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Background and Introduction 
Opportunistic pathogens (OPs) are a growing public health concern in the United States and abroad. OPs are 
microorganisms that are not generally harmful to healthy adults, but may pose risks to vulnerable populations, 
such as the elderly or immunocompromised people. Bacterial OPs of particular concern include Legionella 
pneumophila, Pseudomonas aeruginosa, and certain environmental species in the genus Mycobacterium, 
referred to as nontuberculous mycobacteria (NTM). NTM are commonly found in water and soil, and, while 
more than 150 species are included in this group, only approximately 20 species are considered clinically 
relevant (Tortoli 2014; Falkinham 2015).  

NTM are known to resist disinfection and readily form biofilms (Taylor et al. 2000). One consequence of these 
properties is that NTM are commonly found in water systems containing disinfectants, including the plumbing 
and taps of homes and businesses (Donohue et al. 2015; Falkinham 2018). Several studies have reported 
increasing rates of NTM pulmonary infection over the past two decades (Donohue 2018; Shah et al. 2016). While 
numerous factors are likely contributing to this rise, it is hypothesized that increased exposure through drinking 
water is a factor in the rising rates of infection.  

Hypothesis 
Given that NTM are relatively resistant to drinking water disinfectants, it is possible that they could survive 
drinking water disinfection, and benefit from the reduced competition with other microorganisms in disinfected 
waters. Biological filtration is increasingly used in drinking water treatment to remove organic carbon and is 
often combined with ozonation. We hypothesize that the use of ozone before biological filtration processes in 
drinking water treatment may preferentially select for microorganisms more resistant to oxidants, such as 
NTM. Though some preliminary work has shown the resistance of NTM to disinfection in lab-scale studies, few 
full-scale studies to date have investigated how oxidant use combined with biological filtration influences 
concentrations of NTM in filters and finished water. 

Study Goals and Report Objectives 
The overarching goal of this research is to evaluate how disinfection practices may influence the concentration 
of viable NTM in drinking water and how they may impact the regulation of NTM genes associated with survival 
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strategies. We intend to test the hypothesis using experiments focused on two drinking water systems: 1. a 
biological filtration plant that uses pre-ozonation and backwashes the filters with chloraminated water in the 
United States, and 2. a drinking water system that employs multiple biological filtration and pre-ozonation steps 
in Switzerland.  

With the reported rise in the rate of NTM pulmonary infections and the suggested link between pulmonary 
infection and water, it is imperative that we assess the risk of NTM pulmonary infection corresponding to 
contact with drinking water. The first step in assessing the risk is measuring the concentrations of NTM in 
drinking water and determining which species are present and active. This research seeks to characterize the 
concentrations, species composition, and virulence of NTM in drinking water to provide a basis for risk analysis 
and to evaluate how current practices could be improved to decrease the public health risk posed by bacterial 
OPs in drinking water.  

Progress to Date  
Work since the previous progress report has focused on the planning and execution of a sampling event at a 
Swiss drinking water treatment plant. The monochloramine backwash pilot testing is ongoing. 

Experimental Design 
The objectives of this research are to characterize the impact of oxidation before biofiltration on the microbial 
community and NTM by analyzing samples collected from various points in a full-scale drinking water treatment 
system. Molecular methods including quantitative polymerase chain reaction (qPCR), reverse transcription 
(RT)-qPCR, and DNA sequencing will be used to determine the concentrations of NTM and identify which species 
are present. Flow cytometry will provide total and intact cell counts, which will allow for estimation of total 
bacteria and total viable bacteria in each sample. 

To test whether ozonation before biological filtration selects for oxidant-resistant bacteria in biological filters, an 
experiment was developed to track the concentrations and species composition of NTM through a drinking 
water treatment plant. We selected a plant consisting of multiple ozonation and biofiltration steps, including a 
final slow sand filtration step. There is no final oxidation of the water and no oxidant residual is used in the 
distribution system, which is required in the United States.  
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Figure 1 provides a schematic of the water treatment plant. Water and filter media sampling occurred in March 
2019. All water samples were collected in one day to capture a snapshot of the microbial community through 
the filter on a typical day. Media samples were collected the next day. 

 
Figure 1. Schematic of the Swiss drinking water treatment plant where samples were collected for ozone 
testing 

 
Data Collection and Analysis 
Sample Collection 
Water samples were collected for RNA and DNA analysis, flow cytometry, and culture-based assays in sterile 
plastic bottles. Samples collected from within the ozone contactors and the ozone contactor effluent were 
quenched using excess sodium thiosulfate. DNA (3 L) and RNA (2 L) water samples were collected by filtering 
water onto 0.2-µm membrane cartridge filters using a peristatic pump and sterile tubing.  

