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Overview

Problem of antibiotic resistance

Antibiotic resistance as a CEC

Specific concerns for water reuse

Research highlights on ARGs in recycled water
Knowledge gaps and actionable items

NWRI 2016 “Evaluation of the Feasibility of Developing
Uniform Water Recycling Criteria for Direct Potable Reuse”



Antibiotic Resistance in the US

« September 2013 CDC Report:
« 2 million Americans fall ill
from antibiotic-resistant
bacteria

 Atleast 23,000 die as a

result (many more if count ﬁﬂgﬁwsﬁ%m IHIEMS.

complications)
 $55 billion annual cost

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




THE STATE OF THE

CbbEPE== B« CDDEP: US-India Global
Antibiotic Resistance
Partnership:

* In Europe, 25,000
deaths are attributable
to antibiotic-resistant
Infections, with cost of
€1.5 billion annually
(EMA, ECDC 2009).

* |In India, 58,000
neonatal sepsis deaths
are attributable to drug
resistant infections
(Laxminarayan et al.
2013)



NATIONAL ACTION
PLAN FOR COMBATING
ANTIBIOTIC-RESISTANT

BACTERIA

MARCH 2015

“Without urgent, coordinated action, the world is
heading towards a post-antibiotic era, in which
common infections and minor injuries, which have

been treatable for decades, can once again kill.”

— World Health Organization (WHO)
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The case for ARBs and ARGs as CECs in the
Water Environment

Selective :
' Selective Pressure

Pressure

Naturally
occurring

Water Reuse




Assaying Human Impact on ARGs in the
Poudre River

oPrimary source is
snowmelt

oNo major tributaries

oWell-zonated

oWell-characterized in
terms of antibiotics



Mapping WWTPs and AFOs

PROa Elephant Rock, Roosevelt National Forest

PROb 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
Legend
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Delineating Distances from
Sources to Monitoring Points

Inverse Distance Weighted
(IDW) Count

Zn:WiC where w, =
=1




Multivariate Correlation with
AFOs and WWTPs
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Antibiotic Resistance Genes (ARGs)
as CECs

Antibiotic
Resnstance -
ransposon —
E
Mu1'a1'|ons in o 2
chromosome —IC G4
Mobile ( ‘

genetic elements
(Antibiotic Resistance

Genes or ARGS) Chr'omosomal '

DNA

Horizontal Gene Transfer (HGT): Traditional approach of killing bacteria
may not be sufficient- ideally should think about destroying ARGs™*.

*See work of Krista Wigginton, U of Ml and Michael Dodd, U WA



How Bacteria Share Genes:
Horizontal Gene Transfer
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Deadly DNA: Griffith’s Classic DNA
Transformation Experiment (1928)

Mixture of heal-killed
pathogenic bacteria and kve
nonpathogenic bactena

Heat-killed

= Mice die, and live pathogenic
sirans of Pneumococcus
are recovered

Live nonpathogenic
strain of
Pneumococcus

Permission pending from
http:/iww.ucs.louisiana.edu/~sxm1886/lecture8bw.pdf




NDM-1 Example

NDM-1 emerged out of India

Refers to genetic element resistant to broad
suite of antibiotics (vong et al. 2000)

Found in multiple pathogens:

— Klebsiella pneumoniae, Escherichia coli,
Citrobacter freundii, Enterobacter cloacae, and
Morganella morganii

Detected in surface water and tap water in

India (Waish et al. 2011) and WWTP effluent and

receiving waters in China (Luo, Alvarez et al. 2014)

Klebsiella
pneumoniae,
Heather Turgeon,
Stroller Derby
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“One Water”: Opportunities to Mitigate and Minimize Risks
of ARBs and ARGs in Urban Water Systems

Minimize Antibiotic + ARGs

* Management of Inputs in Wastewater g
Distribution
System and Optimize biological @7
Other treatment for minimizing  Femen  Asstion Tank
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Distribution Systems: Point of Entry vs Point of Use-
Water Quality Changes in Distribution System
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Special concerns for recycled
water dIS tri b ution ? Artistic Credit: Emily Garner



Simulated Direct Potable
Reuse (DPR) Pipes (’\\wi.te.-  Project 4536

Researc

¢ ) Foundation
Emily
10% DPR  10% DPR w/ Biofiltration Garner, ]
90% Potable 90% Potable 100% Potable | Water Change Virginia Tec
‘ 3x / week
Sampled after
8 weeks

conditioning
| Marc

| Edwards,
Biofilm Virginia Tech

| Bulk Water
I
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Biological N/P removal DPR source
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1000

CFU / mL

Ultrafiltration, Reverse Osmosis,

UV/AOP DPR Source

100 -+

10

More aggressive treatment = less potential
for ARB (non-pathogens in this case) to

proliferate
Cost-Benefit?

