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The environment is increasingly being recognized for the role it might play in the global
spread of clinically relevant antibiotic resistance. Environmental regulators monitor and
control many of the pathways responsible for the release of resistance-driving chemicals
into the environment (e.g., antimicrobials, metals, and biocides). Hence, environmental
regulators should be contributing significantly to the development of global and national
antimicrobial resistance (AMR) action plans. It is argued that the lack of environmentfacing mitigation actions included in existing AMR action plans is likely a function of our
poor fundamental understanding of many of the key issues. Here, we aim to present the
problem with AMR in the environment through the lens of an environmental regulator,
using the Environment Agency (England’s regulator) as an example from which parallels
can be drawn globally. The issues that are pertinent to environmental regulators are
drawn out to answer: What are the drivers and pathways of AMR? How do these
relate to the normal work, powers and duties of environmental regulators? What are the
knowledge gaps that hinder the delivery of environmental protection from AMR? We offer
several thought experiments for how different mitigation strategies might proceed. We
conclude that: (1) AMR Action Plans do not tackle all the potentially relevant pathways
and drivers of AMR in the environment; and (2) AMR Action Plans are deficient partly
because the science to inform policy is lacking and this needs to be addressed.
Keywords: antimicrobial resistance, AMR, antibiotics, metals, biocide, plasmid, genes

INTRODUCTION
Many of the hurdles to combating antibiotic-resistant infections in the clinic are well understood
and, as such, have been used to inform existing antimicrobial resistance (AMR) Action Plans
(European Commission, 2011; Department of Health/Defra, 2013; World Health Organisation,
2015). It is argued, that our inability to satisfactorily answer fundamental questions about AMR in
the environment is responsible for the lack of any significant environmental focus in existing AMR
Action Plans and the O’Neill AMR Reviews (O’Neill and The Review on Antimicrobial Resistance,
2016). It is further argued that without inclusion or consideration of all the drivers and pathways
of AMR into the environment, AMR Action Plans are incomplete and at risk of not achieving the
desired goals of ensuring and improving the efficacy of existing and future antibiotics.
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especially in water, wastewater and food (including aquatic
and terrestrial animal feed).” A similar action plan was
published by the European Commission (2011). However, the
only mention of the role of the environment was in ‘Action
Number 8,’ which details the need to “Initiate cooperation on
reduction of the environmental pollution
by
antimicrobial
medicines particularly from production facilities.” The
highlighting of pharmaceutical manufacturing is echoed in
the O’Neill AMR Review, discussed below. Although rivers that
receive effluent from drug manufacturers have been shown to be
a very important local issue with global implications (Larsson,
2014), it will be shown in subsequent sections to be only one
pathway among several (see Figure 1). Moreover, it will be shown
that antibiotics are only one of the many drivers of AMR in the
environment.
The final Review on Antimicrobial Resistance entitled
“Tackling drug-resistant infections globally: Final report and
recommendations” (O’Neill and The Review on Antimicrobial
Resistance, 2016) highlighted the need to reduce environmental
pollution of antibiotics in much the same way as have done
the WHO and EC AMR Action Plans. In brief, it highlights
three pathways: (1) animal waste, (2) human waste, and (3)
manufacturing waste. In every case the focus was on antibiotics,
without any mention of other resistance-driving chemicals. It also
prioritizes two pathways: hospital effluent and pharmaceutical
manufacturing plants. It is difficult to argue against improving
these two pathways, as they are both highly relevant at a
spatially resolved scale of analysis, however, these inputs are
relatively small in number as compared to the overwhelming
input of all resistance-driving chemicals from all the sources
(see Figure 1). Moreover, it is unproven that WWTPs receiving
effluent from hospitals discharge significantly more resistancedriving chemicals into the environment, with measurably greater
impact, than other similarly sized WWTPs. Although hospitals
are an easy target and in many ways a tractable target, it does
not necessarily make them the highest priority for reducing
the prevalence of AMR in the environment. It is argued that
the vision for these action plans is not sufficiently holistic
to safeguard our natural environment. To appreciate these
critiques, one must first understand what drives AMR in the
environment.

In this review, we aim to present the AMR challenge through
the lens of an environmental regulator, using the Environment
Agency (England’s regulator) as an example from which parallels
can be drawn globally. We argue that there is an evidence
gap that hinders the ability of policymakers and environmental
regulators from delivering environmental protection from AMR.
The following five questions exemplify the approach taken by
an environmental regulator when tackling the AMR challenge.
The inability to answer these questions, in this point in time,
highlights some of the evidence gaps that need to be prioritized
to facilitate a holistic, evidence-based AMR Action Plan:
(1) What are the benefits of controlling AMR in the
environment over and above mitigating the potential
transmission of resistance to humans?
(2) What is the relative contribution from the release of
antibiotics, metals, biocides, and antibiotic resistance
genes (ARGs) to the emergence, maintenance and spread
of AMR in the environment?
(3) How well do current technologies and approaches limit
AMR in the environment?
(4) If reducing AMR needs to be reflected within our
regulatory framework, how could this best be tackled?
(5) Is there evidence to suggest that expansion of existing
regulation/control measures for pollutants to AMR will
translate into a decline in AMR in the environment?
Here, we review the pertinent issues that lie at the root of
the aforementioned questions, such as: What are the drivers and
pathways of AMR? And, How do these relate to the normal work,
powers and duties of environmental regulators? The discussion
is then turned to: What are the knowledge gaps that hinder the
delivery of environmental protection from AMR? Finally, we
offer several thought experiments for how different mitigation
strategies might proceed in the light of a holistic understanding
of AMR drivers and pathways. It is the intention that this review
would be a catalyst for future discussions among scientists,
policymakers, clinicians, veterinarians, and regulators. It is also
our expectation that this review will stimulate a more systematic
review and meta-analysis of the literature to further examine
and critique the evidence base and the changing state of our
knowledge gaps.

BACKGROUND OF GLOBAL, REGIONAL
AND NATIONAL AMR ACTION PLANS

FUNDAMENTAL QUESTIONS OF AMR IN
THE ENVIRONMENT: WHAT ARE THE
DRIVERS AND PATHWAYS OF AMR IN
THE ENVIRONMENT?

The World Health Organisation (WHO) and its Global
Action Plan broadly outlines five strategic objectives to
tackle AMR: (1) to improve awareness and understanding
of AMR; (2) to strengthen knowledge through surveillance
and research; (3) to reduce the incidence of infection; (4)
to optimize the use of antimicrobial agents; and (5) to
ensure sustainable investment in countering AMR (World
Health Organisation, 2015). The WHO highlights the role
of the environment in Objective 4 of the Action Plan:
“[To] Develop standards and guidance...for the presence of
antimicrobial agents and their residues in the environment,
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Broadly speaking, antibiotic use in humans and animals
carries an inherent risk of selecting for ARGs. These ARGs
are often, if not always, found in bacteria with other genes
promoting resistance to other potentially harmful chemicals
(Alekshun and Levy, 1999; Levy, 2002; Enault et al., 2016;
Subirats et al., 2016). It is most helpful to see these genes
as ‘resistance genes’ (not ARGs), because antibiotics are
not the only chemicals that select for resistance genes.
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FIGURE 1 | Schematic of the hot-spots and drivers of antimicrobial resistance (AMR). The environmental compartments that are currently monitored or
regulated by the Environment Agency (EA; England) are denoted by an asterisk in red. WFD, Water Framework Directive.

resistance gene can offer protection from multiple toxic chemicals
(Curiao et al., 2016). Co-resistance is analogous to bringing a
toolbox to a worksite; one might only need one or two tools from
the toolbox at any one time, but there are many tools ‘fortuitously’
available for use should the need arise. The genomic architecture
(e.g., ARGs found within: plasmids, transposons, and integrons)
is the toolbox and the resistance genes that are co-located in the
genome are the tools. Cross-resistance is analogous to having a
tool that is capable of multiple functions, such as a claw hammer,
which can hammer in as well as extract a nail, thereby offering
multiple functions from the same tool. Efflux pumps can often
provide cross-resistance to multiple chemicals.
The literature describes three major pathways for resistancedriving chemicals into the environment (see Figure 1):

It is an unfortunate historical convention to label all these
genes antimicrobial resistance genes (ARGs), when in
fact they can potentially confer resistance to many more
chemicals.
A review of the literature highlights three well-characterized
classes of resistance-driving chemicals: (1) antimicrobials,
of which there are four subclasses, antibiotics, antifungals,
antivirals, and antiparasitics; (2) heavy metals; (3) biocides (i.e.,
disinfectants and surfactants). However, many other chemicals,
natural [e.g., plant-derived (Friedman, 2015)], and xenobiotic
[e.g., solvents such as octanol, hexane and toluene (Ramos et al.,
2002; Fernandes, 2003)], are also known to select for resistance
genes. The prevalence of resistance genes in the environment
are the result of a complex combination of factors, that reflect a
dynamic balance of fitness costs and benefits: costs of carrying
the ARG in the context of the host genome and environment
(Maher et al., 2012; Roux et al., 2015); relative to the severity
and frequency of hazard (Gullberg et al., 2011, 2014); relative
to some physical environmental factors, such as temperature
(Gifford et al., 2016) and microbial ecology (Amini et al., 2011),
among others.
Co-selection of genes that confer resistance to chemical
hazards [solvents (Fernandes, 2003), biocides (Pal et al., 2015;
Wales and Davies, 2015; Wesgate et al., 2016), antibiotics (Levy,
2002; Blanco et al., 2016), and metals (Percival et al., 2005;
Pal et al., 2015)] is a potentially ecologically and clinically
important phenomenon. Co-selection is achieved in two ways:
(1) co-resistance, whereby selection for one gene fosters the
maintenance of another resistance gene, one that does not
necessarily offer a selective advantage to the chemical in question
(Johnson et al., 2016); and (2) cross-resistance, whereby one
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(1) Municipal and industrial wastewater;
(2) Land spreading of animal manure and sewage sludge;
and
(3) Aquaculture.
Additional pathways will be discussed (e.g., aerosols and
mining), however, they were not included in Figure 1 as it was
felt that the evidence base for their importance needs further
strengthening.

DRIVERS OF RESISTANCE: ANTIBIOTICS
Scale of Human Antibiotic Use
In 2013, the total measured consumption of antibiotics in
England was 27.4 DDD per 1000 inhabitants per day [general
practice 79%, hospital 15% and other community consumption
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need to be sufficiently holistic to address the diversity of
aetiologies.

(predominantly dentists) 6%], in line with the median across
Europe in 2011 of 21.3 median DDD per 1000 inhabitants per day
(Public Health England, 2014), where the DDD is the assumed
average maintenance dose per day for a drug used for its main
indication in adults. A total of 66 different antibiotics were
prescribed, with the top 15 antibiotics in general practice and
hospitals accounting for 98 and 88% of consumption, respectively
(Public Health England, 2014).
In 2010, India was the largest consumer of antibiotics when
assessing total tonnage, however, their per capita usage (7.5 units
per capita), was low by comparison to Australia and New Zealand
which recorded among the highest usage rates of 87 and 70 units
per capita, respectively (Van Boeckel et al., 2014). An antibiotic
unit was defined in this study as the number of doses (i.e.,
pill, capsule, or ampoule) sold (Van Boeckel et al., 2014). China
was the second largest consumer of antibiotics, globally when
assessing total tonnage, but similar to India, recorded relatively
low antibiotic usage per capita (7.5 units).
Heterogeneity in antibiotic use is reproduced at seemingly
every geographical scale. For example, nested within the
larger global differences are differences between countries
within smaller regions, e.g., Europe, where nearly 300% more
antibiotics were used per capita in Turkey than Armenia
(Versporten et al., 2014). Within Europe, the highest defined
daily dose (DDD) of antibiotics (outpatient) per capita is
France (32 DDD) and Greece (30 DDD), with the UK (15
DDD) exceeding that of the lowest use European country,
The Netherlands, by 33% (Goossens et al., 2005). Differences
between countries is often attributed to the ease at which
one can self-medicate, with eastern and southern European
countries (e.g., Bulgaria, Cyprus, Greece, Lithuania, Romania,
and Spain), demonstrating greater access to antibiotics without
a prescription, thereby increasing use and misuse (Safrany and
Monnet, 2012). In general, per capita antibiotic use across
Europe is lowest in northern regions, moderate in eastern
regions and highest in southern regions (Goossens et al.,
2005).
In addition, to there being large differences between countries
within regions, there are significant differences in antibiotic
use within countries. The highest combined general practice
and hospital antibiotic consumption was in Merseyside, with
similar levels reported in Southern Europe with 30.4 DDD
per 1,000 inhabitants per day, over 30% higher than Thames
Valley with the lowest consumption, (22.8 DDD per 1,000
inhabitants per day) (Public Health England, 2014). Durham,
an area in the northeast of England reported 40% more
antibiotic prescriptions in general practice than in London
(southeast England) (Public Health England, 2014). The
ESPAUR Report 2014 notes that areas within the UK that
report high antibiotic prescription rates also reported higher
antibiotic resistance rates; a finding the authors acknowledged
necessitates further examination. It remains unexplored as to
whether these regional variations in antibiotic prescriptions
translate into differences in risk to antibiotic resistance
selection and maintenance in the environment. The evidence
of heterogeneous antibiotic use across large and small scales
likely has multiple causes and as such, AMR Action Plans
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Scale of Animal Antibiotic Use
According to The State of the World’s Antibiotics 2015, twothirds of all of the antibiotics produced globally each year
(65,000 tons of 100,000 tons) are used in animal husbandry
(Gelband et al., 2015). The variability between countries in
veterinary antimicrobial use in food-producing animals just
within the high income countries can be significant. Sales of
veterinary antimicrobial agents among the 26 EU countries in
2013 expressed as mg of antibiotic per population correction
unit (PCU) places Norway as having the lowest mg/PCU at:
3.7 mg/PCU, with the UK at 62.1 mg/PCU. PCU is a standard
unit of measure that takes into account the number of animals
in a country and their average weight at the point they are
most likely to be treated, providing an estimate of total kg
of food producing animal in a country. At the upper end of
veterinary antimicrobial use in the EU, was Italy (301.6 mg/PCU),
Spain (317.1 mg/PCU), and Cyprus (425.8 mg/PCU) (European
Medicines Agency, 2015). The majority of these sales are for
tetracycline and penicillin antibiotic classes, composing between
6–56 and 11–61% of the total antibiotics sold in each country
for food-producing animals, respectively (European Medicines
Agency, 2015). In combination with sulfonamides, these three
classes of antibiotic account for 71% of the total sales in
these 26 European Union (EU)/European Economic Area (EEA)
countries in 2013.
In 2013, the total antibiotic sales for therapeutic use in
animals, was 420 tons, approximately 44% of the total antibiotic
usage in the UK (Public Health England, 2015). The number of
livestock in the UK in 2013 was: cattle (9.8 m), pigs (4.9 m), sheep
(32.8 m), chicken (162.6 m) (Veterinary Medicines Directorate,
2014). The milligrams of active ingredient of critically important
antibiotics (CIA) sold for food producing animals per PCU for
2013 was: cattle (8 mg/pcu), pigs and poultry (172 mg/pcu)
(Veterinary Medicines Directorate, 2014). Tetracyclines were the
most frequently used antibiotics in animals (43.5%), followed
by penicillins (21.7%), mirroring the use patterns in humans
where it was reversed, penicillins (64%) followed by tetracyclines
(10%) (Public Health England, 2015). The estimate that roughly
44% of the antibiotics used in the UK are for veterinary use,
is much lower than estimates for other countries, such as the
U.S., where >70% of antibiotics are estimated to be used in
livestock (O’Neill and The Review on Antimicrobial Resistance,
2015).
Antibiotics are important for maintaining animal health and
welfare. Antibiotics are often dispensed to treat or prevent
infections in herds/flocks (Gelband et al., 2015). Antibiotics
are often added to the animal’s water or food as a pragmatic
solution to the fact that they are reared in groups/flocks making
it difficult to isolate and treat only the infected. In addition, the
effort to isolate animals could be stressful to the animal and
sometimes dangerous to the veterinarian who administers the
antibiotic.
The use of antibiotics for growth promotion has been
banned in Europe and is in decline in North America. Major

4

November 2016 | Volume 7 | Article 1728

Singer et al.

Relevance of AMR to Regulators

food suppliers such as Tyson (Tyson Fresh Meat Inc., 2014),
McDonalds (McDonalds Corporation, 2015), Chick-fil-A (Chickfil-A, Inc., 2014), Subway (Subway Ip, Inc., 2016), and Taco Bell
(Taco Bell Corp, 2016) are slowly phasing in new commitments
to greatly restrict antibiotic use in food production, largely in
poultry.

Greywater, Reclaimed and Black Water
The global water footprint in the period 1996–2005 was
9087 Gm3 year−1 , of which 15% was categorized as gray water
(UNESCO-IHE, 2011). Greywater is defined as water originating
from the mains potable water supply that has been used for
bathing or washing dishes or laundering clothes, excluding toilet
water (Finley et al., 2009). Reclaimed water is typically water that
originates from WWTP effluent that has undergone additional
treatment to ensure its safe use in a variety of applications,
including irrigation and toilet flushing (Kinney et al., 2006).
Blackwater is recycled, treated sewage effluent (Otterpohl et al.,
2004). The use of reclaimed water for irrigation purposes would
be subject to Discharge Consent by the Environment Agency
and would need to comply with British Standards (e.g., BS
8595:2013 Code of practice for the selection of water reuse
systems; BS 8525-1:2010 and BS 8525-2:2011 Greywater systems.
Domestic greywater treatment equipment. Requirements and
test methods). While sewage wastewater in the U.S. must meet
treatment guidelines set by individual states before used for
irrigation, regulations do not require wastewaters originating
from animal feeding lots to be treated before land application
(Dodgen and Zheng, 2016).
Although the use of reclaimed water is relatively new in
the UK, it’s a practice that is well-established in hot, dry
climates where water pressures have been more acutely sustained
(Hamilton et al., 2005). The prospect of less reliable water sources
into the future, as a result of a changing climate, might make this
source of water more important in the UK (Prudhomme et al.,
2012). Reclaimed water is currently used to sprinkler irrigate
crops (e.g., lettuce, carrots, and green beans), golf courses, and
landscapes (Kinney et al., 2006; Calderón-Preciado et al., 2013;
Thanner et al., 2016), and as such is being introduced into soil
habitats that might have previously been unexposed to significant
quantities of ARGs or resistance-driving chemicals (Fahrenfeld
et al., 2013; Han et al., 2016). The amplification of antibiotic
resistant bacteria within distribution system for reclaimed water
is poorly understood, but poses a potential risk to humans
and the environment (Fahrenfeld et al., 2013). Both treated
sewage wastewater and animal feeding operations wastewater
can have high levels of dissolved organic matter and nutrients
as well as a highly variable microbial community activity and
composition (Dodgen and Zheng, 2016). The interaction between
the microbial community, the antibiotics and the dissolved
organic matter can greatly impact the fate of the antibiotics in the
soil environment through a combination of biodegradation and
adsorption (Dodgen and Zheng, 2016).

