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Overview

1. The problem of antibiotic resistance
2. How do bacteria resist antibiotics?
3. What is the evidence for spread of 

antibiotic resistance through 
environment via human activities, 
including water reclamation?

4. What are key knowledge gaps and 
what can we do?





Antibiotic Resistance: The 
Hard Facts

• September 2013 CDC Report:
• 2 million Americans fall ill 

from antibiotic-resistant 
bacteria

• At least 23,000 die as a result 
(many more if count 
complications)

• Community-acquired MRSA 
now surpasses hospital-
acquired MRSA

“Antibiotic-resistant infections can 
happen anywhere. Data show that 
most happen in the general 
community”



Antibiotic Resistance
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INCREASED
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DECREASED ANTIBIOTIC
DEVELOPMENT

Spellberg, B. 2010.

Spellberg, B. 2010.



Need for New Drugs





Antibiotic Resistance in 
World News





How do Bacteria Resist 
Antibiotics?

ARGs (pieces of DNA) encode 
these functions and can be 
shared by bacteria



Resistant versus Susceptible 
E. coli

• Kirby Bauer Disc Diffusion Method (E. coli SMS 3-5)

Resistant!!! Susceptible



Antibiotic Resistance Genes 
(ARGs)
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Traditional approach of killing bacteria may not be sufficient-
ideally should think about destroying ARGs.



Ways Bacteria Share Genes

Transduction: Virus Mediated
http://www.youtube.com/watch?v=VX1Ze5edmkEConjugation: Bacterial 

“mating”

Transformation: DNA from 
dead bacteria taken up by 
live



Griffith’s Classic DNA 
Transformation Experiment (1928)



NDM-1 Example
• NDM-1 emerged out of India
• Refers to genetic element 

resistant to broad suite of 
antibiotics (Yong et al. 2000)

• Found in multiple pathogens:
– Klebsiella pneumoniae, Escherichia 

coli, Citrobacter freundii, Enterobacter 
cloacae, and Morganella morganii

• Recently detected in surface 
water in India (Walsh et al. 2011)

Klebsiella pneumoniae, 
Heather Turgeon, Stroller Derby
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Drugs in our Water
Antibiotics, hormones, and 
other pharmaceuticals have 
been found in

Artwork appeared  in Environmental Health Perspectives (June 
2009)

Jason Schneider 
(www.jasonschneider.com)

Antibiotics, hormones, and 
other pharmaceuticals have 
been found in wastewater, 
surface water, and even 
drinking water



What is Special About 
WWTPs?

• Receive antibiotics and pathogens
• Concentrated, highly active bacteria
• High potential for sharing of genes

www.earthplace.com

Two Main 
Outputs:
1. Reclaimed 

Water
2. Biosolids



Evidence for 
Environmental Sources 
of Antibiotic Resistance 
and Effects of Human 

Activities

?



Assaying Human Impact on 
ARGs in the Poudre River

Primary source is   
snowmelt

No major tributaries

Well-zonated

Well-characterized in 
terms of antibiotics



Land Use in 
the South 

Platte River 
Basin

Storteboom et al. 
ES&T 2010



Seeking a Quantitative Relationship: 
Geospatial Analysis

Environmental Risk Assessment 
and Management System 

(eRAMS)

EPA Envirofacts 
Warehouse

Geographical 
Information Systems 

(GIS)  Database

Handheld 
GPS unit

Calculate 
distances from 
sources to river 
sampling sites

Delineate the 
subwatershed of 
each sampling 

location



Poudre and South Platte
 PR0a Elephant Rock, Roosevelt National Forest
 PR0b Profile Rock, Roosevelt National Forest
PR1 Greyrock Trailhead, Roosevelt National Forest
PR2 Shields St. Bridge, Fort Collins

 PR3a Mulberry St. Bridge, Fort Collins
 PR3b Drake Reclamation Facility, Fort Collins
PR4 95th Avenue Bridge, Weld County
PR5 Greeley Municipal Airport, Greeley

SPR1 Clear Creek Confluence Park, Commerce City
SPR2 County Road 54 Bridge, Evans
SPR3 Poudre River Confluence, Kersey

River LocationSite ID

Cache La 
Poudre

South 
Platte

Animal Feeding 
Operations

Counts

Wastewater Treatment 
Plants

Capacity

Legend



Constructing Spatial 
Variables
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General Linear Regression 
Models

y=ARGs/16S



Correlation of sul(I) with AFOs

(R2=0.35, p<0.001) (R2=0.64, p<0.001)
Pruden et al. ES&T 2012



Correlation of sul(I) with WWTPs

(R2=0.34, p<0.001)
Pruden et al. ES&T 2012



Multivariate Correlation with 
AFOs and WWTPs

(R2=0.92, p<0.001)! (R2=0.23, p=0.39)

sul1 Tet(W)



Human Impact on 
Resistome: More Evidence

• Study went… viral…phenomenon highly 
replicated
– ARGs elevated in Duluth harbor receiving WWTP 

effluent (LaPara et al. ES&T 2011) 
– Soil ARGs elevated by biosolids amendment 

(Munir and Xagoraraki 2011)
– Viable MRSA and vancomycin-resistant 

Enterococci have been detected in reclaimed water 
intended for reuse (Sapkota and colleagues 2012, 
2013)



Resistance Hot Spot in India



What Can we Do?



