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 Abstract   

Assessing The Impact Of Showerhead Design Choices On Consumer Exposure To Drinking 

Water-Associated Pathogens That Can Cause Infections In The Immunocompromised  

Sarah Pitell, PhD in Civil Engineering 

University of Pittsburgh, 2024 

 

 

Respiratory infections from drinking water-associated pathogens that can cause infections in the 

immunocompromised (DWPIs) are responsible for >145,000 human infections annually and cost 

the US economy billions. Cases are rapidly increasing in the United States as susceptible 

populations increase (e.g., those at either age extreme or currently living with a weakened immune 

system), and currently outpace illness caused by regulated fecal-borne pathogens. DWPIs thrive 

in building plumbing biofilms, with several recent studies showing a clear link between the strains 

of DWPIs found in household water and the strains infecting people. Although DWPI exposure 

can occur through a variety of pathways, inhalation of shower water associated aerosols are most 

likely a source of infection. Because DWPI proliferation occurs mainly in building plumbing, 

studying how consumer choices at the point of use (e.g., showerhead type and water use patterns) 

affect users’ potential DWPI exposure is critical to helping vulnerable groups make informed 

decisions about their plumbing to reduce health risks.  

This work focused specifically on quantitively assessing the impacts that different 

showerhead setups had on the microbiome and DWPI exposure risk posed by shower water and 

shower-water associated aerosols. Through full-scale shower and biofilm reactor experimentation, 

the findings from this work have shown that antimicrobial additives such as silver do not reduce 

DWPIs in the shower system, and that showerhead material choice, flow rate, and changes in water 



 v 

use habits impact the microbiome. An especially important finding from this work is that 

showerhead age (days of use) is a major factor in explaining microbial dynamics in shower water 

and associated aerosols and consequently should be considered when developing new DWPI 

microbial risk assessments. Overall, this body of work provides consumers and building managers 

with unbiased and empirical data to empower and inform them to make choices that are best for 

their specific situations, as well as provide valuable insights for DWPI mitigation. 
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1.0 Introduction 

1.1 DWPIs As An Emerging Public Health Concern 

Respiratory infections from drinking water-associated pathogens that can cause infections in the 

immunocompromised (DWPIs)1 cost the US economy $2.39 billion annually2. Today, the 

incidence of waterborne disease outbreaks in the United States attributed to DWPIs; which are not 

regulated by the US EPA, (e.g., Legionella pneumophila, nontuberculous mycobacteria (NTM), 

Pseudomonas aeruginosa amongst others) appear to be increasing3–6 For example, the incidences 

of legionellosis and non-tuberculous mycobacterial pulmonary disease increased 225%7 and 

300%8 from 2000- 2017, respectively, and was responsible for a majority of waterborne outbreaks 

between 2015-20209. This far exceeds disease incidence caused by regulated fecal-borne 

pathogens2,4. These respiratory infections clinically present as an atypical pneumonia that is often 

chronic and difficult to treat5,10–13, and tend to infect the very young, the very old, and those with 

immunosuppressing conditions (e.g., those with cancer or certain genetic diseases) or underlying 

lung issues1,14,15. Furthermore, recent evidence has suggested that even otherwise healthy people 

can become infected with NTM after repeated exposure, so developing mitigation strategies for 

DWPI exposure are essential to protecting public health16. While present naturally in the 

environment (surface water, soil)17, DWPIs are typically not quantified in finished drinking water 

(DW) leaving the treatment plant, but can multiply within the distribution network and in building 

water systems, often within biofilms18 . Environmental conditions in building plumbing favor the 

formation of biofilms, allowing DWPIs to persist and grow6,19–21 likely explaining their higher 
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abundance in building plumbing22 and recent connection to several clinical infections16,23. DWPIs 

are also often difficult to accurately quantify using culturing (a common enumeration method in 

drinking water) due to these microorganisms’ ability to enter a viable, but not culturable (VBNC) 

state24–26 where they are still infectious, causing false negative samples during culturing alone.  

Although human exposure to DWPIs occurs through a variety of pathways, inhalation of DW 

aerosols produced during showering or by hot tubs and therapy pools have been linked to 

pulmonary infections1,19,24,27. Current data in DWPI disease pathology suggests that upon 

inhalation, the microorganisms travel to the alveoli and evade macrophage inactivation, allowing 

these microorganisms to cause a disease state28–30. In order for this to happen, DWPIs must be 

contained in a bioaerosol that is between 2 µm and 5 µm in diameter: if the particle is bigger, then 

it will settle before traveling into the lower respiratory tract31 and particles smaller than 2 µm 

cannot contain a single microorganism32 (Figure 1).  

 

Figure 1: Diagram illustrating the particle size which can be deposited at different locations in the respiratory 

system 
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Despite these observations, majority of the DWPI research in the DW transect focuses on 

biogeographical surveys to identify locations where these organisms can be found and linkages 

with physiochemical parameters, but critical steps in the DWPI transmission pathway—

aerosolization and persistence in indoor air remains poorly understood; specifically, little is known 

about how consumer choices (e.g., showerhead type and water use behaviors) influences indoor 

air quality. 

1.2 Shower Systems As A Potential Point Of Exposure To DWPIs  

Although any interaction with unsterilized DW could result in a potential DWPI infection, 

showering has been identified to be a meaningful place of exposure for non-point source disease 

incidence1,16,33,34. The average American household uses on average 1100 L of DW every day, and 

20% of this amount can be attributed to showering alone35. The volume of water used during 

showering coupled with how this water accounts for over half of the water usage that involves 

direct consumer- DW contact35 can translate to a larger potential risk of DWPI exposure. 

Additionally, showering is a frequent behavior for most people with an average duration of 8 

minutes per day for the American adult36, so the consistency and duration of DW contact increases 

risk profile. DWPI aerosolization is the hypothetical route of exposure due to the microorganisms 

needing to enter the lower respiratory tract, and showers are an ideal environment for aerosol 

generation and dispersal. The shower environment during operation and for a while after retains a 

high relative humidity level without proper ventilation, and introducing hot water into the shower 

system is more likely to generate aerosols than cold27, with showers emitting up to 65 million 

aerosols during the course of an average use37,38. A large amount of these aerosols are created 
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when the bulk water exits the showerhead, which is often placed within the average adult’s 

respirable zone (close to the nose and mouth). Perhaps the strongest evidence to suggest that 

showers are a meaningful place of exposure for DWPIs is that multiple studies have identified 

DWPIs in shower water34,39,40, shower water-associated aerosols27,33,41, and within the biofilms of 

the shower hoses6,42–44, with several studies isolating environmental DWPIs that match clinical 

pulmonary isolates16,34,40.  

Biofilms have been postulated to influence DWPIs in the water due to the dynamic 

attachment and detachment of microorganisms45 and the observed DWPI membership in shower 

biofilms6,42,43,46. Despite limited understanding of DW biofilm formation kinetics, evidence 

suggests a time-dependent colonization process in operational settings. Previous research has 

identified distinct phases of community composition that potentially impact the presence and 

abundance of DWPIs, as evidenced in studies conducted on pristine plumbing rigs before and after 

30 days of continuous operation47. However, to the best of the author's knowledge, no studies have 

yet reported long-term biofilm succession in DW plumbing.  

The current evidence clearly shows showers to be a source of DWPI exposure, however 

managing DWPIs within the shower system is challenging because DWPI proliferation typically 

occurs in building plumbing48as these microorganisms cannot be mitigated in the distribution 

system or at the DW treatment plant. Therefore to effectively manage DWPIs building-wide 

mitigation strategies (e.g., copper-silver ionization (CSI), reverse osmosis or other filtration 

systems at the building water inlet, thermal or chemical shocking, etc.) can to be used. However 

these solutions are expensive, not feasible to employ at a residential scale due to the additional 

monitoring and skilled operation needed to run these systems, and ultimately offer questionable 
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efficacy in reducing DWPI loads in the long term49–52. Instead, addressing DWPI loads at the point 

of use (POU) where the water exits the pipe for use is becoming increasingly popular for 

consumers and companies alike53–55. POU devices such as showerheads are cheaper than more 

systemic interventions, and they allow the individual user to decide what specific aspects of their 

water they want to impact (e.g., additional disinfection, removal of unregulated contaminants, 

water conservation). Although this seems like an attractive option for consumers, there are few 

legal guidelines that ensure the marketing claims of these showerheads are accurate in real-world 

use conditions. For example, antimicrobial showerheads can be marketed as such without any kind 

of third-party testing, and the testing that is done for some products follow ISO 22196:201156 to 

test the antimicrobial material alone, which does not simulate water use and focuses on quantifying 

microbial reduction of non-DWPI organisms (e.g., Escherichia coli) using culture-based methods 

alone. Antimicrobial showerheads in particular are a growing commerce sector globally55, and 

have a variety of different marketed technologies that claim to reduce microorganisms in their 

resulting shower water such as filter blocks or various silver-containing materials, but even if these 

technologies were effective during showering, no work has been conducted studying the effects 

these fixtures have on aerosols, the likely route of exposure. Because of the lack of reliable and 

true-to-use testing of these showerheads, there is little unbiased evidence available for consumers 

to aid them in choosing a showerhead that reduces their potential DWPI exposure.  

1.3 Responding To Novel Water Utilization Strategies And Its Effects On DWPIs 

While respiratory infections caused by DWPIs are expected to increase in the upcoming 

years, DW quality and use patterns are also likely to change in response to external stressors. 
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Potable water scarcity will continue to become one of the greatest global engineering challenges 

as the population continues to increase57 and climate change alters historic meteorological and 

hydrogeological trends58. Many regions are already experiencing the need to conserve DW at the 

consumer level to reduce the total water demand of a municipality, and showers are an intervention 

point to reduce total water usage59,60. The maximum flow rate for showerheads in the US is 9.5 

L/min, however the US EPA’s voluntary conservation WaterSense program certifies showerheads 

with flow rates less than 7.6 L/min59,60, with certain places such as Hawaii and California 

mandating even lower flow rates to reduce water use60. In order to get the same experience with 

less water, the pressure and flow path within the showerhead is altered59,60, leading to different 

transport dynamics within the shower system and thus may impact factors of the produced shower 

water (water quality) and shower water-associated aerosols (size and abundance of particles) 

which in turn may impact the shower microbiome. In particular the impacts of adopting these low-

flow fixtures from a DWPI exposure standpoint have not been explored, so understanding how 

showerhead flow rate impacts bioaerosolization can help inform overall cost-benefit analysis of 

using these types of fixtures. 

In addition to saving water at the POU in the shower stall, studying the effects of other 

changes in DW use patterns (period of no use / stagnation) from a microbial perspective is essential 

to improving choices made in times of crisis. Global shutdowns caused by the Covid-19 pandemic 

caused extreme changes in water use patterns: because of the stay-at-home orders, large buildings 

such as offices, schools, hotels, and dormitories were left vacant for extended periods of time with 

very limited water management plans in place. While it is known that extended water age increases 

microorganisms in DW48, the effects of prolonged stagnation in places of consistent water use had 

not been explored. Without this knowledge, building managers responsible for maintaining water 
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quality in these buildings followed arbitrary flushing guidelines in hopes of reducing the amount 

of DWPIs and other hallmarks of poor water quality to acceptable levels. Improving resiliency in 

water management responses will become increasingly more important as the landscape of DW 

management continues to rapidly change. 

1.4 Thesis Objectives And Hypotheses 

Immediate attention is required to gather unbiased information on how consumer choices 

in showers (including showerhead material, flow rate, and usage patterns) affect exposure to 

DWPIs. Furthermore, a more thorough understanding of how these choices impact the shower 

microbiome across water, aerosols, and biofilms is essential. Investigating parameters such as 

showerhead type (treatment strategy) and water age (how long the showerhead has been 

operational for) and their influence on relevant microorganisms is pivotal for informed global and 

individual decision-making regarding mitigation strategies. Moreover, this knowledge will 

contribute to the development of exposure and risk assessment models, streamlining decision-

making processes in the future.  

The following specific aims were pursued to characterize and assess how certain consumer 

level shower system specific decisions (e.g., showerhead type, flow rate and DW stagnation 

duration) impact DWPI presence and abundance and the greater microbiome in shower water, 

shower water-associated aerosols, and shower-related biofilms: 

1. Assess the impact of different types of antimicrobial showerheads (chemically mediated and 

physiochemical) on the prevalence and abundance of DWPIs in shower water and shower 
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water-associated aerosols. It is hypothesized that antimicrobial showerheads will have the 

greatest reduction on microbial loads in both phases compared to non-antimicrobial 

showerheads. 

2. Evaluate the efficacy of antimicrobial showerheads utilizing silver as their antimicrobial 

agent. It is hypothesized that showerheads containing silver regardless of form will produce 

shower water and biofilms with lower overall microbial and DWPI density than non-

antimicrobial showerheads.  

3. Examine the impacts of shower use patterns (e.g., extended stagnation and the adoption of 

low-flow showerheads) on DWPIs and the greater microbiome. Three hypotheses are 

proposed: 1) reducing the showerhead flow rate is expected to elevate the production of 

respirable aerosols and the proportion of DWPIs transitioning from shower water to shower 

water-associated aerosols, while also exerting a significant impact on the microbiome of 

both shower water 2) and associated aerosols. Thirdly, prolonged stagnation periods are 

anticipated to amplify DWPI densities in the shower water, whereas flushing regimes are 

predicted to diminish these densities.  

Overall, this body of work characterizes the microbial landscape of the showering environment 

and aims to assess how POU intervention strategies (e.g., antimicrobial showerheads, water-

conserving showerheads, and flushing regimes) impact DWPIs and the greater microbiome. By 

isolating these individual aspects in a full-scale laboratory built to accurately simulate a residential 

shower, the findings contained in this dissertation can be directly applied to real-world bathrooms. 

Understanding the effects of these specific interventions will allow building managers and DW 

users alike to make informed choices on how to reduce their total possible microbial exposures 
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from showering, and help guide them in responding to the rapidly evolving challenges of water 

safety in our ever-changing world. 
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2.0 Specific Aim 1.0: The Impact Of Antimicrobial Showerheads On The Prevalence And 

Abundance Of DWPIs In Shower Water And Shower Water-Associated Aerosols 

Specific Aim 1.0 was funded by The University of Pittsburgh’s Central Research 

Development Fund and played no role in data collection or interpretation. This work was 

conducted with the support of Dr. Daniel Bain when running ICP-MS analysis, Dr. David 

Malehorn when running the TOC analyzer, and Isaiah Spencer-Williams for assistance with 

sequencing analysis. The results of Specific Aim 1.0 have been published in one journal 

publication and two conference proceedings: 

Journal Article 

Pitell, S., Haig, S.-J. Assessing the Impact of Anti-Microbial Showerheads on the Prevalence 

and Abundance of Opportunistic Pathogens in Shower Water and Shower Water-Associated 

Aerosols. Frontiers in Microbiomes 2023, 2. https://doi.org/10.3389/frmbi.2023.1292571 

Conference Proceedings 

1. Pitell, S., Haig, S.-J. Exploring point-of-use risk management strategies for bioaerosols: 

effectiveness on antimicrobial showerheads on reducing opportunistic pathogen exposure. 

Poster. Gordon Research Conference Microbiology of the Built Environment (Waterville 

Valley, NH) 6/21/22 

2. Pitell, S., Haig, S.-J. A breath of fresh air: assessing anti-microbial showerheads’ ability to 

reduce the aerosolization of opportunistic pathogens. Presentation. Association of 

https://doi.org/10.3389/frmbi.2023.1292571


 11 

Environmental Engineering and Science Professors Research and Education Conference 

(St. Louis, MO) 6/29/22 

2.1 Introduction 

As discussed in Chapter 1, respiratory infections from drinking water-associated pathogens 

that can cause infections in the immunocompromised (DWPIs)1 such as Legionella pneumophila, 

nontuberculous mycobacteria (NTM), and Pseudomonas aeruginosa are a major public health and 

economic issue in the United States2, with the shower identified as a possible intervention point 

for DWPI exposure. Previous work on DWPIs in showers have mainly focused on detection in the 

shower water34,39,40, linking abundances to physiochemical parameters22,24,48, or connecting 

environmental isolates to clinical strains16,40. While informative, there are crucial gaps in the 

current body of knowledge including in-depth characterization of the route of exposure (i.e., 

inhalation of produced aerosols) as well as what can be done to decrease DWPI infection risk. 

Additionally, experimental design shortcomings of these studies, such as the collection of grab 

samples that: (a) do not account for differences in the microbial load over the entire course of a 

shower, and (b) either assess one shower system or draw parallels across numerous systems 

without contextualization of different use patterns, materials, or other factors, lead to inaccurate 

DWPI risk assessment. Likewise, how plumbing material and shower usage / age (time since 

showerhead has been installed) impacts microbial load and community composition is unknown. 

As virgin plumbing is used, biofilms stemming from the DW microbiota are formed6,42,43,46,47: 

these biofilms are thought to influence the resulting microbial composition of both the shower 

water and aerosols, however these microbial adhesion and detachment events are poorly 
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characterized45. Some previous work conducted to evaluate initial colonization in virgin plumbing 

materials has found that the microbial composition of DW biofilms change over time, with marked 

differences occurring between the day of installation (day 0), before 30 days of use (early biofilm 

phase), and after 30 days of use (mature biofilm phase)47, which further highlights the need for 

longitudinal testing of the same outlet.  

Given that the average adult showers for 8 minutes every day36 and that building plumbing 

has consistently detectable DWPIs22,24, the most promising DWPI mitigation location would be at 

the final point of use (e.g., showerheads). Currently, to help reduce the risk posed by DWPIs in 

household and healthcare shower water, individuals and facility managers use a variety of 

approaches spanning from large-scale engineered solutions (periodic thermal52,61 or chlorine 

shocking of building plumbing62) to more economic and tunable approaches such as the use of 

antimicrobial showerheads. The designs of antimicrobial showerheads fall into one of two 

categories: chemically mediated antimicrobial activity (e.g., use of silver and or copper) or 

physiochemical antimicrobial activity (e.g., filtration through a media bed or block63). Regardless 

of the type of antimicrobial showerhead, all claim to reduce or eliminate microorganisms from 

shower water. Such claims are substantiated by culture-dependent assessment approaches used by 

regulators to detect pathogens, even though it is widely known that these approaches can provide 

false-negative results if DWPIs exist in the VBNC64 state, or if they are present below the method 

detection limit. Furthermore, manufacturers follow ISO 22196:201156 to test their antimicrobial 

material, which does not simulate the shower environment and focusses on quantifying microbial 

reduction of non DWPI organisms (e.g., Escherichia coli) using culture-based methods, and 

completely overlooks the exposure route – aerosols65–67. 
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Previous studies have assessed DWPI concentration in aerosols produced from showers, 

however, these studies although pioneering have many drawbacks; namely the microbial 

assessment in all aerosol size fractions 40,68 (including fractions which cannot be respired) 33, 

unrealistic shower operation and sampling approach (i.e. collection for >1h) 33 , the use of hard 

impaction for collection 40,68, which reduces recovery and can distort aerosol size, the lack of 

replication and temporal assessment. Given these shortcomings there is an immediate need to 

quantitively assess the efficacy of antimicrobial showerheads on both their produced water and 

respirable shower water-associated aerosols (2 µm – 5 µm) under realistic use conditions. 

This study compared water quality, DWPI abundance and microbial community 

composition in shower water and respirable shower water-associated aerosols between 

antimicrobial and conventionally used acrylonitrile butadiene styrene (ABS) plastic showerheads 

using a custom full-scale shower laboratory to simulate real world showering conditions. Two 

antimicrobial showerheads were used in this study: one marketed to contain silver impregnated 

into the plastic, and the other contained a proprietary multi-stage filter. Shower water and their 

associated aerosols were collected from triplicates of each showerhead biweekly over the course 

of 14 weeks (84 days). All samples were analyzed for DWPI abundance using droplet digital PCR, 

microbial community dynamics using 16S rRNA amplicon sequencing, and a variety of 

physiochemical parameters. 
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2.2 Research Approach 

2.2.1 INHALE Shower Laboratory Set Up And Tested Showerheads 

The INHALE shower laboratory at the University of Pittsburgh, PA, consists of three full-

scale shower stalls (Sterling Ensemble 34 in. x 42 in. x 77 in) connected to their own separate 50-

gallon electric water heater (Bradford White Corporation, Model Number: RE350S6 – 1NCWW), 

using municipal water supplied by the City of Pittsburgh after transit through building plumbing. 

The water pressure feeding into the laboratory is 60 psi, with a 56 psi pressure measured at the 

outlet. In each stall, there are three showerheads that are controlled with independent valves, 

allowing for triplicate studies to be run (nine showerheads overall) (Figure 2). The INHALE 

laboratory was constructed with virgin copper piping for the plumbing, and contains a 1¾ 

thermomixing valve on the outlet of each water heater that is set so that the water coming out of 

the showerheads is 40 ºC, the average shower temperature of Americans36. Each showerhead tested 

had an output flow of 2.5 gpm. A ¾” hole was drilled in each Plexiglas shower stall door 154 cm 

from the shower floor in order to collect bioaerosols present in the average American adult’s 

respirable zone69. Each showerhead was flushed daily for 8 minutes to simulate an average 

American’s shower36 and to replicate real-world shower impacts on the biofilms within the pipes. 
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Figure 2: Schematic of full-scale shower laboratory set-up. The blue X indicates the aerosol sampling port in 

the Plexiglass door, the black X indicates where the copper pipe from the hot water heater connects to the 

shower stall, and the red X’s correspond to each showerhead position. 

Three different types of showerheads were installed in triplicate in the INHALE shower 

laboratory: a commonly used and widely available showerhead made from acrylonitrile butadiene 

styrene plastic (ABS) and two marketed antimicrobial showerheads (one containing silver 

nanoparticle technology embedded in the plastic polymer; referred to from here forward as silver 

embedded, and the other showerhead was an ABS plastic showerhead that contained an in-line 

proprietary filter containing zinc, calcium, and copper; referred to from here forward as filter-

based). The silver-embedded showerhead was marketed to be bacteriostatic and to prevent the 

formation of biofilm inside the showerhead and hose. The filter-based showerhead is marketed to 

remove bacteria from the resulting shower water in addition to removing iron and chlorine. All 

tested showerheads were obtained directly from their respective manufacturers. Prior to the 

installation of the showerheads to be assessed, ABS heads were installed on each of the three 

outlets in each stall and flushed daily for 8-minutes for 1 month to eliminate water quality artifacts 

due to stagnation.  
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2.2.2 Shower Water And Shower Water Associated Bioaerosol Collection 

Water and respirable aerosols (<10 µm in diameter) samples were collected in tandem 

biweekly over the course of 3 months (yielding 7 sampling events in total) from each showerhead. 

This time frame was chosen following the manufacturer’s guidelines to replace the silver-

embedded showerhead after 60 days of use: the sampling period of 84 days allowed for studying 

its performance during its marketed effective treatment period, and past its recommended 

timeframe. The aerosol sampler was turned on at the same time as the shower, and an 8-minute 

composite water samples were taken at the same time as aerosol collection. The shower and aerosol 

sampler continued to run for a total of 20 minutes after the water was collected, when the shower 

and aerosol sampler was turned off. To prevent aerosol contamination from one showerhead to the 

others and to allow aerosol abundance to return to baseline, one showerhead at a time was sampled 

with a gap of at least 1 h between heads.  