Relevant Pathways for Antibiotics
Municipal and Industrial Wastewater
A large fraction of the antibiotics consumed by humans are
excreted in the urine and feces in their biologically active form
(Singer et al., 2011; Zhang et al., 2015; Verlicchi and Zambello,
2016). The antibiotics excreted by humans will enter WWTPs,
with one of three fates: (1) biodegradation (Chen et al., 2015);
(2) absorption to sewage sludge (Li and Zhang, 2010; Ahmed
et al., 2015); or (3) exit in the effluent unchanged (Rivera-Utrilla
et al., 2013; Luo et al., 2014). Biologically active metabolites of
the antibiotic which can be generated in the wastewater and in
the wider environment are not being considered in this review,
though they are potentially ecologically relevant (Gros et al.,
2013).
The persistence of an antibiotic in a WWTP is a function of:
(1) influent composition (industry, municipal) (Gardner et al.,
2013; Larsson, 2014); (2) salinity; (3) temperature; (4) nature of
WWTP (e.g., trickling bed filter, activated sludge, and membrane
bioreactor); and (5) hydraulic retention time. A survey of 16
UK WWTPs revealed the presence of erythromycin, ofloxacin,
and oxytetracycline (the only three for which they authors
assayed) in each of the WWTPs (Gardner et al., 2013). The
median concentration of erythromycin was 2.0 µg/L ± 0.8
standard deviation [(SD; 42% coefficient of variation (CoV)]. The
median concentration of ofloxacin had was 0.18 µg/L ± 0.33 SD
(178% CoV), while oxytetracycline had a median concentration
of 3.6 ± 2.5 SD (70% CoI) (Gardner et al., 2013). The CoV
for these antibiotics, ranged from 42 to 178% reinforcing the
fact that sewage influent composition has a high degree of
variability. The affinity of oxtetracycline to bind to sludge led
to relatively high concentrations in the sludge as compared to
other pharmaceuticals in the influent (1.15–43 mg/kg) (Gardner
et al., 2013). The preferential removal of some antibiotics
[e.g., sulfonamides (Yang et al., 2012), ciprofloxacin (Polesel
et al., 2015)] into the sludge suggests that the risks from
sludge application to land are likely to be different from
the risks from discharging sewage effluent into rivers. The
authors also reported enhanced removal of pharmaceuticals
where there was iron dosing at the primary treatment stage
of a trickling filter WWTP (Gardner et al., 2013). Specifically,
they reported an average loss of erythromycin, ofloxacin and
oxytetracycline of 20, 74, and 51%, respectively, after iron-dosing
(used to remove phosphorus), as compared to undosed primary
treatment of −11, 19, and −4%, respectively. Concentrations
of oxytetracycline within a river catchment receiving WWTP
effluent varied 14-fold across nine WWTP sampling days, from
9.4 to 137 g/d (normalized to flow) (Comber et al., 2015),
illustrating the variability in antibiotic consumption and the
extent to which environmental exposures to antibiotics can
fluctuate.
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Veterinary and Livestock
As in humans, when animals consume antibiotics as much as
30 to 90% is released into the manure and urine (Sarmah
et al., 2006; Berendsen et al., 2015). Animal excreta has been
shown to contaminate the environment with antibiotic resistant
bacteria and antibiotics (Udikovic-Kolic et al., 2014; Wichmann
et al., 2014). This phenomenon was recently demonstrated in a
survey of feces from 20 commercial swine and 20 cattle farms
in The Netherlands. The study reported antibiotics in 55% of
the swine feces from 80% of the swine farms and 75% of the
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2015). The degree to which this transmission from animals to
humans, and vice-versa, is of great interest and has significant
implications for public and animal health (Weir et al., 2012;
Woolhouse et al., 2015; Klous et al., 2016). The relevance
of theses pathways to the environment will be discussed,
as this is the main remit and interest of environmental
regulators.

calf feces from 95% of the cattle farms (Berendsen et al., 2015).
Among the antibiotics recovered, oxytetracycline, doxycycline,
and sulfadiazine were the most frequent, followed by tetracycline,
flumequine, lincomycin, and tylosin. Over one-third of the feces
samples contained more than one antibiotic; as much as three
different antibiotics in swine feces and eight different antibiotics
in cattle feces. The authors concluded that the sum of the
concentrations of different antibiotics within a sample exceeded
concentrations needed to select for antibiotic resistance, e.g., the
minimum selective concentration (MSC).
The observed transmission of resistance genes through
contaminated cow and calf bedding and soil (Call et al., 2013;
Kyselková et al., 2015; Liu et al., 2016), highlights the importance
of biosecurity and the need to separate animals being treated
for infection from the herd (where feasible), and not reusing
bedding from infected and treated animals (Mitchell et al.,
2015). Intramuscular treatment of healthy calves with ceftiofur
or florfenicol, as per manufacturer’s recommendations, was
shown to be sufficient to establish a reservoir of drug-resistant
Escherichia coli in the feces, soil and bedding of treated animals
(Liu et al., 2016). The dairy calves were housed individually
in indoor pens with composted bedding material. Elevated
levels of drug-resistant E. coli were maintained in the feces
(collected directly from the rectum) and the bedding for a
month. Treatment of the calves with oxytetracycline resulted
in no significant effect–a result the authors attribute to the
small trial size, but similar to a previous study comparing the
differential effects of antibiotic administration route on antibiotic
resistance generation in the microbiome (Zhang et al., 2013).
The authors also introduced a multi-drug resistant marked
E. coli into the bedding of calves and found a significant
increase in the E. coli population in the bedding of calves
treated with ceftiofur as compared to the untreated control
calves (Liu et al., 2016). Bedding-to-animal transmission was
confirmed when calves were found to be shedding the multidrug resistant marked E. coli in their feces. The authors also
found co-selection of florfenicol-resistant E. coli after treatment
of animals with ceftiofur and vice versa. This study exemplifies
many of the factors that make control of AMR in a veterinary
setting difficult: (1) persistence and shedding of the drug into
the environment in urine and feces; (2) selection of antibiotic
resistant organisms in the environment; and (3) transmission
of drug-resistant microbes acquired from the environment (Liu
et al., 2016).
The transmission of antibiotic resistant bacteria and genes
from animals to humans has been demonstrated in the literature
(Khanna et al., 2008; Wulf et al., 2008; Smith et al., 2013).
On-farm transmission of AMR has been characterized in
the literature for a wide range of animals: pigs (Crombé
et al., 2013; Novais et al., 2013), cows (Wichmann et al.,
2014), and insects (Zurek and Ghosh, 2014; Usui et al.,
2015; Hammer et al., 2016). A recent review of the academic
literature that address the issue of antibiotic use in agriculture
suggests that only seven studies (five percent) argued that there
was no link between antibiotic consumption in animals and
resistance in humans, while 100 (72%) found evidence of a
link (O’Neill and The Review on Antimicrobial Resistance,

Frontiers in Microbiology | www.frontiersin.org

Land Application of Manure and Sludge
Biological treatment of wastewater generates sludge or ‘biosolids,’
a waste material of the WWTP that is high in undegraded
protein, oils and fats as well as microorganisms and undegraded
pharmaceuticals, the latter of which can reflect hundreds of
different chemicals from sub-ng/L to >10 µg/L (Fick et al., 2010;
McClellan and Halden, 2010). An estimated 37% of biosolids are
land applied in Europe, equating to approximately 2.39 × 106
dry tons per year (Kinney et al., 2008). In 2008, approximately
1.4 million tons of dry sludge solids were produced in England
and Wales, 77% of which was spread on land for agricultural
benefit (Water UK, 2010). Biosolids make up less than 5% of
the total organic material going to agricultural land (Water UK,
2010). All biosolids used on agricultural land in the UK are
applied in accordance with The Sludge (Use in Agriculture)
Regulations and The Code of Practice for the Agricultural Use
of Sewage Sludge. The regulations are primarily concerned with
the impact from metals contained in the sludge on the receiving
soil and adjacent water bodies (ground and surface), however,
they generically address any component of the sludge that
negatively impacts the yield of crops or puts animal or human
health at risk either directly or through the food chain (Defra,
2006).
The antibiotics that are more frequently found in sludge
are those that are generally less water soluble, e.g., norfloxacin,
ofloxacin, ciprofloxacin, trimethoprim, sulfamethoxazole, and
doxycycline (McClellan and Halden, 2010; Clarke and Smith,
2011). The concentration of antibiotics within sludge and manure
will vary greatly depending on the origin of the influent,
treatment conditions, partitioning properties of the antibiotics,
and environmental conditions (Hörsing et al., 2011; Chen
et al., 2013; Li et al., 2013). Two biocides, triclocarban and
triclosan were the most abundant analytes in a large survey of
pharmaceuticals and personal care products in sewage sludge
in the U.S. They reached concentrations as high as: 48.1 and
19.7 mg kg−1 (dw), respectively, with mean concentrations
of: 36 ± 8 and 12.6 ± 3.8 mg kg−1 (dw). The second
most abundant class of chemicals was antibiotics, in order
of decreasing concentration: ciprofloxacin > ofloxacin > 4epitetracycline > tetracycline > minocycline > doxycycline >
azithromycin, ranging between: 6.8 ± 2.3 and 0.8 ± 0.2 mg
kg−1 dw (McClellan and Halden, 2010). Notably, the biocides
and antibiotics explored by McClellan and Halden (2010) were
typical of the small subset of antibiotic and biocides with a
high affinity for sorption to sewage sludge (Li and Zhang,
2010).
Toxicological and AMR selection risks cannot be
easily predicted from solely knowing the concentration
of antibiotics, metals and biocides owing to significant
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of these resistance-driving chemicals further aids in the
establishment of these accumulated small mutations in
the population (Hughes and Andersson, 2012; Chait et al.,
2016).

uncertainties in bioavailability (Jechalke et al., 2014; Aga
et al., 2016). Fluoroquinolones have been shown to be relatively
biounavailable in some sludge amended soils, which was not
correlated with any significant change to the ecosystem services:
nitrification and denitrification; however, community structure
and other ecosystem services might have been impacted, but
were not examined (Rosendahl et al., 2012). Similarly, soil fauna,
such as earthworms, springtails, and enchytraeids exposed to
environmentally relevant concentrations of antibiotics in soil
showed no significant reduction in reproduction (Baguer et al.,
2000). Lowering of antibiotic, biocide and metal bioavailability
in sludge will often decrease the exposure and the toxic response
in mesofauna. Similarly, by lowering the bioavailability of these
chemicals it is likely that the hazard to microorganisms will
decrease, which might result in a reduction in the selective
pressure (Jechalke et al., 2014; Dodgen and Zheng, 2016).
It remains undetermined the extent to which bioavailability
controls resistance gene selection in the environment–an issue
that emerges as a significant knowledge gap.

DRIVERS OF RESISTANCE: BIOCIDES
Biocides are disinfectants that are commonly used in hospitals,
cosmetics, household cleaning products, wipes, and furniture
preservatives, farmyards for purposes such as: wheel and
foot washes and a range of industrial processes, including
the control of fouling and souring of pipes including oil
wells (e.g., hydraulic fracturing) (Kahrilas et al., 2015). Some
common biocides are: ethanol, formaldehyde, chlorhexidine,
triclosan, and quaterium ammonium compounds [QACs,
e.g., BC also known as alkyldimethyl-benzyl-ammonium
chloride (ADBAC), stearalkonium chloride, isothiazoliumbenzalkonium chloride, cetrimonium chloride/bromide
(cetrimide), cetylpyridinium chloride, alkyl amino alkyl
glycines and didecyldimethylammonium chloride (DDAC)]
(Russell, 2003; Buffet-Bataillon et al., 2012). In Europe, biocide
marketing, use and disposal is regulated under the Biocidal
Products Regulation (EU) 528/2012 (European Commission,
2012). The legislation also controls their use in the veterinary
setting. The global market for biocides grew by 40% between
1992 and 2007 (Sattar et al., 2007).
The MIC for six different biocides has been shown to
range from 0.4 to >1000 mg/L across 16 different bacteria
(e.g., Pseudomonas aeruginosa, E. coli, Staphylococcus aureus,
Citrobacter sp.). Triclosan, along with other biocides, such as
chlorhexidine and QACs, have been shown to select for antibiotic
resistance (European Commission, 2009; Bridier et al., 2011;
Carey and McNamara, 2014; Webber et al., 2015; Buffet-Bataillon
et al., 2016). In much the same way that sub-lethal concentrations
of antibiotic can select for ARGs, sub-lethal concentrations of
biocides have also been shown to select for common mutations
that confer clinically relevant antibiotic resistance (Webber et al.,
2015). As previously discussed, some resistance mechanisms
are common to both biocides and antibiotics, allowing for coselection of ARGs (McBain et al., 2002; Levy, 2002; Russell, 2003).
Co-resistance of S. aureus to the biocide benzalkonium chloride
and the antibiotic oxacillin, affording the resistant strain eightfold
higher tolerance to the antibiotic than its sensitive wild-type
strain (Yamamoto et al., 1988). The frequent co-location of these
genes on plasmids (a small DNA molecule within bacteria that
are physically separate from chromosomal DNA and can replicate
independently) with ARGs affords them greater resilience and
mobility, allowing for their rapid spread through microbial
communities and pathogens (Gaze et al., 2005; Pal et al., 2015).
The ecological relevance of biocides will need to be
determined to effectively risk rank resistance-driving chemicals
for mitigation–an issue that will be discussed in greater detail
in following sections. The Scientific Committee on Emerging
and Newly Identified Health Risks on behalf of the European
Commission highlighted the potential consequences to the
environment and human health from widespread biocide use in

ECOLOGICAL RELEVANCE OF
ANTIBIOTIC CONCENTRATIONS
The well-established minimum inhibitory concentration (MIC)
in clinical settings refers to the concentrations needed to inhibit
the growth of, or kill, a target pathogen. The concentration
at which a resistance genes offers a selective advantage to its
‘host,’ will be below the MIC, otherwise the microorganism
would not survive. The MSC is a useful term that refers to
the minimal concentration of chemical required to provide a
selective advantage to a microorganisms carrying the resistance
gene relative to the same bacterium that is sensitive to the
chemical, i.e., not containing the resistance gene (Gullberg
et al., 2011; Hughes and Andersson, 2012; Lundström et al.,
2016). The MSC is a theoretical threshold that can be carefully
determined in the laboratory for any microorganism and
chemical pair (Liu et al., 2011), but takes on a different
meaning when applied to more realistic scenarios of multiple
species and multiple chemicals. Efforts to determine MSCs for
more complex systems are ongoing, and as a result of their
more realistic conditions might offer greater insights into
the ecological relevance of low concentrations of antibiotics
in the environment (Yergeau et al., 2010, 2012). The MSC
has been shown to be sensitive to a range of biological and
physico-chemical factors (Gullberg et al., 2014). Heterogeneity
in the concentration of an antibiotic through differential
partitioning into soil pores, sediment, biofilms, organic matter,
are thought to play a significant role in allowing for the colocation of antibiotic resistant and sensitive microorganisms
(Baquero and Negri, 1997; Hughes and Andersson, 2012).
Heterogeneity in the exposure of microorganisms to weakly
selective sub-lethal concentrations of antibiotic within a
matrix (e.g., soil, sediment, leaf, suspended particulate, and
biofilms) allows for the selection and persistence of the more
common, frequent small-effect mutations. The proximal
location of microorganisms to higher or lower concentrations
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β-lactams, chloramphenicol); (3) drug and metal efflux
(metals: Cu, Co, Zn, Cd, Ni, As and antibiotics: tetracyclines,
chloramphenicol, β-lactams); (4) alteration of cellular targets
(metals: Hg, Zn, Cu and antibiotics: ciprofloxacin, β-lactams,
trimethoprim, rifampicin); and (5) drug and metal sequestration
(metals: Zn, Cd, Cu and antibiotics: coumermycin A)
(Baker-Austin et al., 2006).
The toxicity of metals to microorganisms directly relates
to the affinity of the metal to thiol compounds such as
glutathione within the cell, in order of increasing ‘toxicity’/Saffinity: Mn < Co < Zn < Ni < Cd < Pb << Cu << Ag < Hg
(Nies, 2003). A log change in sulfur affinity brings a log decrease
in the quantity of metal required to inhibit growth, i.e., increase in
toxicity (Nies, 2003). This series of metals with increasing toxicity
compares in an intriguing manner with a database of antibacterial
biocide-and metal-resistance genes, BacMet (Pal et al., 2014). Of
the 20 metal resistance genes for which there is experimental
evidence of their function, copper genes are the most abundant,
followed by, in decreasing order of their abundance in the
database, with those metals that are non-essential for life in
braces: Cu, Zn, Ni, (Cd), Co, Fe, Mn, (As), (Ag), (Te), (Hg),
(Pb), Mn, (Cr), (Au), (Ga), (Sb), (V), Se, (Bi) (Pal et al., 2014).
A rationale for this distribution will likely relate to a balance
of fitness costs and benefits, which includes: (1) Discrepancies
between the toxicity ranking and prevalence of metal-resistance
genes in the BacMet database might be explained by: incomplete
annotation of the function of some genes; non-exhaustive surveys
of gene prevalence in the lab and environment; and non-uniform
exposure and selection of metals and metal-resistance genes in
the environment.
Considerable attention has been given to understanding the
speciation of metals for predicting their mobility and toxicity
in soils, sediment and aquatic system (Olaniran et al., 2013;
Tipping and Lofts, 2013; Ardestani et al., 2015). However, it
remains largely unexplored as to the relationship between metal
bioavailability, speciation and resistance gene selection. The
desire to limit resistance selection in soils might necessitate
rethinking the environmental thresholds set for manure and
sludge land spreading as the combined effects of antibiotics,
biocides and metals might exceed the MSC for some shared
resistance mechanisms.
Biological wastewater treatment processes have been shown to
be disrupted as a result of the toxic effects of heavy metals in the
influent (Giller et al., 1998; Smith, 2009), such as: nitrification
(Braam and Klapwijk, 1981), denitrification (Waara, 1992), and
organics removal (Ajmal et al., 1983). The toxicity of heavy metals
in wastewater is sensitive to the species and concentration of
metal, pH, sludge concentration, wastewater pollution load and
solubility of the metal ions, among other factors (Chipasa, 2003).
Bacteria carrying metal resistance genes have been shown to more
frequently carry ARGs as compared to those bacteria without
metal resistance genes, and these genes can often be found on
plasmids (Pal et al., 2015; Di Cesare et al., 2016). It is common
for a microbe to have both ARGs and metal resistance genes,
however, a study of 4582 plasmids revealed that in only 5% of
the cases are they both found on the same plasmid (Pal et al.,
2015). It remains unclear whether the public database of plasmids

a recent report entitled “Assessment of the Antibiotic Resistance
Effects of Biocides” where they call for: (1) a better understanding
of the quantity of biocides and their residues in the environment
and its effects on AMR selection; (2) methodologies for assessing
impact on AMR; and (3) studies characterizing AMR and coselection (European Commission, 2009).

Relevant Pathways for Biocides
The route into the environment for biocides is similar to
antibiotics, most notably WWTPs. Improper disposal of biocides
through dilution and discharge to WWTPs can also increase the
load of biocides entering the environment, while also increasing
the likelihood of generating resistance.

DRIVERS OF RESISTANCE: METALS
Major urban inputs of heavy metals to WWTPs come from
household effluent, drainage water, business effluent (e.g., car
washes, dental uses, other enterprises), atmospheric deposition,
and traffic-related emissions (vehicle exhaust, brake linings, tires,
asphalt wear, gasoline/oil leakage) (Karvelas et al., 2003). Metal
nanoparticles (e.g., titanium, copper, and silver) have become
widely used in food, textiles, household, industrial and hospital
products, and disinfectants (Selck et al., 2016). Metals such as Pb,
Cu, Zn, Cd, and As have been used as animal growth promoters
and nutritional supplements (European Commission, and Health
and Consumer Protection Directorate-General, 2003), fertilizers,
pesticides, and fungicides in aquaculture and agriculture (Pal
et al., 2014).
The annual heavy metal inputs to agricultural land in England
and Wales for the year 2000 was substantially higher for livestock
manures than for any other soil input (Nicholson et al., 2003).
Sources of heavy metal input to agricultural soil, in decreasing
mass (g/ha/yr), was: livestock manure (11,312), sludge (4,557),
paper sludge (1,380), fertilizer [89.7; including: nitrogen (2.2),
phosphorus (34), potash (0.5), lime (53)], atmosphere (221) and
irrigation water (39) (Nicholson et al., 2003). The majority of
heavy metals originating from animals can be found in the feed,
with on average: 150–2920 mg Zn/kg dry matter and 18–217 mg
Cu/kg dm in pig feeds–values of which depend on the age of
the pigs (Nicholson et al., 1999). Poultry feeds contained a wider
range, with: 28–4030 mg Zn/kg dm and 5–234 mg Cu/kg dm,
again with variation in the age and breed of chicken (Nicholson
et al., 1999). While concentrations of Zn and Cu in dairy and
beef cattle feeds were much lower than in pig and poultry feeds.
Dairy and beef cattle feed (dairy cake/nuts) contained 130–
190 mg Zn (dm) and 35–40 mg Cu/kg (dm) (Nicholson et al.,
1999). Supplements contained a mean of 2900 mg Zn/kg and
1500 mg Cu/kg (dm), while also containing higher levels of Ni,
Pb, Cd, As, and Cr than other feed components (Nicholson et al.,
1999).
Metal and antibiotic resistance can share structural and
function resistance systems, such as: (1) reduced membrane
permeability (metals: As, Cu, Zn, Mn, Co, Ag and antibiotics:
ciprofloxacin, tetracycline, chloramphenicol and β-lactams); (2)
drug and metal alteration (metals: As, Hg and antibiotics:
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intrinsic resistance that appears to be independent of the selective
pressure–an attribute that has been suggested to be ancient and
long predates clinical antibiotic uses (D’Costa et al., 2011; Cox
and Wright, 2013). The risk of intrinsic resistances found in
environmental microorganisms being transferred to pathogens
is already apparent and of significant international concern
(Forsberg et al., 2012; Cox and Wright, 2013; O’Neill and The
Review on Antimicrobial Resistance, 2015).
Intrinsic resistance can be further enhanced through the
modification or enhancement of intrinsic resistance, e.g.,
upregulation of cellular components that protect against the
effects of the antibiotic [e.g., penicillin-binding protein 5 (PBP
5)] (Sifaoui et al., 2001), such modifications are then considered
acquired resistance. A major mechanism for acquired resistance
is through MGEs. MGEs can mobilize between cells through:
(1) transformation, (2) conjugation and (3) transduction.
Transformation is the acquisition of naked DNA from the
environment (Davison, 1999; Gaze et al., 2013). Conjugation
is the transfer of genes through direct contact between two
bacteria (Lopatkin et al., 2016). Transduction is the transfer
of genes from bacteriophage (viruses that infect bacteria) to
bacteria during infection of a bacterial cell (Brown-Jaque et al.,
2015; Calero-Cáceres and Muniesa, 2016). MGEs can also be
distinguished by their ability to freely transmit from cell to cell
(i.e., intracellular MGEs) and those that can only transmit from
cell to cell after integrating into intracellular MGEs (Siguier et al.,
2014). Intracellular MGE or transposable elements (TEs) include
transposons (Tn), insertion sequences (ISs) and integrons (In)
(Siguier et al., 2014). Transposons are made up of conjugative
transposons and integrative and conjugative elements (ICEs)
(Wozniak and Waldor, 2010). ICEs are genetic elements found
in both Gram-positive and Gram-negative bacteria that are
either self-transmissible or use mobile plasmids and viruses
as vehicles for dissemination (Wozniak and Waldor, 2010).
The relevance of all these MGEs is that many contain ‘cargo
genes’ that can confer phenotypes such as antibiotic resistance
to the receiving cell (Roberts and Mullany, 2011; Johnson
and Grossman, 2015). It is the numerous ways for resistance
genes to mobilize and transfer from cell to cell that makes the
environmental resistome of human and animal relevance (Perry
and Wright, 2013). It goes beyond the scope of this review to
further detail the many different mechanisms of MGE, a number
of excellent papers cited above and here are recommended (Frost
et al., 2005; Wiedenbeck and Cohan, 2011; Perry and Wright,
2013).

from which this study was based offers a representative view of
plasmid ecology; future targeted and controlled studies will help
to support or challenge this important observation.

Relevant Pathways for Metals
Metals have similar pathways to that of biocides and
antimicrobials, however, the relative proportion of each
source is likely to differ depending on the prevalence of
industry, agriculture (i.e., pesticides and biosolids), or waste
water/stormwater. Rivers downstream of urban areas, where
stormwater runoff is acute, and regions that have experienced
mining, are often impacted with elevated concentrations of
metals (Johnston et al., 2008). It remains unclear as to the
ecological relevance of these diffuse and point sources of metals
to the selection for resistance in the environment.

DRIVERS OF RESISTANCE: ANTIBIOTIC
RESISTANCE GENES
The chronic release of antibiotics into WWTPs is concomitant
with the release of resistance genes. Resistance genes in
wastewater originate from the gastrointestinal tract of, primarily,
humans (Hu et al., 2013; Chang et al., 2015; Newton et al.,
2015). The co-location of antibiotics and ARGs in WWTPs
can (and does) select for novel combinations of AMR
that can be shared between microorganisms by horizontal
gene transfer (HGT) on mobile genetic elements (MGEs),
such as plasmids, thereby increasing the prevalence and
combination of multiple drug resistance in the microbial
community (Szczepanowski et al., 2005; Xu et al., 2015).
The competitive and chemically challenging environment
of a sewage works offers favorable conditions for the
amplification of existing resistance genes, creation of novel
resistance genes or genomic assemblages (Zhang and Zhang,
2011).
Antibiotics can trigger the bacterial SOS response in which
bacteria undergo a transient, genome-wide hypermutation that
generates genetic variability in times of stress (Baharoglu and
Mazel, 2014). The SOS response can also trigger HGT of
ARGs, thereby providing a mechanism for the spread of
ARGs from exposure to antibiotics (Beaber et al., 2004). Many
additional drivers (e.g., chemical and environmental) of HGT
have been identified (Hastings et al., 2004; Antonova and
Hammer, 2011), including abiotic sources (Warnes et al., 2012;
Kotnik, 2013). The relative importance of each of these drivers
of HGT has yet to be assessed at an ecologically relevant
scale.
Resistance can be intrinsic, which suggests it is universally
found within the genome of the bacterial species, while acquired
resistance suggests it could be acquired by means of new
genetic material or through sporadic mutations of intrinsic genes
(Hollenbeck and Rice, 2012). Intrinsic resistance is maintained
by a species independent of any antibiotic selective pressure and,
by definition, is not acquired by HGT (Cox and Wright, 2013).
Antibiotic-producing environmental microorganisms, unlike
clinical microorganisms, demonstrate a significant degree of
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There are a large number of activities or products that are
currently monitored or regulated by the Environment Agency
of England, which intersect with the pathways and drivers of
AMR (Table 1). Equivalent legislation, if it exists, will differ by
country, though many regulations are treated similarly across
countries within the European Community with which England
is aligned.
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TABLE 1 | Environment and activities or products monitored or regulated by the Environment Agency of England, which play a potentially important role
in the spread and maintenance of AMR in the environment.
Environment

Intersection of Environment Agency with AMR

Wastewater treatment plant (WWTP)

1 Discharge

of treated effluent (from industry and municipal sewage) to land, coast or rivers.
of sewage sludge
1,2,3 Disposal of anaerobic digestate
1 Disposal
1 Land

Agriculture

spreading of manure, sewage sludge, and anaerobic digestate as fertilizer or soil conditioner.
from agriculture (pig and poultry farming) and composting.

1 Bioaerosols

Animal husbandry

1 Disposal

of animal by-products
of animal slurry and manure
1,2,3 Disposal of anaerobic digestate
1,2 Disposal

River water quality

1,4 Impact

of sewage effluent
of diffuse pollution from farm-yard, manure- and biosolid-amended agricultural soil and storm runoff
1,4 Freshwater fish farm
1,4 Impact

Coastal and bathing waters

1,4 Impact
1,4 Impact

Groundwater quality

of farmyard runoff and sewage effluent on bathing water quality, and shellfish bed water quality
of aquaculture on coastal water quality.

1,5 Leaching

of soil amendments (biosolids and manure) and chemical crop treatments

1 Environmental

Key regulations:
Permitting (England and Wales) Regulations 2010 (Defra, 2013); 2 Animal By-Products (Enforcement) (England) Regulations 2013 (Public
Health England, 2013); 3 Anaerobic digestate: PAS 110:2014 (BSI, 2014); 4 Water Framework Directive 2000/60/EC (WFD) (European Commission, 2000); 5 The Sludge
(Use in Agriculture) Regulations 1989 (Public Health England and Wales, and Public Health Scotland, 1989).

WWTP Discharge

Land Spreading of Manure and Biosolids

Human use antibiotics, biocides, metals and ARGs all enter
STPs, however, they are discharged as a component of
the: (1) effluent, and (2) sludge (biosolids). The sludge
can be composted or anaerobically digested and applied to
land or incinerated. The proportion of antibiotic, metal,
and biocide in the effluent and sludge is highly variable
depending on the STP catchment characteristics, presence
of hospital wastewater, nature of STP and its operational
parameters. WWTPs do not efficiently remove all ARGs that
are subsequently released in treated effluents (Yang et al.,
2014). So the key question is whether these ARGs contribute
to the increased prevalence of ARGs in the environment and
whether there are any ecological impacts from this chronic
release?
Upon entering the river, estuary or coastal water, sewage
effluent will be diluted. The resulting concentration of
pollutants (antibiotics, metals, biocides, and ARGs) will
interact with the native flora and fauna and begin to
change the microbial community structure and genetic
makeup (e.g., prevalence of resistance genes). Changes
in the microbial community by means of any number of
mechanisms, of which pollution (e.g., metals, biocides, and
antibiotics) is but one, have been shown to have significant
impacts on the aboveground diversity and functioning of
terrestrial ecosystems (Wardle et al., 2004; Kong et al., 2006;
Allison and Martiny, 2008; Bardgett and van der Putten,
2014).
The introduction of these pollutants into recreational and
coastal bathing water, primarily through combined sewer
overflows (CSOs), will elevate exposures to humans (Leonard
et al., 2015) and by extension all wildlife that inhabits and feeds
off/within the impacted water systems (e.g., shellfish or birds).
However, little is known about the chronic effects from chemical
exposure or the elevated prevalence of ARGs within a food
web.

Human and animal use antibiotics, biocides, metals, and ARGs
can all be found within products, such as: sewage sludge,
anaerobic digestate, manure or slurry, which are spread upon
agricultural soil for the purpose of fertilizing crops and/or
improving soil properties. The dissemination of these materials
on soil increases the ARG exposure risk to: (1) (wild) animals;
(2) crops; (3) adjacent surface water bodies; (4) groundwater; (5)
farm workers; and (6) air as dust particles from land spreading or
aeolian erosion (Heuer et al., 2011; Ferro et al., 2015; Kyselková
et al., 2015). The persistence and changes in the ‘resistome’
[the collection of genes that are capable of conferring resistance
toward antibiotics when expressed in a susceptible organism
(Dantas and Sommer, 2012)] of sludge or manure after it is
anaerobically digested or composted is only recently emerging.
A recent study demonstrated 156 unique ARGs and MGEs
encoding resistance after composting sewage sludge, suggesting
that the land spreading of composted sludge on a field will likely
lead to the spread of ARGs in the soil and wider environment
(Su et al., 2015). An increase in the prevalence of key resistance
genes in the bacterial and bacteriophage fraction after digestion of
sludge led the authors to similarly conclude that the agricultural
use of treated sludge could contribute significantly to the spread
of ARGs in the environment (Calero-Cáceres et al., 2014). The
persistence of antibiotics in soil varies greatly in the literature
between a few days (chloramphenicol, ceftiofur) to as high as
300 days (oxytetracycline, sarafloxacin) (Tasho and Cho, 2016).
The persistence of antibiotics increases at low temperatures,
unexposed to light (i.e., deeper soil layers), and often in high
organic conditions, i.e., sludge or organic soils (Bondarczuk et al.,
2016; Tasho and Cho, 2016). The fate of many antibiotics in
soil will also be sensitive to pH and soil properties (Kümmerer,
2009).
The effects from land spreading of pig slurry on soil, as
measured by increased prevalence of class 1 integrons (intI1),
has been shown to be maintained for several months after
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products will be constrained by the mobility, bioavailability
and persistence of antibiotics, which will be a function of
the soil and its biological and physical properties. Only a
small subset of all antibiotics in sludge and manure have been
demonstrated to be phytoextracted into the plant biomass (e.g.,
sulfathiazole, sulfadiazine, sulfamethazine, sulfadimethoxine,
chlortetracycline, and trimethoprim) (Tasho and Cho, 2016). The
risk and implications to herbivores (e.g., insect, livestock, and
human) from exposure to elevated concentrations of antibiotic
in plants has not been well documented.
Of those antibiotics that are able to be phytoextracted, some
have been shown to phytoconcentrate (Du et al., 2016). Those
that phytoconcentrate can theoretically select for resistance in
the microbiome of the plant as well as the organism that
consumes/feed off the plant, despite apparently non-selective
concentrations of antibiotics in the environment (Na et al.,
2013; Azanu et al., 2016). A similar phenomenon has been
shown for the phytoconcentration of metals, which cannot only
theoretically impact the selection for metal resistance genes in the
plant microbiome, but also in the herbivores that consume the
plant (Winder et al., 1999). The phenomenon of bioaccumulation
would need to be more explicitly understood if EQS’s were to
be developed for antibiotics, as concentrations within organisms
might greatly exceed MSCs or effect concentrations, even if
environmental concentration were maintained below an EQS.
The effect of chronic antibiotic exposure on aquatic plants has
been poorly characterized, but there is evidence to suggest that
antibiotic exposed aquatic plants demonstrate significant changes
in the phyllosphere microflora –a change that has unknown
ecological consequences (Rico et al., 2014).

application (Byrne-Bailey et al., 2011). It has been suggested that
the widespread use of land spreading of manure significantly
contributes to the loading of some stretches of river and
catchments, particularly in the U.S. where >100 million tons of
feces and urine was attributed to a 65 million-head of hog per
year industry (Sarmah et al., 2006; USDA, 2015a). The challenge
of containing and disposing of feces is further impacted by
substantial contributions from the cattle (95 million head of cattle
in 2010) (USDA, 2010) and the poultry industries (8.5 trillion
head of broiler chickens, 240 billion head of turkey) (USDA,
2015b).
The dissemination of metals from within sludge/manure
on soil has been shown to lead to measurable changes in
microbial community structure and in some cases declines in
ecosystem services, such as nitrification (Chaudri et al., 1993;
Halling-Sørensen, 2001; Walter et al., 2006; Fortuna et al., 2012).
However, there is no evidence that antibiotics are phytotoxic at
concentrations found in sludge amended to soil (Jjemba, 2002).
Determining whether antibiotics and ARGs have an impact on
soil ecosystem health is a key area for environmental regulators,
which does not fall within the scope of human health impacts.

Air Transmission (Bioaerosols)
Widespread manure distribution, either through feedlots or land
spreading can facilitate the dissemination of ARGs (Aust et al.,
2008; McEachran et al., 2015; Wang et al., 2015). In addition,
several antibiotics have been recorded downwind of feedlots at
concentrations similar to that found in rivers downstream of
sewage outlets (0.5 to 4.6 µg/g). More broadly, antimicrobials,
such as antifungals (e.g., azole fungicides), have significant
aerosol dissemination pathways. Broadcast application of azole
fungicides has likely facilitated the emergence of azole-fungicide
resistance in Aspergillus fumigatus (a life threatening infection
of the lungs, and a common component of composting
bioaerosols) (Verweij et al., 2009). Strong evidence in support
of an environmental origin of resistance can be found in the
literature, where dominance of a single resistance mechanism
in >69% of Dutch azole-resistant A. fumigatus isolates was
recovered from epidemiologically unrelated patients, indicating
an environmental driver of resistance such as the use of azole
fungicides for plant and material protection (Snelders et al.,
2008).

Aquaculture and Shellfish Beds
Where there is veterinary use of antibiotics, biocides and/or
metals in fish farms there will be increases in their environmental
release, and concomitant selection for resistance genes. The
accumulation and chronic exposure of river, estuarine and coastal
environments to these AMR drivers can persist (Samuelsen
et al., 1992) and spread AMR into and from the sediment
(Sandaa et al., 1992). The World Organization for Animal
Health (OIE) has developed standards in the Aquatic Animal
Health Code on the responsible and prudent use of antimicrobial
agents in aquatic animals as well as a List of Antimicrobials of
Veterinary Importance (OIE – World Organization for Animal
Health, 2015), which aims to optimize the balance between
animal health needs and public health considerations. However,
to date, there is no harmonized system of surveillance on
the worldwide use and circulation of antimicrobial agents in
aquaculture.
Antimicrobials are used in aquaculture to prevent and treat
bacterial infections in fish and invertebrates (Cabello et al., 2013),
however, in middle to low income countries, it can often be
used to overcome what is considered sanitary shortcomings
in fish rearing (Cabello, 2006). The UK reports the sale of
2 tons of antibiotics for use in the production of fish in
2014 (Veterinary Medicines Directorate, 2014). The 26 EU/EEA
countries reported <10% of the total weight of food-producing
livestock was from fish, with the exclusion of Norway, for which

Food Plants
A significant number of papers exist in the literature
demonstrating the sensitivity and uptake of antibiotics from
irrigation water, manure- or sludge-amended soils by crops into
the plant biomass (Kang et al., 2013; Azanu et al., 2016). For
example, onions, cabbage, and corn have been shown to take
up chlortetracycline (Dolliver et al., 2007); corn, lettuce, and
potato have been shown to take up sulfamethazine (Dolliver
et al., 2007); wheat has been shown to take up chlortetracycline
into the grain (Tasho and Cho, 2016); lettuces and carrot
were shown to take up trimethoprim (Boxall et al., 2006).
The degree to which this occurs in manure/sludge amended
farms and the risk it poses to the environment remain poorly
studied. The risk of phytoextracting antibiotics into a food
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it represented 70% (European Medicines Agency, 2015). Canada,
Norway and the U.S. permit aquaculture use of oxytetracycline,
Canada and Norway permit use of florfenicol, and Norway
permits aquaculture use of quinolones (Cabello et al., 2013).
The quantity of antibiotic used per country can vary by as
much as 175-fold for 1 ton of salmon (e.g., 0.008–1.4 kg
of antimicrobial) (Cabello et al., 2013). The most abundant
antibiotic (by mass) used in Norway for salmon production
(821,997 MT in 2007), was a quinolone: oxolinic acid (681 kg
in 2008), followed by florfenicol, a synthetic derivative of
chloramphenicol (166 kg), and oxytetracycline (23 kg) (Burridge
et al., 2010). Scotland’s salmon production (135,528 MT in
2007), by comparison, only used 9 kg florfenicol, and 75.4 kg
of oxytetracycline in 2008 (Burridge et al., 2010). Norway,
the largest producer of farmed Atlantic salmon in the world,
had up until the implementation of new regulations in 2007
used much higher antibiotics: 1119 kg oxolinic acid, 5282 kg
oxytetracycline and 302 kg florfenicol, in 2006 (Burridge et al.,
2010).
The use and misuse of antibiotics in aquaculture has led
to an increase in antibiotic resistance in fish pathogens, in
the transfer of these resistance determinants to and from the
sediment microbial community (Cabello, 2006; Cabello et al.,
2013). Aquaculture has been shown to select for AMR in the
fish microbiome and the surrounding environment (DePaola
et al., 1988; Guardabassi et al., 2000; Schmidt et al., 2000, 2001).
Changes in the fish microbiome have unknown consequences,
presenting a significant knowledge gap (Guardabassi et al., 2000).
The implications for the spread of AMR throughout the food
web from fish-eating organisms has not been explored and is
highlighted in the Knowledge Gap Section.

Ecological Health
The toxicological response of organisms to exposure to
antibiotic biocides and metals goes beyond the scope of this
review. However, there are intriguing reports in the literature
that document ecologically relevant effects on a range of
target organisms from exposure to sub-lethal concentrations
of pollutants, including antibiotics. Measurable changes in
the metabolites found in feces of mice have been reported
after exposure to sub-lethal concentrations of antibiotics. In
a study on mice, the metabolites were found to be critical
for host physiology (e.g., steroid hormone synthesis) and
an inflammatory response in the gut (Looft and Allen,
2012). Chronic exposure of some organisms to metals have
been shown to either increase or decrease an immune
response and cause autoimmunity problems (Fournié et al.,
2001). The extent to which pollution-induced autoimmunity
occurs in wildlife is unclear, however, where it does occur
it is likely to have a measurable effect on the life-cycle
and ecosystem services of that organism (Sattar et al.,
2007).
In the case of plants, there is evidence to suggest that
seed germination, root elongation and overall plant health
can be sensitive to sub-inhibitory concentrations of antibiotics
and metals in the soil (Pan and Chu, 2016). Exposure to
sub-lethal concentrations of pollutants such as antibiotics,
biocides, and metals can induce pollution-induced parasitization,
which in turn has been shown to increase susceptibility
to the toxic effects of the pollutant (Khan and Thulin,
1991). It is unclear how reproducible this linkage is between
exposure and parasitization, but it has been suggested that
parasites of aquatic organisms might potentially be used
as indicators of pollution (Khan and Thulin, 1991). This
same relationship between pollution exposure (particularly
metals) and increased susceptibility to infection has also been
shown to occur in plants (Sattar et al., 2007). There is the
suggestion that pollution might have contributed to the observed
increase in infections and abnormalities in amphibians, perhaps
facilitated by host immune system effects or enhanced by
persistent chemical pollutants acting in synergy or directly
on the microbial pathogens to increase their persistence
and virulence (Carey, 2000; Kiesecker, 2002; Sattar et al.,
2007).
Bactericidal antibiotics, including β-lactams, quinolones, and
aminoglycosides, can stimulate bacteria to produce reactive
oxygen species (ROS), which are highly deleterious molecules
that can interfere with the normal functions of oxygen-respiring
organisms (Kohanski et al., 2010). ROS, such as hydroxyl radicals,
are mutagens, which activates the error-prone SOS response
and error-correcting repair systems. The induction of this DNA
damage and repair cascade by low levels of antibiotics leads to
an increase in mutation rates, which can result in the emergence
of multidrug resistance (Kohanski et al., 2010). Hence, the mere
presence of these radial oxygen species-inducing chemicals in
the environment ensures that spontaneous mutations will occur
at a greater rate and that antibiotic resistance can form de
novo (Isidori et al., 2005; Kohanski et al., 2010; Dwyer et al.,
2014).

Groundwater Quality
Antibiotics found in manure- or sludge-amended agricultural
soils will enter groundwater as a result of rainfall, irrigation,
and other human activities (Hirsch et al., 1999; Hu et al.,
2010; Sui et al., 2015). A pan-European study of groundwater
reported sulfonamide antibiotics in 24% of samples, reaching
a maximum concentration of 38 ng/L, but averaging 2 ng/L
(Loos et al., 2010). Among the higher concentrations of
sulfonamides recorded in groundwater was from Spain, 3.4 µg/L
(García-Galán et al., 2010). The biocides, i.e., triclosan, has
been measured in UK aquifers in excess of 2 µg/L over a
number of years (Stuart et al., 2012; Manamsa et al., 2016).
Groundwater infiltration of veterinary pharmaceuticals
from livestock wastewater impoundments has also been
demonstrated, highlighting the role of livestock wastewater
lagoons in groundwater pollution (Bartelt-Hunt et al., 2011).
The implications for reduced groundwater depuration have
been reported, where sulfamethazine and chlortetracycline
was shown to inhibit the growth and denitrification of
the nitrate present, thereby increasing the risk of nitrate
pollution (Ahmad et al., 2014). Very little has been reported
regarding the impact of antibiotic residues in groundwater
on the generation of AMR in pathogens (Haznedaroglu et al.,
2012).
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WHAT ARE OUR KEY KNOWLEDGE
GAPS?

(2)

It has been noted that the wider problem of AMR has many
parallels to that of climate change, as they are both, arguably,
an interdisciplinary, complex, global “tragedy of the commons”
(Foster and Grundmann, 2006; Woolhouse and Farrar, 2014;
Woolhouse et al., 2015). Many hundreds of researcher years
have gone into producing our current understanding of the
mechanisms of AMR selection and transmission (Aminov,
2010). However, despite this deep knowledge base, we are
still left unable to answer many rather fundamental questions
about the ecology and drivers of AMR in the environment
(Huijbers et al., 2015). Given the urgency of mitigating
AMR, there is a need to prioritize our knowledge gaps
into two categories: those that will inform policy and those
that will not. A pragmatic view of research priorities is
not novel, as funding bodies have ‘Directed Research Calls’
that often specify ‘what we need to know.’ However, the
evidence suggests that these calls have been both limited in
number (relative to the importance of the topic) and devoid
of questions that pertain to environmental health. A recent
report that conducted a systematic observational analysis of
antibacterial resistance research funding, showed that only
3% of research projects on antibiotic resistance proposed to
tackle issues that relate to the environment (Kelly et al.,
2016). One possible explanation for the dearth of research
is that real world (field scale) environmental microbiology
is messy and difficult to reproduce, and therefore seen less
sympathetically by traditional grant review panels that tend
to favor highly replicated and controlled studies –something
rivers and WWTPs are not. A mechanism to prioritize
the global research agenda on AMR and the environment
does not yet exist; however, leadership from existing global
bodies such as the WHO (World Health Organization),
FAO (Food and Agriculture Organization) and OEI (World
Organization for Animal Health) will be key, to ensure
integration with existing global (World Health Organisation,
2015) and national (Department of Health/Defra, 2013) AMR
Action Plans.
The following is a first attempt to shortlist the knowledge gaps
that emerge from a review, with a focus on those which could
directly inform policy.

(3)

(4)

(5)

These knowledge gaps have been, in part, summarized in Eq. 1:

(1) Are there direct or indirect implications to the health,
reproduction or ecosystem services of organisms
or populations resulting from chronic exposure
to elevated AMR drivers, as in Figure 1, in the
environment? Sub-question: (a) Can exposure to
elevated AMR drivers increase susceptibility to infection,
and how does this differ with age, gender, habitat
quality, exposure time, mixture exposures?; (b) Are there
implications to the environment from chronic exposure
to elevated levels of ARGs and the MGEs in which they
might be contained? (c) Do antibiotics, biocides or metals
bioaccumulate and what are the implications for AMR
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selection, maintenance, and benchmarking regulatory
thresholds?
What are the relative contributions of the different
AMR pathways, as in Figure 1, for establishing,
maintaining and disseminating ARGs in the
environment? Sub-question: (a) Are there temporal,
spatial, or physical/geological factors that impact on
the selection, maintenance, and spread of AMR in the
environment? (b) Should pathways be prioritized for
mitigation based solely on potential impact, or should it
include tractability (i.e., “easy win” vs. greater impact)?
What are the relative contributions of the different
AMR drivers, as in Figure 1, for establishing,
maintaining and disseminating ARGs in the
environment? Sub-question: (a) How does ARG
co-selection operate with mixtures of antibiotics,
biocides and metals (e.g., concentration addition,
independent action, synergism or antagonism)?; (b)
Can understanding co-selection help define targets
for mitigation–is this a tractable problem?; (c) Do
bacteriophage play a meaningful role in the maintenance
and transmission of ARGs in the environment? (Subirats
et al., 2016); (d) What are the sources of ARG-containing
phage–is mitigation of phage tractable?
What concentrations of AMR drivers are relevant
for assessing the risk of AMR selection and
co-selection? Sub-question: (a) What is a useful
benchmark for assessing risk and the success of any
mitigation/intervention measures (e.g., MIC, MSC, ARG
prevalence, ecological cutoff/break points?); (b) What is
the most appropriate time period for assessing the success
of mitigating measures?
Are there direct or indirect implications from the
trophic transfer of antibiotics, biocides, metals,
or ARGs found within microorganisms, animals
(aquaculture), or plants? Sub-question: (a) Are some
chemicals more susceptible to uptake (i.e., ionisable
chemicals) in plants and do these pose the greatest risk to
organisms and ecosystems?; (b) What are the effects of
pH on the ionization of antibiotics and their differential
toxicity to different target organisms?; (c) What role does
metal speciation and metal bioavailability play in AMR
selection and maintenance?; (d) How does antibiotic
bioavailability in soil influence exposure and risk?

E=

n X
m
X

cij

(1)

i−1 j−1

where cij = the j-th of n chemicals with similar modes of
action from the i-th of m pathways. E is the therefore the
sum total of all chemicals with similar modes of action from
different pathways per site. It is the aspiration to use minimum
selection concentrations (MSC) derived from complex microbial
communities in different environments (e.g., aquatic, sediment,
soil, sewage, crops, and wildlife) to calculate a risk coefficient (R):
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R=

E
MSC

macrolides should not be interpreted as a mitigation measure for
AMR since there is no evidence to date to suggest these two goals
are necessarily linked. Moreover, regulating macrolides will not
eliminate their use, but simply lower their use and subsequent
concentration the environment. The question remains whether a
reduction in macrolide release into the environment to satisfy an
EQS will reduce macrolide-ARG prevalence.

(2)

where R > 1 represents a high risk of ARG selection
and R < 1 represents a lower risk. An evidence-based
determination (estimation) of the ARG-selection risk at each
location can better inform and prioritize subsequent mitigation
efforts.

Thought Experiment II
If the selection of ARGs within WWTPs is an important
contributor of ARGs to the environment, then it might be of
limited consequence that a WWTP employs technologies such
as: activated carbon adsorption, advanced oxidation processes,
nanofiltration, reverse osmosis, and membrane bioreactors (Luo
et al., 2014), to target the removal of macrolides from its
effluent, as the ARGs have already been enriched within the
treatment process and are being chronically released into the
environment. There are no wastewater treatment technologies
in widespread use that remove ARGs to zero. This scenario
highlights an important knowledge gap: What is the relative
importance of antibiotics, biocides, metals and ARGs for
maintaining and disseminating ARGs in sewage works and
the environment (Knowledge Gap 3)? If the release of ARGs
into the river are deemed relatively unimportant, then there is
more reason to suspect that the removal of metals, biocides or
antibiotics could be useful. However, if metals are important
relative to the other drivers, then treatment technologies will
need to address this challenge. Technologies used to remove
metals (Fu and Wang, 2011), such as chemical precipitation,
ion-exchange, adsorption, membrane filtration, coagulation–
flocculation, flotation and electrochemical are unlikely to be
effective in reducing antibiotics, biocides or ARGs. Hence,
defining the relative importance of resistance-driving chemicals
to selection and dissemination of ARGs is key–as each will
necessitate a different solution at the WWTP. In the case of ARGs,
it will be important to discern the relative role of bacteriophage in
the dissemination of ARGs, as they represent a nano-size particle
that protects the ARGs held within it, making it very difficult to
remove from the waste stream.

THOUGHT EXPERIMENT
It has been widely shown that ARGs are a natural phenomenon,
and that we have been living with ARGs in the environment (and
within our microbiome), since the dawn of our species (D’Costa
et al., 2011). It has been shown quite clearly in the literature,
that there has been a substantial increase in the prevalence
and diversity of ARGs since the time of mass production of
antibiotics (Knapp et al., 2010; Graham et al., 2016). So, is
the problem with AMR in the environment simply a matter of
increasing prevalence of ARGs? If it is a matter of prevalence,
does prevalence of ARGs only have meaningful implications
to humans and farmed animals? As previously discussed, there
are numerous studies that show direct toxic or metabolic
effects from exposure to the drivers of ARGs–this is not really
debated. Whether these effects are meaningful to the population,
community or ecosystem and its services is where our knowledge
gap lies. Most studies focus on the organism; based on that subset of life on our planet, the answer is yes, there are measurable
meaningful effects on many organisms to environmentally
relevant concentrations of antibiotics, biocides and metals.
However, it has been argued that some meaningful effects found
at an organismal level might not translate into meaningful
implications to the population, community, ecosystem and its
services (Sumpter, 2009; Johnson and Sumpter, 2016). There is
a lack of research asking this “meaningful” level of impact at
the appropriate scale–the ecosystem. The following four Thought
Experiments, follow on with these critical questions, with the
aim to highlight the obligate need for a critical interpretation of
‘impact’ and a pragmatic and holistic vision for mitigation where
these are tractable, meaningful and efficacious.

Thought Experiment III
Emerging from Thought Experiments I and II is the idea that
WWTPs are a major pathway for dissemination of AMR drivers.
WWTPs are a convenient location for mitigating AMR and
its drivers, as it represents the aggregation of many sources
of resistance-driving chemicals and ARGs. However, addressing
the AMR challenge at the point of the WWTPs comes with a
very significant cost. It has been estimated that the UK water
industry would require £30 billion in investment to comply with
proposed EC limits on ethinyl estradiol (EE2, ‘the pill’) (Owen
and Jobling, 2012). Regulations on the release of macrolides
in effluent would likely garner a similar price tag. If solutions
needed to be developed for substantially reducing levels of
antibiotics, biocides, metals, and ARGs, it would greatly increase
the cost of treating wastewater. Improvements in wastewater
treatment to tackle the drivers of AMR can also offer reductions
in a wide diversity of contaminants of emerging concern,

Thought Experiment I
The decision by the European Commission to include macrolides
on the Watch List indicates that their environmental impact,
based on classical toxicity studies, might be sufficiently high to
justify their regulation. Will regulating macrolides contribute to
a reduction in AMR? Where macrolides compose the majority
of AMR drivers in a habitat, one might expect it could be
impactful in reducing the prevalence of ARGs. However, there are
few scenarios where this condition is met–possibly downstream
a macrolide manufacturing facility. The reality is that most
antibiotics enter the environment through sewage effluent or
from manure/biosolid-amended soil, all of which are rich in
a wide range of AMR drivers (e.g., antibiotics, biocides and
metals). Hence, it is unrealistic to expect macrolide regulation
to substantially lower ARG selection. Establishing EQS’s for
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(e.g., rivers, coastal waters, and soil) can impact the
health, yield and safety of economically important food
products and the wider biome.

including pathogens and viruses (Huijbers et al., 2015). As such,
improvements to WWTPs might be more easily justified to the
public in light of the broader benefits to society relative to
the costs. In addition to upgrading WWTPs, there is reason to
consider ‘upstream’ (i.e., close to source) mitigation measures
(see Thought Experiment IV). It is also important to note
that the UK water and sewerage industry is highly regulated
to ensure the cost of bills is affordable. To that end, Ofwat
(The Water Services Regulation Authority, the body responsible
for economic regulation of the privatized water and sewerage
industry in England and Wales) negotiates the research and
investment budget with the water companies many years in
advance. Work to develop the 2020–2025 business plans of all
water and sewerage companies begins in 2016. Hence, there is
a need to identify cheaper and quicker ‘wins,’ as the regulatory
constraints on research and investment, the reluctance to exceed a
maximum acceptable cost to the taxpayer, and the speed at which
the industry is capable of responding are hugely limiting of any
quick fixes.

It is clear that environmental regulators should have
an important role to play in future efforts to mitigate the
environmental and human health risks from AMR. However, it is
also apparent, that they represent only one of many stakeholders
that can contribute to the solution(s). Implementation of
‘upstream’ solutions, such as ‘reduce, reuse, recycle,’ will
necessitate coordinated strategies across multiple regulatory
bodies and stakeholders, including: Department of Health
[(including Medicines and Healthcare products Regulatory
Agency, NHS England and Public Health England), Food
Standards Agency], Department of Food, Agriculture and Rural
Affairs (Defra) [including: Centre for Environment, Fisheries
and Aquaculture Science, Water Services Regulation Authority
(Ofwat)], Veterinary Medicines Directorate, Environment
Agency (equivalent regulator in adjacent countries: Scottish
Environmental Protection Agency, Natural Resources Wales,
Northern Ireland Environment Agency) as well as, Water
and Sewerage Companies, industry and wider society. The
first step toward this vision for a holistic AMR mitigation
strategy, is for each of the stakeholders to critically evaluate
the role they play in contributing to the composition and
dissemination of resistance-driving chemicals. This document
reflects a first effort to that end in England and the wider
U.K.
It is important to recognize that the lack of environmental
focus in AMR Action Plans and the O’Neill Review is, arguably,
because: (1) our understanding of AMR in the environment
is so unsatisfactory that there is very little that can be
suggested for mitigation without employing the precautionary
principle as the primary rationale for action, and (2) the
disciplines of pollution, environmental microbiology, and the
wider infectious disease fields have been chronically underfunded
(Head et al., 2013; Bragginton and Piddock, 2014; Kelly et al.,
2016; Piddock, 2016), leaving them unable to provide the
evidence base needed to inform policy. Unless society is prepared
to assume the non-trivial costs associated with a precautionary
approach, e.g., increased water bills to pay for substantial
upgrades in WWTPs, there will be a need to prioritize the
research that addresses the ‘Knowledge Gaps,’ as previously
detailed. The point should not be lost that such an investment
in upgrading WWTPs might allow for multiple ‘victories,’
through the co-removal or reduction of other pollutants and
hazards.
However, there is reason to be optimistic, as for the first
time, all seven UK Research Councils have come together
to collaborate on funding long-term cross-disciplinary,
integrated research on AMR (Medical Research Council,
2014). An Antimicrobial Resistance Funders’ Forum has also
been established to provide a framework for delivering a
more coordinated research portfolio and to maximize the
impact on both a national and international policies and
activities.

Thought Experiment IV
If the solution to mitigating AMR in the environment must
move ‘upstream’ from the WWTP, it likely becomes the remit
of several additional government regulators. AMR Action Plans
might benefit from adapting the philosophy of the recycling
movement “reduce, reuse, recycle” as it offers a more holistic and
cost-effective mechanism for a reduction in the load of resistancedriving chemicals entering the waste stream. Without knowing
the relative role of each of the drivers of AMR (antibiotics,
biocides, metals, and ARGs), it would be necessary to identify,
quantify and reduce each of the chemical drivers entering the
wastewater. There are many activities currently underway on a
global scale that aim to tackle some of these upstream sources
of AMR drivers, e.g., reducing antibiotic misuse in human
and veterinary use; reducing biocide use in personal care and
household products; capture, reuse and recycle metals within
the waste stream. The monumental task that this represents
highlights the need to prioritize research to address these
Knowledge Gaps.

CONCLUDING THOUGHTS
The relevance of the AMR pathways and drivers to the
environmental regulator can be crudely summarized in three,
high level, points:
(1) Low levels of antibiotics, metals, and biocides can directly
select (and co-select) for ARGs within the AMR pathways
that are under the remit of the Environment Agency,
i.e., sewage effluent, rivers, sludge, irrigation system,
(bio)aerosols, aquaculture, industry, and groundwater.
(2) Pathways for the dissemination of antibiotics, metals,
biocides, and ARGs into animals, plants, food (animal,
plant and shellfish), groundwater, rivers and bathing
waters, are within the remit of the Environment Agency.
(3) Sub-lethal effects of antibiotics, metals and biocides on
organisms, their microbiome and ecosystem services

Frontiers in Microbiology | www.frontiersin.org

15

November 2016 | Volume 7 | Article 1728

Singer et al.

Relevance of AMR to Regulators

AUTHOR CONTRIBUTIONS

ACKNOWLEDGMENTS

AH, VR, and AS conceived of the review outline. AS researched
and drafted the manuscript. HS provided significant input to
several sections to improve clarity and accuracy.

We wish to thank the many helpful contributions to the vetting
of this manuscript by Katherine Grace and colleagues at the
Veterinary Medicines Directorate: Callum Harris, Katherine
Healey, Hannah Reeves, Ken Stapleton; Nick Cartwright,
Katherine Cornfield, Amanna Giles, Paul Whitehouse, Jonathan
Porter, and Kerry Walsh at the Environment Agency; Steven
Cleave, Elaine Connolly, Kate Hedges, Elizabeth Kelly, Merewyn
Loder ,and Stephen Wyllie at Defra; and Steven White
and Glenn Rhodes at the NERC Centre for Ecology &
Hydrology.

FUNDING
The review was funded by the Environment Agency of England
and the NERC Centre for Ecology & Hydrology (contract
NEC05862).

REFERENCES

Baquero, F., and Negri, M. C. (1997). Selective compartments for resistant
microorganisms in antibiotic gradients. Bioessays 19, 731–736. doi:
10.1002/bies.950190814
Bardgett, R. D., and van der Putten, W. H. (2014). Belowground biodiversity and
ecosystem functioning. Nature 515, 505–511. doi: 10.1038/nature13855
Bartelt-Hunt, S., Snow, D. D., Damon-Powell, T., and Miesbach, D. (2011).
Occurrence of steroid hormones and antibiotics in shallow groundwater
impacted by livestock waste control facilities. J. Contam. Hydrol. 123, 94–103.
doi: 10.1016/j.jconhyd.2010.12.010
Beaber, J. W., Hochhut, B., and Waldor, M. K. (2004). SOS response promotes
horizontal dissemination of antibiotic resistance genes. Nature 427, 72–74. doi:
10.1038/nature02241
Berendsen, B. J. A., Wegh, R. S., Memelink, J., Zuidema, T., and Stolker, L. A. M.
(2015). The analysis of animal faeces as a tool to monitor antibiotic usage.
Talanta 132, 258–268. doi: 10.1016/j.talanta.2014.09.022
Blanco, P., Hernando-Amado, S., Reales-Calderon, J., Corona, F., Lira, F.,
Alcalde-Rico, M., et al. (2016). Bacterial multidrug efflux pumps: much
more than antibiotic resistance determinants. Microorganisms 4:E14. doi:
10.3390/microorganisms4010014
Bondarczuk, K., Markowicz, A., and Piotrowska-Seget, Z. (2016). The urgent need
for risk assessment on the antibiotic resistance spread via sewage sludge land
application. Environ. Int. 87, 49–55. doi: 10.1016/j.envint.2015.11.011
Boxall, A. B. A., Johnson, P., Smith, E. J., Sinclair, C. J., Stutt, E., and Levy, L. S.
(2006). Uptake of veterinary medicines from soils into plants. J. Agric. Food
Chem. 54, 2288–2297. doi: 10.1021/jf053041t
Braam, F., and Klapwijk, A. (1981). Effect of copper on nitrification in activated
sludge. Water Res. 15, 1093–1098. doi: 10.1016/0043-1354(81)90077-4
Bragginton, E. C., and Piddock, L. J. V. (2014). UK and European Union public
and charitable funding from 2008 to 2013 for bacteriology and antibiotic
research in the UK: an observational study. Lancet Infect. Dis. 14, 857–868. doi:
10.1016/S1473-3099(14)70825-4
Bridier, A., Briandet, R., Thomas, V., and Dubois-Brissonnet, F. (2011). Resistance
of bacterial biofilms to disinfectants: a review. Biofouling 27, 1017–1032. doi:
10.1080/08927014.2011.626899
Brown-Jaque, M., Calero-Cáceres, W., and Muniesa, M. (2015). Transfer of
antibiotic-resistance genes via phage-related mobile elements. Plasmid 79, 1–7.
doi: 10.1016/j.plasmid.2015.01.001
BSI (2014). PAS 110: Specification for Whole Digestate, Separated Liquor and
Separated Fibre Derived from the Anaerobic Digestion of Source-Segregated
Biodegradable Materials. London: British standards institution.
Buffet-Bataillon, S., Tattevin, P., Bonnaure-Mallet, M., and Jolivet-Gougeon, A.
(2012). Emergence of resistance to antibacterial agents: the role of quaternary
ammonium compounds–a critical review. Int. J. Antimicrob. Agents 39,
381–389. doi: 10.1016/j.ijantimicag.2012.01.011
Buffet-Bataillon, S., Tattevin, P., Maillard, J.-Y., Bonnaure-Mallet, M., and JolivetGougeon, A. (2016). Efflux pump induction by quaternary ammonium
compounds and fluoroquinolone resistance in bacteria. Future Microbiol. 11,
81–92. doi: 10.2217/fmb.15.131
Burridge, L., Weis, J. S., Cabello, F., Pizarro, J., and Bostick, K. (2010). Chemical use
in salmon aquaculture: a review of current practices and possible environmental
effects. Aquaculture 306, 7–23. doi: 10.1016/j.aquaculture.2010.05.020

Aga, D. S., Lenczewski, M., Snow, D., Muurinen, J., Sallach, J. B., and Wallace, J. S.
(2016). Challenges in the measurement of antibiotics and in evaluating their
impacts in agroecosystems: a critical review. J. Environ. Qual. 45, 407–419. doi:
10.2134/jeq2015.07.0393
Ahmad, M., Vithanage, M., Kim, K., Cho, J.-S., Lee, Y. H., Joo, Y. K., et al. (2014).
Inhibitory effect of veterinary antibiotics on denitrification in groundwater: a
microcosm approach. Sci. World J. 2014, 879831. doi: 10.1155/2014/879831
Ahmed, M. B., Zhou, J. L., Ngo, H. H., and Guo, W. (2015). Adsorptive removal
of antibiotics from water and wastewater: progress and challenges. Sci. Total
Environ. 532, 112–126. doi: 10.1016/j.scitotenv.2015.05.130
Ajmal, M., Ahmad, A., and Nomani, A. A. (1983). Influence of toxic metals on
the repression of carbonaceous oxygen demand. Water Res. 17, 799–802. doi:
10.1016/0043-1354(83)90074-X
Alekshun, M. N., and Levy, S. B. (1999). The mar regulon: multiple resistance
to antibiotics and other toxic chemicals. Trends Microbiol. 7, 410–413. doi:
10.1016/S0966-842X(99)01589-9
Allison, S., and Martiny, J. (2008). Resistance, resilience, and redundancy in
microbial communities. Proc. Natl. Acad. Sci. U.S.A. 105(Suppl. 1), 11512–
11519. doi: 10.1073/pnas.0801925105
Amini, S., Hottes, A. K., Smith, L. E., and Tavazoie, S. (2011). Fitness landscape
of antibiotic tolerance in Pseudomonas aeruginosa biofilms. PLoS Pathog.
7:e1002298. doi: 10.1371/journal.ppat.1002298
Aminov, R. I. (2010). A brief history of the antibiotic era: lessons learned and
challenges for the future. Front. Microbiol. 1:134. doi: 10.3389/fmicb.2010.
00134
Antonova, E. S., and Hammer, B. K. (2011). Quorum-sensing autoinducer
molecules produced by members of a multispecies biofilm promote horizontal
gene transfer to Vibrio cholerae. FEMS Microbiol. Lett. 322, 68–76. doi:
10.1111/j.1574-6968.2011.02328.x
Ardestani, M. M., van Straalen, N. M., and van Gestel, C. A. M. (2015). Biotic ligand
modeling approach: synthesis of the effect of major cations on the toxicity of
metals to soil and aquatic organisms. Environ. Toxicol. Chem. 34, 2194–2204.
doi: 10.1002/etc.3060
Aust, M.-O., Godlinski, F., Travis, G. R., Hao, X., McAllister, T. A., Leinweber, P.,
et al. (2008). Distribution of sulfamethazine, chlortetracycline and tylosin in
manure and soil of Canadian feedlots after subtherapeutic use in cattle. Environ.
Pollut. 156, 1243–1251. doi: 10.1016/j.envpol.2008.03.011
Azanu, D., Mortey, C., Darko, G., Weisser, J. J., Styrishave, B., and Abaidoo, R. C.
(2016). Uptake of antibiotics from irrigation water by plants. Chemosphere 157,
107–114. doi: 10.1016/j.chemosphere.2016.05.035
Baguer, A. J., Jensen, J., and Krogh, P. H. (2000). Effects of the antibiotics
oxytetracycline and tylosin on soil fauna. Chemosphere 40, 751–757. doi:
10.1016/S0045-6535(99)00449-X
Baharoglu, Z., and Mazel, D. (2014). SOS, the formidable strategy of bacteria
against aggressions. FEMS Microbiol. Rev. 38, 1126–1145. doi: 10.1111/15746976.12077
Baker-Austin, C., Wright, M. S., Stepanauskas, R., and McArthur, J. V. (2006). Coselection of antibiotic and metal resistance. Trends Microbiol. 14, 176–182. doi:
10.1016/j.tim.2006.02.006

Frontiers in Microbiology | www.frontiersin.org

16

November 2016 | Volume 7 | Article 1728

Singer et al.

Relevance of AMR to Regulators

Byrne-Bailey, K. G., Gaze, W. H., Zhang, L., Kay, P., Boxall, A., Hawkey, P. M.,
et al. (2011). Integron prevalence and diversity in manured soil. Appl. Environ.
Microbiol. 77, 684–687. doi: 10.1128/AEM.01425-10
Cabello, F. C. (2006). Heavy use of prophylactic antibiotics in aquaculture: a
growing problem for human and animal health and for the environment.
Environ. Microbiol. 8, 1137–1144. doi: 10.1111/j.1462-2920.2006.01054.x
Cabello, F. C., Godfrey, H. P., Tomova, A., Ivanova, L., Dölz, H., Millanao, A.,
et al. (2013). Antimicrobial use in aquaculture re-examined: its relevance to
antimicrobial resistance and to animal and human health. Environ. Microbiol.
15, 1917–1942. doi: 10.1111/1462-2920.12134
Calderón-Preciado, D., Matamoros, V., Savé, R., Muñoz, P., Biel, C., and Bayona,
J. M. (2013). Uptake of microcontaminants by crops irrigated with reclaimed
water and groundwater under real field greenhouse conditions. Environ. Sci.
Pollut. Res. Int. 20, 3629–3638. doi: 10.1007/s11356-013-1509-0
Calero-Cáceres, W., Melgarejo, A., Colomer-Lluch, M., Stoll, C., Lucena, F.,
Jofre, J., et al. (2014). Sludge as a potential important source of antibiotic
resistance genes in both the bacterial and bacteriophage fractions. Environ. Sci.
Technol. 48, 7602–7611. doi: 10.1021/es501851s
Calero-Cáceres, W., and Muniesa, M. (2016). Persistence of naturally occurring
antibiotic resistance genes in the bacteria and bacteriophage fractions of
wastewater. Water Res. 95, 11–18. doi: 10.1016/j.watres.2016.03.006
Call, D. R., Matthews, L., Subbiah, M., and Liu, J. (2013). Do antibiotic residues
in soils play a role in amplification and transmission of antibiotic resistant
bacteria in cattle populations? Front. Microbiol. 4:193. doi: 10.3389/fmicb.2013.
00193
Carey, C. (2000). Infectious disease and worldwide declines of amphibian
populations, with comments on emerging diseases in coral reef organisms
and in humans. Environ. Health Perspect. 108(Suppl. 1), 143–150. doi:
10.2307/3454639
Carey, D. E., and McNamara, P. J. (2014). The impact of triclosan on the
spread of antibiotic resistance in the environment. Front. Microbiol. 5:780. doi:
10.3389/fmicb.2014.00780
Chait, R., Palmer, A. C., Yelin, I., and Kishony, R. (2016). Pervasive selection for
and against antibiotic resistance in inhomogeneous multistress environments.
Nat. Commun. 7:10333. doi: 10.1038/ncomms10333
Chang, H.-H., Cohen, T., Grad, Y. H., Hanage, W. P., O’Brien, T. F., and
Lipsitch, M. (2015). Origin and proliferation of multiple-drug resistance
in bacterial pathogens. Microbiol. Mol. Biol. Rev. 79, 101–116. doi:
10.1128/MMBR.00039-14
Chaudri, A., Mcgrath, S., Giller, K., Rietz, E., and Sauerbeck, D. (1993).
Enumeration of indigenous Rhizobium leguminosarum biovar Trifolii in soils
previously treated with metal-contaminated sewage sludge. Soil Biol. Biochem.
25, 301–309. doi: 10.1016/0038-0717(93)90128-X
Chen, C.-E., Zhang, H., Ying, G.-G., Zhou, L.-J., and Jones, K. C. (2015). Passive
sampling: a cost-effective method for understanding antibiotic fate, behaviour
and impact. Environ. Int. 85, 284–291. doi: 10.1016/j.envint.2015.10.001
Chen, Y., Yu, G., Cao, Q., Zhang, H., Lin, Q., and Hong, Y. (2013). Occurrence and
environmental implications of pharmaceuticals in Chinese municipal sewage
sludge. Chemosphere 93, 1765–1772. doi: 10.1016/j.chemosphere.2013.06.007
Chick-fil-A, Inc. (2014). Inside Chick-fil-A - Chick-fil-A to Serve Antibiotic-Free
Chicken. Available at: http://inside.chick-fil-a.com/antibiotic-free-chicken/
Chipasa, K. B. (2003). Accumulation and fate of selected heavy metals in a
biological wastewater treatment system. Waste Manag. 23, 135–143. doi:
10.1016/S0956-053X(02)00065-X
Clarke, B. O., and Smith, S. R. (2011). Review of “emerging” organic
contaminants in biosolids and assessment of international research priorities
for the agricultural use of biosolids. Environ. Int. 37, 226–247. doi:
10.1016/j.envint.2010.06.004
Comber, S., Gardner, M., Jones, V., and Ellor, B. (2015). Source apportionment of
trace contaminants in urban sewer catchments. Environ. Technol. 36, 573–587.
doi: 10.1080/09593330.2014.953599
Cox, G., and Wright, G. D. (2013). Intrinsic antibiotic resistance: mechanisms,
origins, challenges and solutions. Int. J. Med. Microbiol. 303, 287–292. doi:
10.1016/j.ijmm.2013.02.009
Crombé, F., Argudín, M. A., Vanderhaeghen, W., Hermans, K., Haesebrouck, F.,
and Butaye, P. (2013). Transmission dynamics of methicillinresistant Staphylococcus aureus in Pigs. Front. Microbiol. 4:57. doi:
10.3389/fmicb.2013.00057

Frontiers in Microbiology | www.frontiersin.org

Curiao, T., Marchi, E., Grandgirard, D., León-Sampedro, R., Viti, C., Leib, S. L.,
et al. (2016). Multiple adaptive routes of Salmonella enterica Typhimurium to
biocide and antibiotic exposure. BMC Genomics 17:491. doi: 10.1186/s12864016-2778-z
Dantas, G., and Sommer, M. O. A. (2012). Context matters - the complex interplay
between resistome genotypes and resistance phenotypes. Curr. Opin. Microbiol.
15, 577–582. doi: 10.1016/j.mib.2012.07.004
Davison, J. (1999). Genetic exchange between bacteria in the environment. Plasmid
42, 73–91. doi: 10.1006/plas.1999.1421
D’Costa, V. M., King, C. E., Kalan, L., Morar, M., Sung, W. W. L., Schwarz, C.,
et al. (2011). Antibiotic resistance is ancient. Nature 477, 457–461. doi:
10.1038/nature10388
Defra (2006). Code of Practice for Agriculture Use of Sewage Sludge. Available at:
http://adlib.everysite.co.uk/adlib/defra/content.aspx?id=4197
Defra (2013). Core Guidance for the Environmental Permitting
(England and Wales) Regulations 2010 (Revised 2013). Available at:
http://www.legislation.gov.uk/uksi/2010/675/pdfs/uksi_20100675_en.pdf
DePaola, A., Flynn, P. A., McPhearson, R. M., and Levy, S. B. (1988). Phenotypic
and genotypic characterization of tetracycline- and oxytetracycline-resistant
Aeromonas hydrophila from cultured channel catfish (Ictalurus punctatus) and
their environments. Appl. Environ. Microbiol. 54, 1861–1863.
Department of Health/Defra (2013). UK Five Year Antimicrobial
Resistance Strategy 2013 to 2018. Department of Health. Available at:
https://www.gov.uk/government/uploads/system/uploads/attachment_data/
file/244058/20130902_UK_5_year_AMR_strategy.pdf
Di Cesare, A., Eckert, E. M., D’Urso, S., Bertoni, R., Gillan, D. C., Wattiez, R.,
et al. (2016). Co-occurrence of integrase 1, antibiotic and heavy metal resistance
genes in municipal wastewater treatment plants. Water Res. 94, 208–214. doi:
10.1016/j.watres.2016.02.049
Dodgen, L. K., and Zheng, W. (2016). Effects of reclaimed water matrix on fate of
pharmaceuticals and personal care products in soil. Chemosphere 156, 286–293.
doi: 10.1016/j.chemosphere.2016.04.109
Dolliver, H., Kumar, K., and Gupta, S. (2007). Sulfamethazine uptake by
plants from manure-amended soil. J. Environ. Qual. 36, 1224–1230. doi:
10.2134/jeq2006.0266
Du, B., Haddad, S. P., Luek, A., Scott, W. C., Saari, G. N., Burket, S. R., et al.
(2016). Bioaccumulation of human pharmaceuticals in fish across habitats of
a tidally influenced urban bayou. Environ. Toxicol. Chem. 35, 966–974. doi:
10.1002/etc.3221
Dwyer, D. J., Belenky, P. A., Yang, J. H., MacDonald, I. C., Martell, J. D.,
Takahashi, N., et al. (2014). Antibiotics induce redox-related physiological
alterations as part of their lethality. Proc. Natl. Acad. Sci. U.S.A. 111,
E2100–E2109. doi: 10.1073/pnas.1401876111
Enault, F., Briet, A., Bouteille, L., Roux, S., Sullivan, M. B., and Petit, M.-A. (2016).
Phages rarely encode antibiotic resistance genes: a cautionary tale for virome
analyses. ISME J. doi: 10.1038/ismej.2016.90 [Epub ahead of print].
European Commission (2000). Directive 2000/60/EC of the european parliament
and of the council of 23 october 2000 establishing a framework for community
action in the field of water policy. Off. J. Eur. Commun. 327, 1–72.
European Commission (2009). Scientific Committee on Emerging and Newly
Identified Health Risks. Assessment of the Antibiotic Resistance Effects of Biocides.
Available at: http://ec.europa.eu/health/ph_risk/committees/04_scenihr/docs/
scenihr_o_021.pdf
European Commission (2011). Communication from the Commission to the
European Parliament and the Council: Action Plan Against the Rising Threats
from Antimicrobial Resistance. Available at: http://ec.europa.eu/dgs/health_
food-safety/docs/communication_amr_2011_748_en.pdf
European Commission (2012). Regulation (EU) No 528/2012 of the european
parliament and of the council of 22 may 2012 concerning the making available
on the market and use of biocidal products. Off. J. Eur. Union. 167, 1–123.
European Commission, and Health and Consumer Protection DirectorateGeneral (2003). Opinion of the Scientific Committee for Animal Nutrition on
the Use of Copper in Feeding Stuffs. Available at: http://ec.europa.eu/food/
fs/sc/scan/out115_en.pdf
European Medicines Agency (2015). Sales of Veterinary Antimicrobial Agents
in 26 EU/EEA Countries in 2013 (EMA/387934/2015). Available at:
http://www.ema.europa.eu/docs/en_GB/document_library/Report/2015/10/
WC500195687.pdf

17

November 2016 | Volume 7 | Article 1728

Singer et al.

Relevance of AMR to Regulators

Fahrenfeld, N., Ma, Y., O’Brien, M., and Pruden, A. (2013). Reclaimed water as
a reservoir of antibiotic resistance genes: distribution system and irrigation
implications. Front. Microbiol. 4:130. doi: 10.3389/fmicb.2013.00130
Fernandes, P. (2003). Solvent tolerance in bacteria: role of efflux pumps and
cross-resistance with antibiotics. Int. J. Antimicrob. Agents 22, 211–216. doi:
10.1016/S0924-8579(03)00209-7
Ferro, G., Polo-López, M. I., Martínez-Piernas, A. B., Fernández-Ibáñez, P.,
Agüera, A., and Rizzo, L. (2015). Cross-contamination of residual emerging
contaminants and antibiotic resistant bacteria in lettuce crops and soil
irrigated with wastewater treated by Sunlight/H2O2. Environ. Sci. Technol. 49,
11096–11104. doi: 10.1021/acs.est.5b02613
Fick, J., Lindberg, R. H., Tysklind, M., and Larsson, D. G. J. (2010). Predicted
critical environmental concentrations for 500 pharmaceuticals. Regul. Toxicol.
Pharmacol. 58, 516–523. doi: 10.1016/j.yrtph.2010.08.025
Finley, S., Barrington, S., and Lyew, D. (2009). Reuse of domestic greywater
for the irrigation of food crops. Water Air Soil Pollut. 199, 235–245. doi:
10.1007/s11270-008-9874-x
Forsberg, K. J., Reyes, A., Wang, B., Selleck, E. M., Sommer, M. O. A., and
Dantas, G. (2012). The shared antibiotic resistome of soil bacteria and human
pathogens. Science 337, 1107–1111. doi: 10.1126/science.1220761
Fortuna, A.-M., Honeycutt, C. W., Vandemark, G., Griffin, T. S., Larkin, R. P.,
He, Z., et al. (2012). Links among nitrification, nitrifier communities, and
edaphic properties in contrasting soils receiving dairy slurry. J. Environ. Qual.
41, 262–272. doi: 10.2134/jeq2011.0202
Foster, K. R., and Grundmann, H. (2006). Do we need to put society first?
The potential for tragedy in antimicrobial resistance. PLoS Med. 3:e29. doi:
10.1371/journal.pmed.0030029
Fournié, G. J., Mas, M., Cautain, B., Savignac, M., Subra, J. F., Pelletier, L., et al.
(2001). Induction of autoimmunity through bystander effects. Lessons from
immunological disorders induced by heavy metals. J. Autoimmun. 16, 319–326.
doi: 10.1006/jaut.2000.0482
Friedman, M. (2015). Antibiotic-resistant bacteria: prevalence in food and
inactivation by food-compatible compounds and plant extracts. J. Agric. Food
Chem. 63, 3805–3822. doi: 10.1021/acs.jafc.5b00778
Frost, L. S., Leplae, R., Summers, A. O., and Toussaint, A. (2005). Mobile genetic
elements: the agents of open source evolution. Nat. Rev. Microbiol. 3, 722–732.
doi: 10.1038/nrmicro1235
Fu, F., and Wang, Q. (2011). Removal of heavy metal ions from wastewaters: a
review. J. Environ. Manage. 92, 407–418. doi: 10.1016/j.jenvman.2010.11.011
García-Galán, M. J., Garrido, T., Fraile, J., Ginebreda, A., Díaz-Cruz, M. S.,
and Barceló, D. (2010). Simultaneous occurrence of nitrates and sulfonamide
antibiotics in two ground water bodies of Catalonia (Spain). J. Hydrol. (Amst.)
383, 93–101. doi: 10.1016/j.jhydrol.2009.06.042
Gardner, M., Jones, V., Comber, S., Scrimshaw, M. D., Coello-Garcia, T.,
Cartmell, E., et al. (2013). Performance of UK wastewater treatment works
with respect to trace contaminants. Sci. Total Environ. 45, 359–369. doi:
10.1016/j.scitotenv.2013.03.088
Gaze, W. H., Abdouslam, N., Hawkey, P. M., and Wellington, E. M. H.
(2005). Incidence of class 1 integrons in a quaternary ammonium compoundpolluted environment. Antimicrob. Agents Chemother. 49, 1802–1807. doi:
10.1128/AAC.49.5.1802-1807.2005
Gaze, W. H., Krone, S. M., Larsson, D. G. J., Li, X.-Z., Robinson, J. A.,
Simonet, P., et al. (2013). Influence of humans on evolution and
mobilization of environmental antibiotic resistome. Emerg. Infect. Dis.
19. doi: 10.3201/eid1907.120871
Gelband, H., Miller-Petrie, M., Pant, S., Gandra, S., Levinson, J., Barter, D., et al.
(2015). The State of the World’s Antibiotics. Washington, DC: Centre for Disease
Dynamics, Economics & Policy.
Gifford, D. R., Moss, E., and MacLean, R. C. (2016). Environmental variation
alters the fitness effects of rifampicin resistance mutations in Pseudomonas
aeruginosa. Evolution 70, 725–730. doi: 10.1111/evo.12880
Giller, K. E., Witter, E., and Mcgrath, S. P. (1998). Toxicity of heavy metals to
microorganisms and microbial processes in agricultural soils: a review. Soil Biol.
Biochem. 30, 1389–1414. doi: 10.1016/S0038-0717(97)00270-8
Goossens, H., Ferech, M., Vander Stichele, R., Elseviers, M., and Esac Project
Group. (2005). Outpatient antibiotic use in Europe and association with
resistance: a cross-national database study. Lancet 365, 579–587. doi:
10.1016/S0140-6736(05)17907-0

Frontiers in Microbiology | www.frontiersin.org

Graham, D. W., Knapp, C. W., Christensen, B. T., McCluskey, S., and Dolfing, J.
(2016). Appearance of β-lactam resistance genes in agricultural soils and clinical
isolates over the 20(th) century. Sci. Rep. 6:21550. doi: 10.1038/srep21550
Gros, M., Rodríguez-Mozaz, S., and Barceló, D. (2013). Rapid analysis of multiclass
antibiotic residues and some of their metabolites in hospital, urban wastewater
and river water by ultra-high-performance liquid chromatography coupled to
quadrupole-linear ion trap tandem mass spectrometry. J. Chromatogr. A 1292,
173–188. doi: 10.1016/j.chroma.2012.12.072
Guardabassi, L., Dalsgaard, A., Raffatellu, M., and Olsen, J. E. (2000). Increase
in the prevalence of oxolinic acid resistant Acinetobacter spp. observed in
a stream receiving the effluent from a freshwater trout farm following the
treatment with oxolinic acid-medicated feed. Aquaculture 188, 205–218. doi:
10.1016/S0044-8486(00)00340-9
Gullberg, E., Albrecht, L. M., Karlsson, C., Sandegren, L., and Andersson, D. I.
(2014). Selection of a multidrug resistance plasmid by sublethal levels of
antibiotics and heavy metals. MBio 5:e01918-14. doi: 10.1128/mBio.01918-14
Gullberg, E., Cao, S., Berg, O. G., Ilbäck, C., Sandegren, L., Hughes, D., et al.
(2011). Selection of resistant bacteria at very low antibiotic concentrations. PLoS
Pathog. 7:e1002158. doi: 10.1371/journal.ppat.1002158
Halling-Sørensen, B. (2001). Inhibition of aerobic growth and nitrification of
bacteria in sewage sludge by antibacterial agents. Arch. Environ. Contam.
Toxicol. 40, 451–460. doi: 10.1007/s002440010197
Hamilton, A. J., Boland, A.-M., Stevens, D., Kelly, J., Radcliffe, J., Ziehrl, A.,
et al. (2005). Position of the Australian horticultural industry with respect
to the use of reclaimed water. Agric. Water Manage. 71, 181–209. doi:
10.1016/j.agwat.2004.11.001
Hammer, T. J., Fierer, N., Hardwick, B., Simojoki, A., Slade, E., Taponen, J.,
et al. (2016). Treating cattle with antibiotics affects greenhouse gas emissions,
and microbiota in dung and dung beetles. Proc. Biol. Sci. 283:20160150. doi:
10.1098/rspb.2016.0150
Han, X.-M., Hu, H.-W., Shi, X.-Z., Wang, J.-T., Han, L.-L., Chen, D., et al.
(2016). Impacts of reclaimed water irrigation on soil antibiotic resistome
in urban parks of Victoria, Australia. Environ. Pollut. 211, 48–57. doi:
10.1016/j.envpol.2015.12.033
Hastings, P. J., Rosenberg, S. M., and Slack, A. (2004). Antibiotic-induced
lateral transfer of antibiotic resistance. Trends Microbiol. 12, 401–404. doi:
10.1016/j.tim.2004.07.003
Haznedaroglu, B. Z., Yates, M. V., Maduro, M. F., and Walker, S. L. (2012). Effects
of residual antibiotics in groundwater on Salmonella typhimurium: changes in
antibiotic resistance, in vivo and in vitro pathogenicity. J. Environ. Monit. 14,
41–47. doi: 10.1039/c1em10723b
Head, M. G., Fitchett, J. R., Cooke, M. K., Wurie, F. B., Hayward, A. C., and
Atun, R. (2013). UK investments in global infectious disease research 19972010: a case study. Lancet Infect. Dis. 13, 55–64. doi: 10.1016/S1473-3099(12)
70261-X
Heuer, H., Schmitt, H., and Smalla, K. (2011). Antibiotic resistance gene spread due
to manure application on agricultural fields. Curr. Opin. Microbiol. 14, 236–243.
doi: 10.1016/j.mib.2011.04.009
Hirsch, R., Ternes, T., Haberer, K., and Kratz, K. L. (1999). Occurrence of
antibiotics in the aquatic environment. Sci. Total Environ. 225, 109–118. doi:
10.1016/S0048-9697(98)00337-4
Hollenbeck, B. L., and Rice, L. B. (2012). Intrinsic and acquired resistance
mechanisms in enterococcus. Virulence 3, 421–433. doi: 10.4161/viru.
21282
Hörsing, M., Ledin, A., Grabic, R., Fick, J., Tysklind, M., la Cour Jansen, J.,
et al. (2011). Determination of sorption of seventy-five pharmaceuticals
in sewage sludge. Water Res. 45, 4470–4482. doi: 10.1016/j.watres.2011.
05.033
Hu, X., Zhou, Q., and Luo, Y. (2010). Occurrence and source analysis of
typical veterinary antibiotics in manure, soil, vegetables and groundwater from
organic vegetable bases, northern China. Environ. Pollut. 158, 2992–2998. doi:
10.1016/j.envpol.2010.05.023
Hu, Y., Yang, X., Qin, J., Lu, N., Cheng, G., Wu, N., et al. (2013). Metagenome-wide
analysis of antibiotic resistance genes in a large cohort of human gut microbiota.
Nat. Commun. 4:2151. doi: 10.1038/ncomms3151
Hughes, D., and Andersson, D. I. (2012). Selection of resistance at lethal and
non-lethal antibiotic concentrations. Curr. Opin. Microbiol. 15, 555–560. doi:
10.1016/j.mib.2012.07.005

18

November 2016 | Volume 7 | Article 1728

Singer et al.

Relevance of AMR to Regulators

Huijbers, P. M. C., Blaak, H., de Jong, M. C. M., Graat, E. A. M., VandenbrouckeGrauls, C. M. J. E., and de Roda Husman, A. M. (2015). Role of the environment
in the transmission of antimicrobial resistance to humans: a review. Environ.
Sci. Technol. 49, 11993–12004. doi: 10.1021/acs.est.5b02566
Isidori, M., Lavorgna, M., Nardelli, A., Pascarella, L., and Parrella, A. (2005). Toxic
and genotoxic evaluation of six antibiotics on non-target organisms. Sci. Total
Environ. 346, 87–98. doi: 10.1016/j.scitotenv.2004.11.017
Jechalke, S., Heuer, H., Siemens, J., Amelung, W., and Smalla, K. (2014). Fate
and effects of veterinary antibiotics in soil. Trends Microbiol. 22, 536–545. doi:
10.1016/j.tim.2014.05.005
Jjemba, P. K. (2002). The potential impact of veterinary and human therapeutic
agents in manure and biosolids on plants grown on arable land: a review. Agric.
Ecosyst. Environ. 93, 267–278. doi: 10.1016/S0167-8809(01)00350-4
Johnson, A. C., and Sumpter, J. P. (2016). Are we going about chemical risk
assessment for the aquatic environment the wrong way? Environ. Toxicol.
Chem. 35, 1609–1616. doi: 10.1002/etc.3441
Johnson, C. M., and Grossman, A. D. (2015). Integrative and conjugative elements
(ICEs): what they do and how they work. Annu. Rev. Genet. 49, 577–601. doi:
10.1146/annurev-genet-112414-055018
Johnson, T. A., Stedtfeld, R. D., Wang, Q., Cole, J. R., Hashsham, S. A.,
Looft, T., et al. (2016). Clusters of antibiotic resistance genes enriched together
stay together in swine agriculture. MBio 7:e02214-15. doi: 10.1128/mBio.
02214-15
Johnston, D., Potter, H., Jones, C., Rolley, S., Watson, I., and Pritchard, J. (2008).
Abandoned Mines and the Water Environment. Bristol: Environment Agency
Science Project SC030136/SR41.
Kahrilas, G. A., Blotevogel, J., Stewart, P. S., and Borch, T. (2015).
Biocides in hydraulic fracturing fluids: a critical review of their usage,
mobility, degradation, and toxicity. Environ. Sci. Technol. 49, 16–32. doi:
10.1021/es503724k
Kang, D. H., Gupta, S., Rosen, C., Fritz, V., Singh, A., Chander, Y., et al. (2013).
Antibiotic uptake by vegetable crops from manure-applied soils. J. Agric. Food
Chem. 61, 9992–10001. doi: 10.1021/jf404045m
Karvelas, M., Katsoyiannis, A., and Samara, C. (2003). Occurrence and fate of heavy
metals in the wastewater treatment process. Chemosphere 53, 1201–1210. doi:
10.1016/S0045-6535(03)00591-5
Kelly, R., Zoubiane, G., Walsh, D., Ward, R., and Goossens, H. (2016). Public
funding for research on antibacterial resistance in the JPIAMR countries, the
European Commission, and related European Union agencies: a systematic
observational analysis. Lancet Infect. Dis. 16, 431–440. doi: 10.1016/S14733099(15)00350-3
Khan, R. A., and Thulin, J. (1991). Influence of pollution on parasites of aquatic
animals. Adv. Parasitol. 30, 201–238. doi: 10.1016/S0065-308X(08)60309-7
Khanna, T., Friendship, R., Dewey, C., and Weese, J. S. (2008). Methicillin resistant
Staphylococcus aureus colonization in pigs and pig farmers. Vet. Microbiol. 128,
298–303. doi: 10.1016/j.vetmic.2007.10.006
Kiesecker, J. M. (2002). Synergism between trematode infection and pesticide
exposure: a link to amphibian limb deformities in nature? Proc. Natl. Acad. Sci.
U.S.A. 99, 9900–9904. doi: 10.1073/pnas.152098899
Kinney, C. A., Furlong, E. T., Kolpin, D. W., Burkhardt, M. R., Zaugg, S. D.,
Werner, S. L., et al. (2008). Bioaccumulation of pharmaceuticals and other
anthropogenic waste indicators in earthworms from agricultural soil amended
with biosolid or swine manure. Environ. Sci. Technol. 42, 1863–1870. doi:
10.1021/es702304c
Kinney, C. A., Furlong, E. T., Werner, S. L., and Cahill, J. D. (2006). Presence
and distribution of wastewater-derived pharmaceuticals in soil irrigated with
reclaimed water. Environ. Toxicol. Chem. 25, 317–326. doi: 10.1897/05187R.1
Klous, G., Huss, A., Heederik, D. J. J., and Coutinho, R. A. (2016).
Human–livestock contacts and their relationship to transmission of zoonotic
pathogens, a systematic review of literature. One Health 2, 65–76. doi:
10.1016/j.onehlt.2016.03.001
Knapp, C. W., Dolfing, J., Ehlert, P. A. I., and Graham, D. W. (2010). Evidence of
increasing antibiotic resistance gene abundances in archived soils since 1940.
Environ. Sci. Technol. 44, 580–587. doi: 10.1021/es901221x
Kohanski, M. A., DePristo, M. A., and Collins, J. J. (2010). Sublethal antibiotic
treatment leads to multidrug resistance via radical-induced mutagenesis. Mol.
Cell. 37, 311–320. doi: 10.1016/j.molcel.2010.01.003

Frontiers in Microbiology | www.frontiersin.org

Kong, W.-D., Zhu, Y.-G., Fu, B.-J., Marschner, P., and He, J.-Z. (2006). The
veterinary antibiotic oxytetracycline and Cu influence functional diversity
of the soil microbial community. Environ. Pollut. 143, 129–137. doi:
10.1016/j.envpol.2005.11.003
Kotnik, T. (2013). Lightning-triggered electroporation and electrofusion as
possible contributors to natural horizontal gene transfer. Phys. Life Rev. 10,
351–370. doi: 10.1016/j.plrev.2013.05.001
Kümmerer, K. (2009). Antibiotics in the aquatic environment–a review–part I.
Chemosphere 75, 417–434. doi: 10.1016/j.chemosphere.2008.11.086
Kyselková, M., Jirout, J., Vrchotová, N., Schmitt, H., and Elhottová, D. (2015).
Spread of tetracycline resistance genes at a conventional dairy farm. Front.
Microbiol. 6:536. doi: 10.3389/fmicb.2015.00536
Larsson, D. G. J. (2014). Pollution from drug manufacturing: review and
perspectives. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 369:20130571. doi:
10.1098/rstb.2013.0571
Leonard, A. F. C., Zhang, L., Balfour, A. J., Garside, R., and Gaze, W. H. (2015).
Human recreational exposure to antibiotic resistant bacteria in coastal bathing
waters. Environ. Int. 82, 92–100. doi: 10.1016/j.envint.2015.02.013
Levy, S. B. (2002). Active efflux, a common mechanism for biocide and antibiotic
resistance. J. Appl. Microbiol. 92(Suppl.), 65S–71S. doi: 10.1046/j.13652672.92.5s1.4.x
Li, B., and Zhang, T. (2010). Biodegradation and adsorption of antibiotics
in the activated sludge process. Environ. Sci. Technol. 44, 3468–3473. doi:
10.1021/es903490h
Li, W., Shi, Y., Gao, L., Liu, J., and Cai, Y. (2013). Occurrence, distribution
and potential affecting factors of antibiotics in sewage sludge of
wastewater treatment plants in China. Sci. Total Environ. 44, 306–313.
doi: 10.1016/j.scitotenv.2012.12.050
Liu, A., Fong, A., Becket, E., Yuan, J., Tamae, C., Medrano, L., et al. (2011).
Selective advantage of resistant strains at trace levels of antibiotics: a simple
and ultrasensitive color test for detection of antibiotics and genotoxic agents.
Antimicrob. Agents Chemother. 55, 1204–1210. doi: 10.1128/AAC.01182-10
Liu, J., Zhao, Z., Orfe, L., Subbiah, M., and Call, D. R. (2016). Soil-borne reservoirs
of antibiotic-resistant bacteria are established following therapeutic treatment
of dairy calves. Environ. Microbiol. 18, 557–564. doi: 10.1111/1462-2920.13097
Looft, T., and Allen, H. K. (2012). Collateral effects of antibiotics on mammalian
gut microbiomes. Gut Microbes 3, 463–467. doi: 10.4161/gmic.21288
Loos, R., Locoro, G., Comero, S., Contini, S., Schwesig, D., Werres, F., et al.
(2010). Pan-European survey on the occurrence of selected polar organic
persistent pollutants in ground water. Water Res. 44, 4115–4126. doi:
10.1016/j.watres.2010.05.032
Lopatkin, A. J., Huang, S., Smith, R. P., Srimani, J. K., Sysoeva, T. A., Bewick, S.,
et al. (2016). Antibiotics as a selective driver for conjugation dynamics. Nat.
Microbiol. 1:16044. doi: 10.1038/nmicrobiol.2016.44
Lundström, S. V., Östman, M., Bengtsson-Palme, J., Rutgersson, C., Thoudal, M.,
Sircar, T., et al. (2016). Minimal selective concentrations of tetracycline in
complex aquatic bacterial biofilms. Sci. Total Environ. 553, 587–595. doi:
10.1016/j.scitotenv.2016.02.103
Luo, Y., Guo, W., Ngo, H. H., Nghiem, L. D., Hai, F. I., Zhang, J., et al. (2014).
A review on the occurrence of micropollutants in the aquatic environment
and their fate and removal during wastewater treatment. Sci. Total Environ. 47,
619–641. doi: 10.1016/j.scitotenv.2013.12.065
Maher, M. C., Alemayehu, W., Lakew, T., Gaynor, B. D., Haug, S., Cevallos, V., et al.
(2012). The fitness cost of antibiotic resistance in Streptococcus pneumoniae:
insight from the field. PLoS ONE 7:e29407. doi: 10.1371/journal.pone.0029407
Manamsa, K., Crane, E., Stuart, M., Talbot, J., Lapworth, D., and Hart, A.
(2016). A national-scale assessment of micro-organic contaminants in
groundwater of England and Wales. Sci. Total Environ. 568, 712–726. doi:
10.1016/j.scitotenv.2016.03.017
McBain, A. J., Rickard, A. H., and Gilbert, P. (2002). Possible implications of
biocide accumulation in the environment on the prevalence of bacterial
antibiotic resistance. J. Ind. Microbiol. Biotechnol. 29, 326–330. doi:
10.1038/sj.jim.7000324
McClellan, K., and Halden, R. U. (2010). Pharmaceuticals and personal care
products in archived U.S. biosolids from the 2001 EPA national sewage sludge
survey. Water Res. 44, 658–668. doi: 10.1016/j.watres.2009.12.032
McDonalds Corporation (2015). McDonald’s Global Vision for Antimicrobial
Stewardship in Food Animals. Available at: http://www.aboutmcdonalds.com/

19

November 2016 | Volume 7 | Article 1728

Singer et al.

Relevance of AMR to Regulators

content/dam/AboutMcDonalds/Sustainability/Antimicrobial_Stewardship_
Vision.pdf
McEachran, A. D., Blackwell, B. R., Hanson, J. D., Wooten, K. J., Mayer, G. D.,
Cox, S. B., et al. (2015). Antibiotics, bacteria, and antibiotic resistance genes:
aerial transport from cattle feed yards via particulate matter. Environ. Health
Perspect. 123, 337–343. doi: 10.1289/ehp.1408555
Medical Research Council (2014). New Science Minister Announces “War
Cabinet” to Tackle Antimicrobial Resistance on All Fronts - News - Medical
Research Council. New Science Minister Announces “War Cabinet” to Tackle
Antimicrobial Resistance on All Fronts - News - Medical Research Council.
Available at: http://www.mrc.ac.uk/news/browse/war-cabinet-to-tackle-amr/
[accessed July 5, 2016].
Mitchell, S. M., Subbiah, M., Ullman, J. L., Frear, C., and Call, D. R. (2015).
Evaluation of 27 different biochars for potential sequestration of antibiotic
residues in food animal production environments. J. Environ. Chem. Eng. 3,
162–169. doi: 10.1016/j.jece.2014.11.012
Na, G., Fang, X., Cai, Y., Ge, L., Zong, H., Yuan, X., et al. (2013).
Occurrence, distribution, and bioaccumulation of antibiotics in coastal
environment of Dalian China. Mar. Pollut. Bull. 69, 233–237. doi:
10.1016/j.marpolbul.2012.12.028
Newton, R. J., McLellan, S. L., Dila, D. K., Vineis, J. H., Morrison, H. G., Eren,
A. M., et al. (2015). Sewage reflects the microbiomes of human populations.
MBio 6:e02574. doi: 10.1128/mBio.0257414
Nicholson, F., Chambers, B., Williams, J., and Unwin, R. (1999). Heavy metal
contents of livestock feeds and animal manures in England and Wales.
Bioresour. Technol. 70, 23–31. doi: 10.1016/S0960-8524(99)00017-6
Nicholson, F. A., Smith, S. R., Alloway, B. J., Carlton-Smith, C., and Chambers, B. J.
(2003). An inventory of heavy metals inputs to agricultural soils in England and
Wales. Sci. Total Environ. 311, 205–219. doi: 10.1016/S0048-9697(03)00139-6
Nies, D. H. (2003). Efflux-mediated heavy metal resistance in prokaryotes. FEMS
Microbiol. Rev. 27, 313–339. doi: 10.1016/S0168-6445(03)00048-2
Novais, C., Freitas, A. R., Silveira, E., Antunes, P., Silva, R., Coque, T. M., et al.
(2013). Spread of multidrug-resistant Enterococcus to animals and humans: an
underestimated role for the pig farm environment. J. Antimicrob Chemother.
68, 2746–2754. doi: 10.1093/jac/dkt289
OIE – World Organization for Animal Health (2015). OIE List of Antimicrobial
Agents of Veterinary Importance. Paris: OIE - World Organization for Animal
Health.
Olaniran, A. O., Balgobind, A., and Pillay, B. (2013). Bioavailability of heavy
metals in soil: impact on microbial biodegradation of organic compounds
and possible improvement strategies. Int. J. Mol. Sci. 14, 10197–10228. doi:
10.3390/ijms140510197
O’Neill, J., and The Review on Antimicrobial Resistance (2015). Antimicrobials
in Agriculture and the Environment: Reducing Unnecessary Use and Waste.
Available at: http://amr-review.org/sites/default/files/Antimicrobials%20in%20
agriculture%20and%20the%20environment%20-%20Reducing%20unnecessary
%20use%20and%20waste.pdf
O’Neill, J., and The Review on Antimicrobial Resistance (2016). Tackling DrugResistant Infections Globally: Final Report and Recommendations. Available
at: http://amr-review.org/sites/default/files/160518_Final%20paper_with%20
cover.pdf
Otterpohl, R., Braun, U., and Oldenburg, M. (2004). Innovative technologies
for decentralised water-, wastewater and biowaste management in urban and
peri-urban areas. Water Sci. Technol. 48, 23–32.
Owen, R., and Jobling, S. (2012). Environmental science: the hidden costs of flexible
fertility. Nature 485:441. doi: 10.1038/485441a
Pal, C., Bengtsson-Palme, J., Kristiansson, E., and Larsson, D. G. J. (2015). Cooccurrence of resistance genes to antibiotics, biocides and metals reveals
novel insights into their co-selection potential. BMC Genomics 16:964. doi:
10.1186/s12864-015-2153-5
Pal, C., Bengtsson-Palme, J., Rensing, C., Kristiansson, E., and Larsson, D. G. J.
(2014). BacMet: antibacterial biocide and metal resistance genes database.
Nucleic Acids Res. 42, D737–D743. doi: 10.1093/nar/gkt1252
Pan, M., and Chu, L. M. (2016). Phytotoxicity of veterinary antibiotics to seed
germination and root elongation of crops. Ecotoxicol. Environ. Saf. 126,
228–237. doi: 10.1016/j.ecoenv.2015.12.027
Percival, S. L., Bowler, P. G., and Russell, D. (2005). Bacterial resistance to silver in
wound care. J. Hosp. Infect. 60, 1–7. doi: 10.1016/j.jhin.2004.11.014

Frontiers in Microbiology | www.frontiersin.org

Perry, J. A., and Wright, G. D. (2013). The antibiotic resistance “mobilome”:
searching for the link between environment and clinic. Front. Microbiol. 4:138.
doi: 10.3389/fmicb.2013.00138
Piddock, L. J. V. (2016). Reflecting on the final report of the O’Neill Review on
Antimicrobial Resistance. Lancet Infect Dis. 16, 767–768. doi: 10.1016/S14733099(16)30127-X
Polesel, F., Lehnberg, K., Dott, W., Trapp, S., Thomas, K. V., and Plósz,
B. G. (2015). Factors influencing sorption of ciprofloxacin onto activated
sludge: experimental assessment and modelling implications. Chemosphere 119,
105–111. doi: 10.1016/j.chemosphere.2014.05.048
Prudhomme, C., Young, A., Watts, G., Haxton, T., Crooks, S., Williamson, J., et al.
(2012). The drying up of Britain? A national estimate of changes in seasonal
river flows from 11 regional climate model simulations. Hydrol. Process. 26,
1115–1118. doi: 10.1002/hyp.8434
Public Health England (2013). The Animal By-Products (Enforcement)
(England) Regulations 2013. Available at: http://www.legislation.gov.uk/uksi/
2013/2952/pdfs/uksi_20132952_en.pdf
Public Health England (2014). English Surveillance Programme for Antimicrobial
Utilisation and Resistance (ESPAUR). Available at: https://www.gov.uk/
government/uploads/system/uploads/attachment_data/file/362374/ESPAUR_
Report_2014__3_.pdf
Public Health England (2015). UK One Health Report: Joint Report on
Human and Animal Antibiotic Use, Sales and Resistance, 2013. Available at:
https://www.gov.uk/government/uploads/system/uploads/attachment_data/file/
447319/One_Health_Report_July2015.pdf
Public Health England and Wales, and Public Health Scotland (1989).
The Sludge (Use in Agriculture) Regulations 1989. Available at:
http://legislation.data.gov.uk/uksi/1989/1263/made/data.htm?wrap=true
Ramos, J. L., Duque, E., Gallegos, M.-T., Godoy, P., Ramos-Gonzalez, M. I.,
Rojas, A., et al. (2002). Mechanisms of solvent tolerance in gram-negative
bacteria. Annu. Rev. Microbiol. 56, 743–768. doi: 10.1146/annurev.micro.56.
012302.161038
Rico, A., Dimitrov, M. R., Van Wijngaarden, R. P. A., Satapornvanit, K., Smidt, H.,
and Van den Brink, P. J. (2014). Effects of the antibiotic enrofloxacin on
the ecology of tropical eutrophic freshwater microcosms. Aquat. Toxicol. 147,
92–104. doi: 10.1016/j.aquatox.2013.12.008
Rivera-Utrilla, J., Sánchez-Polo, M., Ferro-García, M. Á, Prados-Joya, G., and
Ocampo-Pérez, R. (2013). Pharmaceuticals as emerging contaminants and
their removal from water. A review. Chemosphere 93, 1268–1287. doi:
10.1016/j.chemosphere.2013.07.059
Roberts, A. P., and Mullany, P. (2011). Tn916-like genetic elements: a diverse group
of modular mobile elements conferring antibiotic resistance. FEMS Microbiol.
Rev. 35, 856–871. doi: 10.1111/j.1574-6976.2011.00283.x
Rosendahl, I., Siemens, J., Kindler, R., Groeneweg, J., Zimmermann, J.,
Czerwinski, S., et al. (2012). Persistence of the fluoroquinolone antibiotic
difloxacin in soil and lacking effects on nitrogen turnover. J. Environ. Qual. 41,
1275–1283. doi: 10.2134/jeq2011.0459
Roux, D., Danilchanka, O., Guillard, T., Cattoir, V., Aschard, H., Fu, Y., et al.
(2015). Fitness cost of antibiotic susceptibility during bacterial infection. Sci.
Transl. Med. 7:297ra114. doi: 10.1126/scitranslmed.aab1621
Russell, A. D. (2003). Biocide use and antibiotic resistance: the relevance of
laboratory findings to clinical and environmental situations. Lancet Infect. Dis.
3, 794–803. doi: 10.1016/S1473-3099(03)00833-8
Safrany, N., and Monnet, D. L. (2012). Antibiotics obtained without a prescription
in Europe. Lancet Infect. Dis. 12, 182–183. doi: 10.1016/S1473-3099(12)70017-8
Samuelsen, O. B., Torsvik, V., and Ervik, A. (1992). Long-range changes in
oxytetracycline concentration and bacterial resistance toward oxytetracycline
in a fish farm sediment after medication. Sci. Total Environ. 114, 25–36. doi:
10.1016/0048-9697(92)90411-K
Sandaa, R.-A., Torsvik, V. L., and Goksøyr, J. (1992). Transferable drug resistance
in bacteria from fish-farm sediments. Can. J. Microbiol. 38, 1061–1065. doi:
10.1139/m92-174
Sarmah, A. K., Meyer, M. T., and Boxall, A. B. A. (2006). A global perspective
on the use, sales, exposure pathways, occurrence, fate and effects of
veterinary antibiotics (VAs) in the environment. Chemosphere 65, 725–759. doi:
10.1016/j.chemosphere.2006.03.026
Sattar, S. A., Tetro, J. A., and Springthorpe, V. S. (2007). “Effects of environmental
chemicals and the host-pathogen relationship: are there any negative

20

November 2016 | Volume 7 | Article 1728

Singer et al.

Relevance of AMR to Regulators

consequences for human health?,” in New Biocides Development, ed. P. C. Zhu
(Washington, DC: American Chemical Society), 2–30. doi: 10.1021/bk-20070967.ch001
Schmidt, A. S., Bruun, M. S., Dalsgaard, I., and Larsen, J. L. (2001). Incidence,
distribution, and spread of tetracycline resistance determinants and integronassociated antibiotic resistance genes among motile aeromonads from a
fish farming environment. Appl. Environ. Microbiol. 67, 5675–5682. doi:
10.1128/AEM.67.12.5675-5682.2001
Schmidt, A. S., Bruun, M. S., Dalsgaard, I., Pedersen, K., and Larsen, J. L. (2000).
Occurrence of antimicrobial resistance in fish-pathogenic and environmental
bacteria associated with four danish rainbow trout farms. Appl. Environ.
Microbiol. 66, 4908–4915. doi: 10.1128/AEM.66.11.4908-4915.2000
Selck, H., Handy, R. D., Fernandes, T. F., Klaine, S. J., and Petersen, E. J.
(2016). Nanomaterials in the aquatic environment: a European Union-United
States perspective on the status of ecotoxicity testing, research priorities, and
challenges ahead. Environ. Toxicol. Chem. 35, 1055–1067. doi: 10.1002/etc.3385
Sifaoui, F., Arthur, M., Rice, L., and Gutmann, L. (2001). Role of penicillin-binding
protein 5 in expression of ampicillin resistance and peptidoglycan structure
in Enterococcus faecium. Antimicrob. Agents Chemother. 45, 2594–2597. doi:
10.1128/AAC.45.9.2594-2597.2001
Siguier, P., Gourbeyre, E., and Chandler, M. (2014). Bacterial insertion sequences:
their genomic impact and diversity. FEMS Microbiol. Rev. 38, 865–891. doi:
10.1111/1574-6976.12067
Singer, A. C., Colizza, V., Schmitt, H., Andrews, J., Balcan, D., Huang, W. E., et al.
(2011). Assessing the ecotoxicologic hazards of a pandemic influenza medical
response. Environ. Health Perspect. 119, 1084–1090. doi: 10.1289/ehp.1002757
Smith, S. R. (2009). A critical review of the bioavailability and impacts of heavy
metals in municipal solid waste composts compared to sewage sludge. Environ.
Int. 35, 142–156. doi: 10.1016/j.envint.2008.06.009
Smith, T. C., Gebreyes, W. A., Abley, M. J., Harper, A. L., Forshey, B. M., Male,
M. J., et al. (2013). Methicillin-resistant Staphylococcus aureus in pigs and farm
workers on conventional and antibiotic-free swine farms in the USA. PLoS ONE
8:e63704. doi: 10.1371/journal.pone.0063704
Snelders, E., van der Lee, H. A. L., Kuijpers, J., Rijs, A. J. M. M., Varga, J.,
Samson, R. A., et al. (2008). Emergence of azole resistance in Aspergillus
fumigatus and spread of a single resistance mechanism. PLoS Med. 5:e219. doi:
10.1371/journal.pmed.0050219
Stuart, M., Lapworth, D., Crane, E., and Hart, A. (2012). Review of risk from
potential emerging contaminants in UK groundwater. Sci. Total Environ. 416,
1–21. doi: 10.1016/j.scitotenv.2011.11.072
Su, J.-Q., Wei, B., Ou-Yang, W.-Y., Huang, F.-Y., Zhao, Y., Xu, H.-J., et al.
(2015). Antibiotic resistome and its association with bacterial communities
during sewage sludge composting. Environ. Sci. Technol. 49, 7356–7363. doi:
10.1021/acs.est.5b01012
Subirats, J., Sànchez-Melsió, A., Borrego, C. M., Balcázar, J. L., and Simonet, P.
(2016). Metagenomic analysis reveals that bacteriophages are reservoirs of
antibiotic resistance genes. Int. J. Antimicrob Agents. 48, 163–167. doi:
10.1016/j.ijantimicag.2016.04.028
Subway Ip, Inc. (2016). SUBWAY R Sandwich Shop Introduces New
Rotisserie-Style Chicken Raised without Antibiotics. Available at:
http://www.prnewswire.com/news-releases/subway-sandwich-shop-introduc
es-new-rotisserie-style-chicken-raised-without-antibiotics-300226838.html
Sui, Q., Cao, X., Lu, S., Zhao, W., Qiu, Z., and Yu, G. (2015). Occurrence, sources
and fate of pharmaceuticals and personal care products in the groundwater: a
review. Emerg. Contaminants. 1, 14–24. doi: 10.1016/j.emcon.2015.07.001
Sumpter, J. P. (2009). Protecting aquatic organisms from chemicals: the
harsh realities. Philos. Trans. Math Phys. Eng. Sci. 367, 3877–3894. doi:
10.1098/rsta.2009.0106
Szczepanowski, R., Braun, S., Riedel, V., Schneiker, S., Krahn, I., Pühler, A.,
et al. (2005). The 120 592 bp IncF plasmid pRSB107 isolated from a sewagetreatment plant encodes nine different antibiotic-resistance determinants, two
iron-acquisition systems and other putative virulence-associated functions.
Microbiology (Reading, Engl.) 151, 1095–1111. doi: 10.1099/mic.0.27773-0
Taco Bell Corp (2016). Statement Regarding Antibiotics - Taco Bell. Available at:
https://www.tacobell.com/news/statement-regarding-antibiotics
Tasho, R. P., and Cho, J. Y. (2016). Veterinary antibiotics in animal waste, its
distribution in soil and uptake by plants: a review. Sci. Total Environ. 56,
366–376. doi: 10.1016/j.scitotenv.2016.04.140

Frontiers in Microbiology | www.frontiersin.org

Thanner, S., Drissner, D., and Walsh, F. (2016). Antimicrobial resistance in
agriculture. MBio 7:e2227-15. doi: 10.1128/mBio.02227-15
Tipping, E., and Lofts, S. (2013). Metal mixture toxicity to aquatic biota in
laboratory experiments: application of the WHAM-FTOX model. Aquat.
Toxicol. 14, 114–122. doi: 10.1016/j.aquatox.2013.08.003
Tyson Fresh Meat Inc. (2014). Tyson Fresh Meats Launches Open PrairieTM Natural
Pork. Available at: http://www.tysonfoods.com/Media/News-Releases/2016/02/
Natural-Pork-Launch.aspx (accessed March 11, 2016).
Udikovic-Kolic, N., Wichmann, F., Broderick, N. A., and Handelsman, J.
(2014). Bloom of resident antibiotic-resistant bacteria in soil following
manure fertilization. Proc. Natl. Acad. Sci. U.S.A. 111, 15202–15207. doi:
10.1073/pnas.1409836111
UNESCO-IHE (2011). National Water Footprint Accounts: The Green, Blue and
Grey Water Footprint of Production and Consumption. Vol. 1. Main Report.
Research Report Series No. 50. Enschede: University of Twente. Available at:
https://www.ice.org.uk/getattachment/media-and-policy/policy/state-of-thenation-water-2012/EC01408_SoN-Water_Low-Res_v2_aw.pdf.aspx
USDA (2010). Overview of the United States Cattle Industry. Available
at: http://usda.mannlib.cornell.edu/usda/nass/USCatSup//2010s/2010/USCatS
up-12-17-2010.pdf
USDA (2015a). Overview of the United States Hog Industry. Available at: http://
usda.mannlib.cornell.edu/usda/current/hogview/hogview-10-29-2015.pdf
USDA (2015b). Poultry - Production and Value 2014 Summary. Available at:
http://www.usda.gov/nass/PUBS/TODAYRPT/plva0415.pdf
Usui, M., Shirakawa, T., Fukuda, A., and Tamura, Y. (2015). The role of flies
in disseminating plasmids with antimicrobial-resistance genes between farms.
Microb. Drug Resist. 21, 562–569. doi: 10.1089/mdr.2015.0033
Van Boeckel, T. P., Gandra, S., Ashok, A., Caudron, Q., Grenfell, B. T., Levin,
S. A., et al. (2014). Global antibiotic consumption 2000 to 2010: an analysis
of national pharmaceutical sales data. Lancet Infect. Dis. 14, 742–750. doi:
10.1016/S1473-3099(14)70780-7
Verlicchi, P., and Zambello, E. (2016). Predicted and measured concentrations
of pharmaceuticals in hospital effluents. Examination of the strengths and
weaknesses of the two approaches through the analysis of a case study. Sci. Total
Environ. 565, 82–94. doi: 10.1016/j.scitotenv.2016.04.165
Versporten, A., Bolokhovets, G., Ghazaryan, L., Abilova, V., Pyshnik, G.,
Spasojevic, T., et al. (2014). Antibiotic use in eastern Europe: a crossnational database study in coordination with the WHO Regional Office
for Europe. Lancet Infect. Dis. 14, 381–387. doi: 10.1016/S1473-3099(14)
70071-4
Verweij, P. E., Snelders, E., Kema, G. H. J., Mellado, E., and Melchers,
W. J. G. (2009). Azole resistance in Aspergillus fumigatus: a side-effect of
environmental fungicide use? Lancet Infect Dis. 9, 789–795. doi: 10.1016/S14733099(09)70265-8
Veterinary Medicines Directorate (2014). UK Veterinary Antibiotic Resistance and
Sales Surveillance (UK-VARSS 2014). Available at: https://www.google.co.uk/
url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=0ahU
KEwir3Pu9uOPMAhWDAMAKHcV_ChoQFggkMAE&url=https%3A%2F%
2Fwww.gov.uk%2Fgovernment%2Fuploads%2Fsystem%2Fuploads%2Fattach
ment_data%2Ffile%2F477788%2FOptimised_version_-_VARSS_Report_
2014__Sales___Resistance_.pdf&usg=AFQjCNFCU4D5aGB-CDc5FaEgOk
6DsT2F4A&sig2=upHpQGcEYEup_x4dMqoTBg
Waara, K.-O. (1992). Effects of copper, cadmium, lead and zinc on
nitrate reduction in a synthetic water medium and lake water from
Northern Sweden. Water Res. 26, 355–364. doi: 10.1016/0043-1354(92)
90032-Y
Wales, A. D., and Davies, R. H. (2015). Co-selection of resistance to antibiotics,
biocides and heavy metals, and its relevance to foodborne pathogens. Antibiotics
(Basel) 4, 567–604. doi: 10.3390/antibiotics4040567
Walter, I., Martínez, F., and Cala, V. (2006). Heavy metal speciation and phytotoxic
effects of three representative sewage sludges for agricultural uses. Environ.
Pollut. 139, 507–514. doi: 10.1016/j.envpol.2005.05.020
Wang, F.-H., Qiao, M., Chen, Z., Su, J.-Q., and Zhu, Y.-G. (2015).
Antibiotic resistance genes in manure-amended soil and vegetables at
harvest. J. Hazard. Mater. 299, 215–221. doi: 10.1016/j.jhazmat.2015.
05.028
Wardle, D. A., Bardgett, R. D., Klironomos, J. N., Setälä, H., van der Putten,
W. H., and Wall, D. H. (2004). Ecological linkages between aboveground

21

November 2016 | Volume 7 | Article 1728

Singer et al.

Relevance of AMR to Regulators

and belowground biota. Science 304, 1629–1633. doi: 10.1126/science.
1094875
Warnes, S. L., Highmore, C. J., and Keevil, C. W. (2012). Horizontal transfer of
antibiotic resistance genes on abiotic touch surfaces: implications for public
health. MBio 3:e489-12. doi: 10.1128/mBio.00489-12
Water UK (2010). Recycling of Biosolids to Agricultural Land. Available at:
https://dl.dropboxusercontent.com/u/299993612/Publications/Reports/Waste%
20recycling/recycling-biosolids-to-agricultural-land–january-2010-final.pdf
Webber, M. A., Whitehead, R. N., Mount, M., Loman, N. J., Pallen, M. J., and
Piddock, L. J. V. (2015). Parallel evolutionary pathways to antibiotic resistance
selected by biocide exposure. J. Antimicrob Chemother. 70, 2241–2248. doi:
10.1093/jac/dkv109
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