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Background and Introduction
Direct potable reuse is a promising practice to tackle water scarcity by treating wastewater to potable quality and introducing this directly into the distribution system (Treated Water Augmentation).1 However, there is a knowledge gap regarding how this advanced treated wastewater (ATW) will affect the microbial communities in our pipe systems. Opportunistic pathogens can grow in drinking water pipe biofilms and can detach or migrate into the bulk flow towards residents. Introducing a unique source water may disturb these microbial communities or present a new ecological niche.2-4 Disinfectant residual is not guaranteed to control exposure to opportunistic pathogens5 and can cause nitrification and disinfection by-products that are toxic to humans. An alternative is to create microbiologically stable drinking water before distribution, such that further growth is not supported.3,6 This concept is known as biostability and is achieved through two main conditions: 1) limited nutrient availability to limit bacterial regrowth including opportunistic pathogens;  and 2) a bacterial load close to the carrying capacity of the water such that it is not susceptible to invasion.3 Water treated through advanced methods should meet condition 1 but may not meet condition 2. In essence, highly purified water may be too clean and prone to microbial invasion and regrowth. Biological activated carbon (BAC) filters have been shown to influence downstream microbial community structure and growth.7,8 Thus a BAC filter could be engineered to seed ATW with a commensal microbial community close to the carrying capacity to control growth and offer robustness to pathogens. 
The overall aim of this research project is to raise awareness of the potential biological instability of ATW and evaluate the safety and effectiveness of using biological filtration to “seed” ATW and produce biostable water. For this project I had three main hypotheses: 1) advanced treated wastewater is not biostable in simulated drinking water distribution systems, 2) a BAC filter seeds downstream advanced treated wastewater with similar microbial communities, and 3) the biostability of advanced treated wastewater is increased by seeding with a BAC filter prior to introduction to simulated distribution systems.  Through this research I seek to emphasize the importance of considering the microbiological safety of water at all points of distribution not just at the treatment plant effluent. Additionally, this project addresses a first step proof of concept that biofiltration can seed highly purified water and potentially provide some of the first evidence of engineering the biostability of drinking water through a biofilter.

Progress to Date
Experimental Design
A total of six benchtop annular reactors were used to simulate drinking water distribution systems. The reactors were conditioned with tap water for 8 weeks. Separately, a BAC filtration column was inoculated with anthracite filter media from a drinking water plant. It was then conditioned with tap water for 24 weeks to develop a robust, naturally-present, commensal microbial community. After conditioning, replicate reactors were fed for 8 weeks with tap water, advanced treated wastewater, or advanced treated wastewater passed through the BAC column. Advanced treated wastewater was sourced from a facility which processes nitrified, secondary-treated wastewater through microfiltration and reverse osmosis. This water was later adjusted for pH and re-mineralized in lab. The feed waters were dechlorinated to allow for maximum growth and remove the variable of disinfectant concentration. Samples of bulk water and biofilm from the annular reactors and their influents were taken at 3 sample points before and 6 after the transition to the respective source waters. Bulk water samples and homogenized biofilm samples were then passed through a 0.22 μm filter before storage at -80°C.
Data Collection and Analysis
Biostability of drinking water systems is assessed using a multi-parametric approach9 and consists of relatively stable microbial growth, absent opportunistic pathogen concentrations, and relatively stable community structure. The conditioning phase is used to establish a baseline for these measurements and the acceptable degree of change for these measurements in the experimental phase will be empirically calculated, such that a change outside the bounds indicates biological instability. During the experiment, I measured the usual water quality parameters of temperature, pH, and free and total chlorine. I also used flow cytometry to measure cell counts and adenosine triphosphate (ATP) analysis to measure cell activity as metrics for cell growth. DNA was extracted from the archived samples using a modified DNeasy PowerWater protocol to process them for downstream molecular work.10 16S rRNA library preparation and Illumina sequencing was then performed to determine microbial community structure and taxonomy.
Discussion of Results
The results of the microbial growth data (flow cytometry and ATP analysis) showed that the ATW reactors bulk water samples generally had lower cell counts and ATP concentrations compared to the other reactors and conditioning phase samples, while the BAC filter effluent (BFE) reactors and tap water reactors had similar values. The biofilm samples from the reactors showed similar trends for intracellular and total ATP and intact cell counts. Moreover the ATP and flow cytometry results followed similar trends showing that they were indeed appropriate as redundant measurements of microbial growth. An interesting result was that over the 8-week experimental period, these microbial growth data were highly variable instead of consistently increasing over the time period. This seems to indicate a certain biostability and carrying capacity was reached. In the case of the ATW reactors, this carrying capacity was lower. A sudden decrease in the water’s carrying capacity would likely result in microbial die-off, a release of nutrients, and necrotrophic growth. This would be seen by an increase in non-intact cell counts. However, no such effect was observed in the immediate transition of the source waters. Therefore, with these data it is difficult to say with certainty whether the ATW reactors were biologically unstable. On the other hand, the variable but stable growth of the BFE reactors similar to the tap reactors and conditioning phase samples indicates that a biofilter could offer some degree of biostability.
