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Acronyms

3GCs third-generation cephalosporins

3GCREC third-generation cephalosporin resistant Escherichia coli
ADI acceptable daily intakes

AMR antimicrobial resistance

AOEL acceptable operator exposure level

APls active pharmaceutical ingredients

ARGs antimicrobial-resistant genes

ARfD acute reference doses

CDC U.S. Centers for Disease Control and Prevention
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ECDC European Centers for Disease Control
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LC liquid chromatography

LC-MS liquid chromatography-mass spectrometry
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MALDI-ToF MS matrix-assisted laser desorption ionization-time of flight mass spectrometry

MS mass spectrometry
MIC minimum inhibitory concentration
MLST multi-locus sequence typing



MRSA
MRL
MS/MS
NARMS
NOAEL
PCR
PFGE
gPCR
U.K.
U.S.
USDA
USGS
uv
VRE
WGS
WHO
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methicillin-resistant Staphylococcus aureus
maximum residue level
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No observed adverse effect level
polymerase chain reaction

pulse-field gel electrophoresis

guantitative polymerase chain reaction
United Kingdom

United States

U.S. Department of Agriculture

U.S. Geological Survey

ultraviolet

vancomycin-resistant Enterococci

whole genome sequencing

World Health Organization

wastewater treatment plants



Introduction

AMR—when microbes (i.e., bacteria and fungi)
develop the ability to defeat the drugs designed to
combat them—is a threat to public health and a
priority across the globe. Pathogenic
antimicrobial-resistant microbes can cause
infections in humans that are difficult, and
sometimes impossible, to treat. This report
highlights data identifying the potential for the
environment (waterways and soils) to be a source
of pathogenic antimicrobial-resistant microbes that
could affect human health. The report also
highlights significant knowledge gaps and
measures that could be most important for
mitigating risks.

Human activity can contaminate the environment
with antimicrobials and antimicrobial-resistant
microbes, which can accelerate the development
and spread of resistance. Contamination can
occur from human and animal waste,
pharmaceutical manufacturing waste, and use of
antimicrobial pesticides for crops; however, the
scale and risk associated with this contamination
is not fully understood. There are outstanding
scientific questions related to the presence and
impact of antimicrobial-resistant microbes in the

environment and the direct risk posed to human
health.

More research is needed to address knowledge
gaps and evaluate the potential risk antimicrobials
and resistant microbes in the environment poses
to human health and the broader environmental
ecosystem. This report is intended to act as a
guide for stakeholders, including researchers,
nongovernmental organizations, and countries, to
work in collaboration to fill knowledge gaps and
improve national and international understanding
on how to best evaluate and address
antimicrobial-resistant microbes in the
environment.

The threat of antimicrobial-resistant microbes in
the environment is a global issue, but the
incidence of environmental contamination varies
greatly from country to country and region to
region. As a shared global challenge, it will be
important to have a globally led approach with
locally relevant interventions. Moving forward,
stakeholders can work to understand their local
situation, determine what action is both beneficial
and feasible, and move toward reducing identified
risks to public health.
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Waste (i.e., feces) from people and animals can carry antimicrobial-resistant microbes (including
pathogens) and antimicrobials that are important in human medicine. The environment may become
contaminated with antimicrobials and antimicrobial-resistant microbes when the waste is not properly
handled (e.g., implementing basic sanitation strategies).

The connection between waste, antimicrobials, and resistant microbes in the environment, and its
impact on human health, is not well understood. However, scientific evidence shows that
antimicrobials and resistance do spread in the environment and people exposed to resistant
pathogens like Methicillin-resistant Staphylococcus aureus (MRSA) in environmental waters are at
increased risk of infection from this exposure.

Basic sanitation, which includes access to facilities for disposing of human waste safely and the
ability to maintain hygienic conditions, is critically important for preventing many diseases.



Inadequate sanitation infrastructure around the world means that only a portion of human sewage is
appropriately treated. Globally, the majority of human waste is discharged directly into the
environment without treatment. If waste carries antimicrobial-resistant pathogens, then there is an
increased risk of infections for people exposed to these pathogens in the environment. Increased
access to sanitation globally can mitigate this potential risk.

Wastewater treatment plants (WWTPS), or other sanitation strategies like septic systems, are
essential for reducing fecal bacteria, including resistant bacteria, from wastewater. However, when
levels of bacteria are high, these sanitation strategies may not be sufficient. Assessments of
environmental waters for resistant pathogens can help to identify insufficient sanitation strategies.

A main source of antimicrobials and antimicrobial-resistant bacteria in WWTP influent are healthcare
facilities. Some of the most resistant infections occur in patients who stay in a hospital while
undergoing treatment and are commonly administered antimicrobials. Resistant microbes can persist
and grow within the healthcare facility plumbing system, such as sink drains. This reservoir of AMR
is known to cause infections in hospitalized patients in some cases.

Levels of antimicrobial-resistant microbes in sewage waste from the general population varies
geographically, but when the levels are high and the sanitation infrastructure is insufficient, this may
be a source of antimicrobial-resistant microbes in the environment.

Studies have found detectable levels of resistant bacteria in surface waters (rivers, coastal waters)
and people who were exposed to these microbes through interaction with contaminated water
became ill.

When antimicrobials are used in food animals, the animal manure can carry both antimicrobials and
resistant bacteria. It is not known how long resistant microbes remain in manure and, subsequently,
in the environment.

Animal manure might be treated before it is used as fertilizer (e.g., composting). If used properly,
treatments can be effective in reducing environmental exposure to AMR.

Human waste produced from wastewater treatment facilities (biosolids) can be used on agricultural
land and may contain antimicrobials and antimicrobial-resistant microbes. The consequences of
these contaminants in agriculture are unknown.

Runoff from livestock production or areas with manure applied can contaminate nearby surface and
groundwater resources with resistant bacteria. The risk from runoff is poorly understood.
Antimicrobials are administered worldwide in aquaculture (the farming of fish and seafood),but
estimates of antimicrobial use in aquaculture are difficult to determine.

Antimicrobials are also used in large quantities to support rearing ornamental fish (pets) and other
aguatic species not meant for eating.

More information is needed on antimicrobial use in aquaculture generally, including the quantities
and types used.



Scientific review suggests that the following actions could improve understanding and guide additional
action. Unless specified, these apply to both human and animal waste:

Assessing Environmental Waters

e Assess where and how much resistant microbes are present in environmental waters to better
understand the risk of antimicrobial-resistant microbes to human health.

e Conduct studies to understand the drivers of antimicrobial-resistant microbes in recreational and
drinking water, including identifying sources of resistant pathogens (human or animal) and selective
pressures driving amplification and transmission of antimicrobial-resistant microbes in these waters.

e Evaluate sampling strategies and testing methods to measure antimicrobial-resistant microbes in
environmental waters to identify and standardize best practices.

Assessing and Improving Sanitation & Wastewater Treatment

o Evaluate the need for on-site pretreatment of wastewater for facilities that may contribute to
antimicrobial-resistant microbes in the environment (e.g., hospitals) by conducting studies of the
environment near waste discharge and assessing the impact of approaches to limit discharge of
antimicrobial-resistant microbes and antimicrobials.

