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Applied Microbiology International is a global membership 
organization that seeks to bring the international microbiology 
community together to advance scientific impact. We are the  
oldest microbiology society in the UK and with more than half of  
our membership outside the UK, we are truly global, serving 
microbiologists based in universities, private industry and research 
institutes around the world.

The environment plays a critical role in the development, 
dissemination, and proliferation of AMR.

There is no structural, statutory surveillance dedicated to 
assessing the level of AMR in the environment in the UK.

Policymakers will need to support scientists’ efforts in order to 
sufficiently reduce AMR in the environment. This support should 
include dedicating more resources to research, establishing 
sufficient reduction targets and measures, and developing policies 
that encourage multi-stakeholder collaboration.

Microbiologists play a crucial role in combatting AMR in the 
environment by investigating constant changes in the environment 
that promote the evolution of AMR and developing new 
technologies for monitoring, diagnosing, and mitigating AMR in all 
environmental sources.
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 INTRODUCTION
 
Most antimicrobial resistance (AMR) research and public 
policy, to date, has concentrated on human and animal 
health. However, the environment plays an equally 
critical role in the development, dissemination, and 
proliferation of AMR. The environment acts as a reservoir 
that provides ideal conditions for a myriad of resistance 
genes to evolve, then disseminate, and finally spread 
back to humans and animals. Given the extent of the 
environment, which encompasses the land, air, and sea, 
there are innumerable sources of, and ways AMR can 
spread. Some of those pathways include pharmaceutical 
or hospital wastewater, soils, manures, and agricultural 
runoff. Likewise, there are many AMR exposure risks for 
humans and animals such as through drinking water, 
irrigation water, food products, or even recreational 
sources like beaches and lakes.

Despite its importance, policy and research on AMR in 
the environment has been insufficient. Both the UK’s 
20-year vision (published in 2019) and the UK’s 2019 
One Health Report found that ‘There is no structural, 
statutory surveillance dedicated to assessing the level 
of AMR in the environment in the UK’.1, 2 In June 2021, 
Lord Trees also raised concerns about AMR in the 
environment with the UK’s Environment Bill noting, 
‘Currently there is no mandatory routine surveillance 
required for antimicrobials in the aquatic environment, 
nor is there routine surveillance for antibiotic resistance 
among bacteria in that environment. These seem to be 
essential data-collection functions which would help 
enable the national action plan to deliver its objectives. 
Moreover, it is not clear who will be responsible for 
setting environmental quality standards for antimicrobial 
environmental contamination’.3 

The research questions that need to be addressed  
to better understand the role of AMR in the  
environment include:

•  What are the different drivers of AMR in  
the environment? 

•   What is the role of the environment in AMR’s 
evolution and dissemination? 

•   What are the feasibility and success rates of 
various mitigation measures for containing AMR’s 
spread in the environment?  

•   And how, when, and what should we be  
monitoring in order to assess AMR in the  
environment accurately?
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Without sufficient research, scientists cannot identify 
and implement successful solutions for containing AMR 
in the environment. Therefore, it is essential that 
research on AMR in the environment receives more 
support so that the UK can set suitable targets and 
establish ways to monitor adherence to those targets.  

In addition, those solutions will require policy support 
for more coordinated, multi-stakeholder interactions to 
ensure that all sources and pathways are considered, 
and research outputs are as impactful as possible. 
Contributors, such as manufacturers, farmers, and 
policymakers, will all need to be included in this process.

The impact of climate change will also need to be 
considered as it is exacerbating the rising threat of AMR 
through increasing global temperature and humidity, 
conditions that favour bacterial growth and spread of 
infectious disease. It is also leading to more frequent 
extreme weather events such as flooding, which 
increases exposure of humans and animals to 
environmental sources of AMR and antimicrobial 
pollution. These effects are compounded by increased 
intensive farming systems and rising use of 
antimicrobials in humans globally. It is therefore vital that 
researchers investigate these questions now as the 
effects of climate change are set to amplify the 
conditions that enable AMR evolution and dispersal. 
 
NIHAL BANDARA   
University of Bristol

Owing to the multidirectional linkage of AMR to  
humans, animals, plants and environment, holistic and 
multidisciplinary approaches are quintessential in 
managing this pandemic. Such approaches should 
include greater communication, coordination, and  
active contribution by clinicians, manufacturers, end 
users, policymakers and all other relevant sectors  
and stakeholders. 
 
