. eprints@whiterose.ac.uk
Whlte Rose https://eprints.whiterose.ac.uk

N
(@) Rresearch onii
N’ esearc niine Universities of Leeds, Sheffield and York

Deposited via The University of York.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/217647/

Version: Published Version

Article:

Murray, Aimee K., Stanton, Isobel, Gaze, William H. et al. (2021) Dawning of a new
ERA:Environmental Risk Assessment of antibiotics and their potential to select for
antimicrobial resistance. Water research. 117233. ISSN: 0043-1354

https://doi.org/10.1016/j.watres.2021.117233

Reuse

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the
authors for the original work. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

ﬁ 32, | University of P UNIVERSITY

UNIVERSITY OF LEEDS %~ Sheffield NS W



mailto:eprints@whiterose.ac.uk
https://doi.org/10.1016/j.watres.2021.117233
https://eprints.whiterose.ac.uk/id/eprint/217647/
https://eprints.whiterose.ac.uk/

i An update to this article is included at the end

Water Research 200 (2021) 117233

Contents lists available at ScienceDirect

Water Research

journal homepage: www.elsevier.com/locate/watres

Dawning of a new ERA: Environmental Risk Assessment of antibiotics = m)
and their potential to select for antimicrobial resistance

Aimee K. Murray®*, Isobel Stanton? William H. Gaze?, Jason Snape”

2 European Centre for Environment and Human Health, University of Exeter Medical School, Environment & Sustainability Institute, Penryn Campus, TR10
9FE, United Kingdom
b AstraZeneca Global Sustainability, Alderley Park, Macclesfield, SK10 4TF, United Kingdom

ARTICLE INFO ABSTRACT

Article history:

Received 17 February 2021
Revised 6 May 2021
Accepted 7 May 2021
Available online 13 May 2021

Antibiotics and antimicrobials are used, misused and overused in human and veterinary medicine, an-
imal husbandry and aquaculture. These compounds can persist in both human and animal waste and
then enter the environment through a variety of mechanisms. Though generally measured environmental
concentrations (MECs) of antibiotics in aquatic systems are significantly lower than point of therapeu-
tic use concentrations, there is increasing evidence that suggests these concentrations may still enrich
antimicrobial resistant bacteria. In light of this evidence, a rigorous and standardised novel methodol-
ogy needs to be developed which can perform environmental risk assessment (ERA) of antimicrobials in
terms of their selective potential as well as their environmental impact, to ensure that diffuse and point

Keywords:
Risk assessment
Antimicrobial resistance

Selectif)ﬂ source discharges are safe. This review summarises and critically appraises the current methodological
i“gg"“?’logy approaches that study selection at below point of therapeutic use, or sub-inhibitory, concentrations of
ntibiotics

antibiotics. We collate and compare selective concentration data generated to date. We recommend how
these data can be interpreted in line with current ERA guidelines; outlining and describing novel con-
cepts unique to risk assessment of AMR (such as direct selection of AMR or increased persistence of
AMR). We consolidate terminology used thus far into a single framework that could be adopted moving
forward, by proposing predicted no effect concentrations for resistance (PNECRs) and predicted no effect
concentrations for persistence (PNECPs) be determined in AMR risk assessment. Such a framework will
contribute to antibiotic stewardship and by extension, protection of human health, food security and the
global economy.

© 2021 The Author(s). Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction mal manure and/or treated with antibiotic plant protection prod-
ucts; and in some countries, direct discharge of waste where there

Antimicrobial resistance (AMR) is one of the greatest threats is no centralised wastewater treatment infrastructure. Antibiotic

to global health and the economy. It has been estimated that by
2050, antimicrobial resistant infections will be the leading cause
of death worldwide and result in the loss of 100 trillion dollars
of GDP (O’Neill 2014). The environmental dimension of AMR is be-
ing increasingly recognised as an area for potential mitigation, with
several international efforts to raise the profile of this issue, partic-
ularly in a ‘One Health’ context (EU 2019; UNEP 2019; WHO 2015).

Antibiotics can enter the aquatic environment through a vari-
ety of interconnected pathways. These include: release from in-
dustrial and wastewater treatment plants, run off from agricultural
fields fertilised with municipal human sewage sludge and/or ani-

* Corresponding author.
E-mail address: a.k.murray@exeter.ac.uk (A.K. Murray).

https://doi.org/10.1016/j.watres.2021.117233

concentrations in the environment generally range from mg/L in
the most impacted environments, such as industrial waste; to pg/L
in wastewater and wastewater effluent; to ng/L in surface waters
(aus der Beek et al. 2016; UmweltBundesamt 2019). This is of great
concern regarding the development of AMR, given the growing
body of research (outlined in this review) that demonstrates en-
vironmentally relevant concentrations of antibiotics can increase
levels of AMR (i.e. select for resistance). In order to curb the rise
in AMR, it is essential to recognise, assess and mitigate the risk
antibiotics pose in the environment, as a direct result of anthro-
pogenic activities. Development of an AMR specific environmental
risk assessment (ERA) framework will be crucial, but has yet to be
realised and is the focus of this review.

Currently, ERA is required for pharmaceuticals when the pre-
dicted environmental concentration (PEC) is greater than 10 ng/L,

0043-1354/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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for members of the European Union (EMA 2006); or 100 ng/L, for
the USA (FDA 1998a). The only ecotoxicological test required that
specifically targets bacteria is the activated sludge respiration in-
hibition test (ASRIT) (EMA 2006). The ASRIT exposes an activated
sludge bacterial community to a test compound and measures for
significant decreases in respiration (OECD 2009). Concerns that the
ASRIT and other eukaryotic ecotoxicological endpoints may not be
protective of selection for AMR in the environment, and the sub-
sequent need for novel methods to quantify selective endpoints,
have been circulating for close to ten years (Ashbolt et al., 2013;
Brandt et al., 2015; Gullberg et al., 2011; Le Page et al. 2017).

This review summarises, for the first time, the benefits and lim-
itations of the different approaches to determining selective con-
centrations of antibiotics, alongside selective concentrations deter-
mined to date. Recommendations on how these data can be in-
terpreted to determine selective endpoints for ERA, with minimal
adjustment to current ERA approaches are outlined. Unique chal-
lenges posed by AMR through an ERA lens are also discussed.

2. Methods that determine selective concentrations of
antibiotics

The potential selection for AMR in natural environments has
been largely overlooked, in part, due to the unsupported hypoth-
esis that very low concentrations of antimicrobials or antibiotics
are unable to select for AMR. Gullberg et al. (2011) performed the
first significant study that challenged this assumption, where they
demonstrated that very low antibiotic concentrations could select
for antibiotic resistant bacteria by conducting single species com-
petition experiments. Isogenic bacterial species (genetically iden-
tical except for the presence of a resistance determinant on the
chromosome of the resistant strain) were fluorescently tagged, al-
lowing for their accurate enumeration. These isogenic strains were
grown in defined ratios of resistant to susceptible cells, in the pres-
ence of multiple concentrations of antibiotics in a serial passage
experiment where the bacteria were transferred into fresh media
and antibiotic each day.