¢ Conduct studies to evaluate the effectiveness of existing wastewater treatment processing for
removal of antimicrobial-resistant microbes and antimicrobials from wastewater before discharge into
environmental waters, and investigate and identify factors that result in treatment inefficiencies and
failures (e.g., ineffective processing methods or infrastructure failures).

e Improve sanitation globally by conducting research to identify efficient and affordable wastewater
processing methods that are easily implemented where processing doesn’t currently exist or as
enhancements to existing processing where levels of antimicrobial-resistant microbes are high.

Assessing the Environment Related to Agriculture

¢ Conduct research to identify and develop alternatives to antimicrobials to prevent and control
disease on the farm and in aquaculture.

¢ Evaluate methods for treating animal manure and human waste biosolids when using as fertilizers
on the farm to prevent environmental contamination with antimicrobial-resistant microbes and
antimicrobials.



Bacteria and fungi that cause infections in people and animals are becoming increasingly resistant to
antimicrobials. In addition to causing infections, these organisms can colonize (be present in) people or
animals without causing disease, often in the gastrointestinal tract (gut). Colonization is also a known risk
factor for infection.

As a result, the disposal of waste from an infected or colonized person or animal can become a source of
resistant bacteria in the environment. Once resistant microbes are in the environment, there is the potential
to spread, colonize, or cause infections in other people or animals. Resistance in bacteria known to cause
human infections is of particular concern, as well as bacteria carrying mobile resistance determinants (e.g.,
resistance genes on plasmids) that confer resistance to medically important antimicrobials.

In addition to resistance, this waste can also be a source of medically important antimicrobials in the
environment. If these antimicrobials retain their activity in the environment, they can apply selective
pressure on the microbial population and amplify resistant bacteria.

The connection between human and animal waste in the environment and its impact on human health is not
well understood and warrants additional study to address knowledge gaps. This work should be performed
using methods and sampling strategies that determine the type of resistance, the concentration of resistant
bacteria, the source of contamination (i.e., attribution), and how much resistance has persisted and traveled
(spread).

The response to environmental contamination of AMR could include prevention strategies (e.g., pre-treating
sewage from elevated sources, like hospitals, before release) and removal strategies (e.g., wastewater
treatment processes). Suitable research methods and data collection should also measure the impact of
interventions that are used to prevent or remove this environmental contamination. It is important to
understand the effectiveness of existing practices for waste management and water processing, as well as
investigating novel methods and strategies.
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A. To what extent are human waste or animal waste contaminating the environment with
antibiotic-resistant pathogens, specifically from hospitals, human sewage, animal farms,
and aquaculture? What strategies should be used to track antimicrobial-resistant pathogens
or antimicrobial contamination from each source?

Hospitals

There are several issues to consider regarding the
risk of environmental contamination from
hospitals. For example, some of the most
resistant infections occur in inpatients, who stay in
a hospital while undergoing treatment and are
commonly administered antimicrobials. Basic
infection control practices and sanitation practices
are essential to prevent transmission of
antimicrobial-resistant microbes from patient to
patient and from patient to healthcare workers.
Additionally, antimicrobials and pathogenic
antimicrobial-resistant microbes from patient urine
and fecal matter are typically released into a
facility’s wastewater collection system. Untreated
or partially treated wastewater effluents are a
source of antimicrobials and antimicrobial-
resistant microbes in the environment. Robust
wastewater treatment either at the facility or
downstream (in the sewage system) of the facility
is needed to prevent unnecessary exposure to
people or animals. Inside the facility,
antimicrobial-resistant microbes can persist and
grow within the healthcare facility plumbing
system, such as sink drains, taps, and other
sources of water. This reservoir of AMR can
contribute to transmission of resistance within
hospitals, and may contribute to the load of AMR
in hospital wastewater effluent.

Drivers of Antimicrobial-resistant Bacteria within
Healthcare Facilities

Antimicrobial use and the spread of antimicrobial-
resistant microbes are drivers of resistance in
healthcare facilities. Antimicrobial use selects for
and amplifies antimicrobial-resistant microbes. For
example, using antimicrobials for inpatients is

common. In Europe, 20-30% of acute care
inpatients received antimicrobials, and 1 in 2
patients received an antimicrobial for at least 1
day in U.S. hospitals.? Antimicrobial-resistant
microbes can be transmitted from person to
person or from the hospital environment (e.g.,
equipment, sinks) to people. Both factors
contribute to a population of patients who are at
an increased risk of being infected or colonized
with antimicrobial-resistant microbes, which then
contributes to AMR and potentially active
antimicrobials released into wastewater through
the healthcare facility plumbing system.?!

As mentioned, the disposal of human waste
containing antimicrobial-resistant microbes can
also be a potential threat to people inside the
hospital. For example, a study found carbapenem-
resistant Enterobacteriaceae (CRE) in the trap of
hospital room sinks, and it grew in the direction of
the sink strainer. Splatter from the strainer
exposed new patients to CRE.™ These findings
represent a new infection control challenge for
healthcare facilities. It is important to understand
how much plumbing contributes to antimicrobial-
resistant infections in hospitals and identify
effective mitigation strategies.

Characteristics of Healthcare Facility Wastewaters

Hospital wastewater can be a source of
antimicrobial-resistant microbes. Current
regulations for hospital waste disposal were
developed before the risk of environmental
contamination related to antimicrobial-resistant
microbes and antimicrobials were considered. The
extent of antimicrobial-resistant microbes released
in wastewater from a healthcare facility depends
on the type of healthcare facility, including the
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size, management, and location. There are also
wide differences in how healthcare facilities
handle and dispose of wastewater. For example,
some countries require healthcare facilities to
have their own wastewater treatment plants, but in
other countries hospital waste is treated in
community treatment plants used to treat all
wastewater including that from healthcare
facilities. Either strategy can be effective
depending upon the levels of AMR in the waste,
the robustness of the treatment process (e.g., a
three-step processing plant is better at removing
bacteria than a one-step processing plant), and
maintenance of the treatment plant.

Common multi-drug resistant bacteria recovered
from untreated hospital wastewater include
extended-spectrum [J-lactamase (ESBL)-
producing or carbapenemase-producing
Enterobacteriaceae, vancomycin-resistant
enterococci (VRE), and Pseudomonas
aeruginosa. There is evidence that the
concentrations of many bacteria are similar in
urban and hospital wastewater, but the proportion
of resistant enteric (gut) bacteria are often higher
in hospital effluent. This was demonstrated for
VRE, which were significantly more prevalent in
hospital effluent when compared to community
effluent.®" In Bangladesh, the prevalence of
NDM-1-positive bacteria (i.e., CRE) in wastewater
samples close to hospitals was significantly higher
than in community wastewater samples from the
same city (71% vs 12.1%).[!

In some cases, antimicrobial residue
concentrations in hospital effluent corresponded
with the most common antimicrobials used in
hospitals. For example, in India, there was a
correlation between using the antimicrobial
ciprofloxacin and concentrations of ciprofloxacin in
hospital effluent,”® but the effect of these
antimicrobials on Escherichia coli (E. coli) isolates
recovered from environmental water samples was
not clear. Furthermore, there is growing evidence
that pathogenic antimicrobial-resistant bacteria
from hospitals tend to carry more antimicrobial-

12

resistant genes (ARGs) per cell.'% Absolute levels
of pathogenic antimicrobial-resistant bacteria and
genes are typically more than 10 times higher in
hospital waste compared to community wastes.!**
12l For example, a recent Indian study showed
carbapenem-resistant enteric bacteria were 100 to
1,000 times greater in hospital wastewaters than
community wastewaters and related antimicrobial-
resistant genes were almost 100,000 times higher
from hospital sources.!*® Of particular concern are
Enterobacteriaceae that can carry multiple ARGs
on plasmids, which can move from bacteria to
bacteria through horizontal gene transfer.[*4

However, this information is based on limited
studies and more knowledge is needed to
determine whether source-treatment of healthcare
facility wastes is the best intervention or if other
interventions should be considered. There is no
absolute proof that multi-drug resistant pathogens
in hospital wastes pose a greater risk to human
health than comparable organisms from the
community. Evidence does suggest that enteric
bacteria from hospitals are more likely to be
resistant®¥ and these bacteria are able to share
this resistance with other bacteria through
horizontal gene transfer, but work is needed to
determine the specific risk to human health from
hospital wastewater.

Antimicrobial-resistant bacteria detected in
wastewater can correlate to the antimicrobial-
resistant bacteria causing infections within the
facility,*® but that is not always the case. The fact
that hospital effluent almost always mixes with
wastewater from the community makes it difficult
to determine the original source of specific ARGs
or resistant bacteria that are received at
community WWTPs. This is particularly
challenging in locations where there is a
comparatively high prevalence of antimicrobial-
resistant bacteria in the wider human or animal
population, or the natural environment.!*8! Clearly
defining the root source of antimicrobial-resistant
bacteria detected in a given wastewater influent is



difficult and is a knowledge gap in understanding
which mitigation measures will be most effective.

Similarly, levels of antimicrobials detected in
wastewater do not always correlate with
antimicrobial use in a healthcare facility. This is
partly because degradation of antimicrobials and
survival of bacteria in the environment depends
on several factors. For example, antimicrobial
half-lives range widely from minutes to tens of
days,*” and survival rates of resistant bacteria are
also geographically-dependent and highly
variable. The relationship of both antimicrobials
and antimicrobial-resistant microbes in
wastewater also depends on location because
there are different environmental temperatures
and different resistant colonization rates across
the globe.3

Mixing Healthcare Facility Wastewaters and
Community Wastewaters

The point at which healthcare facility wastewater
is mixed with wastewaters from the wider
community seems to be an important factor
related to the type of antimicrobial-resistant
microbes that move further downstream in sewer
systems, ultimately to WWTPs.[*8 Bacteria are
known to accelerate horizontal gene transfer
when stressed, so changes in their local habitat
influence the rates at which they exchange genes
and evolve, including sharing ARGs. Factors that
affect horizontal gene transfer at the mixing point
in sewers include temperature differences, the
presence of co-selective metals and biocides, and
basic differences between bacteria found in
healthcare, community, and environmental
settings.

However, there is debate about the relative
importance and differences between hospital and
community waste streams.!*® Early findings
suggest that healthcare-related bacteria have a
greater potential for horizontal gene transfer and
might have selective advantages that enhance
their survival in wastewater treatment. More data
are needed to confirm this observation. A key

knowledge gap is whether microbial isolates from
hospital wastewaters pose a greater risk to human
health than microbes found in community
wastewaters. Recent data suggests they are
different and new analytical methods are being
developed to clarify this key question.!*!!

Currently, this gap in knowledge makes it difficult
to determine the specific risk of healthcare facility
wastewater in a conclusive way.

Human Sewage

Human sewage contains pathogenic and
commensal (non-disease-causing) enteric
microbes carrying ARGs. Many potentially
disease-causing bacteria, including E. coli,
Klebsiella pneumoniae, and Acinetobacter
baumannii, colonize the gastrointestinal tract of
animals and humans and, when resistant,
contribute to AMR in human sewage.?® For
example, E. coli naturally occurs in humans,
animals, and the environment, making it a
concern for community-associated AMR. It is also
associated with resistant mechanisms that move
easily between bacteria, like ESBLs and
carbapenemases.?’ Globally, an estimated 14%
of healthy humans are colonized by ESBL-
producing Enterobacteriaceae, with prevalence
rates as high as 22% in Southeast Asia and
Africa.?yl When these and other bacteria are
released into sewage, wastewater, and,
subsequently, onto land or surface waters, it
contributes to the environmental resistome (the
collection of all the antimicrobial resistance genes
and their precursors in both pathogenic and non-
pathogenic bacteria).

WWTPs are essential for reducing fecal microbes,
including resistant microbes from wastewater, but
when levels of antimicrobial-resistant microbes
are high, traditional systems may not be sufficient.
Antimicrobial-resistant microbes can persist even
in advanced WWTPs and remain at detectable
levels in surface waters receiving the discharge.??
While sewage effluent might be diluted when it is
released into the environment through rivers,
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estuaries, or coastal waters, it still interacts with
the microbes in the natural environment.[2®
Untreated human waste might also be
inadvertently released directly into water bodies
(e.g., overflow of combined sewers). There are
recent studies in the U.S. that have found a
surprising amount of human waste contamination
in the environment from sources like septic
systems in rural areas and storm water outfalls in
urban areas.?* 2% These findings could indicate
poorly maintained septic systems, insufficient
wastewater processing capacity, or failing
infrastructure.

A lack of sanitation infrastructure in many urban
centers around the world means that only a
portion of human sewage is appropriately treated
(e.g., 56% in Delhi, India; 55% in Kumasi City,
Ghana). In Dhaka, Bangladesh, only 1% of human
waste is effectively treated, and 70% is
discharged directly into the environment.[26!

Within treatment plants, microbial communities
might be further exposed to antimicrobials,
although at very low concentrations. For example,
56 antimicrobials belonging to six different classes
were detected at nanogram-per-liter (ng/L) to
microgram-per-liter (ug/L) levels in the influent
and effluent of WWTPs in East Asia, North
America, Europe, and Australia, corresponding
closely with the most commonly prescribed
antimicrobials for human use.?” Even these low
concentrations can alter microbial communities
and select for resistance in microbes (see section
entitled “Antimicrobial Manufacturing Waste” for
more information about the selective pressure of
antimicrobials in the environment).[?-3% The
concentrations of antimicrobial residues have not
been assessed in many low- and middle-income
countries, and therefore the potential risk to
human health is unknown.