Provide access 
to clean water

Restore and 
improve  urban 
infrastructure 



Our Heritage of Protecting Public 
Health



How Can We Enhance 
Water Reclamation to 

Treat ARGs?



e.g., Direct Potable Reuse

Schimmoller et al. ES:WR&T 2015
CH2MHill



Optimizing ARG Disinfection

• Can disinfection be optimized to destroy 
ARGs?  (Dodd, 2012)
– Chlorination
– UV treatment
– Advanced Oxidation Processes (AOPs)

• Disinfection/AOPs can also be effective for 
removal of antibiotics



Management of Antibiotic Resistance 
Risk in Sustainable Water Systems

• DNA/Ab Removal

• DNA/Ab Damage

• Management of 
Distribution 
System and Other 
Infrastructure

Wastewater 
containing 
antibiotics (Ab) + 
ARGs

Membrane 
removal of Ab, 
ARGs

UV, disinfectant, 
AOP damage of Ab, 
ARGs



UV Treatment of ARGs

McKinney & Pruden ES&T 2012

CFUs ARGs



Membrane Treatment of 
ARGs

• ARG removal by 
ultrafiltration 
better than 
expected based 
on size

• ARG removal 
enhanced in 
wastewater 
effluent matrix
WERF Project Report INFR8SG09; Riquelme Breazeal et al. Water Res 2013



Biological Treatment
• Examining treatment conditions

– varying Solids Retention Time- Pending WERF project 
(Gerrity et al. UNLV and U AZ)

– Dominic Frigon (McGill University)
• Improving Anaerobic Digestion 

– Tim LaPara
– Ma, Wilson, Novak, Riffat, Aynur, Murthy, Pruden (2011) 

“Effect of various sludge digestion conditions on 
sulfonamide, macrolide, and tetracycline resistance genes 
and class I integrons”



WERF U1R12: Biosolids
Treatment

Digested sludge

Digested sludge



Paul L. Busch Award Research
• Compare ARGs in reclaimed and potable 

water distribution systems
– Potable water is an important “control”
– Potable water distribution system management 

can inform distribution of recycled water
– Examine role of microbial re-growth
– Use next generation DNA sequencing for deep 

insight into microbial community and ARGs
– Compare with culture-based methods



Distribution System Survey

– Before treatment
– Point of Entry
– 5 Dist. System (Point of Use)

Water Chemistry
– pH, temperature, 

disinfectant residual, 
DO, turbidity, metals, 
anions

Bulk Water

Biofilm
Sample Collection



Microbiology Methods

E. coli and Enterococcus resistance profiles

ARGs

Minimum Inhibitory Concentration

Illumina HiSeq

OPs

qPCR

Enterolert / Colilert



Potable

Reclaimed

R statistic: 0.492
p: 0.1%

Group by: Water Type

UNIFRAC 
Weighted

Microbial Community: Illumina Amplicon Sequencing



Metagenomics: 
Average ARG Composition



Metagenomics: 
ARGs in Reclaimed Water



Metagenomics: ARGs in 
Reclaimed Water vs. Potable Water

: Reclaimed



National Science 
Foundation 

Partnership for 
International Research 
and Education (PIRE)

Halting Environmental 
Antimicrobial Resistance 
Dissemination (HEARD)



Peter Vikesland, Amy Pruden, Sridhar Venkataramana-
Virginia Tech
Diana Aga- University at Buffalo
Pedro Alvarez and Qilin Li- Rice University
Krista Wigginton- U Michigan 5 yr, $3.6M



Pruden, ES&T 2014 Editor’s Choice: Best Feature 
Article



Who do we have to thank for our quality of life??

Doctors?
To some extent….
But really have to thank our plumbers and 
engineers!!



Take Home

• Let’s do infrastructure right!  Make informed 
decisions and invest as wisely as possible!

Water 
Sustainability

Water 
Infrastructure

Public Health
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Thank You!

• Funding: Alfred P. Sloan Foundation; National Science 
Foundation; Water Research Foundation, Water 
Environment Research Foundation

• Students:  Nicole Fahrenfeld, Yanjun Ma, Heather 
Storteboom, Brittany Willing, Lindsey Caudle, Emily 
Garner, Caitlin Wilkinson, Partha Ray, Heather Littier, 
Jennifer Miller
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