An important point note was that there was often higher cell counts and ATP concentrations in the feed waters (except for in the case of the ATW reactors) given that they were pumped and mixed into a secondary container alongside sodium thiosulfate to dechlorinate before being pumped into the reactors. However, an initial microbial growth in the feed water container makes sense considering the long journey through the pump tubing into the reactors with a long hydraulic residence time of 24 hours before being sampled at the effluent. The author hypothesizes that the more bioavailable nutrients were simply used up first, causing this initial spike. While this experimental design was not ideal, it is still the best representation available of water being pumped through a distribution system. 
From the 16S sequencing data the potential opportunistic pathogens genera of Legionella, Mycobacterium, and Pseudomonas were identified alongside the ammonia oxidizing bacteria Nitrosomonas. Mycobacterium, Legionella, and Nitrosomonas genera never reached above 1% relative abundance during the experimental period and are thus not considered during the preliminary analyses. The Pseudomonas genus was positive above the threshold in two ATW reactor samples and one ATW feed sample. The most prominent species was identified by the Silva database11 as Pseudomonas stutzeri, an opportunistic pathogen. The presence of an opportunistic pathogen in the ATW reactor samples is a major indicator of biological instability while the absence in the BFE reactors is another promising piece of evidence that the biofilter is imparting biological stability to the ATW.
Microbial communities with low diversity are less robust to invasion and regrowth. The alpha diversity (measured by the Shannon diversity index) of the reactors bulk waters and biofilms are not significantly from one another. Notably the BFE reactor effluents have significantly higher alpha diversity than the BAC media itself, which in turn was higher than the ATW feed, indicating the presence of a combination of filter and filter-independent bacterial taxa. Beta diversity ordination plots reveal that the three reactor types seem to overlap for their respective biofilm samples and then radiate out to their bulk water samples and finally their feed waters. This overlap may be indicative of the conditioning phase having a lasting effect on the biofilm stability and evidence of “historical contingency”.12 In the non-metric multi-dimensional scaling plot, the BAC samples separately out completely and the tap, ATW, and BFE bulk water and feed samples separate in different directions. For the principle coordinate analysis plot the BAC media; tap and BFE feeds, bulk waters, and biofilm samples; and ATW biofilm samples all overlap, whereas the ATW bulk and feed samples separate out. In summary, the BFE and tap samples have similar beta diversity according to PCoA but dissimilar according to NMDS. In either case the ATW samples are distinct, showing evidence of biological instability, and the BAC samples are most similar to the BFE feed and bulk water samples, showing evidence of biofiltration seeding. 
Based on visual inspection of the relative abundances of the amplicon sequence variants by family, the similarity of biofilm communities can be seen. Thiobacillus was enriched in all samples due to the addition of sodium thiosulfate. Thus, the community is not representative of typical drinking water microbial communities, but dechlorination was essential to prevent large growth variability in this experiment. Interestingly the BAC media community changed from its original sampling to more represent the tap water it was being fed over the course of 6 months. More exact differential abundance analysis of taxa by feed water type and time using DESeq2 and SIMPER has yet to be performed.13,14 

Conclusions
The results of the project so far provide preliminary evidence that the direct introduction of advanced treated wastewater into a distribution system may present a new ecological niche that is biologically instable and conducive to the growth of opportunistic pathogens. This research has implications for drinking water distribution systems and source switching to highly purified sources. Thanks to the partnership and support from NWRI, we hope to encourage further policies surrounding direct potable reuse implementation, monitoring, and treatment to ensure safe water quality for consumers. The end goal is to increase confidence in direct potable reuse as a viable solution for water scarcity, as it becomes a popular option for water agencies and policymakers in the western US. 
The proposed research also evaluates evidence that biological filtration with BAC can seed advanced treated wastewater in a drinking water distribution system. This work offers further evidence that biofilter seeding can increase the biological stability of advanced treated wastewater to ensure opportunistic pathogens cannot proliferate or are outcompeted. As a technique, engineered biological filtration seeding of a distribution system in combination with a routine monitoring scheme may be a helpful and reliable tool for the protection of public health, even beyond direct potable reuse. With the possibility of biofilter seeding, we can work to eradicate the myth of our drinking water distribution systems as uncontrollable ecosystems.  
Next Steps
The manuscript for the work completed so far is currently being drafted. Further analysis using the 16S sequencing data has yet to be performed. The alpha diversity, beta diversity, and enriched taxa will be evaluated over the time series to determine reactor and biofilter biological stability. A special notice will be paid to compare the tap and BFE reactor data. The opportunistic pathogen genera will be further analyzed at lower thresholds to determine if any additional trends arise. Differential abundance of enriched taxa by treatment type and time will be performed using two different typical methods. Comparison of the BAC, BFE feed water, and BFE bulk water microbial communities will be of particular concern to determine if and where biological seeding occurred. Editing and draft refinement will be challenging to ensure claims of the work are not overstated while emphasizing their importance.
Many new questions have arisen from my work on this research project: Could the community of a biofilter be engineered and maintained to ensure biological stability long-term? Can the practices of biological filter seeding and chlorination be reconciled in practice? What are the impacts of transitioning to highly purified water on distribution systems in the real world? What does metagenomic sequencing reveal about the similarities and differences in the microbial community structure and functions between BAC media and filter effluents? My future research plans so far aim to answer that last question by evaluating the microbial communities in biological filters and their effluents using metagenomic sequencing data compiled from previous experiments. 
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