Additionally, there are concerns around using
treated sewage sludge (biosolids) on agricultural
land. When properly treated and processed,
sewage sludge becomes biosolids, which are

14

nutrient-rich organic materials largely composed
of human waste produced from wastewater
treatment facilities. Biosolids can be recycled and
applied as fertilizer to improve and maintain
productive soils and stimulate plant growth.BY In
Europe, a study found trace levels of
antimicrobials and evidence of resistant bacteria
like ESBL-producers in treated sewage sludge,
demonstrating that treatment without some sort of
disinfection might not be enough to remove these
contaminants.®? Currently, there is limited
understanding of the environmental
consequences from these trace chemical and
biological contaminants. However, recent studies
suggest human exposure and environmental
transmission does occur.3 34

Waste from Animal Farms

Wastes Generated or Used in Agriculture as a
Source of AMR

Antimicrobial-resistant bacteria, including bacteria
resistant to multiple classes of antimicrobials, are
found in animal manures from food-producing
animal farms. Resistance occurs from the
selective pressure of antimicrobials and other
agents with co-selection potential (e.g., metals)
that are commonly applied in food animal
production systems.®54% Antimicrobial-resistant
bacteria can also be introduced via biosolids used
to fertilize agricultural land.!1-451

Data from the U.S. National Antimicrobial
Resistance Monitoring System (NARMS)—a
culture-based nationwide surveillance effort
focused on resistance in humans, fresh retail
meat products, and food animals—show that
resistance in bacteria causing foodborne illness
has declined or has held steady for more than a
decade.*8] However, NARMS does not track
antimicrobial resistance in commensal (i.e., non-
pathogenic) bacteria so the potential contribution
of resistance in these bacteria to the farm
resistome is unknown.



Bacteria from food-producing animals carry
antimicrobial-resistant mechanisms on mobile
genetic elements, such as plasmids. This
increases the risk of resistance transfer from
animal bacteria to bacteria that commonly
colonize or infect humans. For example, plasmids
carrying a cephalosporinase called blaCMY-2 are
widespread in Salmonella and Enterobacteriaceae
in North American cattle.7.

Animal manure can carry both antimicrobials and
resistant bacteria. Food animals generally urinate
and defecate antimicrobials without any
degradation. The amount of time the
antimicrobials stay in the environment depends on
various factors. The presence of antimicrobials
can increase resistance through selection for
mobile resistance genes in animal intestines and
can persist in lands fertilized with manure. 4850
There are concerns that manure with
antimicrobials (and bioactive breakdown products)
can select for or increase resistance in the soll,
and alter the structure of the soil’'s microbial
populations in different ways than antimicrobial-
free manures.®! 52

Environments Exposed to Agricultural Wastes
Contaminated with AMR

Agricultural waste is an important fertilizer and it is
usually processed prior to use. Manures are
processed differently based on factors like the
specific commodity, the size of the operation, the
soil type, and the proximity to surface and ground
water.5¥ In confined production systems, manures
might be treated through aerobic (e.qg.,
composting) or anaerobic digestion before they
are used. These treatments can alter the
distribution and abundance of antimicrobial-
resistant bacteria and ARGs, but it is not known
how effective they are at reducing environmental
exposure. 54 551

Soils fertilized with animal manures or biosolids
are enriched with antimicrobial-resistant microbes
and ARGs when compared to soils that do not

receive animal manures.b% %6571 Once in the soill,
antimicrobial-resistant microbes persist even in
the absence of selective pressure from
antimicrobials.® Many studies show that manure
amendments (additives that can harbor
pathogens) may lead to altered resistant microbial
communities in soils, [ 5%62 with the potential to
contaminate crops.% ¢ Commercial manure
application rates that are calibrated to crop
agronomic needs will include an estimate of 108 to
102 copies of various ARGs per hectare,
indicating a significant presence of resistant
bacteria that would not be present otherwise. !4

Detecting carbapenem-resistant bacteria in feces
or in the production environment of cattle, swine,
and poultry is particularly concerning because
widespread human exposure from the
environment or food supply could potentially
compromise this critically important class of
antimicrobials.®5¢"1 |t is possible that livestock
production or areas with manure applied can
contaminate nearby surface and groundwater
resources with resistant bacteria.l®® % The
additional burden of ARGs needs to be assessed
relative to the baseline level of resistance found in
the environment.[70-73!

Aquaculture

Aquaculture (the farming of fish and seafood) now
supplies more than half of all seafood, equating to
approximately 8% of global animal food proteins.
In 2015, total aguaculture production worldwide
was 76.6 million tonnes (excluding aquatic plants
and non-food products). The top ten aquaculture
producers included:"

e China (47.6 million tonnes)

e India (5.2 million tonnes)

¢ Indonesia (4.3 million tonnes)

e Vietnam (3.4 million tonnes)

e Bangladesh (2.1 million tonnes)
¢ Norway (1.4 million tonnes)

e Egypt (1.2 million tonnes)

e Chile (1 million tonnes)
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¢ Myanmar (1 million tonnes)
e Thailand (0.9 million tonnes)

Antimicrobials are used worldwide in aquaculture,
particularly in intensive rearing systems, to control
disease. These are generally administered in feed
or occasionally through bath treatments. Overall,
estimates of antimicrobial use in aquaculture are
difficult to determine, as sales and use records
are often incomplete or missing. The most
complete antimicrobial use information is for high
value aquatic species farmed in high-income
countries, but this information does not represent
overall estimates and patterns of use.”™ In these
high-income countries, antimicrobial use is often
tightly regulated under similar systems as those
used for terrestrial animals. However, even in
countries where antimicrobial use is regulated,
there can be considerable variation in use. For
example, Smith et al.[’® estimated that only 1 mg
of antimicrobial agents was used per kg of
production in Norway (predominately for their
greater than 1 million tonnes of Atlantic salmon
production). Chile (the second largest producer of
Atlantic salmon) used more than 560 tonnes of
antimicrobials in 2015, which equates to more
than 600 mg per kg of salmon production. This
high antimicrobial use in Chile is associated with
control of outbreaks of piscirickettsiosis caused by
the bacterium Piscirickettsia salmonis.

The number of different antimicrobials authorized
for use in high- and middle-income countries is
typically very limited. For instance, in the U.K.
there are only three antimicrobial products with
Marketing Authorizations for use in farmed
salmonids: florfenicol, oxytetracycline, and
amoxicillin.

For other major producers, like many countries in
South East Asia, antimicrobial use estimates are
difficult to compile because there are no (or very
limited) efforts to collect antimicrobial use or other
relevant data, such as sales. Data is particularly
difficult to gather since production is often broken
up among many small-scale subsistence-level
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enterprises. The limited available data from
countries in Asia are often based on
extrapolations from isolated farmer surveys of
antimicrobial use, but total antimicrobial use is
likely to be considerable. For instance, based on
analysis of surface water samples for
antimicrobial residues, it was estimated that
approximately 5,800 tonnes of enrofloxacin, 1,800
tonnes of sulphadiazine, 12,300 tonnes of
sulphamethoxazole, and 6,400 tonnes of
trimethoprim are discharged into the Mekong
Delta every year.[’"1 Although this includes
discharge from terrestrial livestock production,
major sources were also from large shrimp and
fish culture systems based in this region. Survey
results also revealed that catfish farmers in this
region were using up to 17 different antimicrobial
agent treatments, with an estimated 93 mg of
antimicrobial agents used per kg harvested fish.
The antimicrobial agents that had the highest
contribution to this amount were
sulfamethoxazole, cephalexin, amoxicillin,
florfenicol, and enrofloxacin.[’”}

There is debate as to whether the overall use of
antimicrobial agents in aquaculture represents a
significant fraction of use in all food animals.
Regardless, there is concern that use, if not
practiced sustainably, could contaminate the
environment and drive resistance development in
key pathogens that affect fish and shellfish. This
could cause a decrease in productivity and
negatively affect the welfare of producers. The
aqguatic environment, where these animals are
reared, likely has a role in the development and
dissemination of AMR. It is possible that
aquaculture operations contribute to this process.

Antimicrobial-resistant microbes usually found in
humans can be discharged into the aquatic
environment from sources like wash-off from
agricultural holdings and from treated and
untreated human sewage. Aquaculture rearing
facilities might also act as reservoirs for these
organisms and the mobile resistance genetic
elements they carry. The discharged microbes



could potentially transfer into the aquatic microbial
communities of pathogenic and non-pathogenic
microbes associated with farmed aquatic animals.
There are some studies demonstrating that fish
and shellfish pathogens have acquired resistance
genes and associated mobile elements that are
similar to resistance from clinical bacterial
isolates. This demonstrates that there were likely
common origins (pathogens transferred from
humans to fish).[”® 7 Transfer in the other
direction (fish pathogens to humans) is also
theoretically possible and there are potential
exposure routes (e.g., handling and consumption).
Conjugation (a form of sexual reproduction for
unicellular organisms) of resistance plasmids was
successfully performed in the laboratory in raw
salmon between a resistant strain of the fish
pathogenic bacterium Aeromonas salmonicida
subspecies salmonicida and a susceptible E. coli
strain of human origin. However, there is no
evidence of a human disease-causing agent
acquiring resistance from aquaculture origins.
Cooking food before eating helps to minimize this
risk. More information is needed to understand the
risk of consuming raw seafood (e.g., oysters or
sushi). Additionally, bivalves are also worthy of
study because they are filter feeders, meaning
they tend to bioconcentrate (store) bacteria in the
water column, including resistant human
pathogens.

Antimicrobials can also be used in large quantities
to support rearing ornamental fish (pets) and other
aquatic species not meant for eating.% 81 |t has
been shown that the amount of resistance in
traded ornamental fish species can be very high.
Resistant pathogens and ARGs could transfer
from fish to people since owners keep the fish
species nearby and handle them. There have
been some limited reports linking human bacterial
infections with exposure to ornamental fish.

However, the actual risks to human and animal
health are not well described or understood. More
information is needed on antimicrobial use in
aquaculture generally, including the quantities and

types used, and the reasons antimicrobials are
applied instead of applying other control methods.
More information is also needed about the levels
and rates of resistance change in microbes
(pathogens and commensals) associated with
aguaculture production systems, especially in the
tropical and subtropical production areas, and the
risks posed to consumers and farmed fish. This
will require developing strategies to effectively
assess the problem at a national and international
level. The World Organization for Animal Health
(OIE) aquatic animal code provides
recommendations, available online at
http://www.oie.int/index.php?id=171&L =0&htmfile
=titre_1.6.htm.

Alternatives to Antimicrobial use in Aquafarming

Efforts have been made to encourage the use of
alternative control methods instead of using
antimicrobials. For example, Norway, Scotland,
and all the other major production areas (except
Chile) have successfully implemented
vaccination-based control strategies for the
rainbow trout sector and the Atlantic salmon
industry. Vaccinations are also widely used in sea
bream and seabass industries in Southern
Europe. Vaccines have been less successful in
other, often less profitable, finfish aquaculture
sectors presumably because development and
administration costs remain high. Also, although
vaccines can efficiently prevent bacterial disease
outbreaks in finfish, they are not as effective for
crustaceans or mollusks since these animals do
not have an adaptive immune system.

Another major method of reducing antimicrobial
use includes improving biosecurity and the quality
of the rearing environment. There are less
diseases when there is good water quality and
balanced stocking densities because the fish are
less stressed.®? Where practical, implementing
fallowing (gaps in production) between rearing
different fish cohorts can also reduce disease
burdens in farms. These systems can be
implemented at various levels, from the local farm
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level to the national level, through area
management plans and other structures.

Better disease diagnostics and early warning
systems for the emergence of disease can also
help reduce the need for antimicrobials. It is
recognized that diagnosis and treatment is often
initiated too late when high levels of antimicrobials
are already in use. Additionally, many diseases

cause a lack of appetite, further reducing the
effectiveness of feed-administered antimicrobial
treatments.

When alternatives are not available or effective,
targeted and appropriate regulation to control the
sales and administration of antimicrobials, backed
up by product certification schemes, can help
reduce the use of antimicrobials.["®!

B. How should the presence of AMR in the environment be measured? Do methods differ if
testing for attribution (e.g., tracking resistant pathogens to a source like hospital, septic
systems, or farms)? Can these methods be standardized and used to monitor the impact of

mitigation measure?

Methods for Detecting and Enumerating
Antimicrobial-resistant Pathogens and ARGs

Many methods are available to detect
antimicrobial-resistant pathogens and ARGs in
environmental samples (e.g., soil, water, or
manure) (Table 1). There is no single best method
to detect AMR or ARGs, and the methods vary in
sensitivity, cost, and technical requirements. The
method that is best for a particular place, time,
and question should be used. The following
includes the advantages and limitations of each
method.

Culture-based Methods

Microbial culture, where microorganisms are
grown and counted in the laboratory, has
historically been the gold-standard approach to
detect antimicrobial-resistant pathogens. Culture-
based methods are inexpensive, quantitative, and
easily transferred from clinical settings. Culture-
based detection of AMR in environmental samples
uses a variety of selective or screening media to
isolate the bacteria of interest. Commercially
available media exist that target a wide variety of
bacteria. Equipment requirements are minimal,
making this approach well suited to low resource
settings. In contrast to molecular methods,
culture-based detection ensures that the bacteria
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detected are viable and meet regulatory cutoffs for
resistance. Antimicrobial-resistant bacteria can be
isolated directly from samples by including
antimicrobials in the selective media, and if
parallel tests are conducted without antimicrobials
then this will allow estimation of the proportion of
a bacterial community that is resistant.

Culture-based approaches also have substantial
limitations for environmental microbiology. Most
bacteria from the natural environment cannot be
cultured in the lab, a limitation that is particularly
profound in environmental samples. In addition,
many bacteria can enter a state where the
microbe is alive but does not multiply under
environmental stress. For bacteria that can be
cultured, the process can be time-consuming,
requiring long incubations, multiple steps, and
confirmatory analyses. Methods used to store the
samples and the duration of storage can both
strongly influence recovery and quantification of
the target organisms. Perhaps the greatest
limitation of culture-based methods is that they
are not high throughput. Given the bacterial
diversity of environmental samples, decisions
must be made about what types of bacteria need
to be recovered from culture and what types of
resistance need to be detected. These decisions
help to refine laboratory test schemes.



Broth microdilution, in which an isolate is exposed
to increasing antimicrobial concentrations to
identify the level of that antimicrobial that inhibits
growth, is the preferred method to determine
whether an isolate is susceptible or resistant to a
level of a drug, defined by the minimum inhibitory
concentration (MIC) towards that drug.
Standardized protocols, as well as cutoffs for
assessing resistance or susceptibility, are
available. MIC determination also allows
monitoring of stepwise increases in resistance
(“MIC creep”) that may be missed with methods
that return only susceptible or resistant
determinations. However, MIC cutoffs to
determine susceptibility are based on clinical
treatment outcomes and may not be appropriate
for environmental monitoring. They also perform
at clinically relevant standard temperatures, which
may not reflect environmental conditions.
Suggestions include using epidemiological cutoffs
based on population MIC distributions or
ecological cutoffs based on arithmetic MIC
distributions. Disk diffusion is a simpler method of
measuring antimicrobial susceptibility that can be
used to determine resistance and estimate MICs.
Interpretation of disk diffusion results into
susceptible and resistant categories suffers from
the same limitations as MIC testing.

Molecular Methods

Molecular methods are used to genetically
characterize microbial isolates (pathogens and
commensals). They are used to detect and track
ARGs, and enumerate microbes (determine the
number of individual viable microbes in a sample)
from environmental samples. Targets include the
ARGs, determinants for genus and species
identification, as well as genes like integrases,
insertion sequences, or plasmid-associated genes
that are often associated with horizontal gene
transfer. If well designed, molecular methods are
robust, economical, and easy to use,® but
several factors have limited the widespread use of
molecular methods for measuring resistance in

environmental samples to date, including
expense, complexity of assay development, and
accessibility of required instruments. However,
these technologies are decreasing in price and
becoming more widespread in microbiological
laboratories.

The polymerase chain reaction (PCR) is a
technique used to make copies of a target piece
of DNA, and is the foundation for many molecular
methods. Standard PCR methods are able to
provide presence/absence information for a target
gene, but do not provide information on what
proportion of a sample is resistant.

Quantitative PCR (gPCR) assays allow for
enumeration of the target gene, but the limit of
detection can pose a challenge particularly when
analyzing environmental samples that may
contain PCR inhibitors (i.e., complex organic acids
and metals often found environmental samples,
but rarely found in clinical samples) and low
guantities of the target gene. Furthermore, gPCR
methods are more expensive than standard PCR,
and may rely on comparison with a standard to
enumerate. This makes it difficult to compare
guantitative data between laboratories. However,
having greater quantitative data with rapid
turnaround times to evaluate the impact of
interventions on AMR makes gPCR a common
choice for studies evaluating AMR in field
studies.[64 84

Commercial companies use the gPCR platform for
products designed to quantify multiple ARG
targets simultaneously in 96- or 384-well
formats.[® 81 Assays for multiple targets can be
less sensitive than assays for a single target
because reactions are not optimized for each
individual target. Alternatively, Droplet Digital™
PCR uses new technology to aerosolize a sample
into thousands of individual droplets, which are
individually assayed for ARGs using standard
gPCR methods." It eliminates the limit of
guantification issue, and is more accurate than
gPCR. Droplet Digital™ PCR does not have the
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same barriers as PCR and gPCR, but the
technology is new to environmental microbiology
and method development is still in its infancy. 8!

A second set of molecular methods relies on DNA
sequencing, which provides detailed genetic
information. In amplicon sequencing (a targeted
sequencing approach), a single gene (often the
16S rRNA gene) is amplified using PCR, and the
resulting amplicons are sequenced. This captures
the many varieties of the gene in the sample. DNA
sequencing can also target functional genes, like
ARGs. A second sequencing approach that
incorporates an initial PCR step is epicPCR,
which allows for sequencing whole communities in
a way that links the 16S and ARGs for each cell,
allowing attribution of the resistance to a specific
bacterium. The method was designed to address
guestions in microbial ecology, and has been
demonstrated to work in environmental
samples.®

Molecular approaches to AMR determination in
bacterial isolates include whole genome
sequencing (WGS) and matrix-assisted laser
desorption ionization-time of flight mass
spectrometry (MALDI-ToF MS). WGS can be
used to detect known ARGs in isolates and the
predicted resistance has been shown to correlate
well with phenotypic resistance in clinical
isolates.®*% WGS is now commonly used for
public health AMR surveillance efforts, but its
accuracy has not been evaluated for
environmental bacteria. Currently, WGS is only
able to determine whether resistance genes are
present, not the level of resistance. Methods to
estimate MICs from WGS data are being
developed.®¥ Moreover, WGS can only detect
known resistance genes or those with similarity to
known resistance genes. WGS provide inferences
on genetic mobility of ARGs or ARGs that are
genetically interlinked, which can be critical for
estimating the human health risk of exposure and
the risk of horizontal transmission.
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MALDI-ToF MS is a quick and reliable approach
for bacterial identification, even for hard to culture
organisms.®® Test modifications have been
developed to improve sensitivity and accuracy of
MALDI-ToF MS to, for example, detect
antimicrobial-resistant phenotypes by detection of
antimicrobial-resistant proteins, modification or
breakdown of the target antimicrobial, or inhibition
of bacterial growth in the presence of
antimicrobials.[®5-100]

Molecular methods are faster than culture-based
methods, and can detect the presence of ARGs,
even in bacteria that are difficult to culture in the
lab.[%Y Although presence of the target gene
generally classifies a sample as having
resistance, it is important to note that detection of
the gene is not equivalent to resistance as defined
by clinical standards because genes are not
always expressed.[*%2 1931 Specifically, the fact that
an ARG is detected in a sample, or even in a
bacterium, does not mean it translates to
expressed resistance or organism viability.
Therefore, resistance genes are indicators of the
genetic potential for resistance, not explicitly
resistant bacteria.

Metagenomics

In classical metagenomics, total DNA extracted
from an environmental sample is sequenced
extensively. Resistance genes in that
environmental sample can then be identified
based on sequence similarity to known ARGs.
This approach has been used to detect genes in a
range of human and animal waste samples,
including sewage and wastewater,!2%4-191 hospital
waste, 2l animal and human feces,!1%8 1% and in
the guts of farm animals and people.[*0-112]

The main benefit of metagenomic methods is the
ability to detect many different resistance and
non-resistance genes present in a sample in a
single metagenomic-sequencing run (PCR-based
methods require a separate test for every specific
gene of interest). There are several limitations for



metagenomics. These methods are expensive,
and quantification is limited to proportions rather
than absolute numbers of resistant organisms.
Sensitivity can be limited and may vary
significantly, because reads for specific genes are
only a small proportion of the total number of
reads.'' 113 Targeted metagenomic approaches
may help to address this issue.*'¥l Despite the
benefits offered by metagenomic strategies,
another limitation is that they can only detect
known resistance genes (or proteins). This
method, like the targeted molecular approaches
described above, cannot detect novel ARGs that
do not resemble previously identified genes, and
might misclassify genes that have acquired
activity against new drugs (e.g., the acquisition of
quinolone activity by aminoglycoside acetyl
transferases).!'% At present, only culture-based
methods and the functional genomic methods
noted below can reliably detect resistance
conferred by novel ARGs.

Lastly, labs will need to address consistency and
standardization if metagenomics are to be used
widely for assessments. Variation in any step of
the process can lead to different estimates of
ARG abundance.5 1171 Moreover, assigning a
given resistance to a specific host organism is
difficult, particularly for plasmid-borne genes
(although cross-linking methods provide a
possible solution). This may be problematic for
epidemiological investigations. Additionally, the
level of taxonomic identification (i.e., family,
genus, species, or strain) for bacteria in the
sample is limited by the sequence databases
used for analysis.

Functional Genomics

Functional genomic approaches can identify novel
ARGs, unlike metagenomic strategies.*8 119
Here, fragments of genomic DNA from an
environmental sample are cloned and expressed
in a convenient host, typically E. coli. Transformed
hosts can then be screened for resistance to an
antimicrobial of interest and the resistance gene

identified by conventional sequencing. Functional
genomic approaches have been used to identify

novel genes in a wide variety of environments. 12>
124]

While functional genomics is a powerful tool for
identifying new ARGs, it is not likely to be useful in
general surveillance. The time and effort required
to process a single sample is substantial, and the
use of a single host species (e.g., E. coli) limits
the number and type of ARGs that can be
detected in a given experiment.

Differences between Methods when Testing
for Attribution

It is sometimes necessary to track a resistant
pathogen, or a resistance gene, to a specific
source, such as a hospital or a farm. Such
epidemiological investigations require methods
with a high degree of resolution, meaning the
ability to distinguish between closely related
genes or pathogens.

WGS of bacterial isolates is the gold-standard
approach for attribution. The entire genome of
each organism is sequenced, so WGS represents
the upper limit for detecting variation. Even in
pathogens with little overall diversity, isolates can
be grouped based on a few shared sequence
variants, making this a powerful epidemiological
approach. WGS is used regularly in
epidemiological investigations of foodborne
pathogens in North America and Europe. WGS of
foodborne pathogens is now routine for the U.S.
FDA, U.S. CDC, the Canadian Food Inspection
Agency, and the European Centers for Disease
Control (ECDC). Similar methods could be readily
applied to environmental samples, with the caveat
that bacterial isolates are required for standard
approaches.

In some situations, technical or financial
considerations might prevent WGS from being
used. In this case, other techniques may assist in
attribution. Multi-locus sequence typing (MLST),
for example, involves PCR amplification and
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sequencing of multiple genes from an isolate, and
has a long history in molecular epidemiology.™*?*
Similarly, pulse-field gel electrophoresis (PFGE),
where isolates are grouped based on patterns of
DNA cleavage, can help to establish relationships
between strains. MLST, PFGE, and other
methods have lower resolutions than WGS, so
may not allow for positive attribution. This is
particularly a problem in bacterial species or
serotypes that harbor low levels of sequence
diversity.

Metagenomic data might also be useful for
attribution, particularly when a resistant organism
is difficult to culture, or when a resistance gene
rather than a particular pathogen is the focus of
an investigation. While using metagenomic data
for attribution has limitations, recent studies
suggest metagenomic data do have promise in
epidemiology. Proper attribution and tracking of
specific ARGs might require targeted sequencing
of plasmids, which are often lost during
metagenomic assembly.

Standardizing Methods to Monitor the Impact
of Mitigation

For culture-based methods, there are already
well-formulated standard procedures for
measuring antimicrobial susceptibility. Culture-
based methods are widely used to monitor the
impact of mitigation measures in clinical and
agricultural settings, such as the effects of
antimicrobial restriction protocols in animals and
humans. Molecular typing of cultured isolates,
such as MLST or WGS, is increasingly used to
provide additional epidemiological data, and

standardized methods are available for clinical
use. The same approaches could be used to
monitor the impact of mitigation methods in
environmental samples. Culture-based methods
are most appropriate when one or a few specific
bacterial species are to be monitored. Generic E.
coli are often used as an indicator organism for
levels of resistance in the overall community.

In other cases, there may be an interest in
monitoring the overall pool of ARGs organisms,
requiring the use of molecular or metagenomic
methods. Currently, there are no widely used
standard procedures for monitoring when using
molecular or metagenomic methods. PCR-based
methods are readily standardized and very
common in clinical diagnostics. However, there
are no widely accepted PCR-based techniques to
detect ARGs in environmental samples. This is
likely because it is difficult to develop a method
that will work in all (or many) matrices and the
lack of consensus around which specific genes
should be targeted. As mentioned, metagenomic
studies are highly sensitive to variations in
protocols, so differences in DNA extraction
technique, sequencing platform, and
bioinformatics pipeline can have substantial
effects on the outcomes of metagenomic
analyses. Developing a standardized protocol for
metagenomic analysis is challenging at this time
due to limited validation of metagenomic methods
and the rapidly changing technology. Further work
on developing standardized gPCR and
metagenomic pipelines, as well as reference
materials, will help in culture-independent
monitoring.

C. Once environmental waters are contaminated, what evidence exists that this results in
the spread of AMR resulting in an increased threat to human health? Does the amount or
type of resistant bacteria predict increased risk to human health? How does the interaction

between bacteria and antimicrobials affect AMR?

Different studies have detected antimicrobial-
resistant bacteria in environmental waters at sites
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where people could be exposed.*?! For example,
probable exposure to ESBL-producing



Enterobacteriaceae was shown for swimmers.
Common ways AMR can spread from
environmental waters to humans include, for
example:

e Recreational water

e Water used for drinking and washing
(potable water)

e Consumable fish and bivalves

e Produce contaminated with treated or non-
treated surface water

e Urban waters

e \Wastewater

Recreational Exposure

In 2003, an estimated 120 million cases of
gastrointestinal disease and 50 million cases of
respiratory disease were attributed to swimming in
or consuming shellfish harvested from coastal
environments contaminated with wastewater. The
Organization for Economic Co-operation and
Development, an intergovernmental economic
organization with 35 member countries,
conducted a systematic review on health
outcomes associated with exposure to
recreational coastal bathing water. The review
concluded that, for bathers compared with non-
bathers, there is an increased risk of experiencing
the following symptoms: 27

¢ Any iliness (odds ratio =1.86; 95%
confidence interval: 1.31-2.64; P = 0.001)

e Ear ailments (odds ratio = 2.05; 95%
confidence interval: 1.49-2.82; P < 0.001)

e Gastrointestinal ailments (odds ratio =
1.29; 95% confidence interval: 1.12-1.49;
P <0.001)

As the burden of antimicrobial-resistant microbes
and ARGs increase in wastewater that can
contaminate recreational waters, there is likely to
be an increase in the proportion of antimicrobial-
resistant infections. Recreational waters (and
associated beach sands) are increasingly
recognized as a reservoir of AMR and ARGs, and
are probably important to the development of

AMR in pathogenic microbes. The following
studies evaluated AMR in recreational waters, and
highlighted several ARGs and organism types
found in fresh and marine waters. However, it is
difficult to compare the studies because variations
in the geography, ARGs selected for evaluation,
sources of waste, and methods to determine
resistance between studies.

Prospective cohort epidemiological studies on
three California beaches correlated the detection
of a variety of indicators (antimicrobial-resistant
bacteria and pathogens) with incidence of
gastrointestinal illness.™?® MRSA was highly
associated with gastrointestinal illness. The
presence of MRSA was attributed to human
sewage and faulty infrastructure. This work
highlights that recreational visitors could be
exposed to high levels of drug-resistant
pathogens if infrastructure is inadequate. A
separate study evaluated the prevalence of S.
aureus and MRSA in ten freshwater beaches in
Northeast Ohio.*?®! The overall prevalence of S.
aureus in sand and water samples was 22.8%
(64/280). The prevalence of MRSA was 8.2%
(23/280). The highest prevalence was observed in
summer (45.8%; 55/120) compared to fall (4.2%;
5/120) and spring (10.0%; 4/40). The results of
this study indicate S. aureus, including MRSA was
present in beach sand and freshwater in
Northeast Ohio. The high prevalence of S. aureus
in summer months and the presence of human-
associated strains might indicate the possible role
of human activity in increasing the prevalence of
S. aureus in beach water and sand.

A case-control study evaluated the risk factors for
community-acquired ESBL-positive urinary tract
infections. One of several independent risk factors
that the study identified was recreational
freshwater swimming within the past year (odd
ratio = 2.1; 95% confidence interval: 1.0-4.0).:%%
The study suggests swimming might be a risk
factor for intestinal colonization with ESBL-
positive E. coli and a newly acquired ESBL-
producing strain from the water might be the
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cause for subsequent urinary tract infections. The
authors noted that this particular environmental
link needed to be substantiated with more
evidence. Another study found ESBL-producing E.
coli in surface waters used for recreation. The site
was downstream of poultry farms and municipal
wastewater discharge points. The concentration of
bacteria suggested that swimmers have a 95%
risk of being exposed to ESBL-producing E. coli
when using these recreational waters.[*3%

More research is needed to evaluate public health
effects upon exposure, such as colonization,
infection, or horizontal gene transfer. Attempts
were made to derive population-level exposure
estimates to third generation cephalosporins
(3GCs) resistant E. coli (3GCREC) during marine
recreational water use in England and Wales.
Authors estimated the prevalence of the
3GCRECs in coastal recreational waters,
combined the data with the E. coli density from
coastal beaches, and applied the information to
ingestion volume estimates for various
recreational activities. Together, the data resulted
in the mean number of 3SGCREC ingested during
different water sports. Despite a low prevalence of
3GCREC (0.12%), the authors noted that there is
a human exposure risk for water users, which can
vary by water sport activity.!

Leonard et al.®¥ sequenced pooled E. coli isolates
recovered from routine bathing water samples
taken by the UK Environment Agency in 2016 to
assess the relative abundance of ARGs. It was
estimated that every bather ingested at least one
resistant E. coli in 2016, and there were an
estimated 2.5 million exposures involving
ingestion of at least 100 ARG-positive E. coli.

It is important to understand the risk of exposure
leading to colonization from contaminated
recreational waters. A cross-sectional
epidemiological study compared regular surfers
with non-surfers to evaluate the association
between water exposure and gut colonization by
3GCEC. Results indicated that 6.3% of surfers
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were colonized by blacrtx-m bearing E. coli
compared to 1.5% of non-surfers (risk ratio =
4.09; confidence interval: 1.02-16.4). Bacterial
density will increase the risk of exposure, as well
as the probability of ingesting a sufficient amount
that can either cause an infection or result in
colonization. The type of exposure also affects the
number of antimicrobial-resistant bacteria
ingested, with water sports that include
submerging the head resulting in much greater
exposure than non-head immersion activities. For
example, surfers ingest more than 150 ml of water
per session, while swimmers only ingest about 30
ml.B3

Numerous studies demonstrate that colonization
with antimicrobial-resistant bacteria places
humans at increased risk of infection (e.g., in
healthcare settings, infections are greater when
patients are first colonized), but most healthy
people will resolve colonization without significant
health impact. When colonization first proceeds
infection, the time span between colonization and
infection may be quite narrow. An intact, mature
microbiome in the gastrointestinal tract can help to
prevent colonization, but the microbiome can be
disrupted by antimicrobials and other
environmental exposures. This leaves individuals
more susceptible to colonization by antimicrobial
resistant bacteria. Particularly susceptible
populations include recently hospitalized patients,
debilitated patients with chronic illness, and young
children or infants with immature microbiomes.

Even with an intact microbiome, ongoing high-
level exposure to environmental antimicrobial-
resistant bacteria may result in temporary or
persistent colonization. This is likely the case with
the healthy surfers and individuals in the
community with ongoing exposure. There has
been evidence that removing the ongoing
exposures will result in slow clearance, which can
be seen in healthy travelers who return colonized
from settings where there were, presumably,
intense environmental exposure (e.g., water,
food).**! This colonization typically “clears” over



several months, but could result in an infection or
transmission when coupled with a microbiome-
disruptive event, such as antibiotic use.

Potable Water

Coleman et al.l**? demonstrated that having
antimicrobial-resistant E. coli in the home potable
water supply was independently associated with
colonization. Under conditions with poor water,
sanitation, and hygiene, antimicrobial resistance
can be present in water intended for human
consumption or food production.*3® In regions
with more hygiene resources, antimicrobial-
resistant microbes, ARGs, and antimicrobials
have been detected in source waters for drinking
water, but contemporary water treatment
processes are very effective at removing such
contaminants. The WHO Water Safety Plans
outlines risk assessment and risk management
frameworks for safe drinking water production,
including a recommendation to evaluate the
effectiveness of management systems. 134

Preventing High-risk Exposure

Despite what may be high levels of antimicrobial-
resistant bacteria in environmental surface and
sub-surface water, measures can be implemented
to reduce the spread of AMR from environmental
sources.*3¥ For example, recreational water might
be treated to remove antimicrobial-resistant
bacteria, or it might be segregated from other
contaminated environmental surface waters. For
potable water, finishing treatment plants and well-
maintained water supply pipe systems would
enhance the probability of AMR-free water at the
tap; sewage might be kept from fisheries and
bivalve seabeds; or relatively uncontaminated

water for produce irrigation. Commonly, risk
assessment and risk management frameworks
are used to protect consumers, such as bathing
water profiles, water safety plans, and the Hazard
Analysis Critical Control Point (a management
system to address food safety). These
frameworks should be evaluated to determine if
they can prevent amplification and transmission of
antimicrobial resistance.

Proximity to Farms

Several studies have found evidence suggesting
that a farm-to-environment-to-human route of
transmission may occur.35-1%! For example, one
study identified a higher risk for MRSA
colonization in people living in close proximity to
farms along the Dutch border.**8 Strain types
found in people living near farms were like the
strain types found in animals from th