Briefly, water sampling entailed collecting a 1.5 L composite sample taken over 8 minutes 

after the shower water reached temperature for each head into a sterile Nalgene bottle. Allowing 

the water to reach showering temperature before sampling was to simulate what a person 

showering would come into contact with. 1 L was immediately filtered through a 0.2 µm 

polycarbonate filter (Millipore, Cork, Ireland) and the filter was stored at -20 ºC prior to extraction, 

while the remaining water was used for water chemistry analysis. Deionized water was processed 

identically to the shower water samples as a negative control. 
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Bioaerosols were sampled using the 110A Spot Sampler by Aerosol Devices Inc. (Aerosol 

Devices, Fort Collins, CO), with the addition of a SCC1.829 cyclone (Mesa Labs, Lakewood, CO) 

that allowed for collection of respirable aerosols (<10 µm in diameter). Following the approach of 

Nieto-Caballero et al., 2019 bioaerosols were collected into 0.6 mL of RNAlater (Thermofisher, 

Waltham, MA) using antistatic tubing for 20 minutes to ensure sufficient biomass was collected70. 

Samples were stored at -20 ºC prior to extraction. Background samples were taken prior to each 

sampling event where aerosols were collected in the INHALE shower laboratory for 20 minutes 

with no showers running, and aerosol control samples were taken at sampling events 1, 4, and 7 

by installing a HEPA filter in-line with the sample tubing. 

2.2.3 Water Quality Measurements 

Twenty water quality parameters (Appendix A Table 1) were measured using previously 

described methods22. Ammonia71, orthophosphate72, free chlorine, and total chlorine73 

concentrations were determined at the time of collection using a portable DR900 

spectrophotometer (Hach, Loveland, CO, USA). Temperature and pH were monitored onsite using 

a portable pH and temperature meter (HANNA Instruments, Woonsocket, RI). Total and dissolved 

organic carbon were measured using the Shimadzu TOC-L analyzer using the subtractive method 

(Shimadzu, Kyoto, Japan). Total and dissolved iron, lead, copper, silver, calcium and magnesium 

were determined using inductively coupled plasma mass spectrometry (PerkinElmer NexION 300 

ICP-MS, PerkinElmer, Waltham, MA). Prior to analysis, all dissolved organic carbon and 

dissolved metal samples were prepared by passing water through a 0.45 µm nylon syringe filter 

(Thermofisher, Waltham, MA) primed with 5 mL of sample.  Deionized water was processed in 
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the same way to samples as controls. All analyses, except pH, and temperature, were performed in 

triplicate and the coefficient of variation was at most 13%.  

2.2.4 DWPI Quantification 

DNA from collected water and aerosol samples were extracted using the Fast Spin DNA 

Extraction kit (MPBio, Irvine, CA), where the extracted DNA was eluted into 100 uL of DES48 

and stored at -20 ºC until further analysis. Extraction controls were performed for each extraction 

kit where nothing was added to the extraction kit reagents, and filter controls were processed by 

extracting filters that had no material passed through it for each filter manufacturing batch. 

Absolute densities of total bacteria, L. pneumophila, P. aeruginosa, and NTM were determined 

using droplet digital polymerase chain reaction (ddPCR) (QX200, Bio-Rad, Hercules, CA) 

targeting the 16S rRNA gene and taxon specific genes, respectively (Appendix A Table 2). All 

samples were analyzed in duplicate along with negative controls (field blanks, extraction blanks, 

and ddPCR blanks of molecular grade water as the template) and gblock positive controls of each 

amplicon (Integrated DNA Technologies, Inc., Coralville, IA). Each 22 µL ddPCR reaction 

contained 11 µL of EvaGREEN supermix (Bio-Rad, Hercules, CA), 0.625 mg/mL bovine serum 

albumin (Invitrogen Corporation, Waltham, MA, USA), 0.2 uM primers (Integrated DNA 

Technologies, Inc., Coralville, IA) (Appendix A Table 2), 7.57 µL of water, and 2 uL of the 

extracted template DNA at an assay specific dilution. Droplets were generated to a 20-μL reaction 

volume using the automated droplet generation oil for EvaGREEN (Bio-Rad, Hercules, CA), and 

the plate was heat sealed. PCR was performed using a C1000 Touch thermal cycler (Bio-Rad 

Laboratories) within 15 min of droplet generation using the reaction conditions presented in Table 

A2 Within 1 h of PCR completion plates were ran on the droplet reader for quantification. 
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Thresholds were set for each ddPCR assay (Appendix A Procedure 1) and the absolute density of 

the target taxa were determined using Quantasoft v1.0.596 following the method described by 

Lievens et al.74. Paired water and aerosol samples were compared after DWPI quantification to 

assess DWPI partitioning by calculating the ratio of DWPIs in the aerosol phase and water phase. 

2.2.5 16S rRNA Gene Amplicon Sequencing 

16S rRNA gene amplicon library preparation and sequencing were performed on water and 

aerosol samples at Argonne National Laboratory following the Illumina Earth Microbiome 

Protocol75. Samples were sequenced on an Illumina HiSeq2500 with a total of 1,633,966 raw reads 

generated. Microbiome analysis was performed using QIIME2 (version 2020.2) with quality 

filtering performed using the method described in Bolyen et al.76. Reads were assigned to 

operational taxonomic units (OTUs) using a 97% cutoff using the closed reference OTU-picking 

protocol in QIIME2 (version 2020.2) using the Silva (version 132.5) reference database. All data 

were processed using the University of Pittsburgh’s Center for Research Computing cluster 

servers. 

2.2.6 Statistical Analysis 

All data was visualized and analyzed using R statistical software (Version 4.0.5). 

Significant differences (p-values <0.05) of parameters by head type, sample type, and over time 

were determined using analysis of variance (ANOVA) tests, and paired Mann Whitney U-tests.  

While alternative analyses, such as the sign test, could have been employed to assess statistical 

significance, the decision was made to utilize standard non-parametric tests due to the limited 
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understanding of temporal changes and their potential influence on biofilm composition. Power 

calculations were conducted in order to ensure that these statistical tests were valid. Linear mixed-

effect models were developed to determine which physiochemical parameters impacted absolute 

abundances of DWPIs utilizing a stepwise forward and reverse approach to find the model with 

the lowest Akaike Information Criterion value77.  Prior to model generation, all DWPIs 

abundances were transformed to ensure normal distributions, all physiochemical data were scaled, 

and all collinear variables were assessed and removed using a variance inflation factor (VIF) values 

<10. Power calculations revealed no more than five explanatory variables should be included in 

the models. Taxonomic data generated from sequencing were Hellinger transformed prior to 

analysis to minimize the impact of low abundances of many taxa78.  Pairwise dissimilarities 

between samples were calculated based on the Bray-Curtis dissimilarity index, and examined for 

temporal and spatial patterns in the bacterial community structure by Non-metric 

Multidimensional Scaling as implemented in the Vegan package in R79. Significant differences in 

the microbial community compositions (Shannon diversity index, Chao’s richness, and Pielou’s 

evenness) based on showerhead age and sample type were determined by ANOVA. Relationships 

between environmental parameters and patterns in microbial community composition were 

examined by redundancy analysis (RDA) with significance tested by ANOVA after reducing the 

overall suite of environmental variables with variation inflation factor analysis (VIF)22. 
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2.3 Results And Discussion 

2.3.1 Showerhead Type Did Not Impact Shower Water Chemistry 

Overall, there was no significant difference in effluent showerhead water chemistry 

between any of the head types (ABS, silver-embedded, and filter-based), despite different 

materials used and marketing claims (Appendix A Table 3). In particular, it was surprising to 

observe no significant differences in the concentration of chemicals expected to leach from the 

showerheads (i.e., organic carbon from the ABS showerhead, organic carbon and silver from the 

silver-embedded showerhead, or organic carbon, calcium, and copper from the filter-based 

showerhead) during any point of the 84-day long sampling period.  In terms of additional treatment 

besides the antimicrobial properties of the showerheads, the filter-based showerhead claimed to 

remove 95% of total chlorine. However, there was no significant difference in chlorine 

concentration between all head types, although the filter-based heads had the lowest absolute 

concentration of free and total chlorine when the average values were compared (Appendix A 

Table 3). It is challenging to determine if the filter-based head is effective at removing chlorine 

because it was tested using hot water at the point of use, where most of the chlorine residual has 

dissipated or volatized by the time of testing regardless of head type.   

2.3.2 DWPI Presence And Abundance Was Unaffected By Showerhead Type 

From a consumer perception perspective, the most likely reason for the use of antimicrobial 

showerheads is their efficacy at removing microorganisms from water. Both the silver-embedded 

and filter-based antimicrobial showerheads claim that they contain materials that are bactericidal 
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and bacteriostatic, yet there was no statistically significant difference in the absolute abundance of 

total bacteria or any DWPI between the antimicrobial showerheads and the ABS showerheads in 

both water exiting the showerhead and associated bioaerosols (Figure 3). When looking at DWPI 

abundances over time, there were no significant trends in the aerosol data due to the low biomass 

recovered for the DWPI targets (Appendix A Figure 3). In the water samples, there were no 

significant differences over time between showerhead type, but there were marked differences in 

the behavior of each DWPI. L. pneumophila and P. aeruginosa were detected transiently in the 

water samples in low concentrations (88 gene copies/L and 3.9 x 104 gene copies/L, respectively), 

whereas NTM was consistently abundant and increased in concentration after day 42 of continuous 

use (Appendix A Figure 2).  

 

Figure 3: Absolute gene copy concentration of total bacteria (orange), Legionella pneumophila (green), 

Pseudomonas aeruginosa (blue), and nontuberculous mycobacteria (yellow) observed across 84 days of shower 
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operation in ABS Plastic, silter-based, and silver-embedded showerheads in shower water. Each showerhead 

type shows all the data collected from three experimental showerhead replicates. 

  

The results of the amplicon sequencing corroborated the absolute quantification data: non 

metric multidimensional scaling (NMDS) analysis revealed no meaningful clustering in samples 

based on showerhead type (Appendix A Figure 4), and RDA analysis confirmed that showerhead 

type was not a significant parameter in explaining differences in the microbial community.  The 

disparity between the marketing claims of these showerheads and their performance in a full-scale 

system could be due to a variety of factors, but likely are either due to material/ antimicrobial agent 

or application issues. From an antimicrobial agent perspective, it is possible that the tested 

antimicrobial showerheads do not contain the agent, which would violate Title 15 of the United 

States Code Section 1125 stating general provisions against false descriptions80, however without 

extensive material testing which was outside of the scope of this study, this explanation cannot be 

further explored. More likely, the reasoning for the lack of difference in DWPI abundance is due 

to too low of a concentration of the antimicrobial agent (silver and copper in the case of the silver-

embedded and filter-based showerheads, respectively) to effectively inactivate microbes during a 

short exposure / contact time within a showerhead and shower hose (seconds to minutes). 

According to the manufacturer of the silver-embedded head, the active agent is tested in 

accordance with ISO 22196, which involves assessing the reduction of Staphylococcus aureus and 

E. coli on the antimicrobial material in nutrient abundant conditions after 24 h of incubation56. 

These conditions are vastly different from the shower water and showerhead environments and the 

organisms used are not commonly found in DW and don’t represent the DWPI’s claimed to be 

removed.  Additionally, it is possible that the antimicrobial showerheads may be effective during 

a longer time of operation (after 84 days) or when DWPI concentrations are significantly higher. 
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The former explanation is unlikely since the manufacturer suggests replacing the silver-embedded 

showerhead after 60 days of use.  It should, however, be stressed that none of the showerheads 

tested in this study have an National Sanitation Foundation (NSF) or the American National 

Standards Institute (ANSI) certifications for specific contaminant removal, so the manufacturers 

claims have not been tested to the voluntary standards used in the U.S.81.  Furthermore, this study 

used molecular methods which detect both live and dead DWPIs, so it is possible differences may 

exist if culture-based approaches were solely used, however for the reasons mentioned previously 

(e.g., VBNC detection) molecular approaches were chosen.  

  

Multivariate statistical analysis revealed that the most influential parameter to explain 

DWPI abundance was the showerhead age (days of use since installation) (Appendix A Table 5). 

The importance of showerhead age is unsurprising given biofilms develop in the virgin hose and 

fixtures and thus begin to influence the microorganisms in the shower water and aerosols45. 

According to the manufacturers of the silver-embedded and filter-based antimicrobial 

showerheads, both fixtures were to inhibit biofilm formation, and thus reduce the microbial load. 

However, DWPI and total bacteria concentrations were comparable regardless of head type, which 

further supports that these antimicrobial showerheads are no more effective than conventionally 

used ABS showerheads under real-use conditions (Appendix A Figures 2 and 3). The abundance 

trends observed over the course of the study in the water samples for each DWPI correlate with 

what little is known about DW biofilm dynamics: L. pneumophila and P. aeruginosa have different 

biofilm formation dynamics and thus may detach from the biofilm and enter the bulk water phase 

at different and transient times24,82. NTM is a known early colonizer of DW biofilms83,84 and forms 

fairly consistent robust biofilms on common plumbing materials after as little as 7 days85, so it is 
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possible that the observed increase in water samples came from sloughing of the mature biofilm 

after day 42.  

2.3.3 Aerosolization Behavior Of DWPIs Is Species-Specific 

Limited work has examined respirable bioaerosolization dynamics in full-scale DW 

systems, so characterizing bioaerosols generated as a function of time would yield insight into 

critical points of DWPI aerosolization in the lifespan of a showerhead. Regardless of showerhead 

type at the point of installation, respirable DWPIs that may be inhaled over the course of an average 

shower were found to be lower in abundance in this study (Figure 4) than in previous studies33,41. 

However, due to methodology differences in sampling time (60 minutes33 compared to 20 minutes 

here), aerosol fraction collected (all sizes33 compared to < 10 µm in this study) and aerosol 

collection instruments used it is not possible to compare these studies as truly equivalent, with the 

methodology of these other studies leading to higher bioaerosol counts inherently. Despite the low 

DWPI abundance, concentrations did vary by head type (Figure 4), with each DWPI exhibiting 

similar peaks in concentration at the same biofilm age across showerhead types. More specifically, 

NTM peaked in inhalable concentration at the time of installation (0-13 days), P. aeruginosa 

shows highest inhalable concentrations during early biofilm formation (14-42 days) and L. 

pneumophila displays consistent concentrations during both early and mature biofilm age (14-42 

and 43-84 days, respectively). Collectively these results suggest that potential DWPI inhalation 

risk is DWPI specific and influenced by both the number of days of operation of the showerhead 

and the showerhead type.   
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Figure 4: Stacked barplots of the average absolute abundance of Legionella pneumophila (green), Pseudomonas 

aeruginosa (yellow), and nontuberculous mycobacteria (blue) within bio-respirable shower water-associated 

aerosols (<10 um) produced during an 8-minute shower using ABS Plastic showerhead, Silver-embedded 

showerhead, and Filter-based showerhead. Averages are based on triplicates of each showerhead type.  

Looking at partitioning behavior (microbial concentration in the aerosol phase divided by the 

microbial concentration in the water phase), no statistically significant difference in DWPI 

behavior was observed between the showerhead types, however silver-embedded showerheads did 

have higher partitioning ratios and standard deviations than the other two showerheads (Table 1). 

Despite the lack of difference in DWPI partitioning between showerhead types, there were 

significant differences in individual DWPI partitioning behavior as a function of time (biofilm age) 

which was consistent across all showerhead types (Figure 5). Specifically, NTM appeared to 

partition at the highest frequency at time zero (Figure 5C) and then dissipated as the biofilm 
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established. Whereas L. pneumophila and P. aeruginosa show their highest partitioning behavior 

during early biofilm formation (Figure 4A and B). Within both phases L. pneumophila was very 

stochastic as it displayed large variation in absolute density (below the limit of detection – 308 

gene copies/L) and was sporadically detected (Figure 4A). There are few studies that focus on 

aerosolization from DW, and those that do use vastly different methods than those used in this 

study in both aerosol collection and quantification methodology. Speaking very broadly, other 

studies have found L. pneumophila39 and P. aeruginosa86 present, but in low concentrations in 

shower water and even lower concentrations in shower aerosols when using culture-independent 

techniques, which yields comparable partitioning to that found in this study. Interestingly, these 

observations of NTM did not conform to the consensus within literature87 that the genus is easily 

aerosolizable due to their hydrophobic cell membrane. This discrepancy could be attributed to the 

lack of size exclusion during aerosol collection in previous studies (i.e., collecting total NTM 

bioaerosols instead of respirable NTM bioaerosols), in addition other studies have collected 

samples from established plumbing sources of unknown ages, so it is conceivable that NTM 

aerosolizes better after more than 84 days.  

Overall, considering both aerosolization and partitioning behavior data, antimicrobial 

showerheads did not significantly impact microbial aerosolization in the shower system, although 

the silver-embedded head had slightly higher ratios for all DWPIs and total bacteria (Figure 3 and 

Appendix A Table 4). Besides material type, there are many factors that contribute to showerhead 

aerosol generation such as number of water jets, orientation of jets on the showerhead, flow rate 

of shower water, and spray pattern37, all of which were controlled in this study. Although DWPI 

risk cannot be assessed due to the lack of viability data, these results demonstrate differing DWPI 

potential risk dynamics as a function of time. These differences need to be explored further using 
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both culture-based approaches and molecular methods targeting viable DWPIs as they suggest that 

quantitative microbial risk assessment for each DWPI should factor in the age of the showerhead.  

 

 

Figure 5: Partitioning percentages of A Legionella pneumophila, B Pseudomonas aeruginosa, C nontuberculous 

mycobacteria, and D total bacteria based on biofilm growth stage; initial (0 -13 days), early (14-42 days) and 

mature (43-84 days) using all data collected from all showerhead types.  

 

 

 

 



 29 

Table 1: Summary of generated linear models. In the model components column, ± indicates positive or 

negative association and the percent of the variance explained by each variable is superscripted. 

  
Overall Model 

Model 

(Transformation) 
Model Components 

Explained 

(%) 
p-value 

L. pneumophila 

Water        

(Square root) 

Showerhead Type27% + Showerhead Age2% + 
Total Chlorine25.6% + Total Calcium11.9% + 

Dissolved Copper2.3% 
42.20 5.8 x 10-6 

Aerosols    

(Square root) 
Total Chlorine21.9% 21.90 1.1 x 10-4 

Partitioning ratio 

(Logarithmic) 

L. pneumophila in water29% – NTM 

emission0.5% – Total Chlorine5.2% + Total 

Iron7.1% – Dissolved Copper6.4% 
49.10 3.2 x 10-7 

P. aeruginosa 

Water        

(Square root) 

Showerhead Age33% + Free Chlorine18% + 

Dissolved Iron4.2% – Total Organic 
Carbon6.6% 

61.7 1.5 x 10-11 

Aerosols 

(Logarithmic) 

Temperature5.2% + Total Iron14.8% – 

Dissolved Organic Carbon5.2% + Total 

Bacteria in Water6.8% 
32 1.4 x 10-4 

Partitioning ratio 

(Logarithmic) 

Total Iron31.9% + Bacteria emission11.2% + 

Temperature6.4% 
49.5 8.0 x 10-9 

Nontuberculous mycobacteria (NTM) 

Water        

(Square root) 

Total Bacteria in water15.9% – Showerhead 

Type5% – Free Chlorine19% 
39.9 1.3 x 10-6 

Aerosols 

(Logarithmic) 

pH1.5% + Total Copper13.2% + Total 
Organic Carbon3.2% – Total 

Magnesium9.8% 
27.8 7.3 x 10-4 

Total Bacteria 

Water 

(Logarithmic) 

Total Iron23.4% + Temperature10.1% + 

Dissolved Copper4.8% + NTM in water16.2% 
54.6 1.9 x 10-9 

Aerosols    

(Square root) 

Total Bacteria in water24% – Total Iron0.01% + 

Total Magnesium10% + Dissolved Copper3.2% 

– Total Calcium8.6% 
45.9 9.8 x 10-7 

Partitioning ratio 

(Logarithmic) 

P. aeruginosa emission28.7% + Dissolved 
Silver8.8% –  

P. aeruginosa in water4.1% 
41.6 5.3 x 10-7 
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2.3.4 Microbial Community Dynamics Were Phase (Water And Aerosol) And Showerhead 

Age Dependent  

RDA analysis revealed that the microbial community was significantly impacted by phase 

and age (days of operation), with phase explaining 7.2% of the variance observed. Between water 

and aerosol phases, the community structure and membership of dominant taxa were surprisingly 

comparable despite the bioaerosolization process being known to reduce overall microbial 

concentrations and cause damage to cell membranes (Figure 6)33. Alpha diversity analysis revealed 

that samples from either phase were similar in richness and diversity, but that water samples were 

less even than aerosol samples. Looking at the most abundant phyla (Figure 6A) in the water and 

aerosol samples, Proteobacteria were the dominant phyla in water (58%) and aerosol (61%) 

samples alongside other commonly reported DW phyla43,46 such as Firmicutes, Actinobacteria, 

Cyanobacteria, and Bacteroidetes. However, at the more resolved genus level, there was much 

more variation in community composition between water and aerosol samples with only 40% of 

all genera being common between phases, with Acidovorax, Sphingomonas, and 

Stenotrophomonas being the most abundant which makes sense given their documented resistance 

to chlorine and ability to form DW biofilms (Figure 6B)88–90. Despite many similarities in the 

microbiome between the aerosol and water samples, there were distinctions in the beta diversity 

being driven by rare taxa which explains the distinct clustering of aerosol and water samples 

(Appendix A Figure 4).  
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Figure 6: Stacked barplots showing the top ten most abundance phyla A. and genera B. in shower water and 

shower water-associated aerosols. Data illustrate the average abundance observed across all showerhead types 

and all timepoints.  

Collectively, across all showerhead types 27% and 21% of genera were shared in water 

and aerosol samples, respectively, however ABS Plastic showerheads displayed the least number 

of genera (99 in water and 65 in aerosols) and filter-based showerhead had the most (148 in water 

and 74 in aerosols). The aforementioned DWPIs were among the top ten most abundant genera 

shared between showerhead types and phases, as well as Mycobacteria. Mycobacteria have been 

documented to make up large proportions of the DW microbial community48,83, and its presence 

as a major community member is in agreement with the absolute abundance data collected from 

these samples despite being detected in lower quantities than other studies33. These genera results 

suggest that the antimicrobial showerheads do not select for fewer taxa based on their material 

properties as expected, but in fact support different rare taxa compared to the commonly used 

plastic head (Figure 7A and 7B). The highest number of taxa being found in the filter-based 

showerheads makes sense as it has been documented that filters can be colonized by 
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microorganisms and support a large array of microbial growth on the unit process scale63,91, 

however understanding the material effects of the showerhead itself on microbial community must 

be further explored to determine if there are unintended consequences to using novel showerhead 

materials.  

In addition to showerhead type and phase being known to impact the DW microbial 

community, the age of plumbing and associated fixtures has been shown to impact the 

microbiome43 more than the showerhead type. NMDS analysis of the water samples from this 

study revealed that the microbial community structure was distinct during the different stages of 

biofilm formation, with tight clustering being observed on the day of showerhead installation and 

looser clustering in samples taken during early and mature biofilm development (Appendix A 

Figure 4). As the biofilm establishes, the microbiome in the water samples is influenced by the 

sessile community forming within the virgin fixture so the differences in the communities over 

time aligns with known biofilm processes. The membership in these samples also changes as 

showerhead age increases, which further suggests that biofilm formation in virgin plumbing 

fixtures impacts the composition of the microbiome in both water and aerosol samples (Figure 8). 

As the study progressed, samples significantly decreased in richness and diversity, but increased 

in evenness. Although biofilm formation kinetics and characterization in DW systems is an 

emerging area of research, these changes in alpha diversity may be influenced by the sessile 

community within the hose and showerhead sloughing into the water as the biofilm matures45. 

