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Abstract: Ambient recreational waters can act as both recipients and natural reservoirs for
antimicrobial resistant (AMR) bacteria and antimicrobial resistant genes (ARGs), where they may
persist and replicate. Contact with AMR bacteria and ARGs potentially puts recreators at risk,
which can thus decrease their ability to fight infections. A variety of point and nonpoint sources,
including contaminated wastewater effluents, runoff from animal feeding operations, and sewer
overflow events, can contribute to environmental loading of AMR bacteria and ARGs. The overall
goal of this article is to provide the state of the science related to recreational exposure and AMR,
which has been an area of increasing interest. Specific objectives of the review include (1) a description
of potential sources of antibiotics, AMR bacteria, and ARGs in recreational waters, as documented
in the available literature; (2) a discussion of what is known about human recreational exposures
to AMR bacteria and ARGs, using findings from health studies and exposure assessments; and (3)
identification of knowledge gaps and future research needs. To better understand the dynamics related
to AMR and associated recreational water risks, future research should focus on source contribution,
fate and transport—across treatment and in the environment; human health risk assessment; and
standardized methods.

Keywords: antibiotic resistance; antimicrobial resistant bacteria; antimicrobial resistant genes;
recreational exposures; aquatic microbial community; aquatic microbiome; wastewater; human health
risk; ambient water; surface water

1. Introduction

The increasing rise of antimicrobial resistance (AMR) is one of the greatest threats to human health
in the 21st century [1–3]. Today, antibiotics remain important for treating both minor and life-threatening
bacterial infections. They are also essential for the prevention of infection following surgical procedures
and in the administration of treatments that depress the immune system, including the administration
of chemotherapeutic agents to cancer patients [4,5]. Patients with infections caused by resistant bacteria
are at increased risk of adverse clinical outcomes and consume more health-care resources than patients
infected with non-resistant or sensitive strains of the same bacteria [6]. For example, it is estimated
that death is 64% more likely in people infected with methicillin-resistant Staphylococcus aureus (MRSA)
compared to people infected with a sensitive form of the bacteria [6]. As pathogens develop resistance
to multiple antibiotics, there is a risk that treatment failures using last resort antibiotics will occur more
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frequently. Antibiotics and antimicrobials also play crucial roles in crop production, animal husbandry,
and aquaculture. Overuse, and subsequent increased resistance, within our food supply has the
potential to greatly impact our global food supply and contribute to the spread of AMR globally [7,8].
Because of the importance of antibiotics for the protection of public health and food production, there
is increasing interest in understanding the environmental sources, reservoirs, and exposure pathways
of antibiotic resistance. This represents an emerging field known as environmental antimicrobial
resistance (“environmental AMR”).

An increasing body of research identifies the environment as not only a recipient of drug-resistant
bacteria, but as a reservoir and source of resistance genes [9–13]. AMR bacteria and associated genes
(also commonly referred to as “antibiotic resistant” or “drug resistant”) have therefore become an
emerging concern regarding the protection of human health during recreational activities in ambient
surface waters [14–17], yet it remains unclear if exposure to microorganisms with ARGs presents a risk
to recreators.

Resistance to traditional fecal indicator bacteria (FIB), such as Escherichia coli (E. coli) and enterococci,
and to bacterial pathogens are of interest in ambient recreational waters. Bacterial pathogens, include
but are not limited to, those in the Enterobacteriaceae family (e.g., pathogenic E. coli, Klebsiella spp.,
Salmonella spp., Shigella spp., and Yersinia pestis) and Staphylococcus aureus (specifically MRSA),
which have all been detected in ambient waters [15,18–20]. Overall, the presence of AMR bacteria
and ARGs in surface water is well established [15–18,21–31]. However, direct comparisons between
these studies are difficult as the geography, AMR bacteria and ARGs selected for evaluation, sources
of fecal impacts, and methods of determining resistance are highly variable between studies [27,32].
The presence of AMR bacteria and ARGs in recreational waters suggests the potential for exposure to
resistant microorganisms during swimming and similar recreational water activities [25,28,31,33].

Both point and nonpoint sources of fecal contamination, and even naturally occurring bacteria,
are potential origins of AMR bacteria and ARGs in recreational waters [9,34–36]. Many countries have
developed water quality recommendations for FIB to protect surface waters that are designated for
primary contact recreation activities from pathogens associated with human fecal contamination [37–39].
In the United States (U.S.), these water quality recommendations are also used to derive point source
discharge permits, called National Pollution Discharge Elimination System (NPDES) permits, used to
limit discharge of human pathogens into waterbodies from point sources. However, surface water
recommendations and associated permits do not specifically address the presence of AMR bacteria and
ARGs. Although processes commonly used at wastewater treatment plants (WWTPs) are designed to
reduce, remove, or inactivate pathogenic bacteria and associated FIB, AMR bacteria and ARGs have
been detected in effluent shortly before its discharge to nearby surface waters [33,40,41]. Bacteriophages
carrying ARGs have also been detected in WWTP effluent, indicating the genes’ ability to survive
removal processes and possible presence in discharged effluent [42,43].

The goal of this review article is to provide the state of the science related to recreational water
exposure and AMR bacteria and ARGs. Objectives of this review are to (1) describe potential sources of
antibiotics, AMR bacteria, and ARGs in recreational waters as documented in the available literature;
(2) discuss what is known about human recreational exposures to AMR bacteria and ARGs using
findings from epidemiological studies and exposure assessments; and (3) identify knowledge gaps and
future research needs.

2. Mechanisms of Gene Persistence and Transfer in Surface Waters

Antibiotic resistance and resistance genes are intrinsic microbial attributes that existed long before
the first antibiotic was utilized by humans in the early 1900s [13,44–46]. AMR bacteria and ARGs can be
found in pristine environments, considered unimpacted by anthropogenic activities [47–52]. A broad
range of antibiotics are naturally produced by soil and waterborne microorganisms including bacteria,
fungi, and actinomycetes [13,53]. Historically, microorganisms likely used natural antibiotics as a
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method of self-defense against competing microorganisms or for signaling with nearby microorganisms
influenced by environmental pressures and maintained through genetic mechanisms [9,54].

Bacteria have proven adept at developing resistance to antibiotics produced by humans [53,55].
Humans have produced and either directly or indirectly released millions of metric tons of antibiotics
into the environment in the last 50 years via applications ranging from human and veterinary
medicine, personal care products, and commercial food animal production [33,53,56,57]. Use of
antibiotics produces a selective pressure on bacteria, favoring resistant bacteria that then multiply
or share resistance genes through horizontal gene transfer (HGT) [55,57]. HGT occurs in one of
three ways: (1) uptake of genetic material from the environment (i.e., transformation); (2) direct
transfer of genetic material from one cell to another (i.e., conjugation); or (3) movement of genetic
material from one cell to another via a bacteriophage vector (i.e., transduction) or other cell-free
DNA mechanisms [55,58]. A diversity of mobile genetic element types facilitates HGT, including
plasmids, integrons, and prophages [32,33], all of which allow for sharing of resistance among bacteria.
Hotspots for HGT and AMR selection are created by a combination of conditions favorable for
bacterial growth and genetic transfer, including high cell densities, availability of nutrients, and high
concentrations of pollutants [59,60]. Additionally, multispecies microbial communities, referred to
as biofilms, are thought to be important ARG reservoirs that proliferate AMR bacteria and ARGs in
aquatic environments [61].

While resistance genes provide adaptive advantages to bacteria when antibiotic exposure does
occur, ARGs can also be carried and shared without the selective pressure of antibiotic exposure.
For example, ARGs can be transferred within a bacterial population when maintenance of the gene
does not affect a cell’s ability to thrive in its environment [62]. Additionally, AMR and heavy metal
resistance genes often co-occur on the same mobile genetic elements (e.g., plasmids). Thus, exposure
to heavy metals can exert a selective pressure, resulting in a co-selection and propagation of mobile
genetic elements carrying ARGs, even in the absence of antibiotics [33,63–71]. In addition, resistance
can be acquired through spontaneous mutations [30].

Resistant genes can move between pathogenic and nonpathogenic microorganisms [33,72],
and either could be considered useful for monitoring AMR in ambient waters. For example,
Aeromonas spp., which can be pathogenic and indigenous, may play a role in disseminating ARGs
because they (1) naturally produce three β-lactamases; (2) contain mobile genetic elements that can
be transferred to other human pathogens [73]; and (3) have been detected in surface waters [74–77].
Berendonk et al. [75] propose the use of Aeromonas spp. as a surface water indicator of ARGs
when fecal contamination is not expected in environmental samples. Berendonk et al. [75] also
propose E. coli and enterococci as surface water indicators of ARGs because they are currently used to
monitor microbiological water quality in recreational waters and are well characterized in terms of
acquired antibiotic resistance [40,78–80]. Ingestion of water containing antibiotic-resistant E. coli during
recreational activities can be associated with gut colonization by these bacteria [16,17,81]. For example,
extended-spectrum β-lactamase (ESBL)-producing E. coli have been isolated from recreational water in
the United Kingdom, and gut colonization with ESBL-E. coli was confirmed among surfers recreating
in those waters.

3. Anthropogenic Sources of Antibiotic Resistance in Recreational Waters

Point and nonpoint sources contribute to the presence and proliferation of AMR bacteria and
ARGs in surface waters [9,34–36]. Figure 1 shows the known sources of resistance contaminants
and how they could potentially contribute to recreational water exposures to AMR bacteria and
ARGs [34,36,73,82]. Feasible pathways of movement for AMR bacteria and ARGs vary for the different
potential sources, depending on factors including, but not limited to, local regulations and industrial
practices. For example, slaughterhouses and animal processing facilities are subject to different
treatment regulations, depending on the country. Thus, the pathway(s) for this potential source varies
by geographical location. Availability of data for different countries and local situations also varies.
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Within Figure 1, onsite treatment technologies and approaches vary and might include lagoons and
runoff ponds at industrial animal feeding operations; septic systems for small slaughterhouse, homes,
or businesses; or more advanced biological treatment with disinfection at larger facilities, and tertiary
treatment with ultraviolet radiation or chlorine disinfection at hospitals and medical care facilities.Int. J. Environ. Res. Public Health 2020, 17, x FOR PEER REVIEW 4 of 29 
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Figure 1. Potential sources of antimicrobial resistant (AMR) bacteria and antimicrobial resistant genes
(ARGs) contributing to recreational surface water exposures.

3.1. Untreated Wastewater

Much of the research in the emerging field of environmental AMR has focused on wastewater as a
source of AMR bacteria and ARGs to water. Untreated wastewater influent (or raw sewage) contains
concentrated levels of pathogenic and nonpathogenic microbes [83,84] and antibiotics [85]. Wastewater
and raw sewage can enter surface waters via combined sewer and sanitary sewer overflows [86,87].
EPA estimates that there are between 23,000 and 75,000 sanitary sewer overflows per year (not including
sewage backups into buildings) in the U.S. [88]. During wet weather, WWTPs with combined sewers
receiving stormwater may experience flow rates that are higher than their design capacity, and thus
blended water can be released without full treatment [89]. Honda et al. [90] estimated the annual
concentrations of AMR E. coli discharged from combined sewer overflows using the abundance of
AMR, E. coli concentrations, and the flow rate of combined sewage and secondary treatment effluents.
Annual concentrations of AMR E. coli discharged from combined sewer overflows were approximately
5000 times higher than from WWTP effluent [90]. Additionally, aging infrastructure can result in the
leakage of raw sewage from pipes into the ground, potentially contaminating groundwater supplies,
wells, and source waters [91–93]. Bacteria contained in sewage leachate may further lead to the spread
of environmental AMR [94].

There have been many studies evaluating AMR in raw sewage (or influent) of residential areas,
hospitals, and municipal WWTPs [40,95–97]. A global monitoring study of urban sewage evaluated
systematic differences in the abundance and diversity of ARGs [98]. Significant regional differences
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were observed, and these differences correlated with socioeconomic factors more than antibiotic use [98].
Two clusters of ARG abundance were identified: one cluster consisted of high-income countries in
Europe, North America, and Oceania and the second cluster consisted of low- and middle-income
countries in Africa, Asia, and South America [98]. In high-income countries in Europe, North America,
and Oceania, a high abundance of a limited number of ARGs encoding macrolide resistance genes
was detected [98]. In some low- and middle-income countries in Africa, Asia, and South America,
a high abundance of diverse ARGs from different drug classes was detected [98]. The most divergent
distribution of ARGs was found in India, Vietnam, and Brazil, suggesting these countries could be
hotspots for the emergence of new mechanisms of AMR [98].

The occurrence of resistance genes in raw wastewater can vary both geographically and
temporally. Pärnänen et al. [99] studied the urban sewage influent resistome (229 resistance genes
and 25 mobile genetic elements in 168 wastewater samples) for seven countries (Portugal, Spain,
Ireland, Cyprus, Germany, Finland, and Norway). In this study, most of the ARGs detected in the
influents corresponded to genes resistant to first-generation antibiotics, with widespread environmental
distribution. All influent samples contained genes conferring resistance to aminoglycosides, β-lactams,
macrolide–lincosamide–streptogramin B, sulfonamides, tetracyclines, and multidrug resistance.
The genetic signatures for elements involved in gene transfer and recombination were also present in
all influent samples. The relative abundance of resistant gene families and gene transfer determinants
was higher in the countries with higher antibiotic consumption. Joseph et al. [60] collected sewage
samples over 6 months across five New York City boroughs and detected seven ARGs in all samples.
Levels of five of the seven ARGs fluctuated over the time period, indicating a potential seasonal pattern
that could be the basis for future research [60]. The source of ARGs could not be determined as multiple
sources contributed to the sewage samples, but ARG occurrence likely varies temporally with infection
rates, prescription use, and other factors.

Medical Waste

Originating in hospitals and other healthcare facilities, pathogenic bacteria with resistance
against all or almost all existing antibiotic treatments are of increasing concern [100]. Antibiotics,
pharmaceutical residues, and AMR bacteria and genes have been detected in hospital wastewaters:
(1) treated by municipal WWTPs (i.e., hospital is an indirect discharger) [101,102]; (2) treated by onsite
treatment systems [97,103]; and (3) with no treatment at all prior to discharge (i.e., direct discharger) to
surface water [24,97,102]. Antibiotics and antibiotic residues can enter municipal wastewater influent
through pharmaceutical disposal, urine and feces from patients treated with pharmaceuticals and from
antimicrobials used for cleaning surfaces or washing hands or clothes [104–107]. Raw sewage may be
blended with pre-treated and/or raw medical waste, creating a hotspot for the transfer of ARGs [40].

Divyashree et al. [97] analyzed samples of untreated wastewater collected from a hospital in India.
A high level of resistance towards nalidixic acid (70 of 106 samples), cefotaxime (77 of 106 samples)
and ampicillin (70 of 106 samples) was found among Gram-negative bacteria isolated from untreated
effluent samples [97]. Lamba et al. [103] compared the levels of FIB, AMR bacteria, and ARGs in
hospital and municipal wastewaters. The authors found an association between the levels of FIB in
wastewater leaving hospitals and the concentration of carbapenem-resistant Enterobacteriaceae (CRE)
and ESBL-resistance genes. For this study, the level of onsite treatment prior to discharge was not
reported. The study also found a positive association between levels of ESBL-resistant bacteria in
hospital wastewater and the relative abundance of ESBL-resistance genes, validating the assumption
that more genes can lead to more phenotypically resistant bacteria [103]. The same associations and
high levels of FIB, AMR bacteria, and ARGs were not observed in municipal wastewater absent of
hospital waste [103]. Similarly, in a study of Swedish sewage samples, Hutinel et al. [107] reported
a higher variability in resistance rates in hospital sewage than in municipal sewage, indicating that
antibiotics in hospital sewage might reach concentrations capable of selecting for resistant bacteria in
sewer pipes.
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Healthcare wastewaters also contain a higher-than-average concentration of pathogenic bacteria,
which may share or acquire genes (via HGT) or be selected (i.e., will multiply faster than other
bacteria present in wastewater due to the presence of a mutation) during wastewater pre-treatment
processes [23,108]. These selective pressures increase the likelihood of detecting AMR in hospital
wastewater and downstream receiving waters. For example, concentrations of ciprofloxacin were
measured above the predicted no-effect concentration, the level at which there is predicted to be no
adverse or beneficial effect in humans, in hospital wastewater in Switzerland prior to treatment [108].
Although some treatment methods were effective at reducing levels of antibiotics, ciprofloxacin
and fluoroquinolones were still detected in final effluent [108]. Voigt et al. [109] found that clinical
wastewater forms a distinct cluster concerning resistance and ciprofloxacin is a good indicator of the
presence of multidrug resistant P. aeruginosa and ESBL-producing Klebsiella spp., Enterobacter spp.,
and Citrobacter spp. Their results highlight the role of clinical wastewater in the dissemination and
development of multidrug resistance [109].

Pharmaceutical production facilities are another source of antibiotics in both raw sewage
and surface waters and can contribute to AMR. In a national study of twenty U.S. WWTPs,
influents impacted by pharmaceutical production facilities had significantly higher concentrations
of 33 pharmaceuticals (of 120 tested) compared to control WWTPs not impacted by pharmaceutical
production facilities [110]. The concentration of fluconazole was three orders of magnitude higher at sites
impacted by pharmaceutical production facilities compared to non-impacted sites [110]. Concentrations
of celecoxib, dehydronifedipine, diazepam, phenytoin, temazepam, and verapamil were two orders of
magnitude higher at sites impacted by pharmaceutical production facilities (concentrations ranging
from 2500 nanograms per L to 43,800 nanograms per L) compared to non-impacted sites (concentrations
ranging from 5.3 nanograms per L to 320 nanograms per L) [110]. In China and India, facilities
have been known to directly discharge large volumes of antibiotics to surface waters, which may
result in concentrations comparable to those used to treat human infections [111,112]. For example,
concentrations of 19.5 milligrams (mg) per liter (L) of oxytetracycline and 31 mg per L of ciprofloxacin
have been detected in the finished effluent of pharmaceutical manufacturing facilities in China and
India, respectively [111,112].

3.2. Treated Wastewater

Treated WWTP effluent may act as a point source of AMR once discharged to surface
waters [24,113–115]. Several studies have tracked the source of AMR bacteria and ARGs in surface water
samples to nearby WWTPs [24,113–115]. Studies generally agree that while conventional wastewater
treatment reduces the concentration of bacteria in water, it does not appreciably reduce the proportion of
resistant bacteria [116–119]. Studies also indicate that wastewater effluent is likely to contribute resistant
bacteria, including resistant and multidrug resistant E. coli, to aquatic environments [85,119–121].

Studies evaluating the prevalence of AMR in WWTP effluent indicate that wastewater
treatment processes, including some secondary and tertiary treatment and disinfection processes,
may not fully eliminate AMR bacteria and ARGs and that surviving bacteria retain their resistance
properties [41,72,97,113,115,122–129]. Hiller et al. [72] reviewed the available literature on the levels
of AMR bacteria and ARGs present following treatment with common WWTP processes, including
disinfection with UV, ozone, and chlorine, to assess their efficacy. Hiller et al. [72] concluded “these
findings confirm that discharge from WWTPs can result in significant contributions of AMR to the
aquatic environment.” Treatment processes commonly used at WWTPs are not typically calibrated to
target removal of AMR bacteria or ARGs, with concerns about persistence and transformation of both
cell-associated ARGs and extracellular DNA coding for antibiotic resistance [127,128]. The effectiveness
of some disinfectants, including chlorine and ozone, are impacted by dose, contact time, temperature,
and water quality variables (e.g., pH, turbidity, presence of ammonia and oxidant demand) [130,131].

In the U.S., municipal waste is generally treated by primary and secondary wastewater treatment
processes, with many plants employing additional disinfection steps to remove pathogens before
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discharging the effluent into surface waters. Depending on the designated uses of the receiving water
bodies, some U.S. WWTPs disinfect effluent seasonally, rather than year-round [132]. Primary and
secondary wastewater treatment processes may only partially remove pharmaceuticals, including
antibiotics [108,133]. A variety of pharmaceutical molecules, including both human and veterinary
antibiotics, has been detected in treated wastewater effluent [108,134], indicating that antibiotic residues
may survive treatment. In a study in Wisconsin, secondary treated effluent from seven WWTPs were
tested for 21 antibiotics. Six of the tested antibiotics (sulfamethazine, sulfamethoxazole, tetracycline,
ciprofloxacin, erythromycin, and trimethoprim) were identified in treated effluent samples (1 to 5
per site) from these facilities [135]. The authors observed that the size of the WWTP did not impact
the presence of antibiotics in effluent samples with detectable concentrations of antibiotics present in
samples from WWTPs of varying sizes [135].

Some studies have shown a relative increase in AMR bacteria and ARGs in treated effluent as
compared to influent [40,41,127]. Subsequently, it has been suggested that WWTPs may be hotspots
for the selection, transfer, and evolution of ARGs [136,137]. Mao et al. [41] found the prevalence of
12 different ARGs was higher in secondary treated effluent than in influent. One explanation for this
observation is that antimicrobials and residues present in influent may promote selection of AMR
bacteria and ARGs, which remain present in effluent following application of processes to remove
bacteria [40]. Selective pressure and ARG proliferation in WWTPs might be reduced by decreasing or
preventing the release of antibiotics and heavy metals to sewage systems and improving technologies
that support their removal in pre-treatment units [41]. There is research demonstrating that certain
treatment protocols including membrane biological reactors [129] and coagulation [138] show promise
for removing AMR bacteria and ARGs. There have been conflicting reports in the literature on the
effect of disinfection in the removal or spread of resistance [139], likely due to differences in the
disinfectants studied and the methods used to test antibiotic resistance. Interestingly, recent studies
have demonstrated an increase in HGT during chlorine disinfection commonly used in conventional
waste treatment [140]. The phenomenon was also observed for sunlight disinfection, but not for UV
disinfection that left resistance genes unable to function regardless of repair mechanisms [141].

A WWTP that utilized advanced treatment processes (i.e., tertiary treatment using a mixed
media filter consisting of anthracite coal, silica sand, and garnet followed by disinfection using
sodium hypochlorite) was identified as a point source of ARGs into surface waters in Duluth-Superior
Harbor [113]. A statistically significant increase in three ARGs that confer resistance to tetracycline
was found in the discharged tertiary-treated effluent compared to background levels in surrounding
surface waters [113]. Similar findings were reported by a Swiss study that found a 200-fold higher level
of ARGs in secondary treated effluent (i.e., chemical phosphate removal process and aerobic biological
treatment followed by clarification) discharged into a lake compared to reference sites in the center
of the same lake [114]. In a large surveillance study of effluents from 16 WWTPs and their receiving
waters across ten European countries, six of the nine ARGs were detected in all samples of effluent and
their receiving waters (river water) [115]. Concentrations of ARGs in effluents were inversely correlated
to the number of biological treatment steps applied by WWTPs. Additionally, Subirats et al. [142]
found that in mesocosm experiments with continuous cultures, even high-quality wastewater with
secondary (activated sludge) and tertiary (aluminum polychloride enriched by calcium hydroxide
and anionic polyacrylamide) treatments and chlorine disinfection had undesirable effects on receiving
bacterial communities in terms of composition and dissemination of ARGs. Statistically significant
increases in the resistance gene pool and likelihood of gene transfer among the bacteria population in
the aquatic environments were observed [142].

Medical Waste

Drug-resistant microbes can spread into surface water and from there into recreational waters
through insufficient treatment of hospital wastes [100]. Reinthaler and colleagues [101] studied effluent
from three WWTPs employing secondary treatment using activated sludge: the first receiving municipal
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waste, the second receiving municipal waste and water from a landfill, and the third receiving municipal
waste and sewage from a hospital and a nursing home. Effluent from the WWTP receiving combined
healthcare sewage with municipal waste contained higher rates of AMR in E. coli than effluent from
WWTPs absent of wastewater from healthcare facilities [101], a finding consistent with Lamba et al. [103].
Effluents from the two facilities not receiving healthcare sewage had statistically significantly lower
tetracycline resistance and statistically significantly lower ampicillin resistance than effluent from the
WWTP receiving the healthcare sewage combined with municipal waste. Elevated levels of ARGs
were also found in a recreational lake receiving outfalls of a WWTP (employed treatment process not
reported) that receives sewage from hospitals and municipal waste [24]. High levels of multi-resistant
strains of bacteria and ARGs were detected in the lake water and sediment [24]. Comparisons
showed statistically significantly higher loading of AMR bacteria and ARGs from the hospital waste
compared to municipal wastewater before they entered the WWTP [24]. The conventional WWTP
was successful in reducing bacterial loads (78% reduction), but multi-resistant strains of AMR bacteria
were preferentially selected throughout treatment, and accumulation of ARGs was observed [24].

In the U.S., most healthcare facilities discharge to municipal waste systems and are categorized
as indirect dischargers, meaning waste is treated at a WWTP prior to entering surface waters [143].
Of the indirect dischargers, approximately 1500 health care facilities require pre-treatment programs
to adhere to NPDES permits, depending on the state water quality standard [143]. Pre-treatment
processes prevent overloading publicly owned water infrastructure with heavy loads of contaminants
and may include, but are not limited to, filtration, de-gritting, and ultraviolet disinfection [100]. Indirect
dischargers are also subject to regulations by the local sewer authority and local prohibitions specific
to medical waste discharges. A small number of U.S. healthcare facilities (approximately 100 facilities
with more than 1000 occupied beds) are considered direct dischargers. Direct dischargers are also
required to adhere to NPDES permits that include limits for 5-day BOD, total suspended solids, pH,
fecal coliforms, oil, and grease, as well as other EPA-approved state or tribal water quality criteria or
standards that were designed to protect designated uses of surface waters, such as supporting aquatic
life or recreation [143,144]. Direct dischargers, depending on their onsite treatment, have the potential
to introduce AMR bacteria and ARGs into surface water. Wastewater treatment processes do not fully
eliminate AMR in effluent, and surviving AMR bacteria retain their resistance properties [72].

3.3. Biosolids

Biosolids, the sludge generated by the treatment of sewage at WWTPs, are used as a soil
amendment for agriculture, landscape, and for use in home gardens [145]. They may also be a source
of antibiotics and AMR [125,129,146]. In one study, the densities of various ARGs were found to be
three orders of magnitude higher in both agricultural land-applied and landfilled biosolids prior to
application (class not specified) than in effluent from the same WWTPs [147]. Results indicated that
use of advanced biosolids process methods (i.e., lime stabilization and anaerobic digestion) provided
improved reduction of AMR bacteria and ARGs in biosolid samples when compared to conventional
biosolids process methods (i.e., dewatering and gravity thickening). Other studies of thermophilic
anaerobic sludge digestion also indicate that this method appears to be effective in reducing AMR
bacteria and ARGs in biosolids [148,149].

Regarding land application of biosolids, Pepper and colleagues [13] reviewed the literature and
concluded that while land application results in temporarily elevated levels of AMR bacteria and ARGs
in the soil, significant bacterial die-off occurs relatively quickly. Survival or adaptation of AMR in soil
is highly variable and based on numerous site-specific factors, including the presence of pathogens
indigenous to the natural soil environment and abiotic and biotic stressors [13,147]. The overall
increase in AMR bacteria in soil after biosolids application may be minimal when compared to the
composition of indigenous bacteria in soil prior to biosolids application [13]. Based on the available
literature, the majority of AMR bacteria and ARGs in soil are likely due to natural phenomena rather
than anthropogenic activity [13]. However, there is scant literature on the clinical relevancy of AMR
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bacteria introduced to the environment from biosolids. Several studies have reported occurrence of
antibiotic resistant pathogens including ESBL-producing E. coli, MRSA, and vancomycin-resistant
Enterococcus spp. (VRE) in biosolids [121,150,151]. Across these studies, the detection of pathogens
appears to be a particular concern for biosolids that do not undergo advanced treatment such as
thermal treatment or lime stabilization. More data are needed on the relative survival of AMR bacteria
following land application of biosolids, public health risks associated with indigenous AMR bacteria
and ARGs in soil compared to those introduced via applied biosolids, and interactions between
introduced and indigenous AMR bacteria and ARGs in soil [13,151].

Runoff from rainfall can carry excess contaminants from biosolids to surface waters, including
those used for recreation. Proximity to surface water is an important consideration when applying
biosolids [145]. More data are needed to determine the contribution of AMR bacteria and ARGs in
runoff following land application of biosolids. The concern for HGT is higher in surface water than in
soil because aqueous environments allow freer mixing and contact between microorganisms. In soils,
separation of cells makes dispersion of genetic elements less likely than in water [13,152].

3.4. Agriculture and Aquaculture

Antimicrobials are used in agriculture, including animal husbandry and plant crops,
and aquaculture to treat and prevent diseases and to promote growth and feed efficiency [153]. Globally,
73% of all antimicrobials sold are used in food animal production [154]. Available estimates indicate
that approximately 17.8 million pounds of antimicrobials were used annually in U.S. livestock [153,155].
More data on the global use of antimicrobials in aquaculture are needed, and available data vary
widely [153]. Available estimates indicate that approximately 196,000 kg (433,000 pounds) of antibiotics
are used annually in U.S. aquaculture alone [156]. Although the U.S. is a leading consumer of fish and
fishery products, only 5% to 7% of these products are produced in the U.S., and approximately 90% of
U.S. consumed seafood is imported [156]. Therefore, the global use of antimicrobials in aquaculture is
likely much larger. In the U.S., it is estimated that the amount of antibiotics used on plants is less than
0.5% of the approximately 22,680,000 kg of antibiotics produced each year [157]. Further, the amount
of antibiotics applied in orchards is approximately 0.12% of the amount of total antibiotics used in
animal agriculture [158].

Animal feeding operations (AFOs) and confined animal feeding operations (CAFOs) are a
large source of the antibiotics and it is estimated that between 60 and 80 percent of livestock and
poultry routinely receive antimicrobials [153]. The presence of AMR bacteria and ARGs in the
environment near AFOs and CAFOs, and the contributions from these sources, have been documented
extensively [159–164]. Food-animal production in the U.S. utilizes upwards of 25 million pounds of
antimicrobials each year [165], and food-animal agriculture produces 1.2 to 1.37 billion tons of animal
fecal waste annually [166]. Antibiotics are excreted in animal fecal waste at a rate of approximately
13.5 million pounds annually in the U.S. [159]. These waste products are released into the environment
via manure, soil, runoff, or released as wastewater effluent into surface water and sediments [167,168].
At one swine CAFO, elevated downstream concentrations of antibiotic-resistant enterococci were
observed when antibiotics were used for non-therapeutic purposes, leaking waste storage pits were
present, and manure was land applied [162]. The median concentrations of enterococci detected
in downstream surface waters impacted by this CAFO were 17-fold higher than concentrations
upstream [162]. Tetracycline resistance was also found to be higher in samples collected downstream
than upstream [162]. In a separate study, the abundance and distribution of ARGs in lagoons
downstream of cattle CAFOs were found to vary by level of tetracycline use: no use, mixed-use,
or high use [161]. Six tetracycline resistance genes were detected in wastewater leaving these CAFOs,
and a seasonal pattern was observed with ARGs more frequently detected at high-use facilities in
autumn, which is when calves often undergo a 5-day tetracycline dosing program [161]. Runoff and
fecal pollution from agricultural and livestock operations also act as sources of ARGs to natural stream
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sediments [168]. Suttner et al. [168] concluded that inputs of tetracycline resistance genes in stream
sediments come from both upstream cattle ranches and natural reservoirs of these ARGs.

The animal supply chain also includes slaughter, rendering, and carcass disposal steps of the
animal husbandry process, and bacteria from these sources are known to enter ambient waters. AMR of
Campylobacter jejuni and Campylobacter coli was assessed in a survey of 200 cecal samples of chickens
ready for slaughter from 20 major producers in Australia [169]. Of the 108 C. jejuni isolates, the most
commonly detected resistance was to tetracycline (n = 24) followed by resistance to the quinolones,
ciprofloxacin (n = 16) and nalidixic acid (n = 16) [169]. C. coli isolates exhibited less overall AMR.
However, 5 of the 96 isolates were resistant to ciprofloxacin, nalidixic acid, azithromycin, erythromycin,
and clindamycin, respectively, 4 isolates were resistant to telithromycin, and 3 isolates were resistant to
tetracycline [169]. Additionally, several studies have found AMR bacteria in untreated wastewater
released directly to surface waters from slaughterhouse and animal/meat processing plants, which has
led researchers to conclude that these are significant local sources of AMR bacteria [170–174]. In a study
of 98 U.S slaughterhouses, 29 meat processing plants exceeded permitted effluent limits for bacteria,
including fecal coliforms, E. coli, and enterococci, with 119 violations of NPDES permits between January
2016 and June 2018 (note that EPA’s Meat and Poultry products Effluent Guidelines are incorporated
into NPDES permits: https://www.epa.gov/eg/meat-and-poultry-products-effluent-guidelines) [175].
The median plant examined for the study had a slaughterhouse wastewater volume similar in
magnitude to a small town of 14,000 people and at the high end, equivalent to the load from a city of
79,000 people [175]. During animal disease outbreaks, emergency responses may require largescale
carcass disposal and utilization of disinfectants to clean equipment, vehicles, and other potentially
contaminated surfaces before movement off site [176]. The disposal of livestock carcasses in the wake of
large-scale mortalities may result in the introduction of AMR bacteria and ARGs into the environment
via leachate that enters groundwater and runoff into surface waters [177]. The amount of AMR bacteria
and ARGs introduced to the environment would vary with the size of the load for disposal. More data
are needed to understand the relative importance of this potential pathway.

Plant crops are potential sources of AMR because antimicrobial pesticides are utilized to disinfect
or inhibit growth of unwanted microorganisms on crops and equipment [7,177]. Following application,
agricultural runoff can introduce antimicrobial pesticides and AMR bacteria to the environment and
affect surface water quality [7,178]. Relative to livestock, less is known about the contribution of plant
crops to the amount of antibiotics, AMR bacteria, and ARGs in the environment. The number of
studies focused on the contribution of AMR bacteria and ARGs from plant crops is limited primarily
to studies of fruit trees and orchards. The available data indicate that AMR bacteria are present
at apple orchards regularly treated with streptomycin to prevent Erwinia amylovora, the fire blight
pathogen, and Pseudomonas syringae, the cause of blister spots [179–182]. For example, a study of apple
orchards in New York found streptomycin-resistant bacteria were present in samples of apple leaves
(mean = 0.7%) and surrounding soil (mean = 1.5%) [183]. No significant relationships between orchard
type or previous streptomycin usage and the percentage of bacteria that were resistant to streptomycin
could be found [183]. In a separate study assessing the impact of streptomycin use in commercial
apple orchards on bacterial community structure on apple leaves, 43% to 59% (mean = 50%) of the
total culturable bacteria were resistant to streptomycin, whereas 57% to 72% (mean = 65%) of the total
culturable bacteria were resistant to streptomycin at non-sprayed orchards, illustrating that AMR
bacteria are present at apple orchards both treated and not treated with antibiotics [182]. The use of
antibiotics appeared affective at reducing bacterial load as a higher number of total culturable bacteria
were observed at non-sprayed orchards compared to orchards sprayed with streptomycin [182].

Aquaculture (or “aquafarming”) is frequently used in seafood production. In the U.S., there are
over 2250 freshwater aquaculture farms and 875 saltwater aquaculture farms equaling over 249,000
and 214,000 surface acres, respectively [184]. Aquaculture systems are generally classified as open,
semi-closed, or closed; recreational exposure to water used in both open and semi-open systems is
plausible [185]. In open systems, seafood farming occurs in natural waterbodies such as oceans, lakes,
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rivers, or estuaries [185]. In semi-closed systems, seafood production occurs on land, and water is
exchanged between the farm and a natural waterway [185].

Antibiotics, other pharmaceuticals, and metal-containing products are used in aquaculture to
prevent fouling and to feed and treat fish which leads to selection of antibiotic resistance in the aquatic
environment [186]. Up to 80% of antimicrobials administered to fish are excreted in feces and urine in
active form [7]. AMR bacteria can also enter aquaculture systems when manure from swine or poultry
that have been treated with antimicrobials is used as feed or feed supplement (e.g., pond-raised tilapia)
or when runoff water potentially contaminated with human or animal waste contaminates fishponds.
AMR bacteria can move from aquaculture systems to surface waters when aquaculture water runs-off,
spills, or mixes with surface waters. This can also happen indirectly when sediment from retention
aquaculture production ponds (i.e., lagoons) are used as fertilizer in horticulture (e.g., berry production)
and subsequently runoff into surface waters [7]. Aquaculture systems have become genetic hotspots
for gene transfer in seawater bacteria due to the mixing of feed combinations, which include antibiotics,
probiotics, and prebiotics [186–188]. A systematic literature review and meta-analysis found that the
multi-antibiotic resistance (MAR) index of aquaculture-related bacteria correlates with MAR indices
from human clinical bacteria [189]. The review included data from 40 countries, which account
for 93% of the global animal aquaculture production. Twenty-eight countries out of the 40 studied
displayed MAR indices higher than 0.2, a threshold considered to be an indication of high-risk antibiotic
contamination [189].

3.5. Birds and Other Wildlife

Seagulls, birds, land mammals, cetaceans, and other wildlife may also be contributors of AMR
bacteria and ARGs in the environment [190–196]. However, the human health risks associated with
AMR bacteria and ARGs in wildlife have not been fully evaluated, given the lack of surveillance
data for clinically relevant AMR bacteria and ARGs in wildlife [193]. Similarly, it is not clear how
much human activities contribute to the occurrence of AMR in wildlife, although one study found
that genetic markers of pathogens and ARGs in deer feces were spatially associated with collection
near CAFOs (Campylobacter spp., tetQ, and ermB) and land-applied biosolids (tetQ) [197]. Birds and
mammals may act as both vectors and reservoirs for the spread of AMR, contaminating animal feed,
pastures, urban environments, drinking water reservoirs, and recreational waters [194]. For example,
Dolejska and Papagiannitsis [194] reviewed studies of ARGs in wildlife species and report ARGs
detected from the feces of species, such as wild boar, corvids, American crow, mallards, seagulls,
rooks, great cormorant, mouflon, kelp gull, west black-headed gull, African rat, urban rat, hedgehog,
and unspecified waterfowl. Additionally, Guenther et al. [198] reviewed studies of ESBL-producing
E. coli in wildlife fecal samples and report that ESBL-producing E. coli has been isolated from a variety
of animals, including geese, ducks, deer, fox, owl, gulls, brown and Norway rats, and wild boar.

The role of wild birds and seagulls in the spread of AMR bacteria and ARGs warrants further
evaluation due to their long-distance migration patterns [194]. The feces from wild birds, considered
ubiquitous in most areas, are dispersed into the environment where they might contaminate surface
waters directly or through surface runoff [193]. Evidence in the literature indicates that seagulls,
shorebirds, and geese carry AMR bacteria and ARGs [190,194,198,199]. Additionally, gulls have long
been known to carry human pathogens and human source markers (e.g., Salmonella spp. and HF183,
respectively), with carriage rates associated with proximity to sewage outfalls [192,200]. Seagull feces
may contain E. coli and enterococci and carry markers of AMR from human waste sites (e.g., sewage
outfalls, landfills) to beaches, where they may be further dispersed [192].

A study in California identified patterns in antibiotic resistance that aligned with time periods
when bird feces were the main source of enterococci contamination in the surf zone [201]. Another
study in the Great Lakes identified gulls as the main source of fecal contamination and a high degree
of variability for bacteria and resistance, with some samples showing a high-level of resistance to
medically relevant antibiotics [202]. Additionally, ESBL-producing E. coli were detected in 45 of 139



Int. J. Environ. Res. Public Health 2020, 17, 8034 12 of 28

E. coli isolates from seagull feces collected at beaches in Portugal [203]; in 16 of 180 E. coli isolates
collected from two colonies of yellow-legged gulls in France [204]; in 65 isolates from migratory birds
and birds of prey in remote areas of Germany [205]; and 37 isolates from other migratory birds and
birds of prey in the Mongolian desert [205].

4. Health Assessments

4.1. Health Endpoints and Pathogens of Concern

A variety of health endpoints are associated with exposure to fecal contamination in ambient
waters, including gastrointestinal (GI) illness, urinary tract infections (UTIs), respiratory illnesses,
and eye, ear, and skin infections. GI illness has been used as an index health endpoint in many
recreational microbial risk assessments because it is often considered the most sensitive and prevalent
health endpoint [37,206,207]. Viruses are likely the dominant cause of GI illness associated with
recreational water exposures [177]. However, bacterial pathogens such as S. aureus can potentially
cause more severe health outcomes when drug-resistant strains (i.e., MRSA) are present. MRSA is a
growing public health problem, can be fatal, and has been found in ambient recreational waters in
the U.S. For example, Plano et al. [18] collected 1001 water samples at a Florida beach and found 248
of 668 water samples collected near bathers and 102 of 333 ambient water samples to be positive for
S. aureus. A total of 1050 methicillin-sensitive S. aureus (MSSA) and 17 MRSA isolates were collected
and analyzed from samples collected near bathers; 272 MSSA and 2 MRSA were isolated from ambient
water samples [18]. The authors suggest that humans are a potential direct source for S. aureus in
marine water. Additionally, Thapaliya et al. [15] evaluated the prevalence of MSSA and MRSA at ten
freshwater beaches in Northeastern Ohio and found 11.4% of water samples to be positive for MRSA
(8 out of 70 samples) with 18.6% of samples positive for MSSA (13 out of 70 samples). The results of
these studies indicate that ambient water at certain coastal marine and freshwater beaches in the U.S.
may be contaminated with S. aureus, including MRSA and MSSA. The authors indicate that further
studies are necessary to draw public health conclusions.

4.2. Epidemiological Studies

The human health risks related to exposure to AMR bacteria and ARGs in recreational waters
have been evaluated using epidemiological methods and risk assessment models. Though limited
in number, epidemiological studies have evaluated the association between potential AMR bacteria
exposure through recreational water activities and health endpoints such as GI illness [14] and gut
colonization by AMR bacteria [17]. Other studies have focused on modeling the probability of human
exposure to AMR bacteria in recreational waters by using the prevalence of AMR bacteria measured at
various recreational beaches and estimates of water ingestion through swimming [30,208] and various
water sports [16,17,28].

In California, Griffith et al. [14] conducted prospective cohort studies at three beaches to examine
the association between a variety of bacterial and viral indicators of fecal contamination and the
incidence of GI illness. MRSA was strongly associated with GI illness (odds ratio (OR) = 3.49; 95% CI:
1.35–9.06). MRSA was found to be a better predictor of GI illness, as compared to enterococci measured
by EPA Method 1600 (a standard culture method) at a beach impacted by human sewage from leaking
sewer pipes. This work highlights that MRSA is a strong indicator of health risks from human sewage
contamination in recreational waters.

In the United Kingdom, Leonard et al. [17] conducted a cross-sectional epidemiology study
comparing surfers who regularly use coastal waters and non-surfers rarely exposed to coastal waters
to evaluate the association between coastal water exposure and gut colonization by antibiotic-resistant
E. coli. Surfers were significantly more likely to be carriers of cefotaxime-resistant E. coli (risk ratio
(RR) = 2.95; 95% CI: 1.05–8.32) and blaCTX-M-bearing E. coli (RR = 4.09; 95% CI: 1.02–16.4). The blaCTX-M
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antibiotics, such as fluoroquinolones, aminoglycosides, and tetracyclines and are characterized as
a serious threat by the CDC’s 2012 and 2019 antibiotic resistance threats reports [1]. While surfers
colonized by the AMR bacteria may be asymptomatic, the authors note they may end up more
susceptible to infections if they later develop a health condition or pathogenic infection. Additionally,
colonized individuals may spread AMR bacteria among the wider population.

Søraas et al. [81] conducted a case–control study in Eastern Norway to evaluate the risk factors
for community-acquired UTIs caused by ESBL-producing Enterobacteriaceae. Recreational freshwater
swimming within the past year was identified as one of several independent risk factors (OR = 2.1;
95% CI: 1.0–4.0). The authors suggest that swimming may be a risk factor for intestinal colonization
with E. coli with ESBL, and any subsequent UTI may be caused by a newly acquired ESBL-producing
strain from the water. While this may highlight a possible connection between environmental pollution
and resistant infections, the authors note that the link needs to be further investigated.

4.3. Exposure Estimates and Risk Assessments

Few studies have been conducted to estimate human health risks associated with AMR in
recreational waters, with preliminary work focusing on exposure assessments. In the Netherlands,
Schijven et al. [30] measured concentrations of ESBL-producing E. coli in recreational waters and in
water in ditches surrounding poultry farms and municipal wastewater. Taking into consideration
the effects of dilution and inactivation, the potential of ESBL-producing E. coli in source waters to
reach downstream recreational waters was modeled, and the probability of human exposure through
swimming was estimated. The authors suggest that exposure to ESBL-producing E. coli is possible
when swimming in recreational waters located downstream of municipal WWTPs or livestock farms.
However, the authors also note that the public health risk cannot yet be determined because the
exposure is complex and more research is needed, for example, on colonization following asymptomatic
carriage and HGT within the gut.

Leonard et al. [28] estimated human exposure to AMR bacteria during recreational water activities
conducted in England and Wales. The authors measured the prevalence of ESBL-producing E. coli
resistant to third generation cephalosporins (3GCs) in coastal water samples and incorporated E. coli
density data and reported volumes of water ingested during various water sports (e.g., swimming,
surfing, diving, boating, wading/splashing). Together, these data provided the mean number of
3GC-resistant ESBL-producing E. coli ingested during each water sport. Despite a low prevalence of
3GC-resistance in E. coli (0.12%), the authors conclude that there is still an identifiable human exposure
risk for recreational water users. Based on their analysis, over 6.3 million water sport sessions in
2012 were estimated to have resulted in the ingestion of at least one 3GC-resistant E. coli. Since this
study only considered resistance to 3GCs, it likely underestimates the true recreational exposure to
AMR bacteria.

In a separate study, Leonard et al. [16] developed a novel targeted metagenomic method to
quantify the abundance and diversity of ARGs in E. coli and also estimated human exposure to AMR
bacteria in recreational water. The authors analyzed sequence data from E. coli metagenomes collected
from 13 bathing water sites in England to determine the diversity and abundance of associated
ARGs. The number of ARGs ingested by recreators was estimated using these sequence data, E. coli
concentration data collected as part of The Environment Agency’s routine monitoring of 215 English
bathing waters (samples collected weekly between mid-May and the end of September), and estimated
water ingestion volumes associated with various recreational activities. E. coli in these bathing waters
were found to harbor, on average, 1.24 ARGs per cell, and it was estimated that recreators ingested at
least 100 E. coli-borne ARGs during each recreational water activity session [16].

O’Flaherty et al. [208] examined potential human exposures to antibiotic resistant E. coli in two
rivers located near different WWTPs and recreational beaches in central Italy. The authors conducted
a field survey to better understand how much water was consumed by beachgoers and created a
quantitative risk assessment model using dilution and decay rates of antibiotic resistant E. coli from the
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WWTP effluent into the river, dilution rates from the river into the swimming areas, and incidental
water ingestion rates from swimming. The mean predicted human exposure levels (calculated by
multiplying the predicted quantity of contamination at the bathing water site by the quantity of water
consumed during recreation) to antibiotic resistant E. coli were between 0 and 345 colony-forming
units per 100 milliliters. Such modeling suggests that human exposure to resistance occurs through
recreational water activities.

5. Future Research Needs

This paper summarized available information on possible sources of AMR bacteria and ARGs in
ambient surface waters and human recreational exposures to AMR bacteria and ARGs using available
human health studies. Regarding our understanding of recreational water exposures and AMR risks,
this review exposed a number of knowledge gaps and research challenges including the following:
(1) information on contributions on various sources to environmental AMR; (2) behavior of AMR
bacteria and ARGs in the environment (specifically in ambient water and across wastewater treatment
processes); (3) human health risks associated with recreational exposure to AMR bacteria and ARGs in
water; and (4) standardized methods for culturable and gene targets.

5.1. Source Contribution

Additional data on environmental sources of AMR bacteria and ARGs and their associated
contributions are needed. Amarasiri et al. [33] provided occurrence information on AMR bacteria,
ARGs, and antibiotics in various water types, including fresh and marine waters used for recreation,
but data collected in the U.S. are currently limited. In addition, the many sources of AMR bacteria
and ARGs (e.g., medical waste, municipal wastewater, agricultural applications) illustrate how AMR
bacteria and ARGs can easily spread to the environment, but their relative contributions to recreational
waters are unknown [33]. Other common environmental stressors and sources of human fecal
contamination might also introduce AMR bacteria and ARGs to the environment. Contributions from
landfills, septic tanks, cesspools, and cemeteries can leach through soil directly into groundwater
seeping into the recreational water environment [209,210]. Swimmers and bathers in recreational
waters might also serve as a source of AMR bacteria and ARGs as they can shed fecal material while
recreating [211]. Published evidence linking these sources to AMR bacteria and ARGs in recreational
water is not available.

A better characterization of potential sources and their respective contributions would help
with quantifying exposure, risk assessment modeling and possible mitigation strategies. Specifically,
more data are needed on the variability and load contributions of potential key sources of AMR bacteria
and ARGs (i.e., WWTPs, AFOs/CAFOs, medical/healthcare facilities, and wildlife) in surface waters.
For medical/health care facilities, a better understanding of their impact on municipal wastewater
systems would inform future best practices and treatment needs. Active surveillance in surface waters
of clinically relevant AMR bacteria strains is needed, as environmental surveillance could provide
added protection of human, animal, and ecosystem health [212]. Huijbers et al. [212] proposed a
framework for environmental surveillance and direct assessment of sites, where human exposure is
likely to occur as the most informative for assessing the risk of transmission of AMR bacteria and
genes. Exposure-relevant sites include recreational areas (beach sand and swimming water), drinking
water, and sewage. In addition to AFO/CAFOs, there is a potential for AMR bacteria and ARGs
to enter surface waters from slaughterhouse waste streams [175]. Studies evaluating the impact of
slaughterhouse waste on surface waters from an AMR perspective are needed.

5.2. Fate and Transport—Across Treatment and in the Environment

Despite the environmental and public health significance of the well-known fecal contamination
sources, there are data gaps regarding how AMR from these sources persist in the environment, across
wastewater treatments, and what concentrations may pose a human health risk. A better understanding
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of how AMR bacteria and ARGs persist in water and wastewater would help WWTPs develop a more
targeted approach to removing AMR bacteria and ARGs, thereby reducing their presence in effluent
discharged into surface waters. Treatment processes are complex, and the effectiveness of disinfectants
may be affected by a variety of factors such as dose, contact time, temperature, and pH [130,131].
Another important consideration is the potential selection for AMR bacteria in wastewater treatment
systems [213].

While the presence of AMR bacteria and ARGs in ambient surface water has been well-documented,
their behavior in the environment and response to selection pressure is unclear [31,33,214].
Pepper et al. [13] describe a need to better understand the survival of AMR bacteria and the transfer
efficiency of ARGs in various environmental matrices including water and soil. In particular, there is
limited information on how pathogenic AMR bacteria survive in the natural environment compared
to non-AMR bacteria, the endemic levels of AMR bacteria and ARGs in pristine soils, and how
introduced and indigenous AMR bacteria and ARGs may interact [13]. To address this data gap,
Amarasiri et al. [33] propose adopting the assumption that pathogenic AMR bacteria will display
similar behavior in the environment as nonpathogenic AMR bacteria, but more research is needed to
evaluate the validity of this assumption.

5.3. Human Health Risks

The existing literature lacks a well-developed approach for the development of human health
risk assessments of AMR bacteria and ARG exposure in recreational water. Risk assessments of
how AMR bacteria and ARGs interact with environmental bacteria and threaten human populations
are lacking [32,33,85]. As described by Schijven et al. [30], a quantitative microbial risk assessment
(QMRA) can evaluate the human health risk from AMR. However, there is a need for more data on
exposure pathways, and dose–response relationships must be derived for various health outcomes
(e.g., difficult-to-treat infection or carriage of resistant commensal bacteria with the risk of horizontal
transfer of resistance genes to pathogens) before the risk assessments are truly quantitative. The studies
by Schijven et al. [30], Leonard et al. [28], and O’Flaherty et al. [208] all estimated the likelihood of
human exposure to AMR bacteria in recreational waters, which is an important first step in QMRA.
Ben et al. [32] proposed a conceptual framework of human health risk to facilitate conducting QMRAs
of antibiotic resistance associated with antibiotic residues in the environment. After conducting an
intensive review of the available literature on antibiotic residues and AMR bacteria and ARGs in
the environment (including drinking water, dust, soil, meat, milk, edible crop/vegetable, aquatic
products, surface water, sediment, manure, air, raw sewage, and WWTP effluent), Ben and colleagues
concluded that the data are insufficient to use the QMRA conceptual framework [32]. Important data
gaps include the paucity of data on human exposure to AMR bacteria and ARGs in the environment,
which could be remedied with monitoring data to quantify residual levels of antibiotics, AMR
bacteria, and ARGs during environmental exposures (e.g., recreational surface waters exposure).
Risk assessments could also consider important environmental factors, such as co-occurrence of
heavy metals and the selective pressures heavy metals have on ARGs [70]. Given the data gaps in
QMRAs, Ashbolt et al. [215] suggests using a multicriteria decision analysis (MCDA) approach which
provides a structured framework for making choices and ranking risks when multiple factors need
to be considered. For example, MCDA approaches could be used to evaluate and rank the relative
risks between relevant contributing factors such as the mobility of resistance determinants in genetic
elements, antibiotic resistance transfer rates in different environmental compartments, accumulation
levels of antibiotics in environmental compartments, and environmental fate and transport to exposure
points [215]. These MCDA approaches could result in tools to better assess the most effective control
points for reducing health risks and preventing the further development of AMR [215].

Additionally, before a quantitative risk assessment can be conducted, there is a need for formal
dose–response models with respect to specific pathogenic AMR bacteria [13,30,32,33]. Because bacterial
responses to antibiotics are concentration-dependent, a dose–response assessment of the relationship
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between the evolution and emergence of antibiotic resistance and antibiotic concentrations requires
a metric to indicate the potential of antibiotic concentrations to promote the development of AMR
bacteria in complex bacterial communities. Existing studies have focused primarily on the likelihood
of exposure and have not established levels of harm or relevant health outcomes. In addition to
ingestion, alternate routes of exposure should be considered, such as dermal and inhalation [13].
Aside from GI illness, other relevant health outcomes may include respiratory, skin, eye, ear, or urinary
tract infections, or perhaps gut colonization, as it can lead to subsequent resistant infections [17].
Santiago-Rodriguez et al. [25] expressed concern that AMR bacteria and ARGs involved in skin
infections are present in recreational waters; however, it has yet to be determined what kind of health
risks they may pose, beyond MRSA.

5.4. Standardized Methods

No standard methods exist for measuring AMR in recreational waters. A general observation of the
available literature is that researchers are using a variety of different methods to study environmental
AMR with variations in the bacteria or genes targeted and the antibiotics tested, which precludes cross
comparison of datasets. To develop a standardized method, researchers will likely need to decide
whether to adopt culture-based methods, molecular methods, or both. For the molecular methods,
there will also need to be consensus on the appropriate gene targets. Several gene targets appear
promising as indicators of environmental AMR, including intI [216,217], mcr-1 [218,219], sul1 [220,221],
tetW [220,221], blaTEM [222,223], and others [115,224,225]. A future systematic review and inventory of
gene targets could prove useful for helping prioritize the development and standardization of molecular
methods. Improving technologies for PCR arrays are also making it more feasible to simultaneously test
for multiple AMR gene targets within a single assay [226]. Some researchers are also using sequencing
approaches. Metagenomic approaches can be used to catalogue occurrence of antibiotic resistance
genes in environmental samples (e.g., Li et al. [225]), or a combination of quantitative culture with
whole genome sequencing can be used to determine what genes are carried by a bacterial species of
interest (e.g., Leonard et al. [17]) and to predict phenotypic resistance (e.g., McDermott et al. [227]).
The cost of sequencing and metagenomic approaches may be prohibitive for routine water monitoring
but could become a more viable option as methods improve and costs decrease in the future.

Regarding a culturable method for targeting AMR in recreational waters, E. coli may be useful
as it is a standard water quality indicator and its evaluation would complement existing efforts for
surveillance of AMR. In the U.S., resistant E. coli is monitored by all three federal agencies (CDC,
FDA, and USDA) collaborating in the National Antimicrobial Resistance Monitoring System (NARMS)
aimed at monitoring trends in AMR from humans, animals, and retail meats [228]. Additionally,
the WHO integrated global survey protocol, developed through the Tricycle Project, has selected
E. coli, specifically ESBL-E. coli, for global surveillance spanning human, animal, and environmental
samples [229–231]. Use of a similar, culture-based assay for ESBL-E. coli in recreational waters would
ensure testing of viable organisms with human health relevance. Use of culture-based E. coli would
also facilitate comparison of data for recreational waters and other types of samples across national
and international databases.

Addressing these research needs will help inform policies and practices to reduce the spread of
AMR into the environment and protect recreational water users from exposure.

6. Conclusions

As microbial resistance to antibiotics and multidrug resistant strains rise within the natural
environment and clinical settings, improving antibiotic stewardship has become more pressing [1].
When evaluating ways to protect human health during recreational activities in surface waters, AMR
bacteria may be an important consideration. However, at this point in time, data on both natural
reservoirs and the ability of treatment processes to remove antibiotics, AMR bacteria and ARGs are
fragmented. Additionally, more data are needed to determine the volumes and concentrations of
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antibiotics, active pharmaceutical ingredients, and AMR bacteria and ARGs being discharged into
surface waters used for recreation. Surface water monitoring and/or targeted surveillance data on the
prevalence, concentration, and location of AMR bacteria are key to begin developing human health
risk assessments and prioritizing the AMR risks to human populations.
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