Filtration controls were collected by filtering 1 L of autoclaved ultrapure water onto filters. Filter controls (dry 
filters) were also collected. After filtration, each filter was placed in a separate, sterile Whirlpak® bag. Filters 
were flash frozen by burying the bags in a dry ice-ethanol bath. Samples were stored in dry ice before transfer to 
a freezer at -80°C. Samples for total organic carbon (TOC) analysis were collected directly into 40 mL 
acid-washed, carbon-free glassware. Samples were acidified using hydrochloric acid and stored in the dark at 
4°C until analysis.  

Media samples were collected using sterile beakers attached to a telescoping pole. Approximately 50 mL of 
media were collected from the top of the filter at each sample location. For each sample, a sterile scoop was 
used to gently mix the filter media, then aliquots were added to sterile, 2-mL cryotubes. Tubes were flash frozen 
using ethanol and dry ice and shipped on dry ice to the University of Michigan for nucleic acid extraction and 
analysis. 

Sample Analysis 
The flow cytometric analysis was completed on the same day as sampling. For each sample, 500 µL was 
transferred to a 5-mL plastic tube. For total cell counts (TCC), samples were stained with SYBR green. For intact 
cell counts (ICC), samples were stained with SYBR Green and propidium iodide. Samples were analyzed after 10 
minutes of incubation at 37°C using a BD Accuri C6 flow cytometer (Becton Dickinson, United Kingdom). The 
gating used to identify cells and intact cells was generated in advance using samples collected from the same 
treatment plant and verified using tap water samples. Results are currently being analyzed.  

Samples for TOC were run using a non-purgeable organic carbon (NPOC) method on a Shimadzu TOC analyzer 
(Shimadzu Corporation, Japan). Cultures were prepared using R2A media plates. Samples were both directly 
plated by spreading 1 mL of sample onto a plate and by filtering 100 mL of sample onto 0.2- µm membrane 
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filters. Plates were incubated in the dark at 20 °C for 12 days. Subculturing is being performed as necessary to 
isolate single colonies. Single colonies are being placed in sterile 2-mL tubes and will be identified using Sanger 
sequencing of the 16S rRNA gene.  

Discussion of Results 
The flow cytometry, initial culture, and organic carbon analyses have been completed. Results of TOC analysis, 
provided in Figure 2, show the expected trend of decreasing TOC through treatment. The observed decreases 
after the first two biological filtration steps suggest biological removal of a portion of the organic carbon in the 
water is taking place. Additional analyses (e.g., assimilable organic carbon [AOC]) would be necessary to 
evaluate how much the slow sand filter contributed to removal of biodegradable organic carbon.  

 
Figure 2.  TOC of water samples collected from each treatment stage during a single sampling event in March 
2019. All measurements were run in triplicate. PreO3 mid: midpoint sample from the pre-ozone contactor, 
PreO3 eff: effluent sample from the pre-ozone contactor, Int O3 mid: midpoint sample from the intermediate 
ozone contactor, Int O3 eff: effluent sample from the intermediate ozone contactor.  The raw, pre-ozone 
effluent (PreO3 eff), GAC effluent (GAC eff), and slow sand effluent (Slow Sand eff) samples were collected in 
triplicate. The error bars indicate one standard deviation from the mean. 

Flow cytometry results are still being analyzed, but preliminary results show substantial decreases in total cell 
counts (TCC) and intact cell counts (ICC) after ozonation and increases after biological filtration. Due to the 
formation of background constituents in the water after ozonation, ICC will be primarily used for analysis. 
Though ICCs are quite low after ozonation, intact cells are present, indicating that at least a portion of the 
bacteria may survive ozonation. 

All plated samples exhibited some growth. Higher colony concentrations were observed in the samples collected 
from within the ozone contactor in comparison to the samples collected in the ozone contactor effluent, which 
is consistent with increased cell inactivation with ozone contact over the length of the contactor. Sequencing 
should provide details on species that are able to survive ozonation. 



NWRI Graduate Research Fellowship Progress Report 

NWRI • 18700 Ward St. • Fountain Valley, CA 92708 • (714) 378-3278 Page | 5 
 

Conclusions  
Initial results of the ozonation study support our hypothesis and confirm that at least some bacteria remain 
viable after ozonation. The results of the nucleic acid work will allow for assessment of changes to the microbial 
community and NTM concentrations through the treatment system. This work will support efforts to better 
understand how our drinking water treatment processes shape the microbial community of our water and how 
that relates to public health. 

Next Steps 
Samples collected in Europe have been shipped on dry ice to the United States. During the next reporting 
period, DNA and RNA will be extracted and used for molecular analyses, including qPCR, RT-qPCR, and 
sequencing. Prior to RNA extraction, methods will be tested and developed using similar drinking water samples 
to select a method that will yield high concentrations of high-quality RNA.  Due to the anticipated low biomass 
of the samples, this RNA extraction optimization step will be of particular importance.  The DNA extraction will 
be completed using previously optimized methods. 
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