Such structural convergence has been documented in previous studies in DW distribution systems 

after different treatment processes92, and in a shower hose material study which initially saw 

differing microbial densities across material types but a convergence over time43.   
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Figure 7: Heatmap showing the abundances of the fifteen least abundant genera produced in A. aerosol samples 

and B. water samples by each shower head type  
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Figure 8: Top ten most abundant genera by biofilm establishment period for A. water and B. aerosol samples. 

Each bar represents an average across all showerhead types. 

2.4 Conclusions 

Overall, antimicrobial showerheads did not produce significantly different water chemistry 

or DWPI abundances in shower water and shower water associated aerosols over the duration of 

the study. Despite not changing the absolute abundances of DWPIs or total bacteria, showerhead 

type impacted the microbial community of the water and aerosols which may indicate that there 

are material effects beyond the marketed antimicrobial properties that could be impacting 

microbial growth, establishment, and biofilm development. Aerosolization behavior of DWPIs 

was found to be the same across all showerhead types, however the proportion and time frame of 

maximum aerosolization varied for each DWPI studied. Although DWPI risk cannot be assessed 
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due to the lack of viability testing, these findings suggest that future quantitative microbial risk 

assessment for DWPIs should consider the showerhead age. There are many experimental 

considerations for this work, most notably that samples were analyzed for DNA and not RNA, so 

viability was not considered in this study, in addition to lacking the extensive materials and product 

design testing of these showerheads to confirm their marketed properties in the laboratory 

environment. Future work should also include in-depth materials testing of showerhead and hose 

material to independently assess and verify their antimicrobial properties in the DW environment. 

Additionally, temporal characterization of microbiome and DWPI abundance within the water, 

biofilm and aerosol phases in full-scale model studies like this one are required beyond the 84 days 

of this study to determine if the observed dynamics change, especially for NTM. The inclusion of 

a human analog (i.e. mannequin) should also be considered for subsequent studies to assess the 

changes in aerosolized DWPI deposition and to relate the findings more closely to consumer 

exposure. Based on the results of this study, a consumer choosing between a conventional or 

antimicrobial showerhead may want to install a cost-effective conventional showerhead which 

achieves similar chemical and microbial quality to the more expensive antimicrobial alternatives. 
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3.0 Specific Aim 2.0: Evaluate The Efficacy Of Silver In The Showering System 

Specific Aim 2.0 was funded by The National Science Foundation (grant number: 

CBET- 1935378). This work was conducted with the help of Jamie Mastropietro, Daniel Huffman, 

and Krystolynn Harris during sample collection, Dr. Daniel Bain and Paige Moncure during ICP-

MS analysis, Dr. David Malehorn during TOC analysis, Dr. Julianne Baron and the scientists at 

Special Pathogens Laboratory that performed culturing, and Dr. Esta Abelev for SEM and EDS 

analysis at the University of Pittsburgh’s Nanoscale Fabrication and Characterization Facility. 

Daniel Huffman recovered, processed, and analyzed biofilm samples from shower hoses along 

with Yash Shah and Dr. Kira Lathrop for OCT analysis. The results of Specific Aim 2.0 are 

published in one journal publication with three other publications in preparation. In addition, 

results have been shared in 2 conference proceedings: 

Journal Articles 

1. Huffman, D.; Pitell, S.; Moncure, P.; Stout, J.; Millstone, J.; Haig, S.-J.; Gilbertson, L. 

Moving beyond silver in point-of-use drinking water pathogen control. Environmental 

Science: Water Research and Technology 2024. https://doi.org/10.1039/D3EW00564J  

2. Pitell, S.; Huffman, D.; Moncure, P.; Millstone, J.; Stout, J.; Gilbertson, L.; Haig, S.-J. Not 

the silver bullet: assessing the effects of silver-containing antimicrobial showerheads 

on the drinking water microbiome. In preparation for submission to Frontiers in 

Microbiomes. 
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3. Pitell, S.; Huffman, D.; Shah, Y.; Moncure, P.; Millstone, J.; Stout, J.; Lathrop, K.; 

Gilbertson, L.; Haig, S-J. Characterizing the drinking water biofilm established in 

silver-containing showerheads. In preparation. 

4.  Pitell, S.; Woo, C; Millstone, J.; Stout, J.; Gilbertson, L.; Haig, S-J. The effects of ionic 

silver on Mycobacterium abscessus biofilms in a simulated drinking water 

environment. In preparation. 

Conference Proceedings 

1. Pitell, S.; Huffman, D.; Moncure, P.; Millstone, J.; Stout, J.; Gilbertson, L.; Haig, S.-J. 

Assessing the impacts of silver-containing showerheads on the drinking water 

microbiome. Poster. Association of Environmental Engineering and Science Professors 

(AEESP) Research and Education Conference (Boston, MA) 6/22/23. 

2. Huffman, D.; Pitell, S.; Shah, Y.; Moncure, P.; Millstone, J.; Stout, J.; Lathrop, K.; Haig, 

S-J.; Gilbertson, L. Flushing Out the Truth: Investigating the Impact of Silver on 

Biofilm Formation in Shower Fixtures. Poster. Association of Environmental 

Engineering and Science Professors (AEESP) Research and Education Conference 

(Boston, MA) 6/21/23. 
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3.1 Introduction 

The work in chapter 2 highlighted the shortcomings of POU antimicrobial showerheads, 

but the demand for antimicrobial showerheads continues to increase54,55. This trend may be driven 

by economic benefits as large-scale DWPI reduction intervention strategies such as thermal 

shock61 or hyperchlorination62 in plumbing are costly for building managers ($4082 and $8281 

annually per 100 water outlets, respectively), are often only temporarily effective52,93, and are not 

suited for small domestic use. In addition, treating DW directly at the POU circumvents many of 

the complexities of addressing the entire building plumbing system. As discussed in Chapter 2, 

POU devices can use many mechanisms to treat water (e.g., filtration through media or UV 

disinfection)53, however POU fixtures containing silver are readily being adopted in healthcare 

facilities94,95. Historically, solid silver (e.g., coins) was used as an antimicrobial agent to treat 

water96, whereas today it is more commonly used in an ionized form (e.g., copper-silver 

ionization97). Despite the popularity of copper-silver ionization systems for onsite water treatment 

in healthcare facilities; fueled by a need to reduce Legionella, DWPI abundances is often only 

temporarily reduced51,52. Given the recurrence of DWPIs after copper-silver ionization treatment 

there is concern about the development of antimicrobial resistance in both microbes present in the 

water and the biofilm growing within the plumbing system98. Silver inactivates microorganisms 

through a variety of different biochemical mechanisms such as destabilizing the thiol bonds in 

nucleic acids and proteins and creating reactive oxidative species intracellularly99, however the 

inactivation mechanism is likely a combination of many physiochemical processes99,100.  

Many showerhead manufacturers are beginning to incorporate various types of silver into 

their showerhead designs as a way to reduce microorganisms in shower water or within the DW 
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biofilm. When testing the effectiveness of silver-containing POU devices, the same testing 

protocols such as ISO 22196:201156 are followed like with other antimicrobial materials, which 

do not accurately model the complex microbiota and oligotrophic environment of DW, and may 

give misleading results due to the induction of the VBNC101 state many organisms enter when 

under stress. In fact, independent studies have found that silver-containing fixtures have minor 

effects when used on drinking water95,102, and may unintentionally select for antimicrobial  

resistance66,103. 

Silver-containing showerheads that are marketed to reduce microbial load in shower water 

are an attractive option for building managers of high-risk facilities (e.g., hospitals or elderly care 

centers) or concerned consumers looking to reduce the risk of DWPI infection, however there is 

little data on how the incorporation of silver into a showerhead may impact the chemical and 

microbiological quality of DW and DW-associated biofilms under real-use conditions. To assess 

these potential impacts, this study evaluated the viable DW microbiota including DWPIs from 

shower water taken from three different silver-containing showerheads (silver ion-embedded 

polymer, copper-silver ion, and silver mesh) and were compared to samples from showerheads 

made with conventional fixture materials (ABS and metal). Additionally, two types of biofilm 

samples were collected, visualized, and analyzed for their microbial properties. Finally, CDC 

biofilm reactor experiments, operated to mimic the shower environment were conducted to 

characterize M. abscessus biofilms’ response to ionic silver at variable silver doses to help close 

the gap on what silver concentration is required for optimal disinfection in DW POU applications. 
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3.2 Research Approach 

3.2.1 INHALE Shower Laboratory Experimental Design And Sampling Regime 

The INHALE shower laboratory as described in Chapter 2 was used as the source location 

for all samples. Samples were collected across two sampling campaigns (C1 - March through May 

2021 and C2 - February through April 2022) to account for temporal variations in water quality): 

all measurements were done identically between the campaigns, with the only experimental 

differences being the dates sampled and the showerheads tested. Both campaigns were conducted 

over a 12-week period, which was chosen based on one of the manufacturer’s guidelines of 

replacing the showerhead after 12 weeks of use.  

Five different showerheads were used over the course of this study (Table 2), these were: 

(1) a commonly used ABS showerhead – used to simulate conventional showering dynamics; (2) 

a commonly used metal showerhead – used to simulate conventional shower dynamics; and (3) 

three different types of silver-containing showerheads - used to characterize a variety of 

antimicrobial technologies used in these fixtures. The first silver-containing showerhead, referred 

to from now on as “silver embedded” is composed of ABS plastic that is marketed to have silver 

nanoparticles embedded into the polymer. The second silver-containing showerhead, referred to 

from now on as “silver coated copper mesh” is composed of ABS plastic and contains a silver-

coated copper mesh in both the showerhead and hose. The third silver-containing showerhead, 

referred to from now on as “silver mesh” was fabricated by the research team by adding silver 

mesh woven from 0.356 mm diameter pure silver wire (Thermofisher, Waltham, MA) to an ABS 
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plastic showerhead. All commercially available showerheads used in this study are de-identified. 

All showerheads were operated with the same spray pattern and flow rate. 

Table 2: Summary of showerheads used in Chapter 3. 

Showerhead 

Type 

Material Commercial 

Availability 

Campaign 

Used 

Treatment 

Claims 

ABS plastic acrylonitrile butadiene 

styrene (ABS) polymer 

Yes 1, 2 None 

Metal Oiled bronze Yes 1 None 

Silver-

embedded 

composite 

Silver nanoparticles 

incorporated into polymer 

Yes 1 Inactivate 

microorganisms 

Silver coated 

copper mesh 

Plastic housing with silver 

coated copper mesh in 

both the showerhead and 

hose 

Yes 2 Inactivate 

microorganisms 

Silver mesh ABS plastic housing with 

silver mesh added 

No 2 None 

 

3.2.2 Showerhead Materials Testing 

Because the previous results from Chapter 2 saw no water chemistry or microbiological 

effects from the silver-embedded showerhead, materials testing on this showerhead was conducted 

to characterize the silver composition in the showerhead insert (the piece of the showerhead that 

claims to have silver in it as well as the piece that must be changed every 12 weeks in order for 

the showerhead to continue to treat water effectively). Three locations on two showerhead inserts 

from different manufacturing batches were isolated from the insert so that every location on the 

insert that has contact with the shower water was tested (Appendix B Figure 1). Scanning electron 

microscopy (SEM) using the Zeiss SIGMA 500VP SEM, and Energy-dispersive X-ray 

spectroscopy (EDS) analysis using an Oxford MAX80 EDS detector were performed on each of 
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the insert locations to visualize and assess the chemical composition of the samples, respectively. 

SEM imaging was performed using accelerated voltage of 20kV and a working distance of 10mm. 

Samples were coated with ~2 nm-thick coating of Pd/Au (80%/20%) for conductivity purposes on 

a Denton sputter coater. Both instruments are part of the University of Pittsburgh’s Nanoscale 

Fabrication and Characterization Facility. 

3.2.3 Water And Biofilm Sample Collection From Showerheads 

Water from each showerhead was sampled biweekly over the course of the 12-week 

campaigns (n= 6 sampling events per campaign). Briefly, water sampling entailed collecting the 

first 1.5 L for each head into a sterile Nalgene bottle. 1 L was immediately filtered through a 0.2 

µm polycarbonate filter (Millipore, Cork, Ireland) and the filter was stored at -80 ºC within 20 

minutes of collection to ensure the maximum amount of RNA was retained prior to extraction. The 

remaining water was used for water chemistry analysis and DWPI culturing.  

Biofilms associated with the shower water samples were collected using two different 

methodologies. Each DW outlet was swabbed at the point where the copper supply pipe ends, and 

the showerhead hose was installed by swiping a sterile cotton swab around the entire interior 

diameter of the pipe three times. Swabbing was conducted immediately before showerhead 

installation for both sampling campaigns and immediately after the collection of the final water 

sample. Collected swabs were then placed in 10 mL PBS, vortexed until there was visible 

maceration of the swab itself (~5min), filter concentrated onto a 0.2 µm polycarbonate filter 

(Millipore, Cork, Ireland), and stored at -80 ºC within 20 minutes of collection to ensure RNA 
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integrity prior to extraction. Biofilms were also extracted from the shower hoses themselves after 

each sampling campaign was finished.  

Biofilm recovery from the shower hoses was achieved by cutting two 5 cm-long segments 

from each hose; one segment was taken from either end of the hose (i.e., closest, and furthest away 

from the showerhead connection) with a sterile anvil lopper. Collected samples were placed in 

petri dishes, covered in foil and stored at -20 ºC until optical coherence tomography (OCT) 

imaging was conducted. The remainder of the hose was used to extract the biofilm according to 

the procedure outlined in Proctor et. al., 201643 to allow molecular and chemical analysis of the 

biofilm to be performed. Briefly, each hose was filled with sterilized glass beads and deionized 

water, stoppered, sonicated at 42 kHz for 5 minutes, and the resulting biofilm-bead suspension was 

collected in a sterile Nalgene bottle. This sonication step was repeated three additional times for 

each shower hose, then the fifth and final sonication was performed using 0.05% v/v Tween20 in 

place of deionized water to encourage biofilm detachment. Each hose end was then swabbed with 

a sterile cotton swab and added to the biofilm suspension. The bottle containing the beads, solution, 

and swabs were then vortexed at maximum speed for 2 minutes. Aliquots from this homogenized 

solution were then taken for TOC and DOC analysis, total and dissolved metal analysis, and the 

remaining suspension was passed through a sterile Büchner funnel to remove the glass beads, then 

filtered onto a 0.2-μm polycarbonate membrane (Millipore, Cork, Ireland) as described in the 

previous chapter. The filtered samples were stored at -20°C until molecular analysis was 

performed. 
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3.2.4 Water Quality Measurements 

Ten water quality parameters (Appendix B Table 1) were measured in all collected water 

samples in accordance with standard methods. Temperature, pH, orthophosphate, free chlorine, 

total chlorine, total and dissolved organic carbon, and total and dissolved metals (iron, lead, 

copper, silver, calcium, and magnesium) were measured as described in Chapter 2. Oxidation 

reduction potential was assessed at the time of collection using an ORP probe (Mettler-Toledo, 

Columbus, OH). All analyses, except pH, and temperature, were performed in triplicate and the 

coefficient of variation was at most 13%.  

3.2.5 DWPI Culturing 

Culturable DWPI abundances were quantified by the Special Pathogen Laboratory in 

Pittsburgh, PA. Water samples were quenched with sodium thiosulfate (enough to quench up to 

20 ppm free chlorine in potable water) at the time of collection to prevent disinfection during 

transport. Legionella sp. were quantified using an in-house optimized ISO standard 11731: 

2017104, where the sample is spread onto buffered charcoal yeast extract agar and allowed to grow 

for 5 days at 36 ºC.  P. aeruginosa was quantified using a modified ASTM International Standard 

Test Method D5246105, where samples were filter-concentrated and then plated on M-PA-C 

selective media and incubated at 41 ºC for 48 hr. NTM was quantified by filter concentrating and 

decontaminating the sample with 0.2 M KCL-HCL, pH 2.2 prior to plating on Middlebrook 7H10, 

Mitchison 7H11, and NTM elite and incubated at 30°C for 6 weeks. Only fast-growing NTM 

(Mycobacterium gordonae and Mycobacterium mucogenicum/phocaicum) were quantified due to 

the culturing time and competition. 
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3.2.6 DWPI Absolute Abundance Quantification 

RNA from collected water and swab samples were extracted using the RNeasy Power 

Water kit (QIAGEN, Hilden, Germany), DNase-treated using the rigorous treatment of the 

TURBO DNA-free kit (Invitrogen, Waltham, MA), then converted to cDNA using the iScript 

cDNA Synthesis kit (Bio-Rad, Hercules, CA). Between each processing step, concentrations of 

the genetic material were obtained using the appropriate Qubit assay (Invitrogen, Waltham, MA). 

The extracted RNA and cDNA were then stored at -80 ºC until further analysis. DNA was extracted 

from the biofilm samples using the Fast Spin DNA Extraction kit (MPBio, Irvine, CA) and was 

assessed to quantify the abundance of total bacteria, L. pneumophila, and NTM using the 

methodology described in Chapter 2. 

Absolute densities of total bacteria, L. pneumophila, P. aeruginosa, and NTM in the 

resulting cDNA water and swab samples were determined using ddPCR following a similar 

approach to that outlined in Chapter 2. Due to the complex sample matrix caused by the RNA 

processing pipeline, RNA optimized ddPCR assays for each microbial target were developed 

(Appendix B Table 2).  

3.2.7 Biofilm Imaging Using Optical Coherence Tomography 

The 5 cm lengths of shower hose from the showerheads used in this study were further 

bisected, then transported on ice to the University of Pittsburgh Medical Center’s Eye and Ear 

Institute for imaging via OCT on a Bioptigen Envisu R2210 instrument (Leica Microsystems, 

Wetzlar, Germany). Images were collected by conducting five volume sampling scans on 
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manually-located points of elevation that may be indicative of biofilm. The sampling scans with 

the least amount of feedback, water droplets, and clearest image were then rendered in FIJI 3D 

Viewer into three-dimensional models. These models were then manually edited to reduce 

background noise in the renderings and to clarify the biofilm.  

3.2.8 16S rRNA Sequencing 

16S rRNA gene amplicon library preparation and sequencing were performed on cDNA 

from water and swab samples and DNA from biofilm samples at Argonne National Laboratory 

following the Illumina Earth Microbiome Protocol75 and analyzed as described in Chapter 2. A 

total of 8,818,427 reads with an average quality score of 38 were generated from these samples. 

In addition, functional abundances were predicted by PICRUSt2106. 

3.2.9 Silver Nitrate Exposure To M. abscessus Biofilms In A CDC Biofilm Reactor 

3.2.9.1 CDC Biofilm Reactor Experiments 

CDC Biofilm Reactors (BioSurface Technologies Corporation, Bozeman, MT, USA) 107,108 were 

employed to assess the impact of different silver ion exposures (silver nitrate) conditions on the 

viability, biofilm structure, and biofilm formation processes of different isolates of M. abscessus 

on ABS coupons.  M. abscessus was assessed due to it being identified as a DWPI of major 

clinical109 and DW biofilm48,85 relevance. Furthermore, the antimicrobial activity of silver ions 

were assessed against NTM due to it being much more resistant to CSI than other DWPIs such as 

Legionella83,110, hence effective inactivation against NTM would translate to easier to kill 



 47 

organisms.  ABS coupons were used as this is the most common showerhead material and 

(Appendix B Figure 2) silver nitrate (Thermofisher, Waltham, MA) was chosen as the silver ion 

source due to its known effects on microorganisms96,111 and precision of dosing in solution.  

Silver nitrate: Two experimental silver nitrate concentrations were tested: 48 mg/L and 480 mg/L 

Ag+ as silver nitrate. These values were chosen to represent the silver ion dose used in CSI 

treatment110,112 (48 mg/L) and an “extreme” treatment condition which was 10x CSI dosing.  

M.abscessus Preparation And Adherence To Coupons: Two strains of smooth M. abscessus 

were used in this study: one strain, referred to from now on as the environmental M. abscessus 

was isolated from a hot water system (provided by the Special Pathogens Laboratory). The other 

M. abscessus strain, referred to from now on as the clinical M. abscessus, was isolated from a 

patient with an NTM lung infection and was provided by the DePas lab at the University of 

Pittsburgh. Detailed information about the isolates, reactors, and general method development can 

be found in Appendix B Supplemental Procedure 1. Briefly, twenty ABS coupons (previously 

cleaned using soap and water) per isolate (n= 40) alongside controls were incubated in 24-well 

tissue culture plates (Corning Incorporated, Corning, NY), with one disk per well. Each disk was 

covered with 5 mL of each M. abscessus strain (early stationary phase) and incubated for 72h at 

35°C with gentle shaking. Control disks were exposed to the same conditions as previously 

discussed except covered with 5 mL of growth media. At the end of the incubation time, loosely 

attached NTM were removed by dipping the coupon three times in diluted R2A solution, and a 

final average coupon density of 5.1 x 106 cfu/cm2 and 1.9 x 106 cfu/cm2 was achieved for the 

clinical and environmental M. abscessus strains respectively. 
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Five coupons per isolate were used for initial characterization (plate counts, microscopy, 

RT-ddPCR, and microscopy - Appendix B Supplemental Procedure 1). The remaining 30 NTM 

coupons and control coupons were carefully installed into the coupon holder (five NTM coupons 

per isolate per reactor) of each of the three CDC biofilm reactors (no silver nitrate, 48 mg Ag+/L 

feed solution, and 480 mg Ag+/L feed solution).  

CDC Biofilm Reactor Operation: Reactors were operated daily as follows for 7 days to simulate 

the shower environment which is composed of a short continuous flow phase followed by a 

prolonger stagnation phase. Specifically, each day reactors were operated in continuous stir tank 

reactor (CSTR) mode for 10 minutes where the effluent flow rate was equal to the influent flow 

rate and the stir baffle was operating at 100 rpm. Influent for CSTR phase for each reactor was 

0.45 µm (Thermofisher, Waltham, MA)  filtered shower water that was warmed to 40 ºC (the 

average showering temperature36) and  contained either no silver nitrate, 48 mg Ag+/L, or 480 mg 

Ag+/L to get the contact times of 0 mg Ag+/L*min, 480 mg Ag+/L*min, and 4800 mg Ag+/L*min. 

After 10 minutes of CSTR operation, each reactor was flushed for an additional 10 minutes (1 

hydraulic retention time) with 0.45 µm filtered shower water to remove silver from the system and 

then allowed to stagnate for the remaining ~24 hours with no stirring (operate in batch reactor 

mode). Silver ions were measured every day in the influent and in the effluent at the end of the 10-

minute exposure period. After seven days of operation all coupons were carefully removed for 

analysis with sterile forceps. 

3.2.9.2 Characterization Of M. abscessus Before And After Silver Exposure 

The biofilm coupons retrieved from the CDC biofilm reactors after the 7-day experiment 

alongside extra coupons that had biofilms attached to them, but not placed in the reactors (referred 
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to from here forward as initial biofilm) were assessed for biofilm density, silver accumulation, 

morphology characteristics, and biofilm kinetic behavior. One coupon per isolate per reactor was 

placed biofilm-side down in 4% paraformaldehyde for 4 hours then visualized using microscopy 

at the DePas laboratory. Biofilm imaging and quantification was done by staining the fixed 

biomass using FilmTracer™ FM™ 1-43 Green Biofilm Cell Stain (Invitrogen, Waltham, MA) and 

performing a 3x3 tile scan and z stack. The biofilms from the remaining 4 coupons per isolate per 

reactor were recovered by gently rinsing with diluted R2A before being placed in a 50 mL 

microcentrifuge tube (Thermofisher, Waltham, MA) along with a 1% Tween-diluted R2A solution 

and performing three rounds of 1-min sonication followed by 30s vortexing. Portions of the 

resulting biofilm suspension solution were used immediately for subsequent analysis.  