Enumeration after antibiotic exposure allowed calculation of se-
lection coefficients, which represent the difference in fitness be-
tween resistant and susceptible bacteria (Otto and Day 2007). For
example, selection coefficients greater than 0 indicate the bacteria
harbouring the studied resistance gene are under positive selec-
tion, and their numbers will increase over time. Conversely, selec-
tion coefficients less than 0 indicate numbers of resistant bacteria
will decrease over time (Day et al., 2015). Selection coefficients can
be plotted against antibiotic concentration, and the x-axis intercept
of the line of best fit through these data points indicates the mini-
mal selective concentration (MSC). This is the lowest concentration
at which resistance is predicted to be selected for (i.e. when num-
bers of resistant bacteria are expected to increase over time rela-
tive to non-resistant bacteria). Gullberg et al. (2011) found that the
MSC can be over 200x lower than the Minimum Inhibitory Concen-
tration (MIC) of the susceptible strain and confirmed antibiotics do
not need to exceed the MIC of susceptible bacteria in order to have
a selective effect. Gullberg et al. built upon their previous work
by determining MSCs for antimicrobial resistance genes (ARGs) lo-
cated on a mobile, clinically isolated plasmid. Again, MSCs were
much lower than MICs of the susceptible strain (Gullberg et al.,
2014).

These studies raised concerns regarding the potential selec-
tion of AMR occurring in the environment, as selection was ob-
served at environmentally relevant concentrations, down to 2 ng/L
(Gullberg et al., 2011). However, the relevance of these findings
in relation to the environment is unclear, as single isogenic host
species are unlikely to be representative of the complex compet-
itive interactions occurring within, and other selective pressures
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encountered by, environmental communities of bacteria. This was
confirmed by a study that found MSCs differ when isogenic strains
are cultured in single species competition experiments, compared
to within a bacterial community (Kliimper et al,, 2019). In this
study, MSCs of gentamicin and kanamycin were determined us-
ing isogenic strains in single species competitions assays, as well
as when the strains were embedded within a pig faecal bacterial
community. The MSCs of gentamicin and kanamycin increased by
13 and 43x, respectively, when in the presence of the community;
though the exact MSC values were not reported (Kliimper et al.,
2019).

Other work has attempted to determine selective concentra-
tions within complex bacterial communities in an effort to increase
environmental relevance. Strengths, weaknesses, opportunities and
threats of these different approaches are detailed in Table 1, whilst
experimental details are outlined below.

The first of the experimental approaches that used complex
communities (Lundstrom et al., 2016) established a biofilm from
untreated wastewater in a flow through system, which was contin-
uously exposed to low concentrations of tetracycline, low nutrient
media and untreated wastewater. A variety of methods were ex-
plored for determining the selective concentration, including phe-
notypic and culture-based methods; the pollution induced com-
munity tolerance (PICT) assay (Schmitt et al., 2005); and molecu-
lar methods including qPCR and metagenome analyses. The qPCR
method was deemed the most sensitive, identifying the lowest
tetracycline concentration where an effect was observed at 1 ug/L.
Two different tetracycline resistance genes were quantified, along-
side 16S rRNA copy number as a proxy for number of bacteria, en-
abling determination of molecular ARG ‘prevalence’ (ARG/16S rRNA
copy number (Lundstrom et al., 2016)).

Further studies have also used untreated wastewater, but in
closed experimental systems where bacterial communities are
passed into fresh antibiotic media daily for 7 or 8 days. Metage-
nomic analyses were used to confirm suitable gene targets for
gPCR, and molecular ARG prevalence was quantified with qPCR at
the beginning and end of the experiment, which allowed determi-
nation of the MSC, as well as statistically defined selective concen-
trations (Murray et al., 2018; Stanton et al., 2020).

More recently, selection experiments were performed using the
flow through system described by Lundstrom et al. (2016) and a
batch microcosm system within the same study (Kraupner et al.,
2018). Both used the same minimal medium, though batch mi-
crocosms were incubated at 25 °C and the flow through system
was maintained at 20 °C. Percentages of Escherichia coli resistant
to ciprofloxacin (the test antibiotic) were calculated, and the low-
est concentration where an increase was observed relative to the
control occurred at 5 pg/L and 10 pg/L for the flow through sys-
tem and batch microcosm, respectively. Though this differs by a
factor of two, the no observed effect concentration (NOEC; the
concentration directly below the lowest observed effect concen-
tration) for both systems was 1 pg/L. Therefore in this instance,
the two systems were comparable, and may even have yielded the
same result were the same concentrations tested in both systems
(Kraupner et al., 2018).

A comparison was also made between the flow through sys-
tem (Lundstrom et al., 2016) and the high nutrient, batch micro-
cosm (Murray et al., 2018) in a study by Stanton et al. (2020).
Both Lundstrom et al. (2016) and Stanton et al. (2020) quantified
increases in tetracycline resistance genes using qPCR, and when
data were analysed in the same way, the same NOEC was observed.
However, as hypothesised previously (Murray et al., 2018), the ob-
served effect was likely increased persistence of resistance genes
as opposed to positive selection (Stanton et al., 2020). This mini-
mal increased persistence concentration (MIPC) is still relevant for
human health risk assessment, as it results in higher numbers of
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Table 1
Strengths, weakness, opportunities and threats (SWOT) analysis of different methodological approaches to determining effect concentrations of antibiotics.
Approach Strengths Weaknesses Opportunities Threats

Isogenic single species
competition assays

e.g. Gullberg et al. (2011,
2014) and

N. Kraupner et al. (2020)

Biofilm established from
mixed bacterial community
in a flow through system
e.g. Lundstrom et al. (2016)
and Kraupner et al. (2018 &
2020)

Mixed bacterial community
(sewage) batch microcosms
e.g. Murray et al. (2018 &
2020) and

Stanton et al. (2020)

High resolution
determination of MSCs
due to low experimental
variance. Definitive
observation of positive
selection as initial
prevalence of resistance
quantified. High nutrient
and temperature
conditions enable rapid
data generation. Use of
well characterised model
bacterial species (e.g. E.
coli) enhances
replicability. Single spikes
of exposure antibiotic per
24 h may represent peak
load effluents from
wastewater treatment
plants in the morning or
evening

Use of mixed bacterial
community captures
some intra- and inter-
species competition
expected in natural
environments. Low
temperature and nutrient
conditions also emulate
environmentally realistic
conditions. Biofilm with
flow through represents
formation of natural
biofilms, e.g. in
wastewater effluent pipes
and trickling filter beds.
Chemical quantification
performed in liquid phase
of system

Use of mixed bacterial
community captures
some intra- and inter-
species competition
expected in natural
environments. High
nutrient and temperature
conditions enable rapid
data generation.
Definitive observation of
positive selection as
initial prevalence of
resistance quantified.
Medium to high
replicability. Single spikes
of exposure antibiotic per
24 h may represent
release from wastewater
treatment plants in the
morning or evening.
Straightforward chemical
quantification allows
accurate selective
endpoint determination.
Similar effect
concentrations observed
to flow through systems

Single species used is
unrepresentative of
complex, mixed
communities existing in
the environment. Does
not capture intra-species
or inter-species
competition/mutualism
which may influence
selection. Unable to
account for horizontal
gene transfer
within/between species.
Specialised equipment
and personnel required
(e.g. molecular
microbiologists,
fluorescence activated cell
sorting machine).
Chemical quantification of
antibiotics not usually
performed (though
possible)

Flow through systems are
technically demanding
and face issues such as
wash out or antibiotic
degradation if flow rate is
set too high or too low.
Chemical quantification is
technically difficult in
biofilms, this is
complicated further as
penetration of antibiotics
is likely to be lower
leading to overestimation
of selective endpoints if
only liquid phase is
quantified. Horizontal
gene transfer frequencies
are not determined.
Likely low replicability

Horizontal gene transfer
frequencies are not
determined. Currently,
only high temperature,
high nutrient microcosms
have been used which
may not represent natural
environments. Higher
variation than single
species methods, due to
variation inherent in the
community and potential
founder population biases
and small sample volume.
Metagenomics are
recommended to
determine a
representative qPCR
target - increased
expense

Nutrient and temperature
conditions can be easily
modified to increase
environmental relevance,
which should be paired
with additional chemical
data to understand
degradation dynamics.
Study enrichment of
chromosomal
mutations/genes or
plasmid-borne resistance
genes with minimal
confounding variables
possible. Could use more
ecologically relevant
species to represent
particular environments
or ecosystem services
provided by prokaryotes.
System can be applied to
look at mixture or
combined exposure
effects

Peak loads and dynamics
of antibiotic
concentrations released in
wastewater following
different treatment
processes could be
emulated in a flow
through system to
increase realism.
Metagenomics facilitates
quantification of changes
in resistance genes and in
community composition
providing information on
co-selection and potential
loss of ecosystem
services. System could be
applied to look at
mixture or combined
exposure effects.
Possibility to study
community resilience

Nutrient and temperature
conditions can be easily
modified to increase
environmental relevance,
which should be paired
with additional chemical
data to understand
degradation dynamics.
Different bacterial inocula
can be tested to quantify
risk for different aquatic
environments.
Metagenomics facilitates
quantification of changes
in resistance genes and in
community composition
providing information on
co-selection and potential
loss of ecosystem
services. Both MSC and
statistically significant
selective endpoints can
be determined. System
could be applied to look
at mixture or combined
exposure effects.
Possibility to study
community resilience

Possible under or
overestimation of
selective endpoints due to
simplicity of system. High
cost for routine
performance due to
requirement for continual
development of novel
isogenic strains may
impact feasibility of roll
out. Use of different
isogenic strains may alter
MSC, leading to potential
under or overestimation
of risk

Continual addition of
community (i.e.
wastewater) means
observed effects may be
due to changes in
community and not solely
due to exposure to test
antibiotic. Unable to
establish a starting
prevalence of resistance
means observed effects
may be due to increased
persistence of resistance,
rather than positive
selection (could
overestimate risk).
Currently are limited in
terms of detecting
selection for mutations;
however these pose
relatively lower risk
compared to mobile
genes

Potential exclusion of
ecologically relevant
microorganisms and
impacts on selection of
ARGs due to high
nutrient and high
temperature. Possible
under or overestimation
of real-world risk due to
high nutrient, high
temperature conditions,
though results tend to
agree with more
environmentally realistic
flow through systems.
Currently are limited in
terms of detecting
selection for mutations;
however these pose
relatively lower risk
compared to mobile
genes

(continued on next page)
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Table 1 (continued)
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E. coli multi-isolate batch
microcosms

e.g.

N. Kraupner et al. (2020)

SELECT method

e.g.
AK. Murray et al. (2020)

Estimation of selective endpoints
using minimum inhibitory

concentration (MIC) data
e.g. Kummerer &
Henninger (2003),

Tello et al. (2012) and
Bengtsson-Palme &
Larsson (2016)

Strongly reflects
intra-species competition,
reducing biases that may
result from
media/temperature
preferences of other
species. E. coli already
monitored with
well-established isolation
and screening protocols
available. Relatively low
cost method e.g.
compared to qPCR.
Confirms increases in
phenotypic resistance at a
clinical level.
Straightforward chemical
quantification allows
accurate selective
endpoint determination.
Similar results to other
approaches

Cheapest and least labour
intensive of the
experimental methods by
far. Use of mixed
bacterial community
captures some intra- and
inter- species competition
expected in natural
environments. High
nutrient and temperature
conditions enable rapid
data generation. High
replicability. Single spikes
of exposure antibiotic per
24 h may represent
release from wastewater
treatment plants in the
morning or evening.
Similar effect
concentrations observed
to other methods,
particularly mixed
bacterial community
batch microcosms.
Captures selection acting
on all resistance
mechanisms within the
population

Rapid and cost-effective
data generation. High
clinical relevance
applicable to human
health risk assessment.
MIC data routinely
generated, updated and
easily accessed

Horizontal gene transfer
frequencies are not
determined. Plating is a
less sensitive technique
than others, e.g. qPCR.
Single species used is
unrepresentative of
complex, mixed
communities existing in
the environment. Does
not determine specific
resistance mechanisms
enriched, preventing
assessment of relative
risk posed by mobile or
chromosomal resistance
mechanisms

Horizontal gene transfer
frequencies are not
determined. Does not
determine specific
resistance mechanisms
enriched, preventing
assessment of relative
risk posed by mobile or
chromosomal resistance
mechanisms. Cannot
determine concentrations
that increase persistence
of resistance

MIC data are based on
single species responses —
community dynamics are
not represented.
Conversion from MIC to
MSC is arbitrary and has
little scientific basis; the
difference between. MIC
and MSC may be species
and/or antibiotic specific

Possible to determine
both persistence and
selection concentrations.
System could be applied
to look at mixture or
combined exposure
effects. Possibility to
study community
resilience. Relatively
accessible, e.g. to lower to
middle income countries

Straightforward chemical
quantification would
allow accurate selective
endpoint determination.
Initial validation suggests
endpoints largely
unaffected by sewage
inoculum used. Initial
validation suggests
endpoints largely
unaffected by changes to
experimental conditions
(temperature, media).
Highly suitable for ring
testing/further validation.
Highly accessible, e.g. to
lower to middle income
countries. Could be
adapted for
environmental
surveillance/whole
effluent testing. System
could be applied to look
at mixture or combined
exposure effects.
Possibility to study
community resilience

Selective endpoints can
be validated in
experimental studies.
Experimental
concentrations can be
informed by estimated
endpoints to reduce cost

Risk may be over or
underestimated as
inter-species competition
eliminated from test
system. Risk may be
overestimated due to
relative insensitivity of
plating method. Not
suitable for antibiotics
that are ineffective
against E. coli [ gram
negatives (i.e. for
antibiotics where clinical
breakpoint data are not
available). Screening at
clinical breakpoint
concentrations may
underestimate risk due to
lack of genetic diversity.
Similar results to other
approaches, but only one
antibiotic tested so far

Possible under or
overestimation of
real-world risk due to
high nutrient, high
temperature conditions,
though initial validation
suggests limited effect
further testing is still
required. Possible over or
underestimation of risk
without further validation
as a proxy

Many species within the
database do not have
ecological cut off (ECOFF)
values determined, so risk
may be overestimated.
MIC data change over
time, usually increasing -
with this approach,
PNECRs would be higher,
this is counterintuitive as
when resistance
increases, mitigation
efforts should also
increase

resistant bacteria being present in a given microbiome in the pres-
ence of antibiotic than in the absence, which increases the poten-
tial of human or animal exposure to these bacteria (Stanton et al.,
2020). In addition, there could be increased likelihood of hori-
zontal gene transfer, as there would be a greater number of ARG
donors. A selective endpoint for ciprofloxacin was also determined
by Stanton et al. (2020) as 7.6 pg/L, very similar to the 5 - 10 pg/L
observed in Kraupner et al. (2018). Together, these points indicate
highly replicable, high throughput batch microcosms can produce

very similar if not identical selective concentration data as more
expensive, technically demanding flow through systems.

A further study by N. Kraupner et al. (2020) compared selective
endpoints of trimethoprim in different systems. Changes in taxo-
nomic composition were determined in an effluent sewage com-
munity biofilm microcosm, but the study primarily focused on re-
sistant E. coli in three different experimental systems (biofilms de-
rived from treated effluent, a community of 149 E. coli strains iso-
lated from sewage and isogenic strains of E. coli in competition ex-
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periments). At 100 pg/L of trimethoprim, significant increases in
percentage of resistant E. coli in the biofilm and the E. coli com-
munity were observed, whereas only a trend for significance was
observed in taxonomic composition. For the engineered E. coli, pos-
itive selection coefficients were determined at 100 pg/L, but not
10 pg/L. However, the authors indicate that the cost of the resis-
tance gene was significantly reduced at 10 pg/L (N. Kraupner et al.
2020) (i.e. there would be increased persistence at this concentra-
tion (Stanton et al., 2020)) when statistically comparing percent-
ages of engineered resistant E. coli carrying four of the five genes
tested. An exposure limit of 1 ng/L was suggested based on this
observation.

The most recent experimental method to determine selective
endpoints is the SELECT (SELection Endpoints in Communities of
bacTeria) method (A.K. Murray et al. 2020). This method exposes a
community of sewage bacteria to two-fold dilutions of antibiotics
in a 96 well plate and measures optical density in a plate reader.
During exponential growth phase of the community, a significant
dose-response relationship can be observed. The selective endpoint
is the antibiotic concentration that significantly reduces the growth
of the community, at the time point where that dose-response re-
lationship is strongest. This has been demonstrated to be a re-
liable proxy for selection for resistance genes, determined using
qPCR in previous studies (Murray et al., 2018; Stanton et al., 2020).
Due to the rapidity of the method, selective endpoints for several
antibiotics were determined, including trimethoprim at 1.56 pg/L,
extremely similar to the 1 pg/L determined previously (N. Kraup-
ner et al. 2020). In the SELECT study, lower temperature and nu-
trient conditions (use of artificial sewage as the growth media,
as in the ASRIT (OECD 2009)) were also tested and had mini-
mal effect on the endpoints derived. This study was also the first
to directly compare different sewage inocula for the same antibi-
otic, and found this too, had minimal effect on the endpoints de-
rived, indicating a single endpoint may be suitable for different ge-
ographical locations or environments (A.K. Murray et al. 2020).

Finally, there have been attempts to consider selection by es-
timating selective endpoints, as opposed to using experimental
approaches. The first of these used MICsy values for susceptible
pathogens as surrogates for selective endpoints to perform risk as-
sessment of antibiotics in hospital effluent (Kiimmerer and Hen-
ninger 2003). An assessment factor (AF) of 100 was applied; this
relatively large AF was used for two reasons. The first was to esti-
mate the MIC;o value, given that NOECs can be considered as the
concentration where only a 10% effect is observed (EU 1996). The
second was because the PECs were multiplied by 10 to estimate
maximum peak loads (Kiimmerer and Henninger 2003). The sec-
ond paper to estimate selective endpoint predicted species sensi-
tivity distributions using MIC data, and extrapolated these selec-
tive concentrations across bacterial genera through phylogenetic
analyses. By comparing to MECs, it was estimated <7% of envi-
ronmental genera could be under selection (Tello et al., 2012). Fi-
nally, selective concentrations have been estimated using the EU-
CAST MIC database to estimate predicted no effect concentrations
for resistance (PNECRs). All MICs for all the species were extracted
and MICs above the wildtype were removed. These were adjusted
against the numbers of species per antibiotic. Finally, the lowest
1% of all MICs were taken and an AF of 10 applied. This resulted
in PNECRs ranging from 8 ng/L to 64 ug/L (Bengtsson-Palme and
Larsson 2016).

All of these studies have not yet determined how commu-
nity resilience may affect selection for AMR. Community resilience
is the ability of a bacterial community to return to its original
state, or a new stable state, following the removal of a distur-
bance (Brandt et al., 2015). The functionality of bacterial commu-
nities may be compromised for example, if diversity is reduced
and this could be further compounded by exposure to other pol-
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lution sources, or changes in temperature, making it particularly
pertinent in light of climate change. AMR adds an additional facet
to community resilience, as resistance normally results in an evo-
lutionary cost to the host bacterium. However, there are numer-
ous evolutionary mechanisms to mitigate this cost such as pres-
ence of compensatory mutations, cost-free resistance traits, or lo-
cation of resistance genes on plasmids which confer a fitness ben-
efit (Andersson and Hughes 2011). Arguably, following exposure
to antibiotics, bacterial communities may never return to a pre-
exposure state due to these compensatory effects. Furthermore, it
is unclear whether communities that have evolved at selective con-
centrations of antibiotics are then ‘primed’ to face future episodes
of exposure due to these evolutionary compensatory mechanisms.
However, whether communities do become ‘primed’ will likely de-
pendant on many factors. These include whether the resistance
mechanism is ‘selfish’ or produces ‘public goods’ (Bottery et al.,
2016; Murray et al., 2018). Public good resistance mechanisms,
such as antibiotic degradation by enzymes produced by resistant
bacteria, could be negatively selected because the degradation of
antibiotics is beneficial to all bacteria in the population, whether
they produce the enzyme or not. Whether a resistance mechanism
is readily mobilisable (i.e. plasmid-borne) will impact the extent of
transmission within the community, and the fitness of the bacterial
host in the absence of exposure is also key. If future studies point
toward a lack of community resilience, then different safe release
limits may be required for different environments (e.g. pharmaceu-
tical waste vs municipal waste) or limits may need to change over
time depending on the history of exposure.

3. AMR specific era - adjusting and consolidating with current
guidelines

All of the above studies have determined selective concentra-
tions, but there are differences in how these are derived, what
they are termed and what they mean. Each has different implica-
tions for both environmental and human health/exposure risk as-
sessment.

The standardised ERA approach determines the Lowest Ob-
served Effect Concentration (LOEC) on the basis this test concentra-
tion has a significantly different response compared to the control
(ECHA, 2008, EMA 2006, 2018, FDA 1998b). The concentration be-
low this, the NOEC, is used to derive the Predicted No Effect Con-
centration (PNEC) by dividing it by an AF (which differs based on
chronic or acute exposure and number of studies (ECHA, 2008),
see AF section). Environmental risk is then determined by divid-
ing the Predicted Environmental Concentration (PEC) or Measured
Environmental Concentration (MEC) by the PNEC, to generate a
Risk Quotient (RQ) (EMA 2006). A recent meta-analysis (Le Page
et al. 2017) compared the relative sensitivity of environmental
species used to derive PNECs in regulatory approaches to ERA.

There are currently four antibiotics (amoxicillin, ciprofloxacin,
trimethoprim and sulfamethoxazole) included on the third ver-
sion of the Water Framework Directive’s (WFD) Watch List
(Gomez Cortes et al. 2020). These are surface water pollutants
where the PEC or MEC regularly exceeds the PNEC, which are be-
ing monitored with the European Union to determine if Environ-
mental Quality Standards (EQS) are required (Carvalho et al., 2015;
Loos et al., 2018). Until this most recent iteration, these PNECs
were based on ecotoxicological endpoints, though AMR data are
now being considered (Gomez Cortes et al. 2020).

To enable rapid ERA and human health risk assessment of the
selective potential of compounds released into our environments,
it would be best to align with current methodologies. However,
it has been established that ecotoxicological PNECs are not always
protective against selection for AMR (Bengtsson-Palme and Larsson
2016; Le Page et al. 2017; Tell et al., 2019). Therefore, it is rec-
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ommended that PNECRs are used when referring specifically to se-
lective concentrations of antibiotics (which may not always have
ecotoxicological effects at ecologically relevant PECs or MECs). Fur-
thermore, as there are several experimental methodologies, several
different definitions of selective concentrations also exist.

The first of these methods used was the MSC (Gullberg et al.,
2011), as described above. However, it is debatable whether a
PNEC should be derived from MSCs as this endpoint is a mod-
elled estimate that can be greatly impacted by the number of
test concentrations included in the model and the intervals be-
tween these test concentrations. In addition, the MSC is defined as
the concentration “where the fitness cost of the resistance is bal-
anced by the antibiotic-conferred selection for the resistant mu-
tant” (Gullberg et al., 2011); or in other words, where resistant
strains are under neither positive nor negative selection and there
is no longer an evolutionary cost to resistance. Only when stochas-
tic events occur or further increases in selective pressure are in-
troduced, will resistant bacteria be positively selected. Therefore,
in terms of protection against selection, the MSC is likely conser-
vative and may marginally overestimate risk if used to calculate
a PNECR. MSCs are also likely to change when different isogenic
strains are used, which could lead to over or underestimation of
risk.

The MSC method also presents difficulties as the no antibiotic
control may also show positive selection for resistance (N. Kraup-
ner et al. 2020; Stanton et al., 2020) - as all selection coefficients
are >0, the intercept (MSC) cannot be calculated. Although this
could be overcome by subtracting the no antibiotic control selec-
tion coefficients from the exposure selection coefficients, this may
introduce bias. The MSC method does, however, require quantifica-
tion of resistance at the beginning of the exposure experiment, as
this is crucial for understanding risk. This allows clarification be-
tween increases in total number of resistance genes/resistant bac-
teria over time (i.e. positive selection), vs reduced loss of resistance
genes compared to the control (i.e. increased persistence), which is
needed for interpretation of risk.

Increased persistence of resistance has been referred to as the
MIPC, which is below the MSC (Stanton et al., 2020). However, it
is unclear how an MIPC could be determined using an MSC ap-
proach, as the MIPC lies beneath the intercept of the x-axis (i.e.
below the MSC). This phenomenon has also been referred to as a
significant reduction in fitness cost (N. Kraupner et al. 2020). Per-
sistence could be defined statistically as the concentration where a
significant increase in antibiotic resistance gene prevalence is ob-
served, compared to the control, at the end of the experiment and
irrespective of starting prevalence (Fig. 1). It would be unnecessary
to first calculate selection coefficients and then perform statistical
tests, when the same tests could be used directly on the antibi-
otic resistance endpoint data (e.g. antibiotic resistance gene preva-
lence).

To closer align to current ERA methods, a statistical method
should be used to determine the selective concentration as op-
posed to an estimate, like the MSC. Given the differences high-
lighted in this review and elsewhere between selection and persis-
tence (N. Kraupner et al. 2020; Murray et al., 2018; Stanton et al.,
2020), we propose new terms to clarify these endpoints. The Low-
est Observed Selection Concentration (LOSC) represents the con-
centration where a significant increase in resistance gene preva-
lence/other endpoint is observed, over time, compared to the con-
trol. A No Observed Selection Concentration (NOSC) would then be
the concentration below this, and a PNECR derived through ap-
plying an AF as before. In terms of human exposure, it may be
more protective to consider overall numbers of resistant bacteria
(Stanton et al., 2020). The concentration at which persistence is
observed could be considered as the LOEC, which could be used to
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derive a predicted no effect concentration for persistence (PNECP)
using the NOEC. Compared to the MSC (and by extension, MIPC)
that may overestimate risk for the reasons described above, the
LOSC and LOEC may slightly underestimate risk but are statistically
robust. Adjustment with AFs would further reduce the possibility
of risk underestimation.

Whether safe release limits should be based on the PNECR or
PNECP is a matter for debate, but broadly, the former may be more
suited to ERA and the latter to human health risk assessment. The
relationship between these values are shown in Fig. 1. It is impor-
tant to define and distinguish between the two in order to 1) facil-
itate compliance, by not imposing overly stringent targets in areas
with minimal human exposure whilst still preventing increases in
resistance and 2) recognise the difference in risk posed by overall
resistant numbers of bacteria/genes in an environment to which
humans or animals may be readily exposed. However, use of the
PNECP for both environmental and human health risk assessment
would be the most protective.

There are also further considerations when considering risk of
individual genes/bacteria, such as mobilisable potential of different
genes, which have been reviewed elsewhere (Bengtsson-Palme and
Larsson 2015; Martinez et al., 2014). However generally, we recom-
mend a mixed community approach for the experimental determi-
nation of PNECRs or PNECPs, to be more environmentally represen-
tative and to provide a diverse collection of bacteria and ARGs that
selection could act upon.

The options of LOSCs, LOECs and MSCs have been discussed but
the question remains over what an appropriate assessment factor
might be, in order to convert these into PNECRs or PNECPs. Re-
cently, the EMA revised their guidance on ERA of medicines ap-
proved for human use. An AF of 10 was recommended for surface
water and sewage treatment plant PNECs (EMA 2018). In addition,
the WFD used an AF of 10 when determining which substances to
include on the Watch List (Carvalho et al., 2015). Given these cur-
rent approaches and the lack of understanding regarding effects of
acute or chronic exposure to antibiotics of bacterial communities
and community resilience, this AF seems appropriate for the time
being. However, it has been suggested previously that microbial
community-level studies may require greater assessment factors
to account for the greater degree of uncertainty within these sys-
tems (Brandt et al., 2015). Therefore, the community based stud-
ies described above could utilise larger AFs. The inclusion of more
prokaryotic taxa within the revised EMA ERA guideline (EMA 2018)
attempts to address some aspects of this uncertainty by recognis-
ing the limited value of fish studies and testing more relevant taxa.

We applied this framework to interpret all the concentration
data generated thus far (Table 2), in the experimental studies al-
ready described. There are 33 concentration data generated to date,
for 11 antibiotics, spanning 6 antibiotic classes. We determined
the PNECR or PNECP as follows. Selective concentration data de-
termined using the MSC approach we left unadjusted as this is
already a modelled estimate, as described above. Where statistics
were used to assign the selective or persistence concentration, the
test concentration below this (the NOSC or NOEC) was adjusted
with an AF of 10. Where the methodology was insufficient to deter-
mine the concentration as being the selective or persistence con-
centration, we assigned this as ‘unknown’, applied an AF of 10 and
assigned as either a potential PNECR or PNECP (see Table 2).

Using this approach and the data currently available, the an-
tibiotic likely to pose the greatest risk to the environment is
ciprofloxacin (PNECRs 0.05 and 0.78 ng/L, MSC 0.004 - 10.77 pg/L,
n studies =3, unknown potential PNECR or PNEC? using metage-
nomics of 0.01 pg/L). Trimethoprim is also of potential concern
(PNECRs 1 - 5 pg/L, n studies =3; MSCs 33 - 49.6 ug/L, n studies
=2). These two compounds are already on the current version of
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Table. 2
Revised.
Experimental Method Concentration
Antibiotic system Inoculum Method Endpoint Risk (ng/L) Reference PNECR (ug/L)  PNEC® (ng/L)
Azithromycin ~ Sewage Influent qPCR statistics ermF Selection 750 Stanton 2020 50
microcosm
SELECT Influent SELECT Growth (OD)  Selection** 1000 Murray 2020 50
statistics
Cefotaxime Sewage Influent qPCR MSC CTX-M Selection 4 Murray 2018  4*
microcosm
Sewage Influent SELECT Growth Selection** 15.63 Murray 2020 0.78
microcosm statistics
Sewage Influent qPCR statistics CTX-M & intl1 Selection 125 Murray 2020 6.25
microcosm
Ciprofloxacin  Isogenic E. coli Ratio MSC gyrAl Selection 0.1 Gullberg 2011 0.1*
competition
SELECT Influent SELECT Growth (OD)  Selection** 0.98 Murray 2020 0.05
statistics
Biofilm Effluent Metagenome  gnrD Unknown 1 Kraupner 2018 0.01 0.01
microcosm statistics
Sewage Influent qPCR MSC intl1 Selection 10.77 Stanton 2020 10.77*
microcosm
Isogenic E. coli Ratio MSC Unknown Selection 0.004 Vos 2020 0.004*
competition mutant
Sewage Influent qPCR statistics intl1 Selection 15.625 Stanton 2020 0.78
microcosm
ChloramphenicoBELECT Influent SELECT Growth (OD)  Selection** 250 Murray 2020 12.5
statistics
Sewage Influent qPCR statistics intl1 Selection 500 Murray 2020 25
microcosm
Clarithromycin Sewage Influent qPCR statistics ermF Selection 750 Stanton 2020 50
microcosm
SELECT Influent SELECT Growth (OD)  Selection** 5000 Murray 2020 250
statistics
Erythromycin ~ Sewage Influent qPCR MSC ermF Selection 514.1 Stanton 2020 514.1*
microcosm
Sewage Influent qPCR statistics ermF Selection 750 Stanton 2020 50
microcosm
Isogenic E. coli Ratio MSC mph Selection 3000 Gullberg 2014 3000*
competition
SELECT Influent SELECT Growth (OD)  Selection** 25,000 Murray 2020 12500
statistics
Gentamicin SELECT Influent SELECT Growth (OD)  Selection** 250 Murray 2020 12.5
statistics
Sewage Influent qPCR statistics intl1 Selection 250 Murray 2020 12,5
microcosm
Kanamycin Isogenic E. coli Ratio MSC Not stated Selection 470 Gullberg 2014 470*
competition
Streptomycin  Isogenic E. coli Ratio MSC rspL105 Selection 1 Gullberg 2011 1%
competition
Tetracycline Biofilm Effluent qPCR statistics tetA/tetG Unknown 1 Lundstrom 0.09f 0.09F
microcosm 2016
Sewage Influent qPCR statistics tetG Persistence 1 Stanton 2020 0.01
microcosm
Isogenic E. coli Ratio MSC Selection 15 Gullberg 2011 15*
competition cobA367::Tn10dTet
Isogenic E. coli Ratio MSC tetRA Selection 45 Gullberg 2014 45*
competition
Trimethoprim SELECT Influent SELECT Growth (OD)  Selection** 31.25 Murray 2020 1.56
statistics
Isogenic E. coli Ratio MSC dhfr Selection 33 Gullberg 2014 33*
competition
Sewage Influent qPCR statistics intl1 Selection 62.5 Murray 2020 3.13
microcosm
Isogenic E. coli Ratio MSC dfrA12 Selection 42.7 Kraupner 2020 42.7*
competition
E. coli E. coli, mixed CFU statistics % resistant E.  Selection 100 Kraupner 2020 1
microcosm population coli
Biofilm Effluent CFU statistics % resistant E.  Unknown 100 Kraupner 2020 1 1
microcosm coli

Experimental concentrations determined to date. The 'Risk’ column denotes whether the measured outcome is definitive positive selection, persistence, or cannot be
known from the experimental design and analyses reported ('Unknown’). 'Concentration’ column reports either the minimal selective concentration or the concentration
where a significant difference was observed (i.e. the LOEC, not the NOEC and before any application of AFs). Concentrations reported are the lowest within each study,
and within each experimental system within each study, where comparisons were made. PNECRs are calculated by taking the NOSC and applying an assessment factor
of 10. PNECPs are calculated by taking the NOEC and applying an assessment factor of 10. T indicates the LOSC/LOEC was the lowest concentration tested, so an arbitrary
0.1 ug/L below this is used as the NOSC/NOEC. Selection** denotes that this is a proxy for direct selection only and not confirmed within the experimental design and
analyses. * against a PNECR indicates this is a MSC and therefore unadjusted by an AF.
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Fig. 1. Different approaches to determining endpoints to use for risk assessment. Of relevance to environmental risk assessment (left hand box) - selection for AMR. Example
data set shows significant, positive selection at 0.5 and 1 concentrations of the exposure antibiotic (indicated by “*’), i.e. significantly different to the control at the end of
the experiment and with higher average prevalence than at the beginning. This enables derivation of a Predicted No Effect Concentration for Resistance. Of relevance to
human health risk assessment (right hand box) - persistence of AMR. Example data set shows significant, increased persistence at 0.5 and 1 concentrations of the exposure
antibiotic (indicated by “*’), i.e. significantly different to the control at the end of the experiment, but still with a lower average prevalence than at the beginning. This enables

derivation of a Predicted No Effect Concentration for Persistence.

the WFD Watch List (Gomez Cortes et al. 2020), and are the most
well studied in terms of selective concentrations (Table 2). Tetracy-
cline may also pose a risk, but further work is needed as currently
only PNEC? or ‘unknown’ data (0.01 and 0.09 ng/L, respectively) are
available alongside the MSC data (15 and 45 pg/L). By comparison,
PNECRs determined to date for the three macrolides (azithromycin,
clarithromycin and erythromycin) indicate these pose relatively
low risk of selection for resistance, with all lowest PNECRs deter-
mined as 50 pg/L, but ranging from 50 to 12,500 pg/L for ery-
thromycin (n studies =4). These macrolides were on previous ver-
sions of the WFD Watch List (Carvalho et al., 2015; Loos et al.,
2018) but have since been removed.