HPC cont th
Antibiotics in Media
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ARGs in Reclaimed Water in Flagstaff, Arizona

 Field study- non-potable reuse
* Worked with local doctor
* Shared results with city manager

Ebllolh;mmwmwmm&w O
Reclaimed wastewater faces new scrutiny
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2 P~ 4
= B.5S
Bearizona Wednesday
jaguar water
main
break

Latest in section

Flagstaff candidates tak
housing, NAU in debate

K-9 victim advocates in
Jake Bacon | Buy Now | sustainable funding

SCIENCE FOR THE CURIOUS

Discover

Ea

SUBSCRIBE

BACK ISSUES.

THEMAGAZINE | BLOGS | HEALTH & MEDICINE | MIND &BRAIN | TECHNOLOGY | SPACE&PHYSICS | LIVINGWORLD | ENVIRONMENT | PHOTOS | RSS

his, S.oning Cloud Tae Suifece <f Titer. bght Faed Lice 2 Uuvp Beudi >

Manmade Snow From Recycled Sewer Water May Contain
Antibiotic-Resistant Bacteria
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Recycled Water
Pipes: POE, POU

‘Most ARGs detectable at the point-
of-use, but not exiting treatment

plant

- vanA detectable throughout

- Highlights importance of
considering the microbiology that
happens as water flows through

pipes

Fahrenfeld et al.
Frontiers in
Microbiology 2013



Flagstaff CEC Panel Consensus Statement

* Flagstaff City Manager formed Research Questions:

Advisory Pane| on CECs * Are ARGs in recycled water
* Issued scientific panel consensus different from those in
statement corresponding potable water?
— Diversity, types, levels...
= DallySun wm wee oun e i orie  How do ARG profiles shift during
Coconino Voices: Effluent questions still : distribution?
unanswered ) * What is effect of
| treatments/disinfectants?
’ m. * How do ARBs (Enterococci and E.
- coli) vs ARGs behave?
;; :t ............................

nnnnnnnnnnnnnnnnnnnnnnnnnn




Reclaimed vs Potable Water
Distribution System Survey

Biofilm

Y& Before treatment |
Y& Point of Entry (POE) eulk Watergy
Y& 4 communities "

Also see work of Jiemba and LeChevallier profiling
microbiology of reclaimed distribution systems



*All potable water sources are a
S u rveye d SySte m S combination of surface and groundwater

*POTABLE RECLAIMED
WATER WATER
Utility | Disinfectant Summary of Treatment Disinfectant
A Cl, Plant #1 — Advanced wastewater Cl,

(CINH, |[treatment-
Residual) [Bardenpho Process
Plant #2 — Activated sludge, secondary
clarification, denitrification

B Cl,; Plant #1 — Advanced wastewater Cl,
occasional |treatment — Bardenpho Process; uv
ClO, Plant #2 — Biofiltration, secondary (CINH,,
sedimentation Residual)
C Cl, Dual media filters or Cl,
membrane bioreactors (CINH,,
Residual)
D Cl, Dual media filters Cl,




Reclaimed
Water Contains
more Nutrients

Total Organic Carbon

* 1 Phosphate

3

—
~
oo 2
S

1 | I I
0 _J
B Utlllty

B Drinking

B Reclaimed

A B C D
Utility

| Nitrate-N + Nitrite-N

A B .. C D
Utility



Reclaimed Water Chemistry Changes More with
Increasing Water Age (e.g., Utility C*)

% Value at POE

40 |

B Potable Water

¢ Upto 8.8
mg/L NOs3_

«=@== Dissolved Oxygen
«=@== Free Chlorine

=@== Nitrate
el Nitrite

POE

Increasing Water
Age

Reclaimed Water

140 —

N

60 -
40 -

% Value at POE

S G—

«=@== Dissolved Oxygen
==p== Total Chlorine
==@== Free Chlorine
=@ Nitrate
et Nitrite
«=@== Ammonia