JAMES HAMUEL DOUGHARI   
Modibbo Adama University

Implications of AMR in the environment include higher 
medical costs, prolonged hospital stays, and increased 
mortality, which collectively or individually impact 
negatively on the economy of individuals and the  
global community.

 

1   MONITORING ANTIBIOTIC RESISTANCE IN 
THE ENVIRONMENT 

 
Antibiotic resistance is increasingly seen as an 
ecological problem, requiring significant measures to 
reduce the risks posed by the presence of antibiotic 
resistance genes (ARGs) and antibiotic-resistant 
bacteria (ARB) within environmental compartments such 
as waste water, surface water and soils.4, 5) These 
measures must include the development of reliable 
surveillance systems, identification of critical control 
points during processing and solutions to prevent 
environmental contamination with both ARGs and ARB.6  

To effectively monitor and mitigate the spread of AMR 
within the environment, significant research and 
knowledge gaps must be addressed. These include 
inconsistencies in ARG reporting units, a lack of 
standardised protocols, monitoring targets and agreed 
threshold values.7  
 
HAZEL HATTON   
Solent University  

and 
SUZY CLARE MOODY   
Kingston University London

Our research concerns the impact of human activity on 
the presence of AMR genes in the Itchen River in 
Southampton. The Itchen River is a designated Site of 
Special Scientific Interest because it passes through 
both rural and urban areas as well as hosting fish farms, 
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watercress farms, and water treatment plants. It is also a 
popular site for water sport activities.  

Our small pilot study sampled discarded items and 
natural solid surfaces along the urban length of the river. 
We found resistance genes to four commonly used 
antibiotics. Further studies are warranted to sample the 
river water for detection of antibiotic compounds, and 
wider sampling of the full river length and the shoreline 
to understand the broader context of this problem. 
Studies have shown that bacterial growth as a biofilm on 
solid surfaces in aquatic environments can harbour high 
levels of AMR genes, and our findings support the need 
to prevent solid waste items such as plastics reaching 
our river environment. This may reduce the prevalence 
of AMR genes present in the water, but ultimately the 
solution needs to be a reduction in entry into the 
watercourse of both antibiotic compounds and 
contaminated waste containing resistant bacteria.  
 
SOPHIA BAKON   
University College London

Regular monitoring is a key aspect for identifying hotspots 
and combatting AMR. We suggest not only monitoring 
faecal indicator pathogens but also ESKAPE* pathogens 
included in the WHO guidelines for Drinking Water 
Quality Standards.8 The guidelines for monitoring major 
antibiotic residue levels in waterbodies include ß-lactams, 
tetracyclines, sulphonamides, aminoglycosides, 
fluoroquinolones, macrolides, trimethoprim and 
glycopeptides.9 This extensive monitoring not only 
identifies the presence of commonly used antibiotics but 
also indicates where human activities are contributing to 
AMR in the surrounding environment.  
 

DIANE PURCHASE   
Middlesex University London

More than half of the world’s population live in high-
density urban areas,10 which results in close contact of 
most inhabitants and increased risk of AMR transfer. 
Current AMR research in the urban environment is 
related mainly to wastewater treatment and hospital 
settings, other built environments (such as urban green 
space) are less well investigated. The majority of the 
epidemiological studies of urban green exposure focus 
on their availability and their health benefits;11 there are 
few studies that address their potential relevance for  
the emergence and spread of AMR. Urban park soil 
microbiomes are rich in diversity and also distinct from 
non-urban samples in their gene composition.12 They 
may acquire antibiotic resistomes via faecal shedding 
by animals (e.g. companion animals,13 feral animals 14 or 
wild birds 15 and urban park irrigation with reclaimed 
water.16 Horizontal gene transfer, mediated by mobile 
genetic elements, could facilitate the dissemination of 
ARGs across different bacterial phyla that become 
widespread within the microbial communities in non-
domesticated and companion animal populations. In the 
urban environment, these companion animals also share 
close proximity with humans, resulting in the 
transference of antibiotic-resistant microorganisms 
between animals and cohabiting humans. 

The UK’s 5-year national action plan on tackling AMR 
highlights the need to ‘support research to reduce 
evidence gaps and improve understanding of the 
hazards and risks from AMR in the environment.’ 
Therefore, awareness needs to be raised to address 
the complexity in the urban environment, increase our 
understanding of the spread of AMR in this multifaceted 
ecosystem and broaden the reach of the current 
surveillance programme. 