These data indicate PNECR determination and ERA of other
quinolones and fluoroquinolones should be of high priority, fol-
lowed potentially by cephalosporins (cefotaxime MSC 4 ng/L;
PNECR 0.78 and 6.25 pg/L) and further consolidation work on tetra-
cyclines. There are still two classes of non-combination antibiotic
classes without any data: penicillin beta-lactams and sulfonamides
(though trimethoprim is usually grouped with these as they are
commonly used in combination). These should also be prioritised
for determination of further AMR endpoints. However, more data
are still required for the other antibiotics (e.g. macrolides, amino-
glycosides) in order to draw definitive conclusions about the risk
they pose. Currently available data suggest AMR endpoints will not

always be more protective than ecotoxicological endpoints and vice
versa, so both are needed to move toward maximum environmen-
tal and human health protection (A.K. Murray et al. 2020).

4. Further considerations

For determination of any PNEC, chemical quantification of the
test compound is required. This is essential for antibiotics, as many
antibiotic resistance mechanisms are degradative in nature. For ex-
ample, almost complete degradation of cefotaxime at clinical con-
centrations (2 mg/L) was observed in the presence of a wastewa-
ter community; whereas in sterile culture degradation was around
60% (Murray et al., 2018). It is possible that the relatively low MECs
of antibiotics such as cefotaxime (to which there are numerous
degradative resistance mechanisms) have resulted from degrada-
tion by resistant bacterial populations present in the environment,
as opposed to high lability alone. This raises questions about the
robustness of chemical based EQS used under the WFD to pro-
tect human health; they will be adequate for ecological protec-
tion, but high levels of resistance that could pose a human health
threat may occur where there are low levels of antibiotic, if the
resistance mechanism is degradative. This is most relevant for the
beta-lactam class of antibiotics, including the World Health Organ-
isation critically important humans medicines such as third gen-
eration cephalosporins and last-line carbapenems (WHO 2017), to
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which clinical resistance is often conferred by degradative enzymes
such as the extended spectrum beta-lactamases (Canton and Coque
2006) or carbapenemases (Nordmann et al., 2011). This is problem-
atic as low MECs could actually indicate high levels of resistance.
Monitoring of resistance genes in soil was recently proposed by
the European Commission (EU 2019) and so this could also be rec-
ommended for monitoring surface waters, for example in future
amendments to the WFD Watch List. However, quantitatively link-
ing the presence of resistance genes in the environment to coloni-
sation, subsequent infection and adverse clinical outcomes remains
a significant challenge.

When determining PNECRs for highly labile antibiotics, it may
be necessary to introduce antibiotic continuously in a flow through
system; though this may still not be recommended if the re-
quired flow rate exceeds the maximum growth rate of bacteria
(as this would result in wash out and reduced ecological rele-
vance (Ziv et al., 2013)). In batch systems, degradation experiments
are recommended to enable extrapolation of the average exposure
concentration over the test period to determine a more accurate
NOEC. For either system, understanding of compound lability is es-
sential to prevent PNECR overestimation.

Chemical quantification is complicated further when consider-
ing biofilms and heterogeneous penetration by antibiotics. Very lit-
tle is understood regarding the antibiotic concentration within bac-
terial cells or at the bacterial cell surface and how this may affect
selection. Furthermore, there is some evidence to suggest intra and
extracellular pH concentrations can lead to different antimicrobial
activity of the same antibiotic in different bacteria (Tappe et al.,
2008). Studying these phenomena is now possible due to the de-
velopment of single cell microfluidic systems, such as the mother
machine microfluidic device (Bamford et al., 2017).

In addition to quantification of antibiotics within experimental
systems, greater effort is required to generate PECs of antibiotics
with high spatial resolution; and to determine MECs of antibiotics
in a more systematic manner, looking at catchments and inputs
over time. There are many physiochemical considerations that may
affect fate and transport of antibiotics, which are reviewed else-
where (Jafari Ozumchelouei et al. 2020). The largest open access
database of MECs was collated by the Umweltbundesamt in 2016
(UmweltBundesamt 2016) and was recently updated (aus der Beek
et al. 2016, UmweltBundesamt 2019). These data are essential for
determining RQs that are protective of selection.

Better understanding of the pathways of human exposure to
these MECs is also needed. For example, the relative significance
of these pathways for colonisation/infection by resistant bacteria
(which may be pathogenic, opportunistically pathogenic or even
non-pathogenic); or their impacts on the existing commensal bac-
teria that form the human microbiome, such as potential hori-
zontal gene exchange between the pre-existing microbiome and
ingested bacteria. This should be included within an integrated
human and environmental health risk framework (Ashbolt et al.,
2013; Larsson et al., 2018).

A significant factor affecting all aspects of ERA, not just ERA of
AMR, is the inescapable fact that pharmaceuticals exist in the en-
vironment as a complex mixture with other chemicals and stres-
sors. It is likely that in the majority of cases, selective concentra-
tions of individual antibiotics will be reduced in antibiotic mix-
tures, especially as some antibiotics are used in combination clin-
ically for their synergistic effects, such as trimethoprim and sul-
famethoxazole. Within class antibiotics are likely to have additive
effects. Given the lack of methods to experimentally quantify eco-
toxicological effects of mixtures in general, and the missing re-
quirement for mixtures assessment in current ERA guidelines, a
tiered approach has been suggested (Backhaus 2016). Firstly, RQs
derived for individual compounds could be summed, using readily
available individual compound PNEC data and secondly, mixture-
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specific AFs could also be used (Backhaus 2016). However, as pre-
viously highlighted, still comparatively few PNECR data are avail-
able for AMR ERA. Furthermore, how antibiotics may interact with
other co-selective compounds, such as metals (Baker-Austin et al.,
2006) or biocides (Pal et al., 2015) may be less predictable and
more research is needed in this area. Co-selection is the process
whereby resistance to a compound can be indirectly selected for,
in the absence of that compound or when it is only present at
a sub-selective concentration. This can be through genetic ‘hitch
hiking’ of co-localised resistance genes, for example on mobile ge-
netic elements (co-resistance) or if one gene confers resistance
to both compounds (cross-resistance), such as multidrug efflux
pumps. Only one compound needs to be present in order to select
for the entire mobile element or gene conferring cross-resistance
to be selected for (Baker-Austin et al., 2006). Generally, it is as-
sumed both metals and biocides could co-select for antibiotic re-
sistance and therefore may have an additive or synergistic effect.
However, there are some data to suggest antagonistic effects may
also occur. For example, one recent study demonstrated the se-
lective concentration of ciprofloxacin increased in the presence of
zinc, possibly due to chelation (Vos et al, 2020). The ‘baseline’
MSC of ciprofloxacin of 0.004 ng/L increased to 0.011 pg/L and
0.022 pg/L in the presence of 0.5 mM and 1 mM concentrations
of Zinc (?1), respectively (Vos et al., 2020). However generally, it
is assumed that risks posed by mixtures are greater than the indi-
vidual constituent compounds (Backhaus 2016). Revision of current
ERA guidelines, such as those by the EMA that progress to Phase II
toxicity testing based on PEC data for individual compounds may
also be required (Backhaus 2016). If and when mixture effects are
incorporated into current guidelines, any AMR-specific ERA guide-
lines should be updated.