POE

Increasing Water
Age

*Disinfectant Residual: Cl,



gPCR: ARGs in Distribution System Bulk Water

N su =
B H/aTEM X POE
N gnrA bars = POU
I vanA
B ntli1
] Potable
Potable Reclaimed sull detected at all
100 X X e
utilities
X Dissipation observed
80 for most ARGs
) XX
:E 60 - Reclaimed
8 X X @ X X X sull, blaTEM, and intl1
\C;- 40 | detected at all utilities
20 - @ XX X XX Dissipation observed
@ for gnrA, vanA, intll
0 - =X - -
Utility A Utility B Utility C Utility D Utility A Utility B Utility C_ Utility D '”Creasfgr“s‘j‘letec“o”
(n=44) (n=20) (n=18) (n=20) (n=38) (n=19) (n=17) (n=22)




gPCR: ARGs in Bulk Water vs. Biofilm

100 Potable Reclaimed Potable
@ Similar detection
% L Z;;’}EM @ pattern for bulk water
- G and biofilm
0) B vanA
:E 60 1 | o inti1 1 @ Reclaimed
o More ARG targets
240 detected in biofilm than
& @ bulk water — Biofilms
20 | _ important sampling
location?
O i

sull, intl1 more
frequently detected in
reclaimed biofilms than

Water Biofilm Water Biofilm potable

Utility A Utility B Utility A Utility B Utility A Utility B Utility A Utility B
‘(n:44) (n:20) ] ‘(n:40) (n:20) ] ‘(n:38) (n:19), ‘(n:33) (n:18)’
| | | |




Metagenomics: Distinct “Resistome” in
Reclaimed vs Potable Water Systems

B multidrug
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Metagenomics: ARGs More Diverse in
Reclaimed Water (across systems, time points)

Relative Abundance of total ARGs “Diversity” of ARGs
10 g : v 300 .
.~ 9| Potable / eclaimed S Potable Reclajmed
2 g © 250
Q ~
< — 200 \
Z 6 ~
o 0
= 5 o 150 .
) s Py —[ T
S a4 s
~ 3 9 100 x
(D 2 o -] q<_ : o
S(ﬁ ) o 50 JIL b
— 4_) o
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X Q< Q Q< Q< X O NG Q< Q N Q< Q o~
Q
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& F I ¥ 8 8 & ¥ I E © o8 &
F & & & O & S & & O

Unknown at presence if or how relative abundance of ARGs or diversity of ARGs
translates to actual risk



Metagenomics (DNA): Clinically-relevant ARGs

A%

CTX-M-
Utility B ESBL
1E-2
3 B CTX-M Reclaimed Water KPC-
8' P Distribution System Klebsiella
O u pneumonia
?:J 1E-3 b
_ carbapene
) = MCR-1 Raw .
Wastewater _
<Zli resistance
7 = VIM-17 \ mer-1- A
v» 1E-4 colostin
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= ;
vim-17-
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Knowledge Gaps and Actionable Items




Monitoring

Monitoring is the 1% step and is widely recommended by the WHO,
CDDEP, ASM, and others- But WHAT to Monitor?

* Antibiotics?
e Pathogenic ARBs (pARBs)?
— e.g. Amy Sapkota’s work on MRSA and VRE in reclaimed water

 Environmental ARBs (eARBs)?

— Represent environmental reservoirs

— MICs not well-defined

— Culture methods only capture a fraction-
— Target Gram + (Gerrity, McLain, and Rock)

 ARGSs?
WHERE to monitor, and to WHAT end points?
-Post treatment as well as point-of-use




Methods- qPCR of ARGs

“Indicator” ARG Concept

* NORMAN COST Action, StARE: European Effort for
Standardization of Methods for Monitoring ARGs in
WWTPs ¥
e Current Targets for qPCR: SfAVj"
e intll, sull, sul2, blaCTX-M, blaTEM, gnrS (of group p1) and
ermB, aac, 6-ib-Cr, vanA, mecA, ermF (of group p2)
e “Clinical ARGs” of direct health concern, but rarely detected,
others can build understanding of how system is operating
* Limitations:
* Not directly indicative of live organisms, but as systematically
applied, insights into regrowth and risk will be gained



Methods-Shot gun Metagenomics

Enabled by next-generation DNA

sequencing "31 o >
Full profile- No need to choose ARG . ° "@T 7

@ Aminoglycoside

@nLs

@.