Viability of culturable M. abscessus was assessed by performing plate counts on 

Middlebrook 7H11 media, ICP-MS analysis was performed to measure the concentration of silver 

within the biofilm, and the rest of the suspension was filter concentrated, extracted for RNA, and 

analyzed using ddPCR as described in Chapter 3.2.5. After plate counts were finished, three 

representative colonies were chosen from each condition and used in aggregation assays to assess 

biofilm formation behavior as described in Spencer-Williams et al.113. Briefly, M. abscessus 

isolates were grown in R2A liquid media after being taken from the plate, reinoculated, then 

allowed to grow for 35 hours as this is the time of aggregate dispersal113,114. Samples were taken 

during this time period by passing the culture through a 5 μm cell strainer (Pluriselect, Leipzig, 

Germany) and the optical density (OD600) of both the planktonic fraction (i.e., cells that passed 

through the strainer) and the aggregates (i.e., cells that remained on the strainer) were recorded. 

The OD600 value of the planktonic fraction was immediately recorded, while aggregates that 

collected on the strainer were resuspended in 6% Tween20 - PBS solution (Sigma-Aldrich, St. 
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Louis, MO, USA). This suspension was then sonicated to resuspend remaining aggregates before 

recording the OD600 value. Both OD600 readings were used to calculate the planktonic to aggregate 

ratios. 

3.2.10 Statistical Analysis 

All data was visualized and analyzed using R statistical software (Version 4.0.5). Data 

analysis for all culturing, absolute quantification data, and water quality data followed the 

protocols described in Chapter 2, with the addition of the analysis of the PICRUSt2 results being 

conducted using the ggpicrust2 package115, with significance determined by differential abundance 

analysis conducted with LinDA116 with a Benjamini-Hochberg correction. Significant differences 

in the dataset, linear mixed-effect models, alpha and beta diversity analysis, and redundancy 

analysis were all conducted as previously described. Significant differences in the biofilm densities 

were determined using paired Wilcoxan tests.  

3.3 Results And Discussion 

3.3.1 Silver-Containing Showerheads Minimally Impacted Metal Composition In Shower 

Water 

Because of the different material types used in the showerheads, water quality was assessed 

to determine if there were any material effects of the showerheads themselves on observed water 

quality. It is important to note that the DW tested met all mandatory regulatory standards upon 
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treatment, so this DW was safe for direct potable use after treatment. While many commonly 

reported water quality parameters (e.g. pH, free and total chlorine, and organic carbon) were 

unchanged by showerhead type (Appendix B Supplementary Table 3), the concentrations of many 

metals were deemed to be significantly different, despite absolute concentrations being relatively 

comparable (Table 3). Magnesium, cadmium, and manganese were consistent regardless of 

showerhead type (Table 3). Low levels of both cadmium and manganese are often found in DW 

due to the contribution of natural deposits117,118, and the consistency of these values suggests that 

the showerhead type does not contribute to these overall concentrations. Stable magnesium 

concentrations in the water samples could be attributed to the magnesium sacrificial anode rod in 

the hot water heaters of the INHALE shower laboratory.  

Zinc and iron concentrations were significantly less in the silver mesh and silver-coated 

copper mesh showerheads compared to the ABS plastic, metal, and silver-embedded showerheads 

(Table 3). While there may be contributions of these metals from specific showerheads, the large 

discrepancies are most likely attributed to the differences in metal levels based on time sampled: 

the metal and silver-embedded showerheads were installed and sampled in 2021, whereas the 

silver mesh and silver-coated copper mesh showerheads were installed and sampled in 2022 which 

allowed for possible water chemistry changes between the two sampling campaigns. Iron and zinc 

in DW are associated with pipe corrosion in the DW distribution system, so the decrease in 

concentrations seen in 2022 may be linked to the continued formation and subsequent effectiveness 

of orthophosphate corrosion control scale formation. Orthophosphate is a common corrosion 

inhibitor that was adopted by the city of Pittsburgh in 2019 to reduce lead levels in DW113 by 

creating a protective coating within pipes, which may have provided the added benefit of also 
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reducing the concentrations of other pipe metals such as the zinc and iron from galvanized steel in 

the water119.  

Copper and silver were also deemed to be significantly different by showerhead type (Table 

3), which was expected due to the addition of silver to the silver-embedded, silver mesh, and silver-

coated copper mesh showerheads and copper in the silver-coated copper mesh showerhead (Table 

2). As expected, total copper concentrations were highest in the silver-coated copper mesh 

showerhead, however, only half of that was in the dissolved fraction where there was more 

consistency between absolute values. Silver also was slightly elevated in the silver containing 

showerheads compared to the conventional showerheads, however these differences are more 

likely artifacts of the limit of detection and detection frequency of the analyticial method used. 

Silver was detected more consistently from the silver-containing showerheads, with detection 

frequencies of 100% for silver-coated copper mesh showerheads, 56% for silver mesh 

showerheads, 39% for silver embedded showerheads, 34% for ABS Plastic showerheads, and 6% 

for metal showerheads. Additionally, when silver was detected, it was often at the limit of 

quantification: silver was only detected above the limit of quantification 0% and 8% of the time 

for the conventional metal and ABS plastic, and 78%, 22%, and 33% for the silver-coated copper 

mesh, silver mesh, and silver-embedded showerheads, respectively. The lack of consistent silver 

detection in the DW samples was unexpected from the silver-containing showerheads since the 

silver component was hypothesized to contribute to water chemistry, but it is possible that the 

silver remained attached to the component and must have direct contact with the bulk water in 

order to provide additional disinfection. 
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Table 3: Average and standard deviation of the total and dissolved metal concnetrations recovered in shower 

water from different showerhead types in mg/L across all sample timepoints (n=18 for each antimicrobial 

showerhead and n=36 for ABS showerheads). Significance in analyte concentrations between head types were 

determined via one-way analysis of variants (ANOVA). 

Analyte ABS Plastic Metal Silver Mesh 
Silver-coated 

Copper Mesh 

Silver-

embedded 

p-value from 

ANOVA 

Total Silver 
3.3 x 10-3 ± 

0.01 

5.6 x 10-4 ± 

2.4 x 10-3 

8.9 x 10-3 ± 

0.02 
0.1 ± 0.2 0.01 ± 0.02 

<0.001 

Total 

Magnesium 

3.9 x 103 ± 

625.6 

4.0 x 103 ± 

664.0 

3.9 x 103 ± 

791.3 

3.9 x 103 ± 

802.2 

3.9 x 103 ± 

636.5 

>0.05 

Total Copper 59.1 ± 36.3 86.5 ± 36.1 45.7 ± 22.3 101.3 ± 78.6 88.7 ± 21.8 <0.001 

Total Iron 
248.8 ± 

463.2 
440.1 ± 674.7 51.4 ± 14.2 52.7 ± 12.1 

417.0 ± 

599.5 

0.02 

Total Lead 0.2 ± 0.3 1.4 ± 1.0 0.3 ± 0.5 0.2 ± 0.2 0.4 ± 0.4 <0.001 

Total Zinc 77.9 ± 47.8 121.5 ± 27.4 55.8 ± 58.2 45.2 ± 38.8 
118.6 ± 

43.8 

<0.001 

Total 

Manganese 
5.0 ± 13.8 11.4 ± 24.0 0.7 ± 0.8 0.7 ± 0.8 5.7 ± 10.6 

>0.05 

Total 

Cadmium 
0.02 ± 0.1 

9.0 x 10-3 ± 

7.4 x 10-3 

3.3 x 10-3 ± 

0.02 

5.0 x 10-3 ± 

0.02 

4.5 x 10-3 ± 

7.9 x 10-3 

>0.05 

Dissolved 

Silver 
0 ± 0.01 0 ± 0 0.02 ± 0.07 0.1 ± 0.1 0.1 ± 0.4 

0.04 

Dissolved 

Magnesium 

3.8 x 103 ± 

608.5 

3.9 x 103 ± 

609.5 

3.9 x 103 ± 

700.6 

3.9 x 103 ± 

740.0 

3.8 x 103 ± 

583.5 

>0.05 

Dissolved 

Copper 
41.9 ± 31.7 63.2 ± 34.8 28.0 ±14.0 56.5 ± 28.0 67.8 ± 27.0 

<0.001 

Dissolved 

Iron 

186.0 ± 

385.6 
320.8 ± 516.5 61.5 ± 50.0 86.7 ± 136.2 

307.9 ± 

513.2 

>0.05 

Dissolved 

Lead 
0.02 ± 0.06 0.6 ± 0.5 0.2 ± 0.7 0 ± 0.06 0.1 ± 0.1 

<0.001 

Dissolved 

Zinc 
55.2 ± 41.6 99.0 ± 29.7 30.7 ± 30.0 25.4 ± 19.6 91.3 ± 31.9 

<0.001 

Dissolved 

Manganese 
5.3 ± 22.8 1.7 ± 3.0 0.6 ± 2.0 1.8 ± 5.3 0.6 ± 0.6 

>0.05 

Dissolved 

Cadmium 
0 ± 0.01 0.09 ± 0.3 

5.6 x 10-3 ± 

0.02 
0.01 ± 0.05 

2.8 x 10-3 ± 

4.6 x 10-3 

>0.05 
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3.3.2 Silver-Containing Showerheads Did Not Impact Viable DWPI Concentrations In 

Shower Water 

This study quantified DWPIs using traditional culturing and culture-independent 

techniques. While culturing is used in many studies to determine viable concentrations of DWPIs, 

it can underestimate the density of microorganisms present due to the ability of DWPIs to enter a 

VBNC state26, which often occurs when DWPI are exposed to chemical stress such as silver 

ions102.  Coupling culturing with a molecular absolute quantification method such as RT-ddPCR 

allows for VBNC microorganisms to be detected, and thus discounts potential differences in plate 

count results between conventional and silver-containing showerheads due to potential loss in 

cultivability. Regardless of methodology, there was no statistically significant difference (p>0.05) 

between DWPI densities recovered using culture of ddPCR by showerhead type (Figure 9). 

Furthermore, no water sample across both sampling campaigns was culture positive for L. 

pneumophila or P. aeruginosa, which was not necessarily surprising given that both DWPIs are 

often transiently detected in hot DW systems due to their preference for biofilm growth6,21,120 as 

well as their ability to enter into a VBNC state25,26,101. NTM, specifically the rapid growing species 

(Mycobacterium gordonae and Mycobacterium phocaicum/ mucogenicum) were abundantly 

cultured from water samples sourced from every type of showerhead tested, with several samples 

exceeding the limit of quantification (Figure 9A). These results were largely in agreement with the 

absolute molecular quantification data (Figure 9B), however molecular NTM quantification was 

lower than expected likely due to the RNA extraction method not being rigorous enough to lyse 

NTM’s notoriously resistant and thick cell membrane83. Interestingly, although L. pneumophila 

and P. aeruginosa were not culturable they were quantified at low density using the molecular 
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approach (RT-ddPCR) in all showerheads (Figure 9B) suggesting that the DWPIs are either in a 

VBNC state, not evenly distributed in the water or below the culturing detect limit.  

 

Figure 9: Quantification of DWPIs by showerhead type. A. Enumeration of Mycobacterium gordonae (light 

yellow) and Mycobacterium phocacium/mucogenicum (light brown) in culture. The red line labeled “LOD” 

refers to the upper limit of detection of the culturing method. B. Microbial densities of Legionella pneumophila 

(dark orange), Pseudomonas aeruginosa (dark blue), nontuberculous mycobacteria (gold), and total bacteria 

(green).  
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The microbial results from both culturing and ddPCR analysis suggest that these silver-

containing showerheads do not decrease the viable DWPIs and total bacterial densities in shower 

water any more effectively than non-silver containing showerheads. A variety of factors such as 

insufficient silver concentration, silver source, or contact time can be responsible for these 

showerheads’ lack of antimicrobial action. In the case of the silver-embedded head where there 

was no visible metal component, EDS and SEM analysis on two separate inserts failed to find any 

of the marketed antimicrobial silver materials (Appendix B Figure 1). Each of these inserts was 

tested in three different locations: on either side of where water passes through, and in the center 

of the insert to maximize the potential to locate the silver in the showerhead. This finding 

challenges the marketing claims of this showerhead, but it is possible that all the sites on both 

inserts received inconsistent dosing of silver nanoparticles during polymer formation or that there 

is silver in other components of this showerhead, however regardless of if this is the case the result 

is insufficient disinfection.  

To further isolate the effects of pure silver without the potential shortcomings of 

commercially available showerheads, showerheads containing pure silver mesh were created in-

house and tested, and even these showerheads did not reduce microbial loads. Because of these 

findings, it is likely that the effectiveness of silver-containing showerheads in standardized ISO 

tests but not in real-world application can be attributed to materials testing methodology: the silver-

embedded showerhead was tested using ISO 22196:2011 which measured pure culture solutions 

exposed to the silver-containing material after 24 hours of exposure56, and the silver-coated copper 

mesh showerhead was tested using ASTM E 2149 which measured pure culture solutions only 

exposed to the mesh after 16 hours of exposure121. Although both methods showed >2 log removal 
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of relevant microorganisms such as L. pneumophila and P. aeruginosa, the methodology itself is 

a poor proxy to the showering environment.  

The microbial community in shower water and the biofilms they form are complex and 

intertwined18. They often display functional characteristics such as antimicrobial resistance that 

vary greatly from laboratory strains122. Therefore, reducing these community complexities by 

using microorganisms that are not commonly found in DW to test antimicrobial materials may 

yield results that may appear that the antimicrobial treatment is more effective than it is for 

application in DW. Another crucial factor to consider is the contact time (amount of antimicrobial 

material and the duration of treatment) used in these tests; testing the antimicrobial properties over 

multiple hours may show that it is effective at achieving log removals of microorganisms, but 

water flowing through the showerhead and hose under use conditions would only be exposed to 

the antimicrobial material for a brief amount of time before exiting the showerhead. If the 

antimicrobial silver showerheads exhibited poor performance due to insufficient contact time, then 

at the very least the initial stagnant water plug within the showerhead and hose would be 

adequately treated. Although this particular water fraction wasn't singled out in our study, any 

resulting impact should still have been observable given the first plug of water after stagnation 

contains the highest microbial loads1,48,77. Overall, this study has shown that the standardized 

methods used to evaluate antimicrobial materials must consider the application to appropriately 

test their effectiveness and thus generate market claims that are applicable to consumer use. 
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3.3.3 Microbial Community Membership Varied Between Showerhead Type In Shower 

Water 

Although the anti-microbial silver-containing showerheads did not effectively reduce 

absolute or culturable numbers of DWPIs or total bacteria, there was potential for the presence of 

silver to affect the greater microbial community. It is known that materials used in DW plumbing 

can affect microorganism growth 44,85,123,124, so it is reasonable to consider that the materials in the 

showerheads tested will likewise influence the microbiome. Silver’s effects on the DW microbial 

community when used as a plumbing material have not been explored to the authors’ knowledge. 

However, sublethal exposure to antimicrobial substances like silver have been shown to select for 

increased resistance to antimicrobial metals in the microbial community98,102,103  in addition to co-

selecting for antibiotic resistance genes125 that may cause unintended public health consequences.  

Sequencing analysis on the water samples revealed significant variations in community 

structure among samples obtained from different showerhead types, evident in distinct clustering 

observed in NMDS plots (see Appendix B Figure 3). Subsequent redundancy analysis on the 

microbial community showed that showerhead type was a statistically significant factor explaining 

10.2% of the variance in community composition (p = <0.001). Furthermore, showerhead type 

significantly impacted alpha diversity (Appendix B Table 6).   

Assessing the membership of the shower water microbiome in the different showerheads 

there were clear differences; metal showerheads had the lowest absolute number of total taxa 

present in samples (genera=74, OTU=121), followed by the silver-embedded (genera=102, 

OTU=203), silver mesh (genera=142, OTU=239), ABS plastic showerheads (genera=144, 

OTU=293), and the silver-coated copper mesh showerhead (genera=270, OTU=802) had the 
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greatest number of genera (Figure 10A). Interestingly, two-thirds of the genera present within 

silver-containing showerheads were unique / not shared with the other showerhead types (Figure 

10A). When compared to the conventionally used ABS showerhead, the heterogeneity of the 

microbial community recovered from the silver-containing showerheads both in number of genera 

present and the minimal overlap in the specific taxa suggests that the actual form of the silver in 

the showerhead more closely influenced the viable microbial community more so than simply the 

presence or absence of silver.  

 

Figure 10: The overlap and proportion of core genera (84% relative abundance on average) in each showerhead 

type. A. Venn diagram illustrating the shared and unique genera between different showerhead types, and B. 

Pie charts showing the relative abundance of core genera in each showerhead type. All other shared genera 
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constituting <30% realtive abundance each were combined in the “shared other genera” category, and all 

genera not present in all showerhead types were combined in the “unique” category. 

Assessing the common shared or core microbiome across all samples (Figure 10), only 28 

genera were found, which is surprising given all the samples were sourced from the same system. 

In this core community, genera associated with DWPIs were present (e.g., Legionella and 

Pseudomonas), which was in agreement with the quantification data, as well as Burkholderia-

Caballeronia-Paraburkholderia, another emerging DWPI1 that was not targeted for direct 

quantification in this study. These DWPIs, while ubiquitous, were not in the top ten most abundant 

genera in the water samples. In addition, sequencing data revealed that Mycobacteria was not 

detected in every sample which corroborates the poor NTM recovery reflected in the absolute 

quantification data.  

Assessing the 28 dominant and core microbiome shared across all showerhead types 

Pseudomonadota / Proteobacteria was the dominant phylum accounting for on average 57% of 

the community, with 58% of these organisms being members of the Alphaproteobacteria class. 

Pseudomonadota / Proteobacteria dominance is consistent with many other DW microbiome 

studies18,126–129, and likely is explained by their ability  to thrive in chlorinated systems in both the 

bulk water and biofilms18,129. Further, the phylum contains many of the Gram-negative DWPIs 

that have been identified to be of public health concern1, as well as being a known reservoir for 

antimicrobial resistance genes126. Furthermore the other 27 major genera found in this study are 

consistently found in high relative abundance in previous DW studies 88,90, although interestingly 

there were differences in the specific relative abundances between the showerheads. For example 

the conventional ABS plastic showerhead had higher relative abundances associated with 

Novosphingobium than the other showerheads which has been observed in other water systems 
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using  conventional materials130–132. Dechloromonas was found in higher abundances in the metal 

showerheads. This genus were found to dominate a model distribution system constructed of steel 

likely due to it supporting various redox reactions132. Given its dominance in metal showerhead 

samples, it can be assumed that distinct environmental conditions have been formed to favor for 

the proliferation of facultative anaerobes like Dechloromonas. Regardless of only 28 core taxa 

being shared across all samples, these genera accounted for 70-95% of the relative abundance in 

the samples, suggesting that the significant differences in community composition observed are 

due to rare taxa (Figure 10B). 

 

 

Figure 11: Average relative abundance and standard deviation of statistically significant functional traits in 

water samples by showerhead type obtained from PICRUSt analysis. 

Although >70% of the genera and 52.5% of OTU relative abundances were shared between 

all showerhead types, there were distinct differences in predicted community functionality traits 

(Figure 11). Particularly, important functional differences that impact biofilm development and 
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possible pathogenicity were significantly affected, such as the synthesis of lipopolysaccharides 

and N-glycans and the metabolism of glycosaminoglycans and sphingolipids. Lipopolysaccharides 

are known to be essential components of the  Gram-negative bacterial cell membranes, and can 

elicit a response to the human immune system32. Although lipopolysaccharides may reduce 

biofilm-forming capabilities of microorganisms133, their presence indicates higher levels of Gram-

negative microorganisms and as a consequence, greater potential pathogenicity134. Interestingly, 

the known silver-containing showerheads (the silver-coated copper mesh and silver mesh) had 

lower relative abundances of lipopolysaccharide synthesis than the conventional material 

showerheads, which suggests that the silver-containing showerheads may select for 

microorganisms that have better biofilm-forming characteristics. This hypothesis is supported in 

other possible traits identified to be significantly different from the conventional ABS showerhead. 

Silver mesh showerheads were observed to have the highest levels of N-Glycan biosynthesis and 

degradation of glycosaminoglycans and sphingolipids- traits crucial for biofilm formation and 

stress tolerance135,136,136,137. Therefore, it is not surprising that microorganisms in direct contact 

with pure silver would display heightened functional traits for stress management, with the 

formation of biofilms representing a well-documented microbial strategy for surviving physical, 

chemical, and biological stress138,139. Since there is limited understanding of these particular 

pathways and characteristics in the DW microbiome, additional research is necessary to fully 

understand the functionality of these specific traits within the microbial community. Moreover, 

further investigation into gene expression is warranted to validate whether these traits are being 

upregulated in response to silver. 

Though the non-lethal effects of silver on the DW microbiome have not been extensively 

researched, what work that has been published surrounding the effects of silver have corroborated 



 63 

trends in this dataset99,140–145. The microbial community of water treated with CSI have been 

reported to increase the number of rare taxa in the treated water, but did not significantly alter the 

dominant microbiome140. In addition, silver amendment to stainless steel pipes did not impact 

biofilm formation but increased the number of rare taxa present compared to plain stainless steel 

141. Looking holistically at the use of silver as an antimicrobial in other environmental matrices its 

impacts on the microbiome seem to vary based on the state of silver used (e.g., nanoparticle or 

ion99,142), what other chemicals are present as either surface stabilizers or anions143,145, and whether 

the exposure is continuous or an isolated event143–145. Because of this, it is essential for 

collaboration between engineering and materials science to fully characterize how materials 

influence the microbial community and to optimize disinfection strategies using silver and other 

intrinsic antimicrobials. 

3.3.4 Showerhead Age Influenced The Microbiota In Water Samples 

The showerhead age (days of use), or the amount of time of daily use of the showerhead, 

was the second most important parameter in explaining the variance in the microbial community 

(explaining 5.2%, p = >0.001 - Appendix B Table 6). Plumbing age has been identified to influence 

the microbiome due to material degradation and subsequent release into water as well as the 

opportunity to allow biofilms to develop146–148, which is expected to influence the microbiome of 

the resulting shower water due to the dynamic nature of biofilm growth45. Concentrations of viable 

DWPIs in shower water that were quantified using RT-ddPCR analysis showed no clear trends 

across all showerhead types (Appendix B Figure 5), but trends in cultured NTM emerged (Figure 

12). 
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M. gordonae concentrations in shower water were most abundant in the initial (first 

incidence of sampling) and early (the first 30 days of use) biofilm growth periods, but then 

significantly decreased by the mature (after 30 days of use) biofilm growth period for the ABS 

plastic, metal, silver-embedded, and silver mesh showerheads (Figure 12A). Conversely, M. 

mucogenicum / phocaicum concentrations significantly increased by the mature biofilm growth 

period for the ABS plastic, metal, silver-coated copper mesh, and the silver mesh showerheads 

(Figure 12B).  

 

Figure 12: Viable concentrations of A. Mycobacterium gordonae and B. Mycobacterium mucogenicum / 

phocaicum for ABS plastic (red), metal (yellow), silver-coated copper mesh (green), silver-embedded (blue), 

and silver mesh (purple) showerheads by biofilm formation stage. Significant differences at p-values <0.05, 

<0.01 and <0.001 are dentoed by *, **, and *** respectively. 

This inverse relationship between NTM species observed in this study is interesting since it 

is known that Mycobacterium sp. can be cooperative across species in clinical infection149 and 

many genera are often present in environmental samples48, so there are likely other factors at play 
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for the apparent genus succession seen in the culture results. M. gordonae is classified as a slow-

growing NTM, whereas M. mucogenicum / phocaicum is a fast-growing NTM150,151: because NTM 

are known biofilm colonizers43,46 and are relatively hydrophobic due to their unique cell 

membranes83, it is possible that M. gordonae did not assimilate to the biofilm until after weeks of 

continuous use and consequently was found in the water fraction in early weeks. M. mucogenicum 

/ phocaicum, on the other hand, may have established biofilm growth earlier due to their faster 

growth rate, then thus experienced accelerated biofilm dynamics so that sloughing could occur. 

These trends in NTM data after initial colonization were also observed in a study conducted by 

Yang et al.152 in established DW distribution systems and building plumbing, where M. gordonae 

was more abundant in biofilm swab samples and M. mucogenicum was more abundant in water 

samples152. The culture-independent quantification data showed that NTM as a genus did not 

significantly change as a function of time, so monitoring species distributions within a genus can 

help better assess potential risk since each species of NTM has a different infection incidence151.  

Other viable DWPIs assessed in this study followed trends in the water samples that have 

been previously described in Chapter 2, where L. pneumophila and P. aeruginosa were variable 

and transient throughout the system regardless of biofilm age, and total bacteria concentration was 

variable, with the higher concentration in the silver mesh showerheads and lowest concentration 

in the metal showerheads (Appendix B Figure 5). It is possible that contact with the pure silver 

mesh in the showerhead provided some disinfection, which may have lessened over time as the 

material itself aged or was covered by scale or silver-resistant biofilms. The microbial densities in 

the water taken from the metal showerheads, conversely, may be equally influenced by the 

showerhead material type: while there is little literature surrounding the impacts of oiled bronze 

specifically on microbial growth, metals in general support formation of more robust biofilms that 
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can grow thicker compared to other materials due to microscopic corrosion that occurs and creates 

a better environment for microbial adhesion85,147. 

There were no statistically significant differences in beta diversity by biofilm development 

age in the water samples. However, there were some differences in alpha diversity. When all water 

samples were pooled regardless of showerhead type, evenness significantly decreased as a function 

of biofilm development age and diversity subsequently increased (Appendix B Table 6). These 

significant changes in diversity and evenness with fixture age point towards the showerhead 

hosting a dynamically changing environment (e.g., temporal chemical gradients, changing surface 

topology due to biofilm formation and changing biofilm membership) which selects for different 

organisms. Moving forward it is important that future risk assessment tools consider showerhead 

age as this will likely influence the concentration and types of organisms exiting in shower water.   

3.3.5 Shower-Associated Biofilms Contained Complex Microbial Communities 

The results of this chapter highlight how important temporal dynamics of biofilm 

development are in helping explain the microbial trends in the water samples. Two types of biofilm 

samples were taken in this study that provide different insights into the sessile microbial fraction: 

swab samples were taken of the biofilm at the outlet of the building plumbing before and after 12 

weeks of continuous fixture use and analyzed for RNA (the living community), and the entire 

biofilm grown in the showerhead hose over the 12 weeks was recovered and analyzed for DNA. 

The outlet swabs, which will be referred to as ‘swab’ samples in this section, illustrated the 

microbial characteristics of the plumbing system prior to material type being introduced as a 

variable, and help elucidate how consistent use over time impacts the viable microorganisms in 
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the plumbing system. The biofilm recovered from the hoses, which will be referred to as the ‘hose’ 

samples in this section, offered insights into how the biofilms were influenced by showerhead and 

hose material type. While these two types of samples are both of biofilms, their results cannot be 

directly compared to each other because of the different extraction methodology which may 

introduce recovery bias for certain organisms32 and nucleic acids assessed as hose samples will 

represent both the viable and dead microbial community. 

DWPI densities in the swab and biofilm samples followed abundance trends seen in the 

water samples in this body of work and samples described in the previous chapter153, where L. 

pneumophila and P. aeruginosa were present inconsistently and in low quantities when detected, 

and NTM were detected in greater quantities with more consistency (Figure 13). The swab samples 

taken before and after the 12 week-long sampling period showed consistent DWPI densities 

between individual samples as well as when compared to sampling time (Figure 13A). There was 

a significant increase in L. pneumophila after the sampling campaign was concluded, which 

inversely correlates to the trends seen in the water samples. Although L. pneumophila was not 

elevated in the shower water, the higher density in the biofilm may lead to sloughing events beyond 

the 12-week sampling period. Because shower systems often are used for more than 12 weeks at a 

time, longer periods of use must be evaluated to determine if this change could have adverse 

outcomes in microbial water quality.  

The hose samples taken from the silver-embedded and metal showerheads had very little 

genetic material recovered during extraction likely due to unoptimized recovery procedures, but 

samples from the ABS plastic, silver mesh, and silver-coated copper mesh showerheads were 

processed with additional detachment steps which improved recovery. Because of this, comparison 
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of absolute microbial densities for these the silver-embedded and metal showerheads cannot be 

conducted. Comparing the ABS plastic, silver mesh, and silver-coated copper mesh showerheads, 

there were no statistically significant differences in microbial densities, so it is likely that the silver-

containing showerheads and hoses do not act as an effective bacteriostatic material over the course 

of 12 weeks (Figure 13B).  

 

Figure 13: Absolute quantification of DWPI biofilm densities in A. swab samples before (n=18) and after (n=18) 

the 12 week long sampling campaign and B. hose samples of different showerhead types (n=3) after 12 weeks 

of daily use. 
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Looking at the microbiomes, the alpha and beta diversity metrics of the hose and swab 

biofilm communities were not significantly different between the showerhead types and time 

sampled (Appendix B Table 6). This structural similarity echo the absolute quantification data, 

where there were no large differences in magnitude for any of the DWPIs. However, there were 

marked changes in the dominant community membership for both sample types (Figure 14). 

Overall, there were 233 and 217 genera present in the swab and hose samples, respectively, with 

37% and 29% of core microbiome shared at the beginning and end of the study in the swab and 

between the different showerhead types in hose samples, respectively. Despite the large number 

of genera present that were unique to each shower hose type as well as the before and after swab 

samples, the relative abundances of the shared genera for each sample type were 85% on average 

in the swab samples and 92% on average in the hose samples. Interestingly, despite the similar 

relative abundance of taxa in the core biofilm and swab microbiomes differences were present in 

which taxa dominated in different showerheads.   

Swab samples were dominated by uncultured bacteria regardless of time sampled, and 

many of the identifiable microorganisms such as Pseudomonas are known biofilm formers82. The 

relative abundances of Bradyrhizobium, Bryobacter, Nevskia, and Novosphingobium decreased as 

a function of shower use, and conversely, the relative abundances of Bacillus, Rhodobacter, and 

Ruminoclostridium 9 were higher in the samples taken at the conclusion of the sampling campaign 

(Figure 14A). These dominant taxa have been previously recovered from shower-associated 

biofilms as major community members6,42, but there has been little biofilm work in full-scale 

systems that monitor how biofilms change over time to compare this data to since most DW biofilm 

studies use biofilm reactors with small coupons of pipe material to monitor growth 

dynamics85,108,154.  
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The hose biofilm community demonstrated high variation in major taxa by shower hose 

type, with marked differences in all taxa present (Figure 14B). The biofilms recovered from the 

silver-containing showerheads had fewer total number of genera present and lower relative 

abundances of rare taxa than the non-silver showerheads and hoses, which corroborates the 

findings of Chapter 2153 that silver used in fixtures functions less like an antimicrobial (since the 

DWPI densities were fairly consistent) and more like a microbial selector.  
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Figure 14: Ten most abundant genera from A. swab samples taken from the plumbing outlet before the shower 

hose before (n=18) and after (n=18) the 12 week long sampling campaign and B. hose samples of different 

showerhead types (n=3) taken from the hose to the showerhead after 12 weeks of daily use. 
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3.3.6 Shower Hose Biofilm Topography Was Influenced By Material Type 

Biofilms imaged from the showerhead hoses had similar quantities of overall biofilm development 

regardless of showerhead type, but the overall morphology of the biofilm differed (Figure 15). The 

biofilm grown on ABS plastic showerheads tended to form small clumps of varying depth, shape, 

and roughness unevenly across the sample surface (Figure 15A) consistent with findings from a 

study conducted in plasticized poly-vinyl chloride showerheads155. The inconsistent biofilm 

formation in the ABS showerheads could be attributed to the variable amounts of organic carbon 

leaching from the hose itself: both plasticizers and the materials have been identified as potential 

carbon sources and influence growth in DW44,124. The silver-coated copper mesh hoses grew 

biofilms that covered the hose samples more evenly, but had large rough protrusions and 

depressions resembling hills and valleys all over the interior surface (Figure 15B). The silver mesh 

hoses showed much greater biofilm morphology variation, with some samples presenting with 

modest biofilm growth (a few small clusters), and other samples had large, tall clusters of microbial 

growth in specific portions of the hose, with little growth on other sections (Figure 15C). The 

differences seen between the silver shower hoses may be due to material effects or from the actual 

implementation of the material in the shower hose. It is known that there are additive antimicrobial 

benefits to combining copper and silver102,112, so this could contribute to the overall lower biomass 

observed in the silver-coated copper mesh hoses (Figure 15C) compared to the silver mesh hoses 

(Figure 15B). An alternative explanation could be that the way the silver agent was incorporated: 

the silver-coated copper mesh was implemented by the manufacturer, and was in a cylindrical 

shape, whereas the silver mesh was installed by the research team in the showerhead alone, and 

may have been resting on the wall of the hose at some points due to the sheet-like nature of the 
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silver mesh used. Subsequently, these material shapes could impact flow within the hose, 

explaining the ridge seen in one of the OCT images. 

 

Figure 15: Representative 3D renderings generated from OCT images taken from A. ABS plastic shower hoses, 

B. hoses containing pure silver mesh, and C. shower hoses with the addition of silver-coated copper mesh in the 

hose. 

OCT has been used as a valuable visualization tool to study biofilm formation42,156–160,  

however there have been no studies to the author’s knowledge utilizing OCT to study the impacts 

of silver materials on the resulting biofilm structure. OCT analysis of DW biofilms formed on 

common plumbing materials observed compaction after 30 days of flow, which is consistent with 
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the observations of this study, where all biofilms were tightly compressed at the time of analysis159. 

Additionally, OCT analysis conducted in other hoses collected from chlorinated DW systems also 

reported similar biofilm structures to what was seen in this study42.  OCT methodology for in-situ 

analysis of DW biofilms is an emerging topic of research158, and this preliminary analysis of 

shower hoses using OCT demonstrated that the DW biofilms formed in shower hoses are a 

reasonable candidate for imaging using this technique. 

There has been little mechanistic work that has focused on the non-lethal impact of silver on 

the DW biofilm since much of the literature focuses on silver-containing treatments for the 

planktonic DW microbiome50,97,102,110 or a material’s ability to inhibit DW biofilm growth 

altogether161. The work on sub-lethal exposure of biofilms to silver has been done primarily in 

monoculture with P. aeruginosa, and has found that silver in either form (ion or nanoparticle) to 

be deleterious to overall growth162–164. However, some of these studies which have reported lower 

cell densities in biofilms exposed to silver100,162 have suggested this may be due to VBNC state 

induction164. Additionally, silver exposure in either form has been shown in both gene expression 

and proteomics studies to change P. aeruginosa’ s adhesion and dispersal behavior, ability to 

quorum sense, synthesize virulence factors, polysaccharides, and extracellular polymeric 

substance, the latter being integral to biofilm formation100,162,163. Collectively, these studies suggest 

that silver as an anti-biofilm forming material may be less effective than widely accepted, and 

additionally corroborates the results seen in the OCT images taken in this study. 
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3.3.7 Response To Silver Nitrate By M. abscessus Biofilms Was Dose-Dependent 

Given the number of silver-containing showerheads on the market and the limited 

antimicrobial impact observed by these showerheads earlier in the chapter, it was important to 

assess whether contact time was the factor preventing inactivation. Operating CDC biofilm 

reactors containing ABS coupons seeded with an environmental or clinical M. abscessus biofilm 

the impacts of two different silver contact times (480 mg Ag+/L*min, and 4800 mg Ag+/L*min) 

were explored. Biofilm density measurements from either M. abscessus strain recovered from 

coupons taken from the control reactor (0mg Ag+/L*min) after 7 days of operation were not 

statistically different (p > 0.05) from measurements take from the coupons prior to being placed 

in the reactors (i.e., initial biofilm). Regardless of quantification method (microscopy, culture, or 

rt-ddPCR) there were no statistically significant reductions in M. abscessus biofilm densities 

between the control reactor and the 480 mg/L*min Ag+ reactor, meant to simulate the silver-only 

component of CSI110,112. However, there were decreases in both viable absolute abundances (6-6.9 

log reduction) and culturable concentration (~3 log reduction) of M. abscessus in the 4800 

mg/L*min Ag+ reactor meant to operate as an extreme exposure scenario (Figure 16). However, 

there were no significant differences in the reduction concentration between the clinical and 

environmental strains. These trends were also seen in the microscopy done on the biofilm (Figure 

17). It should however be noted that the order of magnitude decrease between the 480 mg/L*min 

Ag+ reactor and the 4800 mg/L*min Ag+ reactor observed by viable absolute and culturing 

methods was not observed by microscopy, but this is likely due to dead cells remaining part of the 

biovolume adhered to the imaged coupon (Figure 17). 
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Figure 16:  Recovered M. abscessus biofilms after reactor operation for clinical (red) and environmental (blue) 

isolates quantified using A. plate counts (n=8), and B. ddPCR results (n=1). Significance in A. is denoted by 

brackets, but there were not enough samples to determine significance for B. 

Like discussed in Chapter 3.3.5, studies on the effects of silver have focused on biofilm 

prevention in laboratory conditions, using P. aeruginosa as the model biofilm forming 

organism100,161–163. Mycobacterium as a genus is known to be more resistant to silver than other 

DWPIs103,110,165, and has been cited as a robust biofilm grower83–85, which increases 

microorganisms’ resistance to antimicrobial substances45. Therefore, it is unsurprising that M. 
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abscessus biofilms survived regardless of silver ion dose or number of repeated exposures. The 

lack of significant differences between the control reactor biofilms and the 480 mg/L*min Ag+ 

reactor (Figure 16) may also be, in part, explained by the fundamental utilization of CSI, where 

this silver dose was modelled after. CSI is usually implemented in buildings where there is risk of 

DWPI infection, and is a technology where both copper and silver ions are being continually 

released into the DW conveyed in the building plumbing50,97, allowing for relatively long contact 

times to occur. Additionally, studies on the long-term efficacy of CSI show that initial treatment 

is often effective for combatting the target microorganism (often L. pneumophila), but regrowth 

occurs after the initial period of treatment49–52,97. This experiment aimed to isolate the necessary 

silver ion concentration needed for an effective antimicrobial POU device, where the contact time 

is much briefer, and only silver is used, so it is possible that these differences caused less effective 

microbial inactivation. Bench-scale evaluations have demonstrated that there are additive 

antimicrobial effects when both copper and silver ions are present in a solution102 so perhaps future 

antimicrobial silver showerheads should incorporate both ions.  

The ~ 3 log decreases seen in the highest dosed reactor (4800 mg/L*min Ag+)  were 

significantly lower than the other two reactors (Figure 16), however the concentration of silver 

nitrate that was added to the reactor was so high that it created DW that was no longer potable: 

there was significant discoloration of the feed and extensive visual silver deposition in all parts of 

the glassware used (Appendix B Figure 6). This infeasibility suggests that silver ion exposure at 

this concentration is not appropriate for DW, and even then, the M. abscessus biofilm was not fully 

eliminated. Preliminary experiments for this study determined that the driving parameter for 

disinfection was time, not silver concentration, which contextualizes why some silver-containing 

technologies report greater microbial reduction during implementation than seen in this work, 
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since these applications have longer exposure time (Appendix B Figure 7). Based on these results, 

ionic silver is not a reasonable antimicrobial for eradicating M. abscessus biofilms in situations 

where exposure only occurs for a short period of time like with POU applications. 

 

Figure 17: Fluorescent microscopy results of representative sections of M. abscessus biofilms recovered after 7 

days of reactor operation by isolate (row) and exposure condition (column). Green indicates the presence of 

biomass, and total biovolume (abbreviated b.v.) was included on each image that was quantified from zstack 

data. 

Although significant inactivation was achieved in the high exposure reactor (4800 

mg/L*min Ag+) at least 1600 M. abscessus cfu/cm2 remained after 7 days of chronic silver 

exposure which may have led to non-lethal effects such as behavioral modification, or changes in 

morphology which can have important consequences for public health. Aggregation assays 

conducted on isolates recovered from the reactors revealed that the aggregation behavior, or 

tendency for microorganisms to form a biofilm instead of being planktonic (dispersed in solution), 

changed with silver exposure (Figure 18). Based on ratios of planktonic to aggregated cells for the 
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environmental and clinical M. abscessus isolates obtained from coupons not placed in the CDC 

bioreactors, peak dispersal occurred between 24 and 33 hours, after which time they returned to a 

predominately biofilm phase (Appendix B Figure 8). Given that biofilm dispersal and formation 

behavior followed the same trends in the control reactor to those from coupons not placed in a 

reactor any observed differences in the silver reactors must be due to the different silver exposure 

conditions. Silver itself is thought to cause microbial inactivation on a variety of different 

mechanisms from causing cell membrane disruption111 to interrupting essential cellular 

functionality such as protein synthesis, cellular respiration, and DNA stability102,111. While the 

major antimicrobial mechanism of silver and its behavior within a biofilm is unknown, previous 

work on biocidal copper reported that cell death is only achieved if copper adheres to the surface 

of the cells112, so further research is needed to determine fate and transport of silver and other 

metals in biofilms. Additionally, water chemistry factors such as pH102,166,167, organic matter102,168, 

and other compounds such as orthophosphate168 that are present in the DW matrix can reduce the 

efficacy of silver as an antimicrobial by making it no longer reactive to microorganisms, so 

correcting doses based on treatment conditions must also be further considered. 

Overall, there were interesting differences in biofilm behavior between the strains and the 

different silver doses. A greater proportion of clinical M. abscessus strains isolated from the 480 

mg/L*min Ag+ reactor entered a planktonic phase earlier than those isolated from the control 

reactor (peak disaggregation occurring at 24h, instead of between 24-33h in the control reactor 

(Figure 18)). Interestingly, the environmental M. abscessus strains isolated from the lower dose 

silver reactor dispersed (entered a planktonic phase) later than those isolated from the control 

reactor (peak disaggregation occurring at 33h, instead of between 24-33h in the control reactor, 

(Figure 18).  This shift in when peak disaggregation occurred was likewise seen in strains isolated 
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from the 4800 mg/L*min Ag+ reactor but were more pronounced (Figure 18C). These results are 

fairly consistent with the biofilm work conducted in Pseudomonas162,169 as well as conventional 

knowledge about antimicrobial exposure: microorganisms contained in biofilms exposed to 

biocide tend to develop resistance to both the initial biocide, but also other antimicrobial 

substances due to the altered regulation of virulence proteins, quorum sensing, synthesis of 

polysaccharides and proteins essential for cellular adhesion and biofilm formation, and 

horizontally transferred gene components162,163,170.  

Finally, the clinical M. abscessus strains isolated from the 4800 mg/L*min Ag+ reactor 

exhibited very different biofilm behavior, as the majority of the community stayed in a biofilm / 

aggregated phase throughout the times sampled (Figure 18C). Reasoning for the lack of 

disaggregation could be attributed to priming caused by in-situ survival from the human immune 

system and antibiotics, which may improve biofilm formation and robustness in this assay171. 

Overall, these results suggest that clinical M. abscessus isolates which survive chronic repeated 

exposure to silver adapt to form a biofilm either as a defense or virulence mechanism similar to 

what is observed during active infection109,172,173. Future transcriptomic and proteomic work 

should be carried out to properly characterize and understand the biofilm forming behavior and 

mechanisms used by DWPIs after exposure to biocides such as silver. 

3.4 6 Conclusions 

The results of the work outlined in this chapter demonstrated that silver-containing 

showerheads did not produce significantly different viable DWPI abundances in shower water or 
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associated biofilms over the duration of 12 weeks. Although the absolute abundances of culturable 

or molecularly detected DWPIs remained unchanged, the incorporation of silver, along with the 

specific type of silver utilized in the showerhead, influenced the microbial community of both 

water and associated biofilms, as well as the structure of the biofilms themselves. These findings 

suggest material effects beyond the marketed antimicrobial properties, potentially influencing 

microbial growth, establishment, and biofilm development. Instead, as observed in Chapter 2, 

showerhead age was an important parameter in explaining microbial trends in the water samples, 

however in this chapter this conclusion is true for the viable microbiome, instead of both the dead 

and alive community assessed in chapter 2 and thus should be considered when doing future 

quantitative microbial risk assessment.  

CDC biofilm reactors operated to mimic as a shower environment were used to assess the 

effects of silver on M. abscessus biofilms and ultimately showed that ionic silver, even at 

extremely high and non-practical concentrations is insufficient to eradicate M. abscessus biofilms 

when contact time is relegated to the average shower duration. Furthermore, and possibly most 

concerning, increased biofilm formation and changes in growth kinetics were observed in clinical 

M. abscessus strains surviving from the highest silver condition studied. This implies that prior 

host infection could enhance tolerance to disinfectants. However, to truly understand if such a link 

exists, further CDC biofilm experiments assessing the same endpoints measured in this study, 

alongside gene expression assays in more NTM species and morphologies are required. 

Collectively, the results of this chapter, like the previous, suggest that choosing a 

conventional showerhead over a silver-containing antimicrobial showerhead may be more cost-

effective and achieves similar relevant microbial quality to the more expensive silver alternatives. 

However, future work must account for the viable bioaerosol loads that are generated during 
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showering since that is the hypothesized route of exposure to DWPIs. Additionally, temporal 

characterization of the microbiome and DWPI abundance within the water, biofilm and aerosol 

phases in full-scale model studies like this one are required beyond the 12 weeks of this study to 

determine if the observed dynamics change, since showerheads are not often replaced that 

frequently.   
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Figure 18: Planktonic vs. aggregate M. abscessus ratios (ranges in parentheses) for A. clinical (0–163) and B. 

environmental (0–100) isolates for the initial innoculates and after silver exposure (each tile is one technical 

replicate (n = 9 per isolate × condition × time). Blue cells represent a smaller ratio, signifying a larger 

proportion of aggregated M. abscessus cells, while white/red cells represent a higher ratio (larger proportion 

of planktonic M. abscessus cells). The white cells represent the 50th percentile. The ratios were obtained by 
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dividing the planktonic OD600 measurements by the aggregate OD600 measurements. C. The values from A. 

and B. were normalized to the results of the isolates taken from the reactor with no added silver.  
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4.0 Specific Aim 3.0: Examining The Impacts Of Shower Use Patterns On DWPIs And The 

Microbiome 

Specific Aim 3.0 was funded in part by the Mascaro Center for Sustainable Innovation, 

and IDEXX Laboratories provided the Legiolert culturing assays but had no part in the analysis or 

interpretation of this study. For the low flow portion of this chapter, Evan Trump performed sample 

collection and ddPCR data acquisition, Isaiah Spencer-Williams and Dr. Daniel Bain facilitated 

ICP-MS analysis, and Dr. Cheolwoon Woo aided in 16S rRNA amplicon sequencing analysis. The 

results of Specific Aim 3.0 will be published in two publications: the work conducted in response 

to the COVID-19 shutdown contributed to a greater body of work and is published, and the work 

focusing on water-conserving showerheads has been submitted for review in Frontiers in 

Microbiology. Results were shared in 2 conference proceedings: 

Journal Articles 

1. K. Dowdell, S.; Greenwald Healy, H.; Joshi, S.; Grimard-Conea, M.; Pitell, S.; Song, Y.; 

Ley, C.; C. Kennedy, L.; Vosloo, S.; Huo, L.; Haig, S.-J.; A. Hamilton, K.; L. Nelson, K.; 

Pinto, A.; Prévost, M.; R. Proctor, C.; Raskin, L.; J. Whelton, A.; Garner, E.; J. Pieper, 

K.; J. Rhoads, W. Legionella Pneumophila Occurrence in Reduced-Occupancy Buildings 

in 11 Cities during the COVID-19 Pandemic. Environmental Science: Water Research & 

Technology 2023. https://doi.org/10.1039/D3EW00278K. 