* ESKAPE is an acronym comprising the scientific names of six highly virulent and 
antibiotic resistant bacterial pathogens including: Enterococcus faecium, 
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,  
Pseudomonas aeruginosa, and Enterobacter spp.
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2   SELECTION FOR ANTIBIOTIC RESISTANCE  
IN THE ENVIRONMENT 

 
The variables that influence the evolution of bacterial 
resistance are yet to be fully elucidated.17 Antibiotic 
resistance develops through complex interactions, 
typically through mutations or by the acquisition of 
resistance genes present within the environment.18 
Traditionally, research on the evolution of resistance 
focused on the selection of resistant organisms using an 
antimicrobial concentration range termed the mutant 
selection window, where resistant bacteria are selected 
at concentrations exceeding the minimum inhibitory 
concentration (MIC) of susceptible bacteria and below 
that of the resistant bacteria.19 Standardised procedures 
for quantifying the MIC involve monoculture growth 
assays to determine the ability of a bacterial strain to 
survive a given concentration of antibiotic.20 

Despite this, recent studies have revealed that the 
selection for antibiotic resistance occurs at sublethal 
antibiotic concentrations below that of the MIC.21, 22 
Conclusively, to understand the relevance of such 
findings and to fully understand the evolution of 
resistance, we must study the evolution of resistance 
within the context of complex microbial communities as 
found in the natural environment.23, 24 
  
JOY WATTS   
University of Portsmouth

Pollution (current and historical) may be discharged into 
environmental systems, for example in marine 
sediments, resulting in complex mixtures of human and/
or animal waste, mixed with industrial contaminants, 
including heavy metals. Many of these heavy metals are 
known co-selective factors for antibiotic resistance in 

bacteria in soils, water and sediment 25 and also  
promote horizontal transfer of AMR genes and  
increased resistance.26  
 
AIMEE MURRAY   
University of Exeter

Antibiotics administered to humans and animals are not 
fully metabolised in the body, which can result in up to 
90% of an antibiotic being excreted in an active form.27 
Human waste passes through the wastewater treatment 
system, which is not designed to remove 
pharmaceuticals. Active antibiotics are therefore 
released into aquatic environments via wastewater 
effluents. Antibiotics bound to sewage sludge are spread 
onto agricultural land as fertiliser, alongside antibiotic-
containing animal manure. Runoff from these lands can 
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result in antibiotics entering rivers and streams.  
Finally, combined sewer overflows or direct discharge  
of human, animal or antibiotic manufacturing waste  
can result in direct contamination of the environment 
with antibiotics. 

It was originally thought that antibiotics in the 
environment pose no threat in terms of selection for 
AMR, because concentrations are too low. However, 
experimental determination of the lowest concentration 
of an antibiotic that can select for AMR (the minimal 
selective concentration) confirmed selection can occur 
at much lower antibiotic concentrations than the MIC.21 
Further research since shows that selection for AMR  
can occur at very low, environmentally relevant 
concentrations, in both single bacterial species 21, 28, 29 
and bacterial communities.12, 30, 31, 32 In some cases, the 
strength of selection has been shown to be the same at 
low, environmentally relevant concentrations and at high, 
clinically relevant antibiotic concentrations, suggesting 
the environment plays an underappreciated role in the 
emergence of AMR.23 Despite this evidence base, target 
‘safe’ thresholds or environmental quality standards 
based on potential to select for AMR are yet to be 
defined for antibiotics. 

Environmental quality standards require data on risks 
posed by a compound in the environment. Current 
environmental risk assessment approaches for human 
medicines still use standard ecotoxicological assays to 
determine the concentration at which a pharmaceutical 
poses a risk to model aquatic organisms.33 Only two of 
the required tests use microorganisms (the target 
organisms for antibiotics and antimicrobials). These 
tests measure standard ecotoxicological effects, such as 
growth inhibition of algal species or respiration inhibition 
of an activated sewage sludge bacterial community. As 
they do not measure increases in AMR directly, this can 
result in determination of thresholds that do not protect 
against AMR evolution.32, 34, 35 Numerous different 
experimental and modelling approaches exist to 
determine minimal selective concentrations or lowest 
observed effect concentrations for AMR selection; these 
have been recently reviewed.36 However, it has been 
recommended that the latter are used, rather than 
minimal selective concentrations, to streamline their 
incorporation into current environmental risk 
assessment guidelines.36 