‘

0@" “@D @ QMumdrug
target a priori L { %
Sequencing depth/cost trade-off S T g

. : : & oo
— Cost is decreasing- likely way of the 5@+
future
Still will have to interpret data- sift Garner et al., Scientific Reports:

through and identify ARGs of interest €8 Network analysis reveals
association of ARGs with

Can assemble and identify hosts.. horizontal gene transfer elements



Methods- culture E. coli / Gram positives

* E. coli / Gram positives
« Recommendations in the works- “One Health” approach

« WHO Advisory Group on Integrated Surveillance of
Antimicrobial Resistance

* EU's Joint Program Initiative on Antimicrobial Resistance
(JPIAMR)

* Mark Sobsey member of both
* McLain, Gerrity, others




Case for International Monitoring: e.g. MRSA

India

South

Africa

Percent resistant

20 Thailand
Francec
UK

10

Denmark
-—— A s "

0 [ - | I | | | | [ | | | | | I | | |
2000 2005 2010 2015

FIGURE ES-1': Percentage of Staphylococcus aureus isolates that are methicillin resistant (MRSA) in selected countries, 1999-2014
Source: CDDEP 2015



Global Monitoring: NSF Halting Environmental
Antimicrobial Resistance Dissemination (HEARD) PIRE
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New Risk Frameworks Needed




Adapted from Ashbolt et al. 2013

ARGs @?—> 1. Uptake

Abs |=%5

2. Selection

Metals..

3. uptake, > uPt?ke'
mutation, (@ mutation,
HGT- humansiitiss l HGT- almm'

Development and enrichment of pARB < ‘

6. I?xposure to < 7. Transfer pARB <_>8. Exposure to
humans/infection human/animal animal/infection

Antibiotic treatment failure in patients @:I




Risk Frameworks: Non-Ingestion Exposures

* e.g., Legionnaires’ disease and other opportunistic pathogens are the
primary source of tap-water outbreak in U.S.

* Similarly, for antibiotic resistance, consider:
— Inhalation
— Skin contact

* Colonization- delayed onset, rather than acute illness

— Current microbial risk frameworks of dose-response may not be
appropriate

Legionella Nontuberculous Pseudomonas
pneumophila mycobacteria aeruginosa
AEONRE - NTM » T
LA ( 5): ‘?;a?.{;.‘»
SZ/ : ’..;‘3:513, :;: v
gl



http://dic.academic.ru/pictures/enwiki/77/Mycobacterium_avium-intracellulare_01.png
http://dic.academic.ru/pictures/enwiki/77/Mycobacterium_avium-intracellulare_01.png

Mitigation

* Need mitigation options in harmony with other goals:
— Water reuse and sustainability
— Removal of other CECs
* Endpoint? Comparable to a defined control or background

— ARG diversity, ARG abundance, key clinical ARGs (e.g., CTX-M, KPC,
mcr-1, NDM-1)

— Low levels of horizontal gene transfer and multi-drug markers

R - All EHP content is accessible to individuals with disabilities. A fully accessible (Section S08-compliant)
eview HTML version of this article is available at hitpz/dx.doi.org/10.128%ehp. 1206446,

Management Options for Reducing the Release of Antibiotics and Antibiotic
Resistance Genes to the Environment
Amy Pruden,” D.G. Joakim Larsson,?" Alejandro Amézquita,® Peter Collignon,*® Kristian K. Brandt,®

David W. Graham,” James M. Lazorchak,® Satoru Suzuki?® Peter Silley,’®'" Jason R. Snape,'? Edward Topp,"?
Tong Zhang.™ and Yong-Guan Zhu'®




“One Water”:

* Management of
Distribution
System and
Other
Infrastructure

3
. ~‘

’L
R

Opportunities to Mitigate and Minimize Risks
of ARBs and ARGs as CECs

Minimize Antibiotic + ARGs
Inputs in Wastewater

Optimize biological @7
treatment for minimizing  Femen  Asstion Tank

% :ﬁ 2 o;:‘:o
ARGs and gene transfer _ &

UV, disinfectants, \ %
Advanced Oxidation

Process damage of e 4o Membrane removal
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rimary
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Chlorination and Filtration:
Water Engineering Eradicated Typhoid Fever

Death Rate for Typhoid Fever
United States, 1900-1960

\\ '\. Chlorination Begun

g
I
f . \
3 \
i 0 \
é 8l \/\/\
N
1 | ! \_ | |
1800 1810 1920 1630 1040 1980 1050

Source: U S, Centers for Disease Control and Prevention, Summary of
Motimiahle Diseases, 1997




Methicillin resistant Staphylococcus aureus
Vancomycin resistant Enterococci
Fluoroquinolone resistant Pseudomonas
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Treatment Failures

“One Health”: Could
Water Engineers Once
Again Instigate a Public

Health Revolution?

Implementation of Best
Management Practices?
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