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The Past



A Long Time Ago: Pristine Water Supply
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Fresh mountain spring water, Clear Lake, Oregon



1800s: Massive Cholera Epidemics

“E.W. aged forty-three, born in 
Ireland, laborer, resided in Stanton-
street; has had diarrhea for four 
days, attacked with cramps, 
vomiting, and purging, about noon; 
and was admitted in the stage of 
collapse, at six o'clock, P.M. on 24th 
July. He was rubbed with 
camphorated mercurial ointment, 
and given hot toddy to drink -- little 
improved. Seven o' clock, P.M. was 
under hospital treatment, until 15th, 
and died at half-past one, A.M. being 
ill only seven hours and a half."

Source: NY Times, 4-15-08, “How Epidemics Helped Shape the Modern Metropolis”
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Global Disparities

Figure from: Baum, Rachel, Jeanne Luh, and Jamie Bartram. “Sanitation: A Global Estimate of Sewerage Connections without Treatment and the 

Resulting Impact on MDG Progress.” Environmental Science & Technology 47, no. 4 (February 19, 2013): 1994–2000. doi:10.1021/es304284f.

● Most toilets aren’t connected 

to sewers

● Most waste collected by 

sewers isn’t treated 

● ~ 1 million children die each 

year due to inadequate water, 

sanitation, hygiene

6



Now: Living Downstream

Treated wastewater discharges into the Bay Delta (major drinking water source)

7
Source: Expert Panel Report (2016)
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The Wastewater Treatment Plant 

Microbiome (WWTP)
● Is highly diverse

● Is similar around the world

Wu et al. “Global Diversity and Biogeography of Bacterial Communities in Wastewater 

Treatment Plants.” Nature Microbiology 4, no. 7 (July 2019): 1183–95.

https://doi.org/10.1038/s41564-019-0426-5.

https://doi.org/10.1038/s41564-019-0426-5
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Wu et al. 2019

The WWTP microbiome is 

distinct from other microbiomes

The WWTP microbiome is more like 

freshwater and soil than feces



One Water: Integrated Water Systems
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EPA (Draft) Water Reuse Action Plan



The Present



Microbiome Continuum of One Water Systems
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Raskin and Nielsen (2019)

“One Water”
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Raskin and Nielsen (2019)

“One Water”

1. Advanced 

water treatment

Microbiome Continuum of One Water Systems
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Raskin and Nielsen (2019)

“One Water”

Microbiome Continuum of One Water Systems

2. Direct 

Potable Reuse

1. Advanced 

water treatment
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Raskin and Nielsen (2019)

“One Water”

Microbiome Continuum of One Water Systems

3. Drinking water 

distribution 

system

2. Direct 

Potable Reuse

1. Advanced 

water treatment



Observing impacts on water microbiomes
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Microbial 

activity

Genes/ 

genomes

Slide credit: Hannah Healy

qPCR

Quantification 

of pathogens

pH, disinfectant, temp

Microbial 

cell counts



Observing impacts on water microbiomes
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Microbial 

cell counts

Microbial 

activity

Genes/ 

genomes

Slide credit: Hannah Healy

qPCR

Quantification 

of pathogens

pH, disinfectant, temp



“One Water”
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Raskin and Nielsen (2019)

“One Water”

1. Advanced 

water treatment

How do changes in water systems affect microbial communities?



Advanced Water Treatment Plant
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Membrane 

Filters

UV + oxidantO3 + activated carbon 

remove organic matter

Figure by Jorien Favere

Potable reuse treatment train



Advanced treatment removes microorganisms from water

Flow cytometry data: counting cells



Intact cells in drinking water (in CA) 

(Kennedy 2021, Env. Sci. Water Res. & Tech.)

Advanced treatment removes microorganisms from water

Flow cytometry data: counting cells



Advanced treatment removes microorganisms from water

22
Miller et al. (2022) 

ES&T engineering



Advanced treatment affects the microbial richness of water
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Amplicon seq data: 

counting unique taxa

Kantor et al. (in prep)
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Advanced treatment affects the microbial richness of water

Kantor et al. (in prep)



Advanced treatment affects the microbial profile of water
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Amplicon seq data: 

Comparing communities

Kantor et al. (in prep)



Advanced treatment affects the microbial profile of water
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Kantor et al. (in prep)
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Raskin and Nielsen (2019)

How do changes in water systems affect microbial communities?

2. Direct 

Potable Reuse

1. Advanced 

water treatment

?



Drinking water distribution systems are complex, not sterile
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Image by Hannah Healy

What happens when we add highly purified 

water with lower nutrients and fewer cells?



Drinking water distribution systems are complex, not sterile
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Image by Hannah Healy

Pipe loops as a model 

system to study direct 

potable reuse



Introduction of advanced treated water to pipe loops
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Kennedy et al. (2023) ESWRT



Introduction of advanced treated water to pipe loops
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Kennedy et al. (2023) ESWRT



Introduction of advanced treated water to pipe loops shifted 

abundance of key organisms
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Enriched 

after 

transition

Enriched 

before 

transition

Kennedy et al. (2023) 

ESWRT



RO TankRO Permeate RO feedline

AWTP

Storage tank 

(1 week)

Water truck

Pipe loop site

But…

Advanced treated water is influenced by storage / transport

Kennedy et al. (2023) 

ESWRT



RO TankRO Permeate RO feedline

AWTP

Water truck

Pipe loop site

But…

Advanced treated water is influenced by storage / transport

4,600 cells/mL 309,000 cells/mL

Storage tank 

(1 week)

Kennedy et al. (2023) 

ESWRT



AWTP Pipe loop site

But…

Advanced treated water is influenced by storage / transport

RO TankRO Permeate RO feedline Water truck

Nutrients introduced

Storage tank 

(1 week)

Kennedy et al. (2023) 

ESWRT
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Image credit: Alma Bartholow

Controlled inoculation of Advanced Treated Water

Conventional 
water

Purified water
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Image credit: Alma Bartholow

Controlled inoculation of Advanced Treated Water

Conventional 
water

Purified water Purified water 
+ seed



Initial Results: Intact Cell Counts
(microbial community analysis: stay tuned)
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ATW + 
seed

ATWTap
All reactors fed with tap water
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Raskin and Nielsen (2019)

How do changes in water systems affect microbial communities?

3. Drinking water 

distribution 

system

?2. Direct 

Potable Reuse

1. Advanced 

water treatment



Low water use in annular reactors: a pandemic experiment

40Healy et al. (in press, npj biofilms & microbiomes)



Cell counts increased and chlorine decreased

41Healy et al. (in press)

Total chlorine

*but each reactor behaved somewhat differently



Enrichment of functional genes related to the degradation 

of histidine, leucine, tyrosine, and pyrimidine

Community & functional changes with increased water age
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Healy et al. (in press)



The Microbiome of Intermittent Water Supply 

43
Bautista-de los Santos, Quyen M, Karina A Chavarria, and Kara L Nelson. “Understanding the Impacts of Intermittent Supply on the Drinking 
Water Microbiome.” Current Opinion in Biotechnology, Energy Biotechnology • Environmental Biotechnology, 57 (2019): 167–74.



The Future



1. Controlled inoculation

2. Water as a probiotic 

3. Synthetically engineered microorganisms?
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The Future
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https://premier-microbiome.org/



Thank you!  