Encouragingly, there has been some recent movement 
towards recognition of AMR in environmental risk 
assessment. The European Commission’s Water 
Framework Directive regularly reviews and updates a 
‘Watch List’ of contaminants of concern, that could pose 
an environmental risk. For the first time, the most recent 
version of the Watch List has explicitly acknowledged 
that evidence relating to selection for AMR was 
considered during the compound selection process. As 
a result, five new antimicrobials (the antibiotics 
trimethoprim and sulfamethoxazole and the antifungals 
clotrimazole, fluconazole and miconazole) were 
recommended for addition to the Watch List.37 

Compounds on the Watch List need to be monitored by 
EU member states. This is crucial for understanding risk, 
as environmental monitoring data (particularly for 
antibiotics) are scarce. 

Many aspects of AMR evolution in the aquatic 
environment remain understudied. Most research thus 
far has focused on selection for AMR, i.e. AMR that will 
increase over time. It is also possible to determine the 
lowest concentration at which AMR will persist, i.e. AMR 
will still be lost over time, but at a slower rate.31 This is 
important for understanding risk, particularly human or 
animal exposure risk, as even transiently high levels of 
AMR could increase the risk of AMR colonisation or 
infection.36, 31 There is some evidence that some 
chemical variations of antibiotics, such as antibiotic 
transformation products 38 and enantiomeric 
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antibiotics,39 could also select for AMR. Co-selection for 
antibiotic resistance by other compounds with 
antimicrobial effects such as biocides, heavy metals and 
pesticides can occur; even non-antibiotic 
pharmaceuticals may select for AMR.40, 41 Therefore, 
current environmental surveillance approaches that only 
quantify parent antibiotic compounds may not fully 
represent the AMR selection risk. Furthermore, mixtures 
of compounds may interact, increasing the selective 
potential of the mixture compared with the individual 
constituents. Environmental quality standards based on 
single compounds may therefore not be fully protective 
against AMR selection (though this issue applies to all 
environmental risk assessment, not just risk assessment 
of AMR).42 How these compounds interact in complex, 
environmental mixtures and potentially select for AMR is 
an area requiring significantly more research.  
 
MARIA ROSA DOMINGO SANANES   
Nottingham Trent University

In my research group, we aim to investigate if there are 
significant differences in the capacity for evolving and 
maintaining AMR in bacteria adapted to the environment 
when compared with host-associated bacteria.  

Environmental conditions and genetic background can 
influence the potential for evolution of resistance to 
antibiotics.24, 43, 44, 45 For example, the same  
AMR-causing mutation in different genetic backgrounds 
can result in different levels of resistance,44 while 
evolutionary divergent strains from the same species 
can differ in the levels of resistance that can evolve 46, 47 
and in the mutational pathways to resistance.48 
Therefore, adaptation to different niches may lead to 
genetic differences that impact the evolution of AMR. 
These genetic differences could be the result of 
disparities in the levels and evolutionary timescales of 
exposure to antibiotics. For example, environmental 
bacteria, particularly soil dwellers, have evolved in the 
presence of natural antibiotics (likely at relatively low 
levels). Consistent with this, antibiotic resistance genes 
are present even in relatively pristine environments such 
as Arctic permafrost, Antarctic lakes and the deep 
ocean.49, 50 In contrast, host-associated bacteria may 
have evolved for a long time in antibiotic-poor 
conditions but are now often exposed to high antibiotic 
concentrations. These differences may have important 
consequences for how AMR evolves and is maintained in 
strains from these different backgrounds. 

If genetic backgrounds that allow bacteria to survive as 
free-living organisms have a high probability to evolve 
AMR, along with low associated fitness costs, there is 
potential for the emergence and maintenance of AMR in 
the environment. This could have important implications 
for environmental bacterial communities and for the 
transfer potential of AMR genetic determinants to 
host-associated and pathogenic bacteria.  
 