One possible approach to quantify mixture effects could be
whole effluent toxicity (WET). This is currently used in the USA
to determine if all the compounds present in effluents are ‘safe’ or
have a toxic effect (EPA 2002). This could be adapted to examine
the selective potential of effluents through exposure experiments
as outlined above, where a range of diluted effluents are used in
place of a single test antibiotic. The most selective effluents can
then be prioritised for further analyses (e.g. chemical quantifica-
tion, prevalence of antibiotic resistant bacteria and/or genes) or
mitigation.

5. Conclusions and future directions

A novel framework for ERA of antibiotics is required for an-
tibiotic stewardship and by extension, protection of human health,
food security and the global economy. We have outlined such a
potential framework, and recommended determination of PNECRs
through experimentally defined LOSC/NOSCs and PNEC’s through
experimentally defined LOECs/NOECs. These should be determined
for both new and old antibiotic compounds and we have high-
lighted quinolone, cephalosporins, beta-lactams and sulphonamide
antibiotics should be priority candidates moving forward. Whilst
environmental monitoring of MECs is crucial, derivation of reliable
PEC data is particularly important for novel compounds, as MEC
data will be unavailable.

By drawing on current ERA guidelines, we hope to accelerate
standardisation and adoption of this new ERA, which addresses the
selective effect of antibiotics. Inclusion of antibiotics on the WFD
Watch List presents opportunities to compare ecological and se-
lective endpoints for ERA. However, monitoring of ARGs may also
be required at this scale to complement chemical monitoring data.
New antibiotics approved for use in humans may provide novel op-
portunities to track resistance development. By monitoring chem-
ical and resistance data in human sewage, wastewater treatment
plants and surface waters in populations that experience either
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high or low use, the environment could become an early indi-
cator for clinical resistance. There is already a body of evidence
demonstrating that current, clinically important resistance genes
originated in the environment (Humeniuk et al., 2002; Poirel et al.,
2008; Poirel et al., 2004; Potron et al., 2011). Such environmen-
tal surveillance data could inform and complement routine clinical
surveillance efforts.

Selection for resistance in the environment and human or an-
imal exposure to resistant bacteria are interlinked phenomena.
Better understanding of the human and animal health effects
of exposure to resistant environmental bacteria/genes is required
(Larsson et al., 2018) as this will help drive development and adop-
tion of AMR relevant EQS. However, appropriate EQS will be re-
quired to mitigate the health effects of such exposure. The pre-
cautionary principle recommends that given the alarming impacts
on human health and the global economy estimated as a result of
AMR (O’Neill 2014), ERA which considers selection for AMR cannot,
and should not, wait.

There are also opportunities to reduce the environmental risk
of selection for AMR in the short term, whilst longer term solu-
tions such as implementation of a novel ERA are underway. Some
recommended immediate actions are summarised:

1) Appropriate use of antibiotics - i.e. improved diagnosis, appro-
priate prescribing and reduction and elimination of over the
counter use of antibiotics and their use in growth promotion.
Controlling release of selective compounds into the environ-
ment. It is now more than 10 years since the Larsson et al. mea-
sured alarmingly high concentrations of ciprofloxacin in phar-
maceutical manufacturing effluent (Larsson et al., 2007). Safe
release limits for antibiotics were reported recently (Tell et al.,
2019) and meeting these targets should be a top priority for
antibiotic manufacturers and industry.

Sanitation. Basic levels of sanitation are still lacking in many
parts of the world, particularly in lower to middle income coun-
tries. Though wastewater treatment in areas like Europe and
the USA are still not completely effective, removal of antibiotics
and resistant bacteria is still significant. Provision of this in all
countries would reduce opportunities for environmental selec-
tion and human exposure; but also reduce prevalence of com-
municable disease and thereby antibiotic use.
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The authors regret <that it has been drawn to their attention that
four of the PNECRs reported in Table 2 are reported incorrectly. Some of
these errors are also repeated in the main body of text. The errors in
Table 2 are as follows:

1. Ciprofloxacin, isogenic competition with E. coli, the ratio MSC
taken from Vos et al. (2020) was reported as 0.004 in the ‘Concen-
tration ug/L’ column, but the actual value should be 4. Therefore, the
value in the ‘PNECR ug/L’ column should also be ‘4*".

2. Erythromycin, isogenic competition with E. coli, the ratio MSC
taken from Gullberg et al. (2014) was reported as 3000 in the
‘Concentration pg/L’ column, but the actual value should be 200.
Therefore, the value in the ‘PNECR pg/L’ column should also be
200%°.

3. Erythromycin, SELECT assay with influent, the SELECT statistics
value in the ‘PNECR pg/L’ column was reported as 12,500, but the
actual value should be 1,250.

4. Streptomycin, isogenic competition with E. coli, the ratio MSC
taken from Gullberg et al. (2011) was reported as 1 in the ‘Concen-
tration pg/L’ column, but the actual value should be 1000. There-
fore, the value in the ‘PNECR pg/L’ column should also be ‘1000%’.

DOI of original article: https://doi.org/10.1016/j.watres.2021.117233.
* Corresponding author.
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The sentences where these errors were reproduced in the main body

of text are as follows:

1. “Using this approach and the data currently available, the anti-
biotic likely to pose the greatest risk to the environment is cipro-
floxacin (PNECRs 0.05 and 0.78 pg/L, MSC 0.004 - 10.77 pg/L, n
studies =3”. Here, the MSC should range from 4 — 10.77 ng/L.

2. “Relatively low risk of selection for resistance, with all lowest
PNECRs determined as 50 ug/L, but ranging from 50 to 12,500 pg/L
for erythromycin”. Here, the range should be from 50 — 1,250 pg/L.
3. “The ‘baseline’ MSC of ciprofloxacin of 0.004 pg/L increased to
0.011 pg/L and 0.022 pg/L”. Here, the units were incorrectly con-
verted from the original reference, and should be 4, 11 and 22 ug/L.
>.

All authors have double checked the values and would like to apol-

ogise for any inconvenience caused.
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watres.2021.117233
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