B) Measured total 

and soluble copper concentrations. Data are shown for phases Al-50 ï Al-2000 (n=6-7 for each 

measurement). 

Impact of Anode Rod Type on Water Chemistry and Efficacy of Antimicrobial Cu  

Culturable L. pneumophila impacted by anode type 

The WH-Control condition afforded the opportunity to examine the effect of the anode rod type in the 

absence of addition of Cu or PO4. While there was a trend towards a slight increase (~0.5-log) in L. 

pneumophila after 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 

(Figure 4.2A, Figure B.2).  

In the WH-Cu condition, where Cu dosing was maintained at 2000 µg/L as the anodes were changed, L. 

pneumophila levels increased to a level comparable to WH-Control after switching from an Al to Mg anode.  

This higher level of L. pneumophila in the WH-Cu condition was maintained throughout the 4 months of 

operation with the Mg anode. After switching to the powered anode, L. pneumophila decreased by >1-log 

in the WH-Cu condition and the median L. pneumophila was ~0.2-log lower than the Al-2000 Phase 

(Kruskal-Wallis with post-hoc Dunn test, p=0.06). 

The median L. pneumophila in WH-Cu+PO4 also increased after switching to Mg anode, but was not 

significantly different from WH-Control (ANOVA test with post-hoc Tukey test, p>0.05). The levels of L. 

pneumophila dropped and remained similar to WH-Control after switching to the powered anode, but the 

relative standard deviation was quite high (101%). Median L. pneumophila in WH-PO4
 was always similar 

to WH-Control while using Mg or powered anode.  

Mg anode biofilm samples collected at the end of phase Mg-2000 showed >1.5-log decrease of culturable 

L. pneumophila of WH-Cu compared to all other water heater biofilm samples (Table B.9). The pipe loop 

biofilm samples collected at the same time as Mg anode biofilm samples showed that culturable L. 

pneumophila from WH-Cu was ~ 0.5-log lower than those of WH-Control and WH-PO4. The dose of both 

Cu and PO43- increased the pipe loop biofilm culturable L. pneumophila by >0.5-log compared to the WH-

Control (Table B.9).  

pH increase associated with Mg anode interferes with Cu antimicrobial properties 

The loss of Cu antimicrobial properties during use of Mg anodes was likely caused by the increase in pH 

to above 8.0 due to the nature of corrosion imparted by Mg anode rod, which decreased soluble Cu from 

45% to 9% (Figure 2B, Table B.4). The re-emergence of Cu antimicrobial properties corresponded to the 

pH decreasing to 6.4 and soluble Cu increasing again to >50% after the powered anodes were installed. 

Cu deposition 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 was consistently <25 µg/L and the effluent increased to 

~500 µg/L in WH-Control due to anode rod corrosion (Figure 4.2C). Al levels in WH-PO4 were comparable 

to WH-Control, but more variable. In contrast, both conditions with Cu dosing, WH-Cu or WH-Cu+PO4, 

released much more Al (>2.4X than control) during phase Al-2000, presumably due to accelerated attack 

of the Al surface from Cu deposition corrosion (Figure 4.2C). Likewise, when the Mg anode was used, the 
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total Mg in WH-Cu or WH-Cu+PO4
3- was higher (1.5-2X) than those in WH-Control or WH-PO4 (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 measurements. 

The sacrificial current increased 10X for the Al anode and 1.6X for Mg anodes in WH-Cu compared to 

WH-Control (Table B.5). The higher current in the Al system did not translate proportionally high Al in 

the bulk water. We attribute this to the nature of Al corrosion, which readily forms aluminum hydroxide 

that remains attached to the anode rod or will deposit as sediment to the bottom of the water heater tank. In 

practice, this should translate to at least a 90% lower useful lifetime for the Al anode and a 38% 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 (Table B.6). Using a Mg anode, hydrogen levels were 87 ppm 

(1.6X10-5 mg/L in water heater) in WH-Cu versus levels of 1-11 ppm (<2X10-6 mg/L in water heater) for 

all other conditions. This demonstrates that addition of Cu and presence of Mg anodes act synergistically 

to increase hydrogen, an important microbial electron donor, in the water. 

After switching from Al to the Mg and powered anode, it took time to flush-out labile Al  from the system. 

When the pH increased to > 8.0 with the Mg anodes, aluminum solubility would be expected to increase 

from pH 6.0 when the anodes were present, creating a driving force for dissolution of sediments (Table 

B.4). This is consistent with the increased Al measured in the systems dosed with orthophosphate (WH-

PO4
  and WH-Cu+PO4; Fig 4.2C). Al solubility then decreased after switching to powered anodes and pH 

decreased to <7.0 (Table B.7), as predicted based on solubility.  

Levels of Fe, which could originate from steel corrosion or leaching from the ferric filters used to remove 

influent phosphate from the town water supply, were comparable in the influent and across all anode rod 

types (Table B.6). This suggests, but does not prove, that all the anodes equally protected the water tank 

liner from corrosion. 

. 
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Figure 4. 2. A) L. pneumophila levels measured by culture in water heater recirculating lines for each anode 

type. Boxes report the 25th, 50th, and 75th percentile of repeated samplings in each phase and whiskers 

represent 1.5 times the interquartile range. Statistically significant differences are indicated above each 

boxplot, relative to WH-Control 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 relative to the influent (effluent -influent) in all four water heaters for each of the three anode 

conditions.  Copper dosing was maintained at 2000 µg/L to the WH-Cu and WH-Cu+PO4 conditions as the 

anodes were changed. 

 

Cu Solubility as a Function of Anode Type and Observed Anti-microbial Effect  

For WH-Cu and WH-Cu+PO4, the trends in Legionella with the different anode types versus WH-Control 

were consistent based on expectations of Cu solubility as controlled by pH and phosphate. The log removal 

of Legionella in the system with Cu versus the control was strongly correlated with the measured soluble 

Cu (Figure 4.3; Pearson test, R2 = 0.85). As expected, there was no correlation between soluble Cu and log 

change in Legionella for WH-Cu+PO4, likely due to the very low levels of soluble Cu (data not shown).  
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Figure 4. 3. Difference in Log10 L. pneumophila concentration in the WH-Cu condition relative to the WH-

Control condition (no copper dose) as a function of measured soluble Cu levels in the pilot-scale water 

heater systems. For comparison, data are also plotted from a previously published bench-scale study of 

soluble copper effects on a pure culture, using same base water and pH=7 condition, with L. pneumophila 

strain 130b (Song et al., 2021).   

Exploring The Limited Antimicrobial Properties of Cu 

The dose required to achieve measurable L. pneumophila reduction in this study was unexpectedly high. 

The maximum difference in L. pneumophila culture numbers achieved by Cu dosing to the WH-Cu system 

compared to WH-Control was only slightly greater than 1-log, despite the very high target Cu dose (2000 

µg/L). In our prior bench-scale studies using L. pneumophila strain 130b, we observed > 3.5-log removal 

after only 6 hours exposure (Song et al., 2021) (Figure 4.3). We evaluated two specific hypotheses related 

to the much lower than expected antimicrobial efficacy of Cu in the pilot-scale plumbing systems versus 

the earlier bench-scale tests in the same tap water: 1) water chemistry changes associated with anode rod 

corrosion may have reduced biocidal forms of Cu and 2) the L. pneumophila strain dominating the pilot-

scale systems in this study fundamentally differed in Cu tolerance relative 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 remove it from solution 

(Karthikeyan et al., 1997; McBride, 1985). The addition of Al  during pure culture tests reduced Cu toxicity 

towards L. pneumophila when compared to results without Al  (Figure 4.3A). Addition of just 800 µg/L Cu 

led to a >3-log reduction in L. pneumophila strain 130b in pure culture at pH 6.5. When 1000 µg/L Al (as 

Al 2(SO4)3) was added, the Cu antimicrobial effect was reduced by 0.6-log. When Al was increased to 3000 

µg/L, the antimicrobial effects of Cu were reduced by 1.9-log (Figure 4.4A). At pH 7, the addition of 1000 

µg/L Al reduced the antimicrobial effect of 800 mg/L Cu by 2.5-log. All of these trends are consistent with 

expectations of Al binding soluble Cu with greater binding at higher pHs (Figure 4.4B). Addition of 1 mg/L 

Al reduced soluble Cu levels by more than 50% at pH 6.5 and more than 80% at pHÓ7 relative to a control 

without aluminum (Figure 4.4B).  

Different Legionella Strains Respond Differently to Cu  

We confirmed that the outbreak-associated strain of L. pneumophila that colonized the pilot-scale water 

heaters was more tolerant to Cu than the lab strain 130b that was used in previous bench-scale experiments. 

In a head-to-head comparison, achieving the same 3-log reduction in L. pneumophila required >720 mins 

exposure to 2000 µg/L total Cu (pH 6.5; ~1600 µg/L soluble Cu) for the outbreak-associated strain but just 

~210 mins exposure to 800 µg/L total Cu (pH 7; 690 µg/L soluble Cu) for the strain 130b (Figure 4.2C). 

Applying the Chick-Watson ñCTò model, the L. pneumophila strain that colonized the water heaters was  >7 

times more resistant to Cu than strain 130b (Song et al., 2021). 
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Figure 4. 4. A) Impact of 1 mg/L and 3 mg/L of Al  on Cu toxicity towards L. pneumophila strain 130b, B) 

Impact of 1 mg/L Al  on Cu solubility at pH 6.5-7.5 in inert glass containers, C) Differences in Cu toxicity 

towards lab strain 130b and the outbreak-associated strain inoculated into the water heater pilot experiments 

when compared head-to-head in pure culture. 

Phosphate precipitates Cu and indicates synergistic Legionella growth promotion effect 

To demonstrate how orthophosphate impacts Cu antimicrobial capacity, we normalized the differences in 

L. pneumophila measured relative to WH-Control and plotted the data as a function of soluble Cu and 

soluble phosphate (Figure 4.6). When soluble Cu levels were >300 µg/L, culturable L. pneumophila was 

consistently lower than in the WH-Control (Figure 4.5). When soluble Cu levels were <300 µg/L and 

soluble P levels were <300 µg/L, L. pneumophila numbers were not different relative to the WH-Control. 

However, when soluble Cu levels were <300 µg/L and soluble phosphorus levels were >300 µg/L, L. 

pneumophila increased relative to the control in four of twelve instances (Figure 4.5). Three of these four 

cases were in WH-Cu+PO4 while the fourth was in WH-PO4.  



 

91 

 

For biofilm samples, lower levels of culturable L. pneumophila were observed in anode and recirculation 

pipe loop biofilms collected from the WH-Cu systems, compared to WH-Control.  L. pneumophila levels 

were maintained on the anode biofilm but increased in the recirculation pipe loop biofilm in WH-Cu+PO4
 

samples compared to WH-Control (Table B.8). 

 

 

Figure 4. 5. Relationship between soluble Cu, soluble phosphate, and culturable L. pneumophila difference 

relative to the WH-Control condition (no Cu or P added). Higher or lower indicates cases where the L. 

pneumophila levels are significantly higher/lower than the WH-Control during the same phase and the 

difference is consistent with that of the prior phase. No change indicates all other comparison results. The 

dashed line highlights that 300 µg/L of soluble Cu as a key threshold for L. pneumophila reduction relative 

to the control. 

Cu and Anode Materialsô Impacts on HPC, 16S rRNA gene, TCC 

In the WH-Control system, L. pneumophila culture levels,16S rRNA gene levels, and TCC remained 

relatively stable (±0.5-log) across all experiments, while HPC gradually increased ~1-log as the 

experiments progressed and the biofilms matured (Figure 4.6, Figure B.3). After normalization to WH-

Control as a basis for comparison across conditions, the addition of phosphate alone was not found to 

significantly influence HPC, 16S rRNA gene, and TCC levels. The exception that there was a ~0.5-log 

decrease in HPC during the testing of the powered anode.  
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Upon reaching a threshold of 1200 µg/L Cu in the WH-Cu condition, the HPC counts began to decrease 

relative to the WH-Control system, consistent with observations for L. pneumophila. The greatest HPC 

reduction observed (~1-log) in the WH-Cu condition was during use of Powered anode and dosing of 2000 

µg/L.  Both 16S rRNA gene copies and TCC levels increased ~0.5-log during use of the Al and Mg anodes 

and dosing of 2000 µg/L Cu. 

When both Cu and orthophosphate were dosed, there were higher levels of HPC, 16S rRNA gene copies 

and TCC levels in phase Mg-2000. The increase of 16S rRNA gene copies, TCC levels, and HPC (but not 

in the WH-Cu system) during phase Mg-2000 might have been due to the evolution of hydrogen as an 

electron donor within this system. The increased levels of hydrogen gas (~8X10-6 mmol/L) measured in the 

Cu dosed water heater equipped with Mg anodes could potentially enable autotrophic hydrogen oxidizing 

bacteria to fix 1.84X10-2 µg/L biomass carbon, and even more hydrogen might have been consumed by the 

biofilm (Ishizaki et al., 2001). Here, HPC represents only the portion of heterotrophic bacteria within the 

plumbing systems that were culturable on R2A media. Thus, the observed reduction in HPCs, but not 16S 

rRNA genes or TCC levels, in the WH-Cu system could be the result of VBNC and/or dead cells (Table 

B.6).  

Among the four water heaters under different experimental conditions, culturable L. pneumophila 

represented 0.1-4.7% of HPC and 0.003-0.24% of the TCC levels (Table B.7). Culturable L. pneumophila 

levels were positively corelated to HPC and TCC levels with correlation coefficients of 0.62 and 0.57 in 

this experiment without disinfectant (Pearson test, p<0.001) but were not corelated with 16S rRNA gene 

levels. HPC levels ranged from 0.09-4.65% of the 16S rRNA gene and 0.92-29.64% of the TCC levels, 

although no statistically significant correlation was found between HPC versus 16S rRNA genes or TCC 

levels.  
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Figure 4. 6. Log levels of biological parameters of WH-Control (A) and log changes of biological 

parameters of WH-PO4
3-(B), WH-Cu(C), and WH-Cu+PO4

 (D) compared with WH-Control.  

 

 

DISCUSSION 

This study provides fundamental insight into how water system design and other factors can act to 

undermine the efficacy of antimicrobial copper against Legionella. The pilot-scale nature of this study was 

particularly valuable for assessing the outcomes of interactive effects; such as copper dose, anode type, and 

orthophosphate addition, under conditions representative of real-world hot water systems. The findings can 

help to inform improved design of water heater systems and remedial strategies for Legionella control. 

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

The inability of very high levels of Cu (>1.2 mg/L) at low pH (<7) and low level of orthophosphate (<0.2 

mg/L) to eradicate Legionella, even after months of exposure, was striking and also unexpected. Based on 

our prior bench-scale pure culture study (Song et al., 2021), it was expected that a threshold dose of 0.8 

mg/L Cu in the WH-Cu system would have begun to have an effect. Important differences between the 

experiments in this study compared to our prior bench-scale study include: 1) the bench-scale study was 

conducted with a different strain of L. pneumophila than what was inoculated into the pilot-scale systems; 

2) the bench-scale was carried out in inert glass bottles, while this study incorporated various real-world 

complexities associated with pilot-scale; 3) the bench-scale study was carried out in pure culture, while the 
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present study was carried out under the more realistic conditions of mixed microbial communities; and 4) 

Cu was dosed immediately after Legionella were grown to stationary phase in the bench-scale study, while 

the current experiments were performed using gradually increasing Cu levels over 8 months, which 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 antimicrobial effects 

of Cu towards Legionella (Song et al., 2021; Lin et al., 1996), but we identified additional factors through 

this realistic study of a full-scale system. Specifically, Al ions that formed hydroxide gels could have 

trapped bioavailable Cu (Figure 4.4), while Mg anode corrosion was shown to dramatically increase the pH 

within the water heater system (Figure 4.2).  

But even without Al  or elevated pH in the case of powered anodes, even very high levels of Cu only 

achieved ~1.2-log reduction of L. pneumophila compared to a control without Cu dosing (Figure 4.2). Thus, 

factors beyond the water chemistry must have played a role in the observed reduction in antimicrobial 

capacity of added Cu.  

Strain differences influenced efficacy of Cu for L. pneumophila control.   

Here it was found that the outbreak-associated strain inoculated to the water heater systems had a first order 

inactivation constant >7X lower compared to strain 130b that was used in the pure culture bench-scale tests 

(Song et al., 2021). Bédard et al. (Bédard et al., 2021) recently demonstrated that L. pneumophila isolates 

vary in their tolerance to Cu, noting <2-log reduction in culturability after exposure to 5 mg/L Cu for 600 

hrs. However, the Bédard et al. (Bédard et al., 2021) test pH was at 7.8, which would be expected to reduce 

Cu biocidal effects compared to the lower pH range evaluated herein. In the present study, only ~1-log 

reduction was achieved after ~4 months (>2000 hrs) exposure. 

Differences in pure culture vs pilot hot water system experimental conditions influence outcomes of 

Cu dosing. 

Besides strain differences, it is also important to consider that the pilot-scale hot water systems were 

allowed to establish a robust microbial ecosystem of biofilm and bulk water microorganisms acclimated 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; Boe-Hansen et al., 2002), 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 for the proliferation of free-living amoebae that serve as hosts for L. pneumophila 

replication (Falkingham, 2015).  The biofilm itself can also provide shelter to L. pneumophila (Falkingham, 

2015; Schwering et al., 2013). Thus, it is reasonable to hypothesize that the biofilm and corresponding 

amoebae also acted to protect L. pneumophila from the antimicrobial action of dosed Cu. For amoeba in 

culture, Hwang et al. (Hwang et al., 2006) demonstrated in bench-scale pure culture suspensions that 

planktonic L. pneumophila was inactivated completely (>7.2-log reduction) within 8 hours after exposure 

to 1 mg/L of Cu while the intracellular L. pneumophila inside of Acanthamoeba polyphaga had only ~3-

log reduction even after 7 days of Cu exposure.  Extrapolating their results, using same disinfection constant, 

a 7.2-log reduction for the intracellular L. pneumophila would be observed in 16 days. The resistance of the 

amoeba and biofilm in our rigs far exceeded this. 

Thomas et al. (Thomas et al., 2004) showed in one pilot-scale system at pH 7.6 that 0.8 mg/L of Cu had no 

impacts on amoeba (Acanthamoeba, Hartmannella, and Vahlkampfia) levels in either planktonic and 

biofilm samples, but the L. pneumophila released to the water was still reduced >3 logs (below detection 

limit) after 6 days exposure to copper in that study. Again, the resistance of Legionella reported 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 copper on Legionella in realistic pilot-scale water heater systems, as 

copper sometimes reduced, had no impact on, or even promoted the growth of Legionella relative to a 

control system with low ambient copper. To our knowledge, this is the first study to demonstrate all three 

potential outcomes of Cu dosing in a head-to-head multi-factorial comparison.  

Three out of four cases where Cu dosing was associated with increases in L. pneumophila relative to the 

control were observed in WH-Cu+PO4 system. Buse et al. (Buse et al., 2014) showed that effluent from 

CDC biofilm reactors equipped with coupons of different pipe materials at pH > 8 and PO4 > 0.2 mg/L, had 

up to 20× more L. pneumophila gene copies when Cu coupons were used relative to PVC coupons in a 

study of simulated cold water pipes at room temperature. Gião et al. (Gião et al., 2015) demonstrated that 

Cu coupons could support more biofilm-associated L. pneumophila, where the content of corrosion inhibitor 

in the test water was not reported. However, these studies did not offer a hypothesis to explain how Cu 

could have acted to increase growth of Legionella. 

This study provides new understanding of potential mechanisms by which Cu can lead to increased L. 

pneumophila growth. One study showed that dosing Cu shifted the microbial community structure to favor 

the growth of amoeba hosts (Buse et al., 2014). This would contribute to the increase of L. pneumophila 

levels through enhanced amoeba protection and intracellular replication. Another possible cause of Cu 

promoting growth in pilot- or full-scale systems could be Cu deposition corrosion on less noble metals, 

such as Al and Mg anodes, which would promote the hydrogen evolution and autotrophic fixation of carbon, 

potentially indirectly promoting the growth of Legionella (Rhoads et al., 2017). Our study showed that 

higher levels of HPC, TCC, 16S rRNA gene levels in hot water systems dosed with Cu corresponded with 

increased hydrogen evolution when Mg anodes were used, although an increase of L. pneumophila was not 

seen at the same phase. These factors are still not fully understood, and more research is needed to examine 

the association of L. pneumophila growth to the levels of hydrogen gas, phosphate levels, and amoeba hosts.  

While Cu dosing could not eradicate L. pneumophila from 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 control L. pneumophila. Importantly, we confirmed our prior bench-scale work that 

soluble Cu is a more accurate indicator for Cu antimicrobial effects under more complex, real-world 

conditions associated with pilot-scale. Trends in soluble Cu were consistent with reduced antimicrobial 

impacts in response to phosphate, higher pH and Al. Thus, if the intention is to rely on Cu inactivation for 

controlling Legionella, then soluble Cu should be monitored. In this study, >300 µg/L soluble Cu was 

consistently associated with significant reduction in L. pneumophila relative to a control with no Cu dose. 

Still, it may be challenging to implement Cu as an effective biocide, while still maintaining total copper 

below 1.3-2 mg/L, although such public health standards do not apply to hot water in the U.S. 
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Appendix B ï Supplementary Information for Chapter 4 

Table B. 1. Example of L. pneumophila culture comparison between Legiolert and conventional 

BCYE/GVPC plating. 

Date Sampling Location MPN/L (by Legiolert) CFU/L (by BCYE plating) 

11/13/2019 WH-PO4
3- 1.37E+05 1.63E+05 

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

11/20/2019 WH-PO4
3- 2.38E+05 1.73E+05 

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

11/20/2019 WH-Cu+ PO4
3- 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 results of L. penumophila 

serogroup 1 

Sample flaA pilE asd mip mompS proA neuA or 

neuAh 

Quincy_IsolateA 3 4 1 1 14 9 1 

Quincy_IsolateB 3 4 1 1 14 9 1 

WH-Cu_Isolate 3 4 1 1 14 9 1 

Influent_Isolate 3 4 1 1 14 9 1 

 

Table B. 3. Mass Balance of L. pneumophila Growth in Water Heaters (using phase vii as example) 

Water Heater L. pneumophila in water 

heater, MPN/L 

L. pneumophila in influent, 

MPN/L 

MPN Growth/flush period 

(0.5 gallon or 1.89 L) 

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

WH-PO4
3- 1.39E+6 7.13E+3 2.61E+6 

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

WH-Cu+PO4
3- 1.32E+6 7.13E+3 2.48E+6 
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Table B. 4. Basic Water Chemistry Parameters for Bulk Water Samples 

 

 

Phase 

Target 
Cu 

Dose, 
µg/L (if 
apply) 

Anode 
Rod 
Type 

Sample 
Numbers 

Influent WH-Control WH-PO4
3- 

pH DO, mg/L 
TOC, 
mg/L 

PO4
3-, 

mg/L 
pH DO, mg/L 

TOC, 
mg/L 

PO4
3-, 

mg/L 
pH DO, mg/L 

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 

Al-
1200Cu 

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 

Al-
2000Cu 

2000 Al 6 6.50±0.11 7.28±0.35 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 

Mg-
2000Cu 

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
-2000Cu 

2000 
Power

ed 
Anode 

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 
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Table B-4. Basic Water Chemistry Parameters for Bulk Water Samples (contôd) 

 

  

 

 

 

 

 

 

 

Phase 

Target 
Cu 

Dose, 
µg/L (if 
apply) 

Anode 
Rod 
Type 

Sample 
Numbers 

WH-PO4
3- WH-Cu WH-Cu+PO4

3- 

TOC, 
mg/L 

PO4
3-, 

mg/L 
pH DO, mg/L 

TOC, 
mg/L 

PO4
3-, 

mg/L 
pH DO, mg/L 

TOC, 
mg/L 

PO4
3-, 

mg/L 

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 

Al-
1200Cu 

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 

Al-
2000Cu 

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 

Mg-
2000Cu 

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
-2000Cu 

2000 
Power

ed 
Anode 

5 0.79±0.10 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 
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Table B. 5.  Corrosion electrochemical parameters comparison among different anode materials 

Anode 
Rod/phase 

Parameter WH-Control WH-PO4
3- WH-Cu WH-Cu+PO4

3- 

Al anode 
phase vii 

Electric 
Current, mA 

-0.08 -0.15 -2.19 -1.85 

Electric 
Potential, V 

-0.06 -0.49 -0.75 0.11 

Weight loss 
(%/year) 

1.82 1.24 1.85 1.23 

Photo 

    

Mg anode 
phase viii 

Electric 
Current, mA 

-1.45 -1.26 -2.44 -2.25 

Electric 
Potential, V 

-0.59 -0.45 -0.65 -0.63 

Weight loss 
(%/year) 

0 0 1.25 1.25 

Photo 

    

Power 
anode 

phase ix 

Electric 
Current, mA 

-5.37 -5.31 -5.27 -5.14 

Electric 
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 

Phase 

Target 
Cu 

Dose, 
µg/L (if 
apply) 

Anode 
Rod 
Type 

Sample 
Numbers 

Influent WH-Control WH-PO4
3- 

Al, µg/L Mg, µg/L Fe, µg/L H2, ppm Al, µg/L Mg, µg/L Fe, µg/L H2, ppm Al, µg/L Mg, µg/L 

Baseline 0 Al 2 13 4497.7 52.7 6.807 NA NA NA 9.007 NA NA 

Al-50Cu 50 Al 6 
28.13±10.

78 
6168.75±
1946.36 

141.63±1
10.30 

NA 
341.68±1

61.38 
5774.3±9

13.96 
96.65±13

0.20 
NA 

1153.27±
977.12 

5714.15±
1081.34 

Al-100Cu 100 Al 7 
16.56±5.7

2 
6056.3±3

455.38 
157.71±7

8.96 
NA 

649.09±1
97.56 

5679.37±
888.25 

172.83±1
00.63 

NA 
732.49±2

74.93 
5575.929
±962.07 

Al-300Cu 300 Al 6 4.9±2.98 
4047.32±

118.29 
70.15±81.

37 
NA 

388.88±4
1.07 

4527.9±2
55.59 

39.55±21.
02 

NA 
262.88±1

11.16 
4232.08±

205.39 

Al-600Cu 600 Al 6 
22.75±40.

39 
9634.97±
8384.91 

83.68±13
9.06 

5.386 
587.12±1

80.49 
6277.87±
1105.34 

35.47±13.
83 

8.105 
677.32±5

49.49 
6241.5±1

201.56 

Al-
1200Cu 

1200 Al 7 4.79±1.43 
5706.89±
1447.56 

7.09±5.96 NA 
587.61±2

77.52 
6332.21±
1140.29 

77.97±98.
87 

NA 
464.7±11

8.92 
5982.76±
1153.62 

Al-
2000Cu 

2000 Al 6 7.46±5.39 
4893.73±

781.49 
53.83±11

4.09 
NA 

516.22±1
27.89 

5622.96±
1027.24 

19.87±8.9
6 

NA 
757.94±9

16.07 
5244.29±

996.78 

Mg-
2000Cu 

2000 Mg 6 
24.84±12.

42 
5290.25±

685.15 
22.13±22.

09 
3.6±3.89 

152.96±1
30.26 

7152.54±
934.39 

14.12±8.4
9 

8.66±12.8
0 

1036.64±
1529.49 

6927.24±
927.97 

Powered-
2000Cu 

2000 
Power

ed 
Anode 

5 
68.25±10

9.04 
6569.62±
4322.84 

18.55±18.
13 

trace 
27.62±12.

75 
4981.1±1

108.08 
20.35±22.

44 
2.46±2.36 

230.4±34
3.48 

4757.47±
1021.50 
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Table B-6. Corrosion Related Metals and Hydrogen Levels in Bulk Water Samples (contôd) 

 

  

 

 

 

 

 

 

Phase 

Target 
Cu 

Dose, 
µg/L (if 
apply) 

Anode 
Rod 
Type 

Sample 
Numbers 

WH-PO4
3- WH-Cu WH-Cu+PO4

3- 

Fe, µg/L H2, ppm Al, µg/L Mg, µg/L Fe, µg/L H2, ppm Al, µg/L Mg, µg/L Fe, µg/L H2, ppm 

Baseline 0 Al 2 NA 8.427 NA NA NA 9.83 NA NA NA 8.962 

Al-50Cu 50 Al 6 
132.33±1

02.70 
NA 

695.83±2
81.16 

5699.95±
895.09 

101.43±1
10.04 

NA 
1042.13±
1008.59 

5671.28±
1032.56 

132.77±9
0.30 

NA 

Al-100Cu 100 Al 7 
195.84±9

1.86 
NA 

923.24±4
15.74 

5536.09±
971.19 

158.43±9
7.75 

NA 
607.19±3

39.06 
5425.27±

853.46 
283.03±3

03.24 
NA 

Al-300Cu 300 Al 6 
50.07±53.

72 
NA 

677.52±1
77.98 

4118.63±
228.89 

35.72±16.
89 

NA 
412.98±1

80.63 
4142.32±

251.76 
41.45±19.

90 
NA 

Al-600Cu 600 Al 6 
38.22±29.

25 
6.393 

1656.38±
623.49 

6125.78±
1236.37 

37.82±22.
46 

6.828 
984±344.

39 
6062.3±1

086.93 
197.38±3

33.45 
8.837 

Al-
1200Cu 

1200 Al 7 
19.41±12.

15 
NA 

1136.99±
320.83 

5727.087
±1041 

29.55±19.
17 

NA 
1290.97±

516.80 
5782.22±
1017.60 

43.12±28.
94 

NA 

Al-
2000Cu 

2000 Al 6 14.48±17 NA 
1375.34±

620.93 
5081.29±

955.22 
29.68±16 NA 

1531.38±
798.15 

5155.91±
972.79 

42.43±22.
35 

NA 

Mg-
2000Cu 

2000 Mg 6 
38.22±32.

24 
11.3±16.5

3 
552.69±8

11.79 
8553.52±
1209.41 

65.08±55.
99 

87.06±10
0.76 

1224.26±
1711.83 

7995.77±
1128.55 

49.3±40.4
6 

1.729±0.5
4 

Powered-
2000Cu 

2000 
Power

ed 
Anode 

5 
14.325±1

5.79 
3.705 

69.82±11
2.29 

5057.97±
1047.61 

32.12±11.
73 

4.06±3.27 
229.87±2

70.19 
5134.75±
1140.16 

39.32±21.
88 

trace 
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Table B. 7. Aluminum solubility with Al, Mg, and Power Anodes. 

 Cu dose (WH-Cu and WH-Cu+PO4
3-)=2000 µg/L; Orthophosphate dose 

(WH-PO4
3- and WH-Cu+PO4

3-)=3000 µg/L 

Water Heater Al anode Mg anode Power anode 

WH-Control 13.26 % 79.34 % 66.69 % 

WH-PO4
3- 4.39 % 34.29 % 17.06 % 

WH-Cu 1.99 % 37.79 % 19.02 % 

WH-Cu+PO4
3- 0.78 % 32.28 % 5.52 % 

 

 

Table B. 8. L. pneumophila Relative Abundance (%) across phases 

Phase Baseline Al-50 Al-100 Al-300 

 Culture* Total*
* 

Culture Total Culture Total Culture Total 

WH-Control 
2.864 0.043 1.298 0.113 3.074 0.071 1.938 

0.067
5 

WH-PO4
3- 2.451 0.023 1.238 0.102 1.977 0.036 0.972 0.052 

WH-Cu 2.689 0.032 0.864 0.077 2.700 0.054 1.442 0.058 

WH-Cu+PO4
3- 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
3- 1.234 0.042 2.163 0.065 2.642 0.120 2.631 0.076 0.642 0.133 

WH-Cu 2.569 0.055 1.539 0.022 0.258 0.003 3.408 0.041 0.104 0.018 

WH-Cu+PO4
3- 3.719 0.066 1.856 0.067 4.341 0.075 2.051 0.125 1.109 0.235 

 

 

 

Table B. 9. Culturable L. pneumophila and L. pneumophila gene levels, total cells and total bacterial gene 

levels in biofilm samples. 

Biofilm 
Location 

Water Heater Total cells/in2 16S, gc/in2 
L. pneumophila, 

CFU/in2 

Al Anode 

WH-Control NA 1.69X106 <1.00X104 

WH-PO4
3- NA 9.83X107 2.38X105 

WH-Cu NA 9.62X107 <1.00X104 

WH-Cu+PO4
3- NA 2.74X106 1.70X105 

Mg Anode 

WH-Control 7.86X107 2.73X109 >1.50X106 

WH-PO4
3- 2.91X107 2.69X109 >1.50X106 

WH-Cu 8.59X107 2.25X1010 6.10X104 

WH-Cu+PO4
3- 1.06X108 4.33X108 >1.50X106 

Pipe Loop 

WH-Control 1.43X108 7.95X107 6.32X105 

WH-PO4
3- 1.24X108 6.70X108 7.50X105 

WH-Cu 4.65X107 1.53X1010 1.00X106 

WH-Cu+PO4
3- 1.20X108 1.05X108 >2.20X106 
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Figure B. 1. Pilot-scale hot water plumbing systems. 
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Figure B. 2. Profile of culturable L. pneumophila in WH-Control and WH-Cu across experimental phases. 
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Figure B. 3. Biological parameters in WH-PO4
3- (A), WH-Cu (B), and WH-Cu+PO4

3- (C). 
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 Shotgun Metagenomic Reveals Impacts of Copper 

Dose and Water Heater Anodes on Pathogens and 

Microbiomes in Hot Water Plumbing Systems 

Yang Song, Rachel Finkelstein, Marc Edwards, Amy Pruden 

ABSTRACT  

Hot water premise (i.e., building) plumbing systems are vulnerable to the proliferation of opportunistic 

pathogens (OPs), including Legionella pneumophila and Mycobacterium avium. Implementation of copper 

as a disinfectant, along with optimization of other aspects of water chemistry and plumbing materials, could 

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 pilot-scale hot water 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 how copper dose 

(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 reduce Legionella and Mycobacterium numbers, 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 required for Legionella 

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), which can utilize 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 study provides 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, 2015; Schofield & 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 environment of drinking 

water (Cullom et al., 2020; Falkinham et al., 2015). A number of factors in premise (i.e., building) plumbing 

can stimulate OP growth; including warm temperatures, stagnation, flow rates, and loss of disinfectant 

residual, but the precise triggers of 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 example, Legionella pneumophila replication in drinking water biofilms is largely dependent 

on a parasitic relationship with free living amoebae that graze on the biofilms, and this is thought to be the 

case for many other OPs as well, including Mycobacterium avium (Falkinham, 2015; Thomas & Ashbolt, 

2011). Overall microbial community diversity may also play a role, as some studies have reported that 

levels of L. pneumophila were positively correlated with alpha diversity (Llewellyn et al., 2017). Likewise, 

antagonistic relationships may exist, as evidenced by negative correlations of L. pneumophila with 

Pseudomonas spp. (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 plumbing 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 pipes have sometimes been associated with increased 

Legionella relative to other pipe materials. Buse et al. (Buse et al., 2014) showed that effluent from CDC 

biofilm reactors equipped with coupons of different pipe materials at pH > 8 and PO4 > 0.2 mg/L, had up 

to 20× more L. pneumophila gene copies when copper coupons were used relative to PVC. Gião et al. (Gião 

et al., 2015) further demonstrated that copper coupons could support more biofilm-associated L. 

pneumophila. We recently conducted a pilot-scale study of copper effects on Legionella and found that 

phosphate addition, which is commonly added by water utilities for corrosion control, can not only fully 

eliminate the copper antimicrobial properties, but also appeared to have a synergistic effect of elevating 

Legionella in the presence of copper (Song et al., 2022). Further, stepwise increases in total copper doses 

up to 2 mg/L only resulted in ~1-log reduction of L. pneumophila, suggesting that the inoculated strain 

(from an outbreak in Quincy, IL) may have been particularly resistant to copper. Microbial community 

analysis under various copper conditions could help to identify thresholds of copper bioavailability to the 

microbial community as a whole, versus this strain of L. pneumophila, and 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 the mechanisms of copper 

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 representative of real-world 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). We have previously observed that corrosive reactions at the anode can alter the 

local water chemistry and release hydrogen into the water (Brazeau & Edwards, 2013; Rhoads et al., 2017). 

We hypothesize that such alterations can directly shape the hot water system microbiome. Aluminum 

anodes are widely used because of their relative low cost, but tend to form a thick layer of aluminum 

hydroxide and other corrosion products (Cullom et al., 2020; Song et al., 2022). The nature and extent of 

such corrosion by-products settling in the tank and corresponding effects on bioavailability of 

antimicrobials, such as copper, to OPs and other microbes is unknown. Magnesium 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 copper deposition corrosion (Song et al., 2022). Hydrogen is an electron 

donor for autotrophic hydrogen oxidizing bacteria (HOB), which might indirectly stimulate OPs by fixing 

organic carbon in the system. A third type of anode, power anodes, protects the water heater tanks from 

corrosion through external electricity, without sacrificing the anode, and therefore will affect the water 

chemistry in a different manner. To our knowledge, effects of different anode types on drinking water 

microbiomes has yet to be explored. 

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 pilot-scale 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 (WH-Control), the second dosed with orthophosphate corrosion inhibitor (WH-

PO4), the third dosed with copper as copper sulfate (WH-Cu), and the fourth dosed with both copper and 

orthophosphate (WH-Cu+PO4). 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) with an 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 sequencing to relate 

taxonomic and functional aspects of the microbial community to corresponding water chemistry conditions 
























































































































