APRIL HAYES   
University of Exeter

When determining AMR via bacteria’s ability to survive 
concentrations of antibiotics, concentrations of those 
applied antibiotics are typically high, but it has been 
demonstrated that lower concentrations of antibiotics 
can also select for AMR. The minimal selective 
concentration (MSC) is the concentration of antibiotic 
where the sensitive and resistant strain are of equal 
fitness, and any increase in concentration would actively 
facilitate selection for the resistant strain. This selection 
at lower antibiotic concentrations has been 
demonstrated in single species,21 and in complex 
microbial community experiments.23, 28  

Additionally, there is a concentration of antibiotics 
termed the minimal increased persistence 
concentration (MIPC), which facilitates the slower loss of 
resistance genes when bacteria are exposed to these 
concentrations of antibiotics.31 These MSCs and MIPCs 
are similar to the concentrations of antibiotics that can 
be found in the aquatic environment.  

We also know that other non-antibiotic compounds 
can select for antibiotic resistance, including metals 
and biocides 25, 51 and there is evidence that MSCs may 
also apply to these compounds.28 Metals are used in 
agriculture, and are persistent in the environment for 
long periods of time,53 during which they will exert a 
selection pressure.41 Biocides are sometimes used at 
very high concentrations, particularly when used in 
clinical settings. These may allow for the selection for 
highly resistant strains, and may be of concern in  
clinical strains such as MRSA.54 It is clear that many 
antimicrobials can select for antibiotic resistance,  
which can occur in different environments over  
varying concentrations. 
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3   WASTEWATER & TREATMENT 

 
Wastewater plays a significant role in the distribution 
and proliferation of AMR. Wastewater discharges 
antibiotic-resistant bacteria (ARB), antibiotic resistance 
genes (ARGs), and residual concentrations of antibiotics 
into downstream aquatic and terrestrial environments. 
Effluent from agricultural, municipal, and healthcare 
wastewater reaches the human population as a direct 
result of its use in agriculture, as well as in contaminated 
food and water (Figure 1). Wastewater treatment plants 
(WWTPs) act as a reservoir for ARGs, which are 
subsequently released into the environment in the form 
of biosolids 55 – solid organic matter recovered from the 
sewage treatment process that are used as fertiliser.  
To quantify the impact of wastewater treatment on  
the dissemination of AMR, efficient surveillance 
programmes and strategies for both treatment and 
mitigation are critical. 
 

DONALD MORRISON   
Edinburgh Napier University

It is already known that resistance to five clinically 
important antibiotics (cefotaxime, imipenem, 
ciprofloxacin, vancomycin and methicillin) originated 
from environmental species of bacteria. In addition, 
recent studies confirm that the natural environment is  
a significant contributor to the emergence and 
transmission of resistant pathogens.56, 57, 58 

Surveillance is key to both assess the AMR problem and 
inform public health actions and strategies. It is also one 
of the five strategic priorities of the WHO Global Action 
Plan on AMR.59 However, although a number of 
surveillance schemes (e.g. EARS-Net and ESAC-Net) 
provide ongoing data on antibiotic resistance and 
antibiotic consumption in human and animal settings, no 
such data are available for the environment. Hence, 
there is a critical lack of data for supporting mitigation 
or intervention strategies.   
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Surveillance of environmental AMR is the focus of the 
work in my lab. We are presently partnering with two key 
environmental stakeholders in Scotland – Scottish Water 
and the Scottish Environment Protection Agency (SEPA). 
With Scottish Water we are undertaking a point 
prevalence survey of AMR and antibiotic residues in raw 
water sources that are used to provide drinking water. In 
partnership with SEPA we are commencing a ‘catchment 
to coast’ investigation of a river catchment that is 
impacted by multiple pollution sources. We have also 
compared AMR in wild birds in areas of high and low 
anthropogenic activity. In our approach we view the 
environment as divided into three areas – contamination 
sources (wastewater and manure), reservoir 

compartments (soil, water, air/dust, and wildlife) and 
human exposure-relevant sites (beach sand, 
recreational water, drinking water, ambient air, shellfish, 
and irrigation water).60 Using culture-dependent 
methods 61 and strain typing techniques we focus 
primarily on three of five surveillance objectives 62 – 

•   assessment of the risk of transmission of already 
antibiotic-resistant bacteria to humans via 
environmental routes,

•    assessment of the risk for accelerating the 
evolution of antibiotic resistance in pathogens 
through pollution with selective agents and bacteria 
of human or animal origin and 