2. Woo, C.; Pitell, S.; Trump, E.; Haig, S.-J. Balancing Water Conservation and Health: Do 

water-saving showerheads impact the microbes we breathe in during showering? 

Submitted to Frontiers in Microbiology 

https://doi.org/10.1039/D3EW00278K
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Conference Proceedings 

1. Pitell, S.; Trump, E.; Haig, S.-J. Observing drinking water-associated opportunistic 

pathogen abundance from a model shower system after the Covid-19 shutdown. 

Presentation. Building Water SLAM (Stagnation, Legionella, and Metals) Symposium 

(virtual) 7/7/21 

2. Trump, E.; Haig, S-J. (presented by Pitell, S.) Save It, Don't Spray It: Do water saving 

showerheads impact the microbes we breathe in during showering?  Presentation. Mascaro 

Center for Sustainable Innovation's Undergraduate Research Symposium (Pittsburgh, PA) 

7/25/22 
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4.1 Introduction 

Chapters 2 and 3 were focused on how antimicrobial showerheads impact the microbial 

community of shower water, but the majority of the general public may not consider implementing 

these technologies. Instead, consumers may make decisions about what kind of fixtures they use 

based on other factors such as aesthetics and personal preferences, immediate and lifecycle cost, 

and environmental and water-saving potential174, without considering the potential effects on 

microbial load. People that use municipal DW may also experience changes in their DW microbial 

risk profile based on conditions outside an individual’s control, such as stay-at-home orders.  

These types of circumstances have already occurred over the course of the work included 

in the thesis: the water quality impacts of the COVID-19 shutdowns175,176 and the increasingly dire 

water scarcity crisis177,178. While wildly different, these two situations exemplify how novel global 

challenges can directly impact consumers’ access to quality DW. Current DW water quality in the 

US relies on minimizing the water age, or the time between the DW leaving the plant to POU, so 

that there is still a measurable disinfectant residual and reduced potential for the distribution 

system and plumbing to affect the water characteristics48,179. When water isn’t used at the outlet, 

treated DW stagnates in the building plumbing. This extended water age allows for the disinfectant 

to decay and for plumbing materials to leach into the water. These phenomena have been 

documented in DW that has stagnated overnight180,181 or in the short-term182, but the effects of 

prolonged stagnation in buildings with previously consistent water demand was not extensively 

studied due to logistical issues until 2020. Conversely, because the DW distribution system relies 

on demand to maintain water quality, overall decreases in water availability in many parts of the 

world are creating pressures to reduce water use at the tap, which may ultimately also cause 
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decreases in water quality. In order to create resilient DW systems that can adapt to these and other 

types of circumstances that may occur in the future, there must be robust characterization of how 

these novel global events impact DW quality for all consumers, not just those at risk for DWPI 

infection. 

During the early months of 2020, many buildings dramatically reduced their occupancy or 

completely shut down in response to the stay-at-home orders put in place to mitigate viral 

transmission183. While these public health interventions decidedly helped reduce the proliferation 

of COVID-19 to varying degrees184, reducing water demand in an unprecedented number of 

buildings with little official guidance for building operators led to decreases in microbial and 

chemical water quality175,181,185,186. Some of the first guidelines to emerge for those responsible for 

maintaining these now vacant buildings included flushing, where certain DW outlets are turned on 

and are allowed to flow for a certain amount of time or for a certain volume of water, causing 

stagnated water to be removed from system, and water quality to return to  pre-stagnated 

levels187,188. However, there were no clear and concrete specifics on how to effectively flush (e.g., 

how long or how much, how frequently, or which water outlets)189,190, and flushing demonstrated 

varying degrees of effectiveness that was highly building specific128,185,186,191,192. While the 

response to characterize the effects of extended stagnation in these low-occupancy buildings was 

multi-facetted and robust186, many questions surrounding the building history, pre-established 

plumbing features, DW quality during normal use patterns, and other confounding variables 

remained. To address both the ambiguity in prescribed flushing regimes as well as isolating 

flushing as a remediation strategy in a controlled environment, water samples were taken from the 

INHALE lab (stagnated for 95 consecutive days due to COVID-19 shutdown) before and after 

performing flushing over the course of 7 days. These samples were analyzed for conventional 
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water quality parameters and microbial abundances of total bacteria, NTM, and L. pneumophila to 

assess if flushing as an intervention strategy for buildings with extended reduced occupancy was 

effective at reducing microorganisms in water and re-establishing the standard water chemistry for 

a system that has been extensively characterized. 

Although the response to water scarcity has not happened with as much immediacy as the 

response to the water quality issues brought on by COVID-19, it is expected that the adoption of 

water conservation behaviors will be essential to meeting increasing global water demand193. There 

are many large-scale intervention strategies that can help reduce overall DW usage across sectors 

such as the adoption of efficient crop irrigation, landscaping practices194,195 or instituting industry-

specific systems that reduce overall water use in their respective sectors195, however there is a push 

by the US EPA59 to improve water conservation on an individual level. One of the most common 

intervention strategies to reduce household water use is the use of water-conserving DW fixtures 

such as showerheads due to the ease of adoption and economic benefits196. According to the US 

EPA’s WaterSense program, low flow showerheads are any showerhead with a flow rate that is 

less than 7.6 L/min (2 gal/min)59, and the lower the flow rate, the less water and energy are 

ultimately used. Low-flow fixtures not only save the average American home 2,700 gallons of DW 

a year, but also 330 kWh of electricity that is used to heat the DW59. Low-flow showerheads work 

by employing atomization technology, which produces smaller water droplet sizes that aerosolize 

more readily and evaporate more quickly than droplets generated by conventional showerheads197. 

As a result, low flow showerheads have a greater potential to generate more respirable (aerosols 

less than 5 µm in diameter) and bio-respirable (aerosols between 2 µm- 5 µm that are still 

respirable, but large enough to fit a microorganism within it) aerosols. Although low-flow 

showerheads have been tested extensively to ascertain water saving metrics and validate consumer 
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happiness198,199, very little research has been conducted regarding how low-flow showerheads may 

impact the microbial loads in both DW and DW-associated aerosols. This study isolated the impact 

of flow rate on water and aerosol samples taken from the INHALE shower laboratory to assess if 

the use of water saving showerheads have unintended effects on DWPI abundances and the greater 

microbiome in the shower system. 

4.2 Research Approach 

4.2.1 Methodology Used After The COVID-19 Shutdown 

4.2.1.1 INHALE Shower Laboratory Setup And Sampling Regime 

The INHALE shower lab stagnated for 95 consecutive days prior to sample collection over 

the course of the building shutdown. During the shutdown and for the course of this sampling, 

each outlet had an ABS plastic showerhead installed (Amazon, Seattle, WA). Each showerhead 

was sampled twice a day: the first 1.3 L to come out of the shower (referred to as the “first draw” 

samples in this chapter) and another 1.3 L after allowing water to flow for 5 minutes (referred to 

as the “flushed” samples in this chapter). These samples were taken over the course of 7 days: 

sampling was done for three consecutive days, then again on day 7 after daily 5-minute flushing.   

4.2.1.2 Water Sample Processing 

A portion of the collected water was dedicated to water chemistry analysis. Free and total 

chlorine concentrations were determined at the time of collection for both first draw and flushed 
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samples with the DPD method73 using a portable DR900 spectrophotometer (Hach, Loveland, CO, 

USA). Temperature and pH were monitored onsite using a portable pH and temperature meter 

(HANNA Instruments, Woonsocket, RI). The concentration of culturable L. pneumophila was 

assessed in all samples using the Legiolert detection system (IDEXX Laboratories, Westbrook, 

ME) following standard procedures200. The rest of the water was filter concentrated for microbial 

analysis as described in Chapter 2. 

4.2.2 Methodology Used To Assess Water-Conserving Showerheads 

4.2.2.1 INHALE Shower Laboratory Setup, Sampling Regime, And Sample Processing 

For this work, the INHALE laboratory was installed with ABS showerheads with flow 

rates of 1, 1.5, and 1.8 gallons per minute in each stall. Water, aerosol, and particle sample 

collection was conducted from each showerhead over the course of eight weeks where sampling 

events occurred weekly with a two-week hiatus during the fourth and fifth weeks to simulate longer 

stagnation.  

Three different types of samples were collected for each showerhead over the six sampling 

events. Aerosol particle number and diameter were collected with the AeroTrak Handheld Particle 

Counter 9306 (TSI, Inc., Shoreview, MN, USA) in bins of 0.3–0.5, 0.5–0.7, 0.7–1, 1.0–2.0, and 

2.0–5.0 µm. The particle counter was programmed to take a reading once every 3 seconds at a 

flow rate of 2.83 liters per minute. The particle counter was run for 30 minutes for each 

showerhead: 5 minutes before turning on the showerhead to assess background particulates, 20 

minutes while the shower was running, and 5 minutes after turning it off to monitor particle 

dissipation. A pause of 20 minutes was implemented between the measurements from different 
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showerheads, permitting the laboratory conditions to revert to the initial temperature, relative 

humidity and allow particle concentrations to reach room baseline values. 

Airborne bacterial particles were collected with the Series 110A Spot SamplerTM aerosol 

particle collector (Aerosol Devices, Inc., Fort Collins, CO, USA) with the addition of a SCC1.829 

cyclone (Mesa Labs, Lakewood, CO) that allowed for collection of respirable aerosols (<10 µm in 

diameter). The aerosol collector was run for 40 minutes while each showerhead was running at an 

aerosol collection flow rate of 1.5 liters per minute and the aerosols were collected in 0.5 mL of 

phosphate-buffered saline (PBS) as highlighted in Chapter 2. Additionally, controls were 

conducted in the form of one background control per week where the collector was run without 

the shower turned on, and one HEPA control where the collector was fed air that had already 

passed through a HEPA filter. After sampling, PBS was transferred to a sterilized 2 mL tube and 

the tube was stored at −20℃ until subsequent analysis. 

Composite water samples from each showerhead were collected over the course of 8 

minutes, totaling 1.3 L of shower water in a sterile Nalgene bottle. 1 L of the water was filter 

concentrated onto a 0.2 µm polycarbonate filter (Millipore, Cork, Ireland) and preserved at -20ºC 

until subsequent molecular analysis. Additionally, field and filters negative controls were ran 

during each sampling event. The remaining water was used to assess the shower water quality. 

Temperature, pH, free chlorine, total chlorine, and total and dissolved metals were measured as 

described in Chapter 2.  
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4.2.3 Methodology Used In Both Studies 

4.2.3.1 DWPI Absolute Abundance Quantification 

DNA was extracted using the Fast Spin DNA Extraction kit (MPBio, Irvine, CA), as 

described in Chapter 2. Absolute densities of total bacteria, L .pneumophila, and NTM were 

determined using ddPCR (QX200, Bio-Rad, Hercules, CA), using the same reagents and 

procedures highlighted in Chapter 2 and Appendix 2. 

4.2.4 16S rRNA Sequencing 

The overall microbial community in each sample was assessed by 16S rRNA gene amplicon 

sequencing conducted at Argonne National Laboratory (Lemont, IL, USA) using the same 

methodology as outlined in Chapter 2.  

4.2.5 Statistical Analysis 

All data was visualized and analyzed using R statistical software (Version 4.0.5). Data 

analysis for all sequencing, absolute quantification data, water quality data, and aerosol particle 

data followed the protocols described in Chapter 2, with the addition of the analysis of the 

PICRUSt2 described in Chapter 3.  
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4.3 Results And Discussion 

4.3.1 Microbial Water Quality Was Severely Impacted By Prolonged Stagnation  

After the extended building shutdown (95 days of no water operation) the microbial densities were 

approximately 2 orders of magnitude higher than seen during regular use conditions (Chapter 2). 

After flushing for 5minutes (a standard practice used by building managers to alleviate water 

quality issues after periods of stagnation) a significant 2-log reduction in total bacterial density 

was observed, with a steady decrease in density observed in the first draw samples resulting in 

system baseline/ pre-shutdown concentration after 7 days of flushing (Figure 19D). Interestingly, 

the reductive performance of flushing shown for total bacterial density was not observed for 

DWPIs (Figure 19). L. pneumophila quantified using either culture or molecular methods were 

both detected in relatively the same concentrations regardless of detection method, and were 

present in higher quantities than described in Chapters 2 and 3. Culturable L. pneumophila results 

revealed that first flush concentrations only significantly decreased after 7 days of daily flushing 

and that concentration in the 5-minute flush samples were significantly higher than the first draw 

samples after 3 and 7 days of flushing (Figure 19A). NTM exhibited significant 2 log decreases in 

paired first draw and flushed samples over the course of 1 week of daily flushing, however, the 

NTM concentration exiting the showerhead water did significantly increase by 2.5 logs after the 

first day of flushing and did not return to initial concentration seen on day 1 (Figure 19C). The 

increase of NTM in the water samples after the first flush may be caused by the change in the 

hydraulic environment of the pipes: due to the change in flow, the next flushes may have dislodged 

areas of the biofilm where NTM was more prevalent, leading to larger densities in the water. 
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Figure 19: Microbial abundances in shower water (n=9) over time before (red) and after (blue) 5 minutes of 

flushing after 95 days of stagnation (day 0). Legionella pneumophila quantified with Legiolert A., and ddPCR 

analysis B., Nontuberculous mycobacteria quantified with ddPCR C., and total bacteria quantified with ddPCR 

D.  Significant differences as determined with paired Wilcoxan tests are denoted by brackets, with black 

brackets indicating differences between the paired first draw and flush samples, red brackets denoting 

differences between first draw samples, and blue brackets denoting differences between flushed samples. 

Significance was indicated by asterisks, with * , **, and ***denote p-values of ≤ 0.05, ≤ 0.01, and ≤ 0.001, 

respectively. 

Linear models generated for each quantified microorganism in the first draw and flushed 

samples highlighted different physiochemical parameters that help explain the dynamics observed 

(Table 4). In the models generated from the first draw samples, day sampled was the dominant 

parameter for explaining observations seen in both cultured and molecularly quantified L. 
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pneumophila, whereas characteristics of the water itself (e.g., chlorine and pH) and other 

quantified microorganisms were parameters that explained the variance in NTM and total bacteria 

concentrations. With the exception of NTM, the flushed models generated were not significant and 

explained less of the variance than the first draw models (Table 4). In other studies conducted in 

response to the extended DW stagnation events caused by the Covid-19 shutdowns, pH was found 

to be a critical component of decreased water quality due to the influences on metal corrosion, and 

from a microbial perspective, pH was linked to elevated levels of microbial gene markers185, 

heterotrophic plate counts201, and molecularly identified NTM201. Microorganisms are sensitive to 

pH ranges in order to achieve optimal proliferation, so it being a major indicator of both NTM and 

overall bacterial densities is not unexpected32.  

Table 4: Summary of generated linear models in the first draw and flush samples. In the model components 

column, the percent of the variance explained by each variable is superscripted. All response variables were 

transformed to achieve normality as described in parentheses in the model column. 

  
Overall Model 

Model 

(Transformation) 

Model Components Explained 

(%) 

p-value 

First draw 

L. pneumophila 

([gene copies/L]-0.6) 

Day sampled20.3% + Temperature6.5% + pH3.2% + Cultured 

L. pneumophila7.3% 

37.3 0.005 

Cultured L. pneumophila 

(MPN/100 mL0.38) 

Day sampled32.9% + Stall19.2% + pH3.7% 55.8 7.4x10-6 

Nontuberculous 

mycobacteria 

([gene copies/L]0.1) 

Stall2.1% + pH23.4% + Total chlorine11.9% + L. 

pneumophila3.5% 

41 0.002 

Total bacteria 

([gene copies/L]-0.2) 

Stall2.4% + Free chlorine18.7% + Total chlorine9.6% + 

NTM5.4% 

36.2 0.006 

Flushed 

L. pneumophila 

([gene copies/L]0.02) 

Cultured L. pneumophila12.7% + Stall1.8% 14.6 0.07 

Cultured L. pneumophila 

(MPN/100 mL0.54) 

Day sampled3.4% + Stall 11.2% + L. pneumophila22.6% + 

Total bacteria3.4% 

40.6 0.002 

Nontuberculous 

mycobacteria 

([gene copies/L]0.18) 

Temperature3.9% + pH22.5% 26.4 0.006 

Total bacteria 

([gene copies/L]-0.5) 

Day sampled0.7% + pH13.6% 14.3 0.08 
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Flushing was a commonly suggested method of water management for buildings with 

reduced occupancy during the COVID-19 shutdowns187, and there have been many studies looking 

at the efficacy of flushing as a crisis response strategy to maintain water quality185,186,191,192. Much 

of the material published during this time did not give clear guidelines on how to effectively flush: 

only a few of these documents included details about the number of outlets to flush, which outlets 

to flush, frequency of flushing, duration of flushing, or any health and safety considerations to the 

essential workers performing the task187. The results from this study suggest that flushing is not an 

over-arching solution, but instead a tool to use when responding to changes in water quality. 

Flushing was effective at reducing overall microbial loads in shower water directly after the flush, 

but there was minimal impact after short term overnight stagnation until 7 consecutive days of 

flushing occurred. For the microorganisms of public health significance that were quantified here, 

flushing either increased the abundances (NTM) or decreased the abundance only after 3-7 days 

of daily flushing (L. pneumophila); with the latter being outside the weekly to monthly suggested 

guidelines.  

4.3.2 Water-Conserving Showerheads Decreased Microbial Concentrations In Shower 

Water, But Increased The Concentrations Of Aerosols Containing Gram-Negative 

Bacteria  

Unlike the microbial levels seen as a direct result from the extended water stagnation caused 

by the COVID-19 shutdown, showerheads that decreased flow rate only significantly impacted 

absolute abundances of microorganisms in shower water (Figure 20 and Appendix C Figure 1). In 

particular low flow showerheads with flow rates of 1.8 gpm had the largest total bacteria and NTM 

abundances (Figure 20A). However, for DWPI abundance, few differences were found between 
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the different showerhead flow rates, with NTM abundance only found to be statistically different 

between the 1.5 gpm head and 1.8 gpm head. No significant differences in L. pneumophila 

abundances were observed between any flow rate likely due to its infrequent detection (Figure 

20A).  

 

Figure 20: Box and whisker plots showing the absolute densities of L. pneumophila (LP, green), Nontuberculous 

mycobacteria (NTM, yellow), and total bacteria (TOT, orange) by showerhead flow rate in A. shower water 

and B. shower water associated aerosols (<10um). Data is aggregated across the whole 8-week experimental 

timeframe (n=18). Significant differences are denoted by brackets, with * and ** denoting p-values of < 0.05 

and < 0.01, respectively. 

Both total inhalable aerosol counts (0.3-5 µm) and bio-respirable aerosol counts that may 

contain bacteria (2-5 µm) did not significantly differ by showerhead flow rate during the sampling 

period (Figure 21). These results are not consistent with the results of other studies38,41,197 who 

have reported conflicted correlations on the relationship between flow rate and particle 

distribution. These discrepancies are likely explained by the differing sampling strategies, 

methodologies used to quantify aerosols and fundamental differences in the showerhead design 

used despite the same flow rates. On average 1 x 109 inhalable and 3.7 x 107 bio-respirable aerosols 
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were produced during the 30 min of collection equating to approximately 2.7 x 108 particles and 

9.8 x 106 particles in the average 8-minute shower, respectively. 

Figure 21: Box and whisker plots showing the absolute numbers of aerosolized particles by showerhead flow 

rate between the diameters of A. 0.3 µm – 5 µm and B. 2 µm – 5 µm. Data is aggregated across the whole 8 -

week experimental timeframe (n=18). 

While inhalation of biorespirable aerosols has been repeatedly cited as the main route of 

exposure for both NTM and L. pneumophila6,68,202–204, rarely is the microbial quality of DW-

associated aerosols assessed, likely because of methodological difficulties. However, this study 

found differences in the partitioning behavior of NTM from the water to the water-associated 

aerosols phase. Specifically, NTM was found to partition twice as much from the water to bio-

respirable aerosol phase in the lowest flow showerheads (Table 5) compared to the highest flow 

head (i.e., 0.005% compared to 0.0024% partition, respectively). Furthermore, the lowest flowrate 

heads transferred total bacteria from the water to the aerosol phase more frequently than the higher 

flow heads (Table 5). L. pneumophila defies the trends of total bacteria and NTM with higher 

densities transferred at higher flow rates. These emission ratios suggest that even though the 
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absolute densities of DWPIs are not significantly affected by flow rate in the aerosol samples, the 

likelihood of a respirable aerosol containing NTM being generated is higher in low-flow 

showerheads and the opposite for L. pneumophila: respirable bioaerosol generation was highest in 

the highest flow showerhead. Overall, showerheads with a flow rate of 1.5 gal/min seemed to have 

less DWPI partitioning while still reducing water use, which may be due to the optimization of 

lower flow rate and reduced shear stress on the biofilm forming within the fixture. 

Table 5: Average aerosolization partitioning percentages for DWPIs and total bacteria. 

 Average aerosolization partitioning 

percentage ± standard deviation (%) 
 

 1 gpm 1.5 gpm 1.8 gpm 
p-value from 

ANOVA 

Total bacteria 0.39 ± 0.42 0.22 ± 0.34 0.12 ± 0.17 0.01 

L. pneumophila 2.93 ± 2.06 1.01 ± 1.62 9.1 ± 9.9 0.05 

Nontuberculous 

mycobacteria 
0.005 ± 0.008 0.002 ± 0.002 0.002 ± 0.002 0.04 

Comparing aerosolization partitioning between the ABS showerheads used in Chapter 2 with 

the same flow rate to the 1.8 gpm showerheads used here, different partitioning behaviors are 

observed with the exception of L. pneumophila (Appendix A Table 4). More specifically, 

aerosolization partitioning for NTM were three orders of magnitude less in the previous study than 

seen here despite utilizing the same methodologies. Therefore, the most likely explanation for 

these differences in aerosolization is that the system, and possibly the biofilm itself, has changed 

over time: samples described in Chapter 2 were collected in 2020, and samples in this chapter were 

taken in 2022. In between these two sampling campaigns, there were varying levels of use that 

would have aged the plumbing system between the two sampling campaigns, which may have 

influenced the biofilm to behave more like an established plumbing system. There may also be 

more NTM-specific reasons based on their growth dynamics and behavior. Despite NTM showing 
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a strong preference for surface adhesion in pure culture within 6 hours, many NTM species have 

long generation times, which could cause the increase in abundance seen between these two 

sampling endeavors84. Additionally, NTM is known to survive intracellularly in certain species of 

amoeba, so it is possible that the lower NTM partitioning in earlier sampling endeavors were 

caused by greater numbers of the overall NTM community proliferating in amoeba, where 

aerosolization would be less likely205. 

4.3.3 Microbial Community Membership Varied With Flow Rate 

The overall microbial community (alpha and beta diversity) was significantly different in air 

and water samples (Appendix C Figures 2 and 3), with distinct differences further occurring 

between the different flow rates. In particular, OTU diversity was greater in aerosol than water 

samples, and diversity in water samples decreased as a function of flow rate (Appendix C Figure 

4A and 4B). Pairing this information with the increased overall total bacteria densities of the water 

samples from the highest flow rate (Figure 20), this information suggests that showerheads with a 

higher flow rate may select for rapid growing and more stress-tolerant organisms which 

outcompete other microbiota, resulting in less diversity. This hypothesis is substantiated by the 

fact that higher flow rate showerheads will increase nutrient availability, free chlorine 

concentrations and hydraulic stress – all factors known to influence the DW microbiome and select 

for more specialized organisms1,24,77. Conversely, lower flow showerheads produce aerosols with 

similar total microbials loads to higher flow rates but have a much more diverse microbiome, likely 

due to more nutrient and disinfectant gradients occurring in the system.  
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Figure 22: Relative abundance of the 30 most abundant bacterial genera in all samples. In the figure, 

Burkholderia1 and Lachnospiraceae sp.2 refer to Burkholderia-Caballeronia-Paraburkholderia and 

Lachnospiraceae NK4A136 group, respectively. Every heatmap box is correlated to a sample, and is organized 

by day sampled as well as flow rate. 
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Comparing the dominant microbiome in water and aerosol samples (Figure 22) revealed 

that the majority of the relative abundance of water samples were composed of a few genera (e.g., 

Sphingomonas, Burkholderia sp., Mycobacterium, and Prophyrbacter) whereas aerosols samples 

showed more taxonomic diversity in its core microbiome. Common core microbiome members of 

both water and aerosols samples were Sphingomonas, Burkholderia-Caballeronia-

Paraburkholderia, and Ralstonia which are  microorganisms commonly associated with DW153, 

and known to contain DWPIs linked to nosocomial infections206–208. In the water samples, the 

relative abundances of Sphingomonas and Ralstonia appear to be flow dependent, with Ralstonia 

being more consistently detected in higher abundances in the 1 gal/min showerhead samples and 

Sphingomonas being more enriched in the 1.8 gal/min showerhead samples. Both of these genera 

are known DW biofilm formers and are often found in water systems with significant physical and 

nutrient stress89,207,208, however there has not been extensive investigation into the impacts of flow 

rate or other types on hydraulic pressures specifically for these microorganisms.  

Metabolic functionality analysis between the 1 gal/min and 1.8 gal/min showerhead water 

samples showed statistically significant differences in 9 microbial metabolic profiles (Appendix C 

Figure 5). Specifically, the lipopolysaccharide biosynthesis traits in 1 gal/min showerheads were 

present at almost twice the relative abundance found in 1.8 gal/min showerhead (0.236% vs. 

0.134%, respectively) (Appendix C Figure 5). Lipopolysaccharides are an integral part of Gram-

negative bacterial cell membranes, and are often a trigger for the human immune system32. 

Additionally, work conducted on lipopolysaccharides suggest that they reduce biofilm-forming 

capabilities of microorganisms133, so their increased synthesis in the 1 gal/min showerheads may 

indicate less biofilm formation, however, lipopolysaccharide formation indicate higher levels of 

Gram-negative microorganisms and as a consequence, potential pathogenicity134. Because 
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showerhead flow rate was observed to affect the greater microbiome of the samples and the 

presence of potential pathogens due to cell membrane functionality, water-conserving 

showerheads may have unintended consequences on microbial water quality. 

4.3.4 Showerhead Age Is The Key Factor That Influenced Microbial Dynamics  

Microbial dynamics for both the absolute quantification data and microbial community data 

were impacted by showerhead age, which has been echoed in the previous chapters. Absolute 

densities of L. pneumophila, NTM, and total bacteria in both phases followed trends seen in 

Chapter 2, which attests to the reproducibility of results using this analysis pipeline from this 

system and may indicate more universal trends about how consistent use patterns over time impact 

microbiological dynamics (Appendix A Figures 2 and 3, Appendix C Figure 6). L. pneumophila 

was not consistently quantified in either the water or aerosol samples over time, but detection was 

most consistent across the system at the first incident of sampling. NTM concentrations were 

generally uniform throughout the sampling campaign, however there were decreases in NTM 

levels after day 38 before abundances recovering to initial concentrations by day 52. There were 

similar dynamics in the total bacteria quantified in the water samples, but bacteria in the aerosols 

greatly increased at day 38. This dip before and after the 30-day mark of continuous use for NTM 

and total bacteria was also captured in samples described in Chapter 2: this may be caused by 

stochastic variation in microbial densities, however these changes may also be an indicator of other 

systemic processes happening during startup with a brand new showerhead. There has been little 

work previously conducted that has studied the temporal dynamics of the native microbiota in full-

scale DW systems, however, previous work has identified that biofilm formation from the native 

DW community has two distinct formation phases before and after 30 days of continuous use47, 
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and the work conducted in Chapter 2 found significant linkages between the absolute abundances 

of certain microorganisms and the greater microbial community based on these biofilm age 

phases153.  

The influence of showerhead age and potential biofilm effects are also mirrored in the greater 

microbial communities of both sample types (Figure 22), with Burkholderia-Caballeronia-

Paraburkholderia being the best example of these trends in both aerosol and water samples. In the 

aerosol samples, Burkholderia sp. made up a large amount of the total relative abundance 

regardless of time and flow rate of the showerhead. However, its establishment dynamics in both 

water and aerosol samples were complex with a decrease in relative abundance between the first 

incidence of sampling and early biofilm formation (before 30 days), followed by it increasing 

dramatically and becoming the dominant taxa after 30 days. Much of the non-clinical literature 

has focused on the detection of Burkholderia in DW and associated biofilms1,209, but some work 

studying the biofilm-forming mechanisms of Burkholderia cepacia suggests that these 

microorganisms often co-colonize biofilms with Pseudomonas sp.210, which is a known member 

of the DW microbiome1,13 and has been recovered consistently in the INHALE shower laboratory 

as discussed in Chapters 2 and 3. It is possible that since Burkholderia has been reported to 

proliferate in pre-established biofilms, it was unenriched in the sample until after initial biofilm 

attachment occurred211,212. Similar dynamics were observed with the relative abundance of 

Methylobacterium from the samples taken from lower flow rate showerheads. Methylobacterium 

is commonly found in building plumbing and participate in biofilm formation6,46, so it is possible 

that the hydraulic environments created in the low-flow showerheads contribute to the abundances 

recovered in the samples. There are many other instances of known synergistic effects of complex 

microbial communities in environmental21,90,213–215 and clinical172,173 contexts, so exploring the 
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effects of polymicrobial biofilm dynamics as a function of time and how this consequently impacts 

the microbiome of the shower water and associated aerosols is a necessary avenue for more 

research. 

4.4 Conclusions 

Both sampling endeavors highlighted in this chapter investigated the impacts of shower 

system water use patterns, either by dramatically changing use patterns in response to decreased 

building occupancy or the reduction of overall water consumption by using low-flow showerheads. 

The work done directly after the COVID-19 shutdown revealed that prolonged stagnation 

increased microbial loads in the shower water of both DWPIs and total bacteria, and that differing 

flushing regimes (one weekly short flushing event is the primary water management strategy 

suggested to building operators to maintain water quality) resulted in improvements in water 

quality for some DWPIs and negative outcomes for others. Linear models revealed that pH was a 

major parameter in explaining absolute abundance of DWPIs, but more detailed mechanistic work 

must be done in order to fully understand this connection. In the samples taken from water-

conserving showerheads, overall microbial densities in water increased as a function of flow rate, 

but abundances in aerosols were unaffected. Showerhead flow rate significantly altered the 

microbial communities exiting in the water and aerosol phases, with aerosols produced from the 

lowest flow rate showerheads (1 gal/min) containing more potentially pathogenic gram-negative 

bacteria and higher DWPI partitioning behavior than faster flow rate showerheads. Future work 

should focus on assessing the pathogenicity of these aerosols to help inform microbial risk 

assessment tools.   
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There are many additional avenues of investigation that need to be considered in order to 

better understand how novel water use patterns affect the microbiome. Both studies highlighted 

that isolated grab sampling events are not comprehensive in evaluating microbial dynamics, and 

that longer sampling campaigns are necessary when characterizing systems. Additionally, some of 

the observations in these studies could be attributed to the virgin nature of the INHALE shower 

laboratory itself: dynamics may be different in more established plumbing systems. The results of 

the low flow study in particular showcase the need to sample respirable aerosols in addition to 

water in order to most accurately ascertain risk of altering water use patterns. 
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5.0 Concluding Remarks And Recommendations To Stakeholders 

5.1 Overall Summary 

This thesis primarily investigated the influence of showerhead materials and shower use 

patterns on the microbial communities found in produced shower water, shower water-associated 

aerosols, and biofilms. While showerhead material, including antimicrobial showerheads, did not 

significantly alter water chemistry or DWPI abundance across environmental matrices, it did 

impact microbial community composition. Notably, across all studies, showerhead age 

consistently explained the most variation in microbial community structure and composition, with 

aerosolization behavior of DWPIs also varying based on showerhead age. Follow-up bench-scale 

studies further supported the antimicrobial shower results, concluding that silver is not an effective 

antimicrobial agent against DWPIs and in the cases where increased silver dose is used, result in 

increased biofilm formation. Finally, choices regarding water usage, either through prolonged 

stagnation or installation of water-conserving showerheads, altered microbial dynamics within the 

system, with showerhead flow rate being a significant factor in explaining community 

composition. Low-flow rate showerheads produced the smallest concentration of aerosolized total 

bacteria but contained a significantly high proportion of gram-negative organism which could 

contain pathogens and higher DWPI partitioning likelihood. Extended periods of stagnation in 

showers led to increased DWPI and total bacterial concentrations which were only reduced after 

extended flushing campaign well beyond the current guideline. Overall, these research findings 

can be translated into a set of recommendations for various stakeholders spanning the advancement 

of fundamental science to practical guidance on showerhead design and operation. The following 
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sections provide a set of recommendations based on this work that I think should be considered as 

we move forward to reduced DWPI exposure in buildings. 

5.2 Considerations For Future Research 

The insight gained into shower dynamics observed in this dissertation provides valuable 

information for all stakeholders interested in reducing exposure to DWPIs. In particular, this work 

contributes to the DW engineering and public health fields, by identifying critical areas that need 

innovation, such as antimicrobial materials testing for POU fixtures and the addition of 

showerhead age to current quantitative microbial risk assessment models, to address the real-world 

dynamics of shower use. In order to test materials and the showerheads created from them 

effectively, showerhead properties should be tested in real-world conditions with real-world use 

patterns using a model shower system to determine its effectiveness when utilized by consumers. 

Moreover, this body of work underscores the necessity of moving away from water grab samples 

in studies evaluating DWPIs in shower systems. Instead, a comprehensive approach involving 

sampling for paired biofilm, water, and bioaerosol samples over extended periods is advocated to 

accurately characterize and develop predictive models for potential exposure.  Furthermore, this 

dissertation has demonstrated the need to assess the respirable fraction of bioaerosols instead of 

total aerosols as  results obtained with this fraction have provided results that can be contrary to 

the literature in the case of NTM aerosolization33. The native DW biofilm that grows in building 

plumbing and fixtures is a poorly understood component of the DW system, and further research 

must be conducted to better characterize the potential for the biofilm to enrich DWPIs1,24, provide 

a priming environment to improve virulence29, and determine when detachment will likely occur45, 
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possibly with the use of emerging non-destructive technologies (e.g., sensors) or novel techniques. 

Finally, the influence of silver on biofilm characteristics, specifically changing kinetics to favor 

staying in a biofilm after exposure to high levels of silver, should be further investigated to 

determine if these phenotypic differences are permanent and if they translate to increased 

virulence. Further studies should also characterize how different spray patterns and human 

interactions with the shower system, such as cleaning regimes and different fan usages, further 

impact DWPI abundance and the greater microbiome. 

Perhaps the most important takeaway from the work contained in this dissertation is the 

need for interdisciplinary collaboration between researchers in order to fully understand the 

shower system: the expertise from plumbers, environmental engineers, microbiologists, chemists, 

material scientists, public health experts, and bioinformaticians are all leveraged to complete this 

dissertation, and it is the opinion of the author that the future of environmental engineering rests 

on the ability to incorporate the knowledge and techniques used in other fields to further the 

understanding of the complex systems that are studied. Further, the work conducted in the 

microbiome of the showering system and how it relates to public health could benefit from closer 

involvement of certain fields more immediately than others. Microbiologists who can perform 

rigorous genomic and proteomic assessment to generate insight on biological mechanisms in all 

microbial phases (e.g., biofilms, planktonically, and in aerosols) should be consulted for studies 

involving the elucidation of microorganism characteristics. Materials engineers and product 

innovators should also be involved in studies that test their products, and feedback between design 

and consequences of use must be established for effective antimicrobial POU devices to be created 

and effectively used. Experts in the fate and transport of aerosols (both researchers and experts in 

air exchange in buildings) that can help model bioaerosols from showerheads and determine 
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strategies to minimize their inhalation once formed should also become common collaborators in 

this type of work. Finally, there needs to be greater collaboration with public health practitioners 

and social workers to assess the human component of DWPI exposure and to help link potential 

use patterns and behaviors (e.g., showerhead cleaning, overhead fan use, etc.) in domestic settings 

to health outcomes. Environmental engineering has always been a melting pot of expertise, and 

encouraging this multidisciplinary approach is essential as the field evolves. 

5.3 Considerations For Consumers And Building Managers 

The results from this study have direct implications outside of the laboratory for consumers 

and building managers alike. It is important to note that while DWPIs are an emerging public 

health concern, the majority of consumers are not at significant risk of developing an infection 

caused by a DWPI due to their immunocompetency, so these considerations may not be necessary 

for every person who showers. However, it should be noted that recent evidence has suggested 

that even otherwise healthy people can become infected with NTM after repeated exposure16. 

Based on this body of work, the author has identified considerations in three areas:  

5.3.1 Material Choice Does Not Impact DWPI Densities In Shower Water Or Aerosols 

The central takeaway reiterated throughout this dissertation is the limited impact of 

showerhead material choice (ABS, metal, various antimicrobials) on the absolute abundances of 

DWPIs emitted during showering. Specifically, this dissertation found that four different types of 

antimicrobial showerheads, intended to decrease bacterial concentrations in shower water, failed 
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to effectively reduce DWPI density in either the produced water or aerosols compared to their 

inexpensive ABS plastic showerhead competitors regardless of their possible antimicrobial 

performance in the laboratory. Therefore, from an economic and health perspective building 

managers and consumers should consider other DWPI reduction strategies instead of antimicrobial 

showerheads. Furthermore, and possibly more worrisome, building mangers and healthcare 

infection control preventionists should be aware that many marketed antimicrobial showerheads 

are not tested under real-use scenarios and may not contain the marketed active material in 

detectable amounts (as observed in Chapter 3) which could jeopardize the safety of vulnerable 

groups. 

5.3.2 Water-Conserving Showerheads Increase Aerosol Generation And Containment Of 

Potentially Pathogenic Microorganisms 

Flow-reducing showerheads tested in this work did not significantly impact DWPI density 

in produced shower water or aerosols but did create more respirable aerosols containing a higher 

proportion of gram-negative organisms and higher DWPI partitioning frequency than showerheads 

with higher flow rates. Based on these findings more research is needed to ascertain whether the 

Gram-negative organisms enriched in aerosols generated from low-flow showerheads pose an 

increased risk to consumers. It is the author’s recommendation that consumers should consider 

using water-conserving showerheads with flow rates between 1.5 gal/min and 1.8 gal/min to 

maximize the tradeoffs of environmental and financial benefits of using a low flow showerhead 

and the potential for elevated DWPI partitioning. Additionally, it may be prudent for 

immunocompromised people to refrain from using low flow showerheads until more 

comprehensive risk assessment has been performed. 
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5.3.3 Shower Water Usage And Management Practices 

Because shower use behavior (period of stagnation) was found to significantly impact DWPI 

abundances, consumers should be aware of the management and maintenance that is done in the 

buildings they shower in.  

Single-family homes: potential DWPI exposure can be reduced from showering by using all the 

showers in the home on a consistent basis (i.e. not allowing extended stagnation to occur) in 

addition to setting the hot water heater of the building to be greater than 60 ºC if there is scald 

protection at the tap to reduce microbial proliferation in the tank.  

Multi-unit buildings or shared facilities: inquiring about details of water use and maintenance of 

building plumbing (e.g., if there are bathrooms that aren’t used or the frequency of water heater 

cleaning) can help determine if there is added risk of elevated DWPI loads. When traveling, 

considering the water use patterns of the accommodations is another place the average person can 

partially mitigate their exposure to DWPIs: staying in a seasonal accommodation directly after 

reopening may still have elevated microbial loads in the DW over a hotel that is near capacity year-

round.  

 For building operators who maintain building plumbing, it is essential to have a water 

management plan in place to preserve water quality. There are many guidance documents available 

that help with this process216, but there is no “one size fits all” solution: each building has different 

characteristics, and thus will have different needs to maintain microbial water quality. General 

guidance for managing DWPIs include setting hot water heaters at 60 ºC, maintaining that 

temperature throughout hot water recirculating loops, cleaning and descaling water tanks annually, 
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and general monitoring for issues that may arise216. These standard operations can help combat 

DWPI proliferation during normal operational use, but additional considerations for crisis 

situations must be included to maintain water quality through periods of altered use patterns. The 

results from the work in Chapter 4 showed that isolated incidents of flushing, as advised by many 

organizations187, were not an effective strategy for reducing DWPIs in events were extended DW 

stagnation occurred. Therefore, water management plans for reduced occupancy must consider 

implementing more rigorous flushing protocols, the author would recommend daily flushing of 

distal outlets in the plumbing system with hot water for a minimum of 5 min over the course of 7 

days prior to increasing building occupancy after reduced use. In addition to these larger flushing 

regimes, considerations into the management of produced aerosols during flushing (e.g., increased 

ventilation or implementation of air filtration) should also be considered to reduce worker airborne 

exposure to DWPIs during remediation.   

Regardless of the showerhead choices or water management practices used, reducing the 

inhalation of DWPI-containing aerosols is the best method for reducing possible infection, so 

always showering with as much air exchange as possible by turning on the fan or having a door or 

window open can help disrupt the gradual deposition of the bioaerosols, and ultimately help 

minimize the overall risk of DWPI infection. 
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Appendix A Chapter 2 Supplementary Information 

 

Appendix A Figure 1: Absolute gene copy concentrations in shower water over time by showerhead type. A. L. 

pneumophila, B. P. aeruginosa, C. NTM, and D. total bacteria observed across 14 weeks of operation in ABS 

plastic (green), filter-based antimicrobial (yellow), and silver-embedded (blue) showerheads in shower water 

associated aerosols. Each showerhead type shows all the data collected from three experimental showerhead 

replicates for that specific time point.  
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Appendix A Figure 2: Absolute gene copy concentrations in shower water associated aerosols over time. A. L. 

pneumophila, B. P. aeruginosa, C. NTM, and D. total bacteria observed across 14 weeks of operation in ABS 

plastic (green), filter-based antimicrobial (yellow), and silver-embedded (blue) showerheads in shower water 

associated aerosols. Each showerhead type shows all the data collected from three experimental showerhead 

replicates for that specific time point.  
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Appendix A Figure 3: Absolute gene copy concentrations in shower water over time. A. L. pneumophila, B. P. 

aeruginosa, C. NTM, and D. total bacteria observed across 14 weeks of operation in ABS plastic (green), filter-

based antimicrobial (yellow), and silver-embedded (blue) showerheads in shower water. Each showerhead type 

shows all the data collected from three experimental showerhead replicates for that specific time point. 
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Appendix A Figure 4: Non-metric Multidimensional Scaling plot by A. sample type, B. biofilm age bin of water 

samples, and C. showerhead type of water samples. 
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Appendix A Table 1: Different physical and chemical water quality parameters measured in this study and 

corresponding analytical method used. 

Parameter Units Analytical Technique LOD/LOQ 

Temperature °C Thermometer   

pH 

 

pH electrode   

Free Chlorine mg/L as Cl2 DPD method 0.01/0.02 

Total Chlorine mg/L as Cl2 DPD method 0.01/0.02 

Ammonia mg/L as NH3-N Salicylate method 0.01/0.01 

Orthophosphate mg/L as PO4³¯ Ascorbic acid method 0.01/0.02 

Total Organic Carbon mg/L TOC analyzer 0.01/0.01 

Dissolved Organic 

Carbon 

mg/L TOC analyzer (0.45 µm 

filtered) 

0.01/0.01 

Total Iron mg/L ICP-MS 0.01/0.01 

Total Copper mg/L ICP-MS 0.01/0.01 

Total Silver mg/L ICP-MS 0.01/0.01 

Total Lead mg/L ICP-MS 0.01/0.01 

Total Calcium mg/L ICP-MS 0.01/0.01 

Total Magnesium mg/L ICP-MS 0.01/0.01 

Dissolved Iron mg/L ICP-MS (0.45 µm filtered) 0.01/0.01 

Dissolved Copper mg/L ICP-MS (0.45 µm filtered) 0.01/0.01 

Dissolved Silver mg/L ICP-MS (0.45 µm filtered) 0.01/0.01 

Dissolved Lead mg/L ICP-MS (0.45 µm filtered) 0.01/0.01 

Dissolved Calcium mg/L ICP-MS (0.45 µm filtered) 0.01/0.01 

Dissolved Magnesium mg/L ICP-MS (0.45 µm filtered) 0.01/0.01 
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Appendix A Table 2: Molecular primers, thresholds, and assay sensitivity for ddPCR analysis. 

Target Species 
Forward   

(5'-3') 

Reverse   

(5'-3') 

Approx. 

Amplicon 

Size (bp) 

Ref 

Limit of 

Detection 

(copies/20 µL) 

Limit of 

Quantification 

(copies/20 µL) 

Threshold 

for water 

samples 

Threshold 

for aerosol 

samples 

Legionella 

pneumophila 
LpneuF LpneuR 

150 1 6.08 6.08 8800 6500 

Lmip gene 

CCGAT

GCCAC
ATCAT

AGC 

CCAAT

TGAG

CGCC
ACTCA

TAG 

Pseudomonas 

aeruginosa 
Ps-F Ps-R 

117 2 7.3 7.3 4500 12530 

Orpl gene 

CGAGT

ACAAC

ATGGC

TCTGG 

ACCG

GACG

CTCTT

TACCA

TA 

Nontuberculous 

mycobacteria 
FatpE RatpE 

164 3 5.6 5.6 10600 9650 

atpE gene 

CGGYG

CCGGT
ATCGG

YGA 

CGAA

GACG
AACA

RSGCC

AT 

Total bacteria Eub338 Eub518 

200 4 5.3 53 12900 11100 
16s rRNA gene 

ACTCC

TACGG

GAGGC

AG 

ATTAC

CGCG

GCTGC

TGG 

Thermocycling Conditions: 95 °C for 5 min, [95 °C for 0.5 min, 57 °C for 1 min, 72 °C for 1 min] x 45, 4 °C for 5 min, 

90 °C for 5 min 

References: 1. Wullings, B. A. et al. 2011. Appl Environ Microbiol 77 (2), 634-641 2. Feizabadi MM et al. 2010. Infect 

Genet Evol 10: 1247-1251 3. Radomski, N., et al., 2013. BMC Microbiol, 13(1), 277 4. Fierer, N., et al., 2005. App, Env, 

Microbiol, 71(7), 4117-4120 
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Appendix A Table 3: Average values of water quality parameters. 
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Appendix A Table 4: Average aerosol partitioning values of DWPIs and total bacteria by head type 

Target 

Average aerosolization partitioning percentage (%) ± 

standard deviation 
Significance of 

showerhead type 

(ANOVA p-value) ABS Plastic Silver-embedded Filter-based 

L. pneumophila 1.06 ±  2.1 3.27 ± 5.8 1.71 ± 3.0 0.3 

P. aeruginosa 
5.33x10-5 ± 

1.34x10-4 
1.07x10-4 ± 2.35x10-4 

2.16x10-5 ± 

5.85x10-5 
0.2 

Nontuberculous 

mycobacteria 

1.02x10-6 ± 

3.22x10-6 
1.14x10-6 ± 3.17x10-6 

2.8x10-7 ± 

8.34x10-7 
0.2 

Total bacteria 
1.74x10-5 ± 

2.67x10-5 
3.28x10-5 ± 4.90x10-5 

1.76x10-5 ±  

2.13x10-5 
0.5 
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Appendix A Procedure 1: Threshold determination for ddPCR quantification 

Thresholding was achieved by taking a sample that had already been run on the instrument, 

and spiking a known amount of gblock into the matrix for each primer type used in this study. 

Spiked samples were run using the same method described in the manuscript, and the amplitude 

plots for the spiked and unspiked sample were compared. Thresholds were tried between the 

positive and negative bands: each concentration output for potential threshold was back calculated, 

and the concentration of the unspiked sample was subtracted from the spiked sample 

concentration. This process was iterated until a threshold was chosen that yielded a spiked sample 

concentration that matched the initial gblock concentration initially put into the sample after the 

subtraction of the concentration of the unspiked sample. 
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Appendix B : Chapter 3 Supplementary Information 

 

Appendix B Figure 1: Summary of SEM-EDS analysis conducted on silver-containing inserts of the silver-

embedded head A. Annotated diagram of the sampling sites of the shower insert, with A1 being the ‘top’ of the 

insert, A2 being taken from the side wall, and A3 being the ‘bottom’ of the insert. B. Representative EDS scan 

from an insert with red corresponding to sampling site A1, blue corresponding to sampling site A2, and yellow 

corresponding to sampling site A3. C. Representative SEM image taken from the showerhead insert, with maps 

of i. oxygen and ii. titanium. 
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Appendix B Figure 2: CDC Biofilm Reactor Schematic. A. Annotated diagram of a CDC Biofilm Reactor, and 

B. A representative experimental reactor set up. The red star indicates the location of the influent, the yellow 

star indicates the location of the reactor itself, and the blue star indicates the location of the pump. 
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Appendix B Figure 3: Non-metric Multidimensional Scaling plot of water samples by showerhead type 
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Appendix B Figure 4: Shannon diversity calculated from water samples by showerhead type 
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Appendix B Figure 5: Viable concentrations of A. L. pneumophila, B. P. aeruginosa, C. M. gordonae, D. NTM, 

E. total bacteria, and F. M. mucogenicum/phocaicum for ABS plastic (red), metal (yellow), silver-coated copper 

mesh (green), silver-embedded (blue), and silver mesh (purple) showerheads by biofilm formation stage. 

Significant differences are marked with a colored bracket and star corresponding to the showerhead type and 

p-value (* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001) 
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Appendix B Figure 6: Visual discoloration cause by silver nitrate of the reactors with 480 mg Ag+/L*min (A.) 

and 4800 mg Ag+/L*min (B.) after 7 days of reactor operation. 
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Appendix B Figure 7: Average log reduction ± standard deviation of environmental (dark blue) and clinical 

(dark red) M. abscessus exposed to various silver nitrate concentrations for 10 minutes (light grey) or 100 

minutes (dark grey). Each bar represents n=3 samples. The initial inoculate concentration for environmental 

and clinical isolates were 2.8 x 106 cfu/mL and 3.4 x 106 cfu/mL, respectively. 
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Appendix B Figure 8: Planktonic vs. aggregate M. abscessus ratios (ranges in parentheses) for clinical (0–163) 

and B. environmental (0–41) isolates for the initial innoculates (each tile is one technical replicate, for a total 

of n = 9 per isolate × time). Green cells represent a smaller ratio, signifying a larger proportion of aggregated 

M. abscessus cells, while yellow cells represent a higher ratio, signifying a larger proportion of planktonic M. 

abscessus cells. The dark yellow cells represent the 50th percentile. The ratios were obtained by dividing the 

planktonic OD600 measurements by the aggregate OD600 measurements. 
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Appendix B Table 1: Different physical and chemical water quality parameters measured in this study and 

corresponding analytical method used 

Parameter Units Analytical Technique LOD/LOQ 

Temperature °C Thermometer   

pH 

 

pH electrode   

Free Chlorine mg/L as Cl2 DPD method 0.01/0.02 

Total Chlorine mg/L as Cl2 DPD method 0.01/0.02 

Ammonia mg/L as NH3-

N 

Salicylate method 0.01/0.01 

Orthophosphate mg/L as PO4³¯ Ascorbic acid method 0.01/0.02 

Total Organic Carbon mg/L TOC analyzer 0.01/0.01 

Dissolved Organic 

Carbon 

mg/L TOC analyzer (0.45 µm 

filtered) 

0.01/0.01 

Total Iron mg/L ICP-MS 0.01/0.01 

Total Copper mg/L ICP-MS 0.01/0.01 

Total Silver mg/L ICP-MS 0.01/0.01 

Total Lead mg/L ICP-MS 0.01/0.01 

Total Calcium mg/L ICP-MS 0.01/0.01 

Total Magnesium mg/L ICP-MS 0.01/0.01 

Dissolved Iron mg/L ICP-MS (0.45 µm filtered) 0.01/0.01 

Dissolved Copper mg/L ICP-MS (0.45 µm filtered) 0.01/0.01 

Dissolved Silver mg/L ICP-MS (0.45 µm filtered) 0.01/0.01 

Dissolved Lead mg/L ICP-MS (0.45 µm filtered) 0.01/0.01 

Dissolved Calcium mg/L ICP-MS (0.45 µm filtered) 0.01/0.01 

Dissolved Magnesium mg/L ICP-MS (0.45 µm filtered) 0.01/0.01 
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Appendix B Table 2: Molecular primers, thresholds, and assay sensitivity for ddPCR analysis 

Target Species 
Forward   

(5'-3') 

Reverse   

(5'-3') 

Approx. 

Amplicon 

Size (bp) 

Ref 
Limit of Detection and 

Quantification (copies/20 µL) 

Threshold 

for water 

samples 

Legionella 

pneumophila 
LpneuF LpneuR 

150 1 6.08 7793 

Lmip gene 

CCGAT

GCCAC

ATCAT

AGC 

CCAAT

TGAG

CGCC

ACTCA

TAG 

Pseudomonas 

aeruginosa 
Ps-F Ps-R 

117 2 7.3 5560 

Orpl gene 

CGAGT
ACAAC

ATGGC

TCTGG 

ACCG
GACG

CTCTT

TACCA

TA 

Nontuberculous 

mycobacteria 
FatpE RatpE 

164 3 5.6 9800 

atpE gene 

CGGYG

CCGGT

ATCGG

YGA 

CGAA

GACG

AACA

RSGCC

AT 

Total bacteria Eub338 Eub518 

200 4 5.3 9500 
16s rRNA gene 

ACTCC
TACGG

GAGGC

AG 

ATTAC
CGCG

GCTGC

TGG 

Thermocycling Conditions 

L. pneumophila 

and  

P. aeruginosa 

95 °C for 5 min, [95 °C for 1 min, 56 °C for 1 min, 72 °C for 2 min] x 45, 4 °C for 5 min, 

90 °C for 5 min 

NTM 
95 °C for 5 min, [95 °C for 1 min, 59 °C for 1 min, 72 °C for 2 min] x 45, 4 °C for 5 min, 

90 °C for 5 min 

Total bacteria 
95 °C for 5 min, [95 °C for 1 min, 60 °C for 1 min, 72 °C for 2 min] x 45, 4 °C for 5 min, 

90 °C for 5 min 

References: 1. Wullings, B. A. et al. 2011. Appl Environ Microbiol 77 (2), 634-641 2. Feizabadi MM et 

al. 2010. Infect Genet Evol 10: 1247-1251 3. Radomski, N., et al., 2013. BMC Microbiol, 13(1), 277 4. 

Fierer, N., et al., 2005. App, Env, Microbiol, 71(7), 4117-4120 
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Appendix B Table 3: Average values of water quality parameters 

Showerhead type 
ABS 

Plastic 
Metal Silver Mesh 

Silver-coated Copper 

Mesh 

Silver-

embedded 

Temperature 24.7 ± 2.6 24.6 ± 3.6 24.8 ± 2.5 23.7 ± 2.3 25.3 ± 2.8 

pH 7.3 ± 0.6 7.3 ± 0.7 7.4 ± 0.4 7.4 ± 0.5 7.3 ± 0.5 

ORP 
222.4 ± 

99.0 
179.6 ± 44.6 269.7 ± 106.5 235.2 ± 89.4 181.2 ± 35.1 

Free Chlorine 0.01 ± 0.01 0.01 ± 0.02 0.02 ± 0.02 0.02 ± 0.02 0.01 ± 0.01 

Total Chlorine 0.02 ± 0.03 0.01 ± 0.01 0.04 ± 0.03 0.03 ± 0.04 0.01 ± 0.01 

Orthophosphate 1.1 ± 0.2 1.1 ± 0.2 1.1 ± 0.2 1.1 ± 0.1 1.0 ± 0.1 

Total Carbon 10.3 ± 2.1 11.0 ± 0.8 10.4 ± 1.4 10.5 ± 1.7 11.0 ± 0.9 

Inorganic 

Carbon 
9.0 ± 1.9 9.6 ± 0.8 9.2 ± 1.3 9.2 ± 1.3 9.5 ± 0.8 

Total Organic 

Carbon 
1.2 ± 0.5 1.4 ± 0.3 1.3 ± 0.5 1.3 ± 0.6 1.5 ± 0.4 

Total Dissolved 

Carbon 
10.5 ± 1.2 10.8 ± 0.9 10.3 ± 1.2 10.4 ± 1.5 10.8 ± 0.9 

Dissolved 

Inorganic 

Carbon 

9.4 ± 1.1 9.6 ± 0.8 9.2 ± 1.3 9.2 ± 1.4 9.5 ± 0.8 

Dissolved 

Organic Carbon 
1.1 ± 0.4 1.2 ± 0.4 1.1 ± 0.4 1.2 ± 0.5 1.3 ±0.3 

Total Silver 
3.3 x 10-3 ± 

0.01 

5.6 x 10-4 ± 

2.4 x 10-3 

8.9 x 10-3 ± 

0.02 
0.1 ± 0.2 0.01 ± 0.02 

Total 

Magnesium 

3.9 x 103 ± 

625.6 

4.0 x 103 ± 

664.0 

3.9 x 103 ± 

791.3 
3.9 x 103 ± 802.2 

3.9 x 103 ± 

636.5 

Total Copper 59.1 ± 36.3 86.5 ± 36.1 45.7 ± 22.3 101.3 ± 78.6 88.7 ± 21.8 

Total Iron 
248.8 ± 

463.2 
440.1 ± 674.7 51.4 ± 14.2 52.7 ± 12.1 417.0 ± 599.5 

Total Lead 0.2 ± 0.3 1.4 ± 1.0 0.3 ± 0.5 0.2 ± 0.2 0.4 ± 0.4 

Total Zinc 77.9 ± 47.8 121.5 ± 27.4 55.8 ± 58.2 45.2 ± 38.8 118.6 ± 43.8 

Total Manganese 5.0 ± 13.8 11.4 ± 24.0 0.7 ± 0.8 0.7 ± 0.8 5.7 ± 10.6 

Total Cadmium 0.02 ± 0.1 
9.0 x 10-3 ± 

7.4 x 10-3 

3.3 x 10-3 ± 

0.02 
5.0 x 10-3 ± 0.02 

4.5 x 10-3 ± 

7.9 x 10-3 

Dissolved Silver 0 ± 0.01 0 ± 0 0.02 ± 0.07 0.1 ± 0.1 0.1 ± 0.4 

Dissolved 

Magnesium 

3.8 x 103 ± 

608.5 

3.9 x 103 ± 

609.5 

3.9 x 103 ± 

700.6 
3.9 x 103 ± 740.0 

3.8 x 103 ± 

583.5 

Dissolved 

Copper 
41.9 ± 31.7 63.2 ± 34.8 28.0 ±14.0 56.5 ± 28.0 67.8 ± 27.0 

Dissolved Iron 
186.0 ± 

385.6 
320.8 ± 516.5 61.5 ± 50.0 86.7 ± 136.2 307.9 ± 513.2 

Dissolved Lead 0.02 ± 0.06 0.6 ± 0.5 0.2 ± 0.7 0 ± 0.06 0.1 ± 0.1 

Dissolved Zinc 55.2 ± 41.6 99.0 ± 29.7 30.7 ± 30.0 25.4 ± 19.6 91.3 ± 31.9 

Dissolved 

Manganese 
5.3 ± 22.8 1.7 ± 3.0 0.6 ± 2.0 1.8 ± 5.3 0.6 ± 0.6 

Dissolved 

Cadmium 
0 ± 0.01 0.09 ± 0.3 

5.6 x 10-3 ± 

0.02 
0.01 ± 0.05 

2.8 x 10-3 ± 

4.6 x 10-3 
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Appendix B Table 4: Summary of generated linear models in water samples. In the model components 

column, ± indicates positive or negative association and the percent of the variance explained by each variable 

is superscripted. 

  
Overall Model 

Model 
(Transformation) 

Model Components Explained 

(%) 
p-value 

L. pneumophila 
(logarithmic) 

-Biofilm Age
1.8%

, - Stall
5.5%

, -pH
2.5%

, -Orthophosphate
1.9%

 11.9 0.01 

P. aeruginosa 
(logarithmic) 

-Biofilm Age
3.1%

, -Campaign
5.1%

, -Viable L. pneumophila
2.3%

, -

Cultured M. mucogenicum/phocaicum
2%

 

12.5 0.008 

Nontuberculous 

mycobacteria 
(logarithmic) 

-Campaign2.8%, -Viable P. aeruginosa
2.7%

, -Viable total bacteria
13.2%

, -

Orthophosphate
6%

 

24.7 6.2x10
-6
 

Total bacteria 
(logarithmic) 

-Temperature
0.7%

, -Dissolved Magnesium
4.4%

, -Dissolved Copper
8%

, -

Viable nontuberculous mycobacteria
12.2%

, -Campaign
5.4%

 

30.7 3.8x10
-7
 

Microbial 

community 

(Hellinger) 

-Total Copper
1.5%

, -Stall
1.9%

, -Total Zinc
2.5%

, -Showerhead Type
10.2%

, -

Biofilm Age
5%

 

21.1 
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Appendix B Table 5: Average diversity values of water samples ± standard deviation. Sample size is denoted 

in parentheses under value. 

 
Diversity 

Metric   
Biofilm Age     

Showerhead 

Type 
  

Richness 
29.2 ± 47 

(n=54) 

Initial 28.1 ± 20.9 

(n=9) 

  ABS Plastic 
21 ± 10.4 

(n=36) 

(Days 0-13)  Metal 
29 ± 4.6 

(n=18) 

Early 26 ± 54.2 
(n=18) 

 Silver-embedded 
33.4 ± 16.4 

(n=18) 

(Days 14-42)  Silver-coated 

Copper Mesh 

52.3 ± 109.3 

(n=18) 

Mature 34.6 ± 44.4 

(n=18) 

 
Silver Mesh 

19.2 ± 21.2 

(n=18) (Days 43-70)   

Evenness 
0.92 ± 0.05 

(n=54) 

Initial 0.92 ± 0.05 

(n=9) 

  ABS Plastic 
0.92 ± 0.06 

(n=36) 

(Days 0-13)  Metal 
0.9 ± 0.04 

(n=18) 

Early 0.93 ± 0.04 

(n=18) 

 Silver-embedded 
0.9 ± 0.03 

(n=18) 

(Days 14-42)  Silver-coated 

Copper Mesh 

0.93 ± 0.06 

(n=18) 

Mature 0.89 ± 0.07 

(n=18) 

 
Silver Mesh 

0.93 ± 0.06 

(n=18) (Days 43-70)   

Diversity 
2.8 ± 0.7 

(n=54) 

Initial 2.9 ± 0.5 

(n=9) 

  ABS Plastic 
2.7 ± 0.4 

(n=36) 

(Days 0-13)  Metal 
3.0 ± 0.2 

(n=18) 

Early 2.7 ± 0.6 

(n=18) 

 Silver-embedded 
3.1 ± 0.4 

(n=18) 

(Days 14-42)  Silver-coated 

Copper Mesh 

2.8 ± 1.1 

(n=18) 

Mature 2.9 ± 0.6 

(n=18) 

 
Silver Mesh 

2.5 ± 0.5 

(n=18) (Days 43-70)   
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Appendix B Table 6: Average diversity values of biofilm samples ± standard deviation for A. hose samples 

and B. swab samples 

A. 
   

Diversity Metric Showerhead Type 

Richness 50.0 ± 60.4 

ABS Plastic 38.0 ± 39.7 

Metal 127 ± 159.8 

Silver-embedded 53.5 ± 39.7 

Silver-coated Copper Mesh 24.3 ± 6.8 

Silver Mesh 127 ± 30 

Evenness 0.86 ± 0.08 

ABS Plastic 0.89 ± 0.07 

Metal 0.9 ± 0.04 

Silver-embedded 0.9 ± 0.007 

Silver-coated Copper Mesh 0.84 ± 0.07 

Silver Mesh 0.79 ± 0.1 

Diversity 2.9 ± 1.1 

ABS Plastic 2.8 ± 1.2 

Metal 3.7 ± 2 

Silver-embedded 2.8 ± 1.9 

Silver-coated Copper Mesh 2.7 ± 0.3 

Silver Mesh 2.9 ± 0.8 

 

 

B. 

   

Diversity Metric Time Taken 

Richness 27.8 ± 28.1 
Before sampling 33.1 ± 37.4 

After sampling 22.6 ± 12.7 

Evenness 0.96 ± 0.04 

Before sampling 0.97 ± 0.02 

After sampling 0.96 ± 0.05 

Diversity 3.0 ± 0.6 
Before sampling 3.1 ± 0.6 

After sampling 2.8 ± 0.6 
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Appendix B Procedure 1: CDC Biofilm Reactor Method Development 

The reactors were operated so that the hydraulic retention time within the reactors were 

roughly 10 minutes to ensure a reasonable contact time during silver exposure as well as 

contextualizing silver treatment close to the average showering duration. All reactors were 

covered in foil during experimental operation to minimize light exposure inside the reactor. 

Initial characterization of reactors, Mycobacterium abscessus strains, and silver nitrate fate and 

transport 

A variety of initial experiments were conducted to characterize the reactor system 

components. M. abscessus isolates were assessed for their ability to form a biofilm on ABS 

coupons that were designed to fit inside the reactor coupon holders. Coupons were sterilized by 

washing with 1% laboratory soap and sterile deionized water ten times. Then were allowed to dry 

within a sterile fume hood. These coupons were then added to a tissue culture plate well filled with 

either environmental or clinical M. abscessus planktonic culture in R2A media at different cell 

densities, which were assessed by culturing on solid R2A media at the time of coupon inoculation. 

Coupons in culture were incubated for 72 hours at 37 °C with gentle shaking. Biofilm recovery 

was conducted in accordance with previous work by Williams et al.154. Briefly, coupons with 

biofilm attached were dunked into diluted R2A liquid media three times, then placed into a 1% 

Tween80 - dilute R2A solution and processed for three rounds of sonication at 42 kHz for 1 min 

and vortexed at maximum speed for 30 sec. The resulting biofilm suspension was plated at various 

dilutions onto R2A agar to assess biofilm density. The initial inoculate concentration for both 

isolates was chosen so that the initial biofilm density on the coupons was approximately the same 

as the NTM biofilm density measured in the INHALE shower laboratory during the experiments 

outlined in Chapter 3.2.5. 
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Isolate sensitivity to silver nitrate was conducted in a series of microplate experiments. Both M. 

abscessus isolates were grown in liquid R2A media to 1.25 x 105 cfu/mL as denoted in plate counts 

on R2A agar (the average NTM biofilm concentration recovered from Chapter 3.2.5), then 

transferred to a 96 well plate. Silver nitrate solutions at a range of 0-480 mg/L Ag+ were added to 

the wells and incubated at 37 ºC with gentle agitation for 10 minutes to produce CTs of 0-4800 

mg/L min. After incubation, the plate was centrifuged at 5000 rpm for 2 minutes to pellet the cells, 

the supernatant was carefully removed, and the pellet was resuspended in fresh R2A media. The 

reduction in M. abscessus was determined via plate counts from the resuspended pellet. This 

methodology was repeated using silver nitrate concentrations between 0 mg/L and 48 mg/L and 

an incubation period of 100 minutes (achieving the same CT as the shorter, more concentrated 

trial) to determine if concentration or exposure time is the driving parameter leading disinfection. 

Loss of silver in the reactor system due to adhesion to reactor components was assessed 

prior to conducting the final set of experiments as well due to anecdotal evidence so that the dose 

of silver nitrate that was administered in the influent is the dose that the biofilm is exposed to for 

the appropriate contact time. To assess this, a feed solution consisting of deionized water and a 

known concentration of silver nitrate was flowed through a reactor for 10 minutes (the time that 

the biofilm would be exposed to silver nitrate). After 10 minutes of operation, the pump was turned 

off, the reactor was drained, and the system was refilled with deionized water and allowed to sit 

for 24 hours. Samples were taken of the feed solution, every minute from the reactor effluent, and 

over the course of the 24 hours for ICP-MS analysis to assess the adsorption and desorption of 

silver ions in the reactor. 
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Appendix C : Chapter 4 Supplementary Information 

 

Appendix C Figure 1: Absolute gene copy concentrations in shower water and associated aerosols by 

showerhead flow rate. A. L. pneumophila in shower aerosols, B. NTM in shower aerosols, C. total bacteria in 

shower aerosols, D. L. pneumophila in shower water, E. NTM in shower water, and F. total bacteria in shower 

water observed for all three showerheads. Each showerhead type shows all the data collected from all replicates 

for that specific showerhead. 
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Appendix C Figure 2: Diversity of  water and aerosol samples. A. Non-metric multidimensional scaling (NMDS) 

plots of bacterial OTUs represented by the Bray–Curtis dissimilarity index. Comparison of B. richness and C. 

diversity of bacterial OTUs in air and water samples estimated by the Chao1 estimator and Shannon index, 

respectively Significant differences are marked with a colored bracket and star corresponding to the 

showerhead type and p-value (* = p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001). 
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Appendix C Figure 3: Alpha diversity of aerosol samples. The effects of flow rate on A. Chao1 estimator of 

richness and B. Shannon index diversity. The effects of showerhead age on C. Chao1 estimator of richness and 

C. Shannon index diversity. Significance and the statistical analysis used are contained in the upper right hand 

corner of each plot. 
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Appendix C Figure 4: Alpha diversity of water samples. The effects of flow rate on A. Chao1 estimator of 

richness and B. Shannon index diversity. The effects of showerhead age on C. Chao1 estimator of richness and 

C. Shannon index diversity. Significance and the statistical analysis used are contained in the upper right hand 

corner of each plot. 
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Appendix C Figure 5: Significant functional traits in water samples by flow rate obtained from PICRUSt 

analysis. 
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Appendix C Figure 6: Absolute gene copy concentrations in shower water and associated aerosols over time. 

A. L. pneumophila in shower water, B. NTM in shower water, C. total bacteria in shower water, D. L. 

pneumophila in shower aerosols, E. NTM in shower aerosols, and F. total bacteria in shower aerosols 

observed for all three showerheads. Each showerhead type shows all the data collected from all replicates for 

that specific showerhead. 
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