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DPR in California

 Legislation (SB 918 and SB 322)

Modified Water Code

 Finalize groundwater replenishment 
regulations (completed June 2014)

Develop Surface Water Augmentation 
regulations (Draft in Sept 2016; Final in 
Dec 2016)

Required an Expert Panel to evaluate 
the feasibility of criteria for DPR 
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Expert Panel Charge

 Sponsored by the SWRCB Division of Drinking Water

 Administered under contract by NWRI

Panel Organization

Per California Water Code Section 13565(a)(1) 

 Advise DDW on public health issues and scientific 
and technical matters regarding water recycling 
criteria for DPR. 

 Assess additional areas of research needed to 
establish DPR regulatory criteria. 
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Briefing Paper Topics

1. Bioanalytical Tools for Water Analyses (Bioassays)

2. Quantifying Treatment Facility Reliability  

3. Analytical Approaches for Measuring Chemical 
Water Quality

4. Pathogen Monitoring Methods

5. Antibiotic Resistant Bacteria and Antibiotic 
Resistance Genes

6. Comparative Health Risks

7. Public Health Surveillance
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ARB/ARG Chapter Outline

1. Introduction

• Microbial Resistance

• Antimicrobials and Antibiotics

• Antimicrobial Resistance Mechanisms

• Global and National Burden of Antibiotic Resistance

• Antibiotic Usage in the U.S.

2.  Community and Environmental Sources/Exposure Routes 

for ARB/ARG

3. Significance of Sources for ARB/ARG Exposure
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4.  Methods for Assessing Antibiotic Resistance (AR) in Water 

Matrices

• Culture-Based Methods

• Molecular Methods

5. Occurrence And Removal of ARB/ARG Through Water And 

Wastewater Treatment

• Occurrence and removal in WWTPs

• Antibiotic resistance occurrence and removal by drinking water 

treatment processes

• Disinfection and advanced oxidation processes

6. Findings

7. Recommendations

References
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Antimicrobials and Antibiotics

• Antimicrobials—chemicals that kill or limit the growth 

of microorganisms

• Antibiotics—synthetic or naturally occurring antibacterial 

compounds used as pharmaceuticals or growth promoters

• Antibiotic Resistance—the ability of bacteria to survive and grow

in the presence of a compound that would normally kill them
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Global and National Burden of Antibiotic Resistance

• World—difficult to estimate due to differences in national 

surveillance and reporting systems

• Europe—estimated at 25,000 deaths annually and cost of 1.5 billion Euros

• United States—2 million infections and 23,000 deaths annually at 

a direct cost of $20 billion plus $30 billion in productivity losses
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Drug-Resistant Microorganism Threats in the United Statesa

Hazard Level Microorganism

Urgent Clostridium difficile (CDIFF)

Carbapenem-Resistant Enterobacteriaceae (CRE)

Neisseria gonorrhoeae

Serious Multidrug-Resistant Acinetobacter

Drug-Resistant Campylobacter

Fluconazole-Resistant Candida

Extended Spectrum beta-lactamase (ESBL) Enterobacteriaceae

Vancomycin-Resistant Enterococcus

Multidrug-Resistant Pseudomonas aeruginosa

Drug-Resistant Non-Typhoidal Salmonella enterica

Drug-Resistant Salmonella typhi

Drug-Resistant Shigella

Methicillin-Resistant Staphylococcus aureus (MRSA)

Drug-Resistant Streptococcus pneumoniae

Drug-Resistant Tuberculosis

Concerning Vancomycin-Resistant Staphylococcus aureus

Erythromycin-Resistant Group A Streptococcus

Clindamycin-Resistant Group B Streptococcus

a

aAdapted from CDC, 2013
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Antibiotic Usage in the United States

• Most are for food-producing animals—33 million pounds in 2014

• California recently passed the most stringent law in the country on 

usage of antibiotics in food-producing animals

• More than 7.25 million pounds of antibiotics were sold for human

consumption in 2011 (about 20% of the total)

2016 Clarke Prize Conference
19



2016 Clarke Prize Conference 20



Community and Environmental Sources/Exposure Routes for ARB/ARG

• Land application of animal waste and sewage sludge affects soil 

and source waters 

• Hospital waste

Significance of Sources for ARB/ARG Exposure

Although food-producing animals, hospitals and inappropriate prescribing

are all important, there is currently no quantitative method for assessing 

the risks from these and other sources.
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Antibiotic Resistance and Water 
Treatment

2016 Clarke Prize Conference
25



Antibiotic Resistance and Water 
Treatment

Source: http://www.eawag.ch/en/department/surf/projects/antibiotica-resistance/

EnvironmentalAnthropogenic
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Antibiotic Resistance

• Study of  AR is unlike traditional microbial hazards.
• ARG in pathogens and non-pathogens can cause adverse affects.
• The genes themselves can be considered a hazard.

• Even in the absence of viable microbes.
• ARG have been found in every environment on earth: with or without 

anthropogenic influence. 

• Gene transfer is important. 

• Risk assessment is difficult with AR.

• Can assess occurrence and quantity. 
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Antibiotic Resistance Methods

• Two basic approaches
• Culture-based

• Testing the resistance of culturable bacteria to one or 
more drugs using culture media with the antibiotic(s) of 
choice.

• Will detect more types of resistant mechanisms but 
from a smaller group of organisms.

• Molecular
• PCR is the predominant methodology used. 

• Testing the DNA in a sample for the presence and/or 
quantity of pre-determined ARG targets. 

• Will detect a smaller number of resistant mechanisms 
but from a larger number of sources. 

• There are currently no standardized methods for 
testing AR in water. 
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Wastewater Treatment

Primary treatment Secondary treatment
Tertiary 

treatment

- Activated sludge

- Trickling filter

- Rotating biological contactors

- Media filtration

- Membrane filtration

- Nutrient removal

- Disinfection

Image courtesy of Wikipedia

2016 Clarke Prize Conference 29



ARB/ARG in WWTPs

• All clinically relevant ARGs have been found in raw sewage. 

• Resistance to β-lactams, tetracycline, macrolides, and sulfa-
drugs are the most commonly reported in wastewater 
matrices. 

• Pathogen and indicator removal by wastewater treatment 
processes has been well studied but ARB/ARG have been have 
not been as well characterized. 
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ARB/ARG Removal 
Primary treatment Secondary treatment

Tertiary 
treatment

Image courtesy of Wikipedia

Raw sewage AR concentrations

ARGs:

107 to 1011 copies/100ml

ARB:

105 to 108 CFU/100ml

AR reductions: raw to 2o

ARGs: <1 to 3-log reduction

ARB: <1 to 5-log reduction

AR reductions: raw to 3o

ARGs: 1 to 7-log reduction

ARB: 1 to 5-log reduction

Factors affecting occurrence and removal:

- Geographic location.

- Type and extent of treatment.

- Operational parameters.

- Analytical methods and/or AR target.
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ARB/ARG in WWTPs

• No consensus on optimal treatment configuration for AR 
removal.

• Best reported ARG reductions: 

• MBR + disinfection 

• sul1= 2-3 log decrease 

• tet= 6-7 log decrease

• Activated sludge + media filtration + UV or Chlorine

• sul1= 2-4 log decrease 

• tet= 2-4 log decrease
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Potable Water Treatment

Advanced treatments

- Biological aeration

- Membrane filtration

- Activated carbon

- Advanced oxidation

Image courtesy of http://theacesinc.com/2015/03/21/freshening-up-freshwater-systems/

Primary treatment

Finished 
water

Source water concentrations

AR Heterotrophs:

ND-105/100ml

ARGs:

ND-106/100ml

AR reductions from 
source water

AR Heterotrophs:

4 to 6-log reduction

ARGs:

<1 to 2-log
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Disinfection/Filtration

Process Application
Concentration 

range

ARB log10

removal

ARG log10

removal 

Chlorine

Drinking water 15-200 mg x min./L 2-4 logs NR

WWTP 

disinfection

(CA title 22)

450 mg x min./L 2- >4 logs 1-2 logs

UV
WWTP 

disinfection
10-200 mJ/cm2 4-5 logs <1-4 logs

Ozone
WWTP 

disinfection

0.1-200 mg x 

min./L
2-4 logs 1-3 logs

Ultrafiltration/ 

nanofiltration
AWTF NA NR 4- >5.9 logs

Reverse 

osmosis
AWTF NA NR NR
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ARG Removal by AWTF

Treated 
wastewater

Ultra-filtration
Reverse 
osmosis

Disinfection

Drinking water 
plant

ND-107

Surface waterND to 106

ND to 103*

Data from Bockelmann et. al. 2009

ND

Groundwater 
recharge

Infiltration 
pond

ND

ND to 103*

* Only one of six 

ARG detected

Units: PCR 

copies/100 ml

Drinking water 
plant
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DPR Panel Findings

• AR is a valid and serious worldwide public health concern.

• ARB and ARG are found in wastewater and in other 
environments not necessarily impacted by wastewater.

• No standard tests for ARB/ARG in environmental samples.

• Determining ARB/ARG concentrations in water can help 
assess treatment process removals of antibiotic resistance.

• Risk levels from ARB/ARG in water unknown; but, 
ARB/ARG in waters subjected to DPR treatment would likely 
be lower than that from current water sources entering 
drinking water treatment facilities.
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Findings (con’t)

• WT technologies (e.g., activated sludge, tertiary filtration, and chlorine 
disinfection) reduce ARB and ARG concentrations.

• The current knowledge base regarding urgent and serious potentially 
waterborne drug-resistant bacteria is limited for known antibiotic 
resistance determinants and their fate during treatment.

• Information about the performance of advanced water treatment 
processes related to ARG removal is limited. 

• A combination of secondary wastewater treatment and advanced water 
treatment processes leading to a finished potable water is likely to reduce ARB 
and ARG in recycled water to levels well below those found in conventional 
treated drinking water.

• Ongoing research in the U.S., Europe, and Asia is examining wastewater and 
other sources (e.g., hospitals, agriculture) for ARG and ARB and their removal 
by treatment processes. 
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Recommendations – Research

1. Research is needed to determine risk to humans and on defining 
dose-response relationships from ARB and ARG in water relative to 
other exposures.  

2. Standardized tests to determine ARB/ARG in potable water and 
wastewater should be developed. These tests should be financially 
and technologically accessible to a majority of water and 
wastewater treatment agencies. 

3. Characterize and evaluate ARB/ARG removal using advanced water 
treatment processes. 
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NSF-PIRE Halting  Environmental Antimicrobial 

Resistance Dissemination (HEARD)

Principal Investigators:  Peter Vikesland, Pedro Alvarez, Dina Aga, 

Amy Pruden, Krista Wigginton

Driving Hypotheses:

1. WWTP influents can be monitored to gauge impacts of local antimicrobial 

use and disposal practices on the prevalence of resistant organisms and

resistance elements.

2. A broad gradient of AR elements and ARB are present in WW effluents 

across the globe.

3. WW treatment processes and receiving environments can be chosen or 

modified to mitigate the spread of AR.
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NSF-PIRE-HEARD (cont.)

Research Plan Thrusts

1. Global reconnaissance of antimicrobial drugs, ARB and resistance element

fate during WW treatment.

2. The relative roles of WWTPs and receiving environments in resistance

dissemination.

3. Advancing WW treatment technologies for antimicrobial drug, ARB 

and resistance element removal.
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