•   identification of the population-level resistance 
prevalence.62 

 
HOLLY TIPPER and ANDREW SINGER   
UK Centre for Ecology & Hydrology

Sources of wastewater include: a) sewer systems and 
wastewater treatment plant (WWTP) effluent, b) industry 
effluent and c) aquaculture, agricultural and road runoff. 
Each of these transports antimicrobial-resistant 
bacteria (ARB) and AMR-driving chemicals (ARDCs; e.g. 
antibiotics, metals, biocides) to environmental 
compartments (soil, freshwater, saltwater and the air). 
Despite its treatment, treated wastewater contains an 
abundance of ARB, antimicrobial-resistance genes 
(ARGs) and ARDCs, and is primarily discharged into 
freshwaters where dilution is often limited – particularly 
in England. The problem this creates for AMR selection, 
dissemination and transmission is further exacerbated 
by the frequent discharge and disproportionate impact 
of combined sewer overflows (CSOs) on receiving rivers, 
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which represent untreated sewage – containing as much 
as 100 to 1000 times more ARB, ARGs and ARDCs than 
treated sewage. The frequency of discharge from CSOs 
and their abundance (>15,000 compared with >5,000 
WWTPs in England) demonstrates their disproportionate 
impact on environmental AMR.  

Longitudinal monitoring of wastewater and rivers is 
inherently difficult, as: ‘No man ever steps in the same 
river twice, for it’s not the same river and he’s not the 
same man’, i.e. the river’s flow and shape are always 
changing. This ever-changing nature of a river makes it 
exceedingly difficult to make valid comparisons of AMR 
prevalence or abundance over time – always comparing 
apples with pears. WWTPs are considerably less 
dynamic; however, they do have dynamics of operation, 
upgrades and of course the source population can 
change within the day, week, month, or year. 

High-intensity, week-long periods of seasonal sampling  
can address some of these challenges at WWTPs. 
However, they are less able to address the dynamic 
nature of a river. One solution is to focus on monitoring 
the microbiome within ubiquitously found aquatic 
organisms with a small host range. The dynamics of a 
changing microbiome within endemic aquatic organisms 
offers an opportunity to capture the effects from 
chronic and intermittent pollution within a stretch of 
river. By focusing on the organism and not the physical 
environment (e.g. water, sediment), the longitudinal 
comparisons remain valid – comparing apples with 
apples. Our research has focused on this approach, 
which may offer an innovative method for future  
AMR surveillance.

 
4   SOIL  
 
Antimicrobials can contaminate soils through several 
ways including the application of antibiotics to prevent 
diseases in crop production, antibiotic residues in 
livestock manures applied as crop fertilisers, and runoff 
from ground and surface water.63 It is estimated that 
75% to 90% of antibiotics administered to livestock 
animals are excreted, largely unmetabolised, in manure, 
which is then applied to crop land.64 Absorption of AMR 
in crops then poses a risk to human and animal health 
via consumption of contaminated food products. 

The diverse ecosystems and properties that comprise 
soil determine the proliferation and virulence of AMR in 
the environment. Soil’s pH, organic matter content, ionic 

strength, microbial diversity, microbial alterations, and 
cation exchange capacity all impact the virulence of 
AMR as they are conditions that affect concentration 
and dispersal of resistant genes and bacteria.65 Due to 
these numerous factors, scientific interventions for 
containing AMR in soils, including aerobic composting, 
anaerobic digesting, and genetic modification of crops, 
have had varying success without ever completely 
eradicating AMR from soil.66 
 
MARCELA HERNÁNDEZ   
University of East Anglia

Soil is one of the largest and most diverse habitats on 
earth. Soil microbiota represent a potential ancient 
evolutionary origin of antibiotic resistance. Soil is the 
most prominent reservoir of antibiotic resistance genes 
(ARGs) harbouring as much as 30% of all different known 
ARGs in sequence databases. The rise in use of antibiotics, 
including of third-generation extended-spectrum 
beta-lactams and fourth-generation carbapenems, is a 
global concern, and most importantly because 
carbapenems are among the last-resort antibiotics. 

In our recent studies, we aimed to understand the 
potential of environmental reservoirs in members of 
autochthonous soil microbiomes potentially constituting 
the soil resistome. For this, we identified bacteria able to 
grow in the presence of several antibiotics in a British 
agricultural soil. We incubated soil with labelled water 
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and added high concentrations of several antibiotics 
including the ultra-broad-spectrum antibiotic 
meropenem. After incubation, we detected an increase 
of the 16S rRNA copy numbers in the active 
microorganisms incubated with labelled water 
compared with their controls. We found that some 
native soil bacteria (belonging to the phylum 
Acidobacteria) were highly abundant after two days  
of incubation with antibiotics. Our results also  
indicated the growth of several Proteobacteria  
including Stenotrophomonas, particularly after four  
days of incubation.  

The indication that antibiotic-resistant non-pathogenic 
soil bacteria as well as potential clinical pathogens are 
present in British agricultural soil is of concern since 
AMR has the potential to spread within the environment 
and into human populations. These organisms and their 
ARGs might be further enriched by the application of 
antibiotics through antibiotic-contaminated livestock 
manure. Farmers could come into direct contact 
with these bacteria through soil or indirectly from 
their livestock. The wider community could also be 
exposed through contaminated water or the food chain. 
Therefore, it is of crucial importance to tackle AMR in 
the environment by actively promoting best practices 
to minimise the spread and development of AMR and by 
providing evidence to policymakers. 

5   AQUACULTURE  
 
Aquaculture has been the fastest-growing food-
producing industry over the last few decades,67 with the 
amount of global protein production set to rise from 10% 
to 50% by 2030.68 A shift to more intensive methods of 
farming has also led to increased reliance on the 
prophylactic use of antimicrobials.69 Such aquaculture 
systems have previously been referred to as ‘genetic 
reactors’ for the recombination of AMR genes,70 leading 
to the exposure of environmental bacteria to 
antimicrobials.71 AMR genes from aquaculture systems 
enter the environment in the form of fish products 
themselves, waste products that are used as fertiliser 
and direct sediment runoff into the environment.71 

Despite the reduction in the mg/kg use of antimicrobials 
in aquaculture in ‘high-income countries’ (HICs) in 
recent years, usage in middle- and low-income 
countries (MICs, LICs) continues to increase.72 Effective 
environmental risk assessment (ERA) strategies are 
required for the monitoring of AMR dissemination as a 
direct result of aquaculture – each with their own  
strengths and weaknesses.73 
 
KELLY THORNBER   
University of Exeter

Aquatic food production (aquaculture) offers the 
potential for a more sustainable source of dietary 
protein than that of land animals, requiring less feed per 
kg of meat and reduced land usage. It is a huge 
international industry: in 2018 it was estimated to be 
worth USD 263 billion and to employ over 20 million 
people, predominantly in Asia where more than 85% of 
global production takes place.67 As for land food sectors, 
aquaculture is rapidly intensifying to meet increasing 
demand; however, this development is largely 
unsustainable, with a lack of the required infrastructure 
needed to maintain good animal health and biosecurity 
whilst ensuring environmental protection. As a result, 
there is a substantial risk of driving AMR emergence and 
transmission, since the major aquaculture-producing 
countries are based in LICs and MICs, where typically 
there is a heavy burden of infectious disease, high and 
widely unregulated antibiotic usage, little or no waste 
water treatment, regular human exposure to  
aquaculture environments, and insufficient resources  
for adequate governance.73, 74 
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Despite the size and global importance of the industry, 
efforts to mitigate AMR risk in aquaculture are in their 
infancy compared with the livestock sector. An 
expanding body of literature is evidencing the presence 
of resistance and high levels of antibiotic residues in 
aquaculture environments and products aimed at 
human consumption.73, 74, 75 What is now urgently required 
is greater understanding of the socioeconomic, cultural 
and political drivers that together create the conditions 
favouring AMR in aquaculture contexts. Understanding 
these drivers is crucial for identifying and developing 
socioeconomic and culturally appropriate interventions 
that can reduce AMR risk.76 Efforts to address AMR in 
aquaculture also need to examine how AMR could be 

effectively embedded into sustainable development 
strategies such as improving sanitation and biosecurity.77 
It has been suggested that these so-called ‘AMR-
sensitive’ interventions will be more cost-effective and 
potentially have wider efficacy than ‘AMR-specific’ 
approaches, such as directly regulating antibiotic 
usage,77 and are therefore key areas for  
future research efforts.  
 
PRABIN DAWADI   
Nepal Academy of Science and Technology

Antibiotics are commonly used in aquaculture systems 
as feed supplementation or immersion baths to inhibit 
the growth of pathogenic bacteria as well as to promote 
growth of aquatic livestock.78 Bacterial infections and 
subsequent antimicrobial therapy have led to a serious 
antibiotic resistance dilemma in aquaculture.79 Drug 
residues are predominantly reported in aquaculture 
habitats, and they can also be delivered into open rivers 
by effluents from manufacturing plants.80 Research also 
suggests that higher levels of antibiotic resistance are 
linked to warmer temperatures.75  

Various mitigation solutions are crucial for overcoming 
AMR in aquaculture. Improving re-circulation amongst 
aquaculture systems can be a potential adaptation 
strategy against climate change.81 Food supplements, 
such as probiotics, can also help aquatic farmed animals 
develop stronger immune systems to avoid antibiotic 
use.82, 83 Proper management of agriculture, livestock 
production systems, and effluent can prevent cross-
contamination between land and aquatic habitats.75, 84, 

85 As these mitigations suggest, limiting AMR requires 
an Ecological Approach to Aquaculture (EAA) and 
integration of agriculture and aquaculture.86  
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6   THE FUTURE OF AMR 
 
As this brief exemplifies, reducing AMR in the 
environment will require a multifaceted approach as its 
environmental breadth and depth have far-reaching 
implications. Prevention, mitigation, and rectification 
measures will need to be developed and implemented 
at all stages of AMR proliferation in the environment, 
from identifying exposure sources to removing AMR 
from water sources and food products.  

Microbiologists play a crucial role in combatting AMR in 
the environment by investigating constant changes in 
the environment that precipitate and promote the 
evolution of AMR. They are also at the forefront of 
developing new techniques for monitoring, diagnosing, 
and mitigating AMR in all environmental sources.  

For example, whole-genome sequencing (WGS) of 
bacterial pathogens is promising for epidemiological 
surveillance, outbreak detection, and infection control.87 

Researchers, including microbiologists, are using WGS to 
predict which strains of Staphylococcus aureus have a 
high likelihood of becoming resistant to antibiotics 
during treatment.88 They have also harnessed this 
revolutionary tool to slow down or prevent resistance 
evolution by using antibiotic adjuvants.  

Likewise, various applications of bacteriophages, which 
are viruses that infect bacteria, have potential for both 
animals (land and aquaculture livestock) and crop 
production.89 They provide a promising alternative to 
antibiotics and growth hormones since they can 
specifically target bacteria without negatively effecting 
host microbiota.90 

Over the last few decades, several molecular strategies 
and methods have been developed to combat AMR in 

the environment, including the development of sensitive 
and accurate diagnostics for both viral and bacterial 
diseases (to help reduce inappropriate antibiotic use), 
mRNA and DNA vaccines, gene-editing technology, and 
most recently, CRISPR technology.89 However, all these 
developments have required multidisciplinary, multi-
stakeholder collaboration and investment to ensure 
solutions are viable and long term. Due to the ever-
evolving nature of bacteria, these solutions will need to 
keep apace or be replaced. It is therefore vital that 
public policy adequately recognises the significance of 
AMR in the environment and supports scientists’ efforts 
to eradicate it.  
 
RICHARD OMOLE   
Obafemi Awolowo University

As humans are constantly developing technologies and 
innovations to ameliorate the impact of AMR, microbes 
are also constantly evolving strategies to evade these 
human technologies and innovations. Since these 
microbes will not stop evolving, researchers are 
continually developing novel tools that are essential for 
the rapid detection of these ever-evolving resistant 
microbes to guide their focused and timely reduction 
from the environment. 

Nanotechnology is an emerging field that has found wide 
applications in many fields. Since this technology 
originated from physics and chemistry, nanomaterials 
used to be synthesised mainly by physical and chemical 
methods.91 However, microbiologists have made 
commendable efforts in developing a more sustainable 
means (in terms of cost-effectiveness and eco-
friendliness) of synthesising these nanomaterials using 
different microbes.92, 93 Without sleeping on these 
efforts, microbiologists have advanced to utilising these 
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microbe-mediated nanomaterials to detect 
antimicrobial-resistant microbes in the environment, 
particularly water and food items,94 which has further 
helped in devising means to completely delete these 
antimicrobial-resistant microbes from the 
environment.95 Interestingly, some of these microbes 
used for the synthesis of nanoparticles were isolated 
from the environment.96 Compared with conventional 
antibiotics, microbe-mediated nanomaterials have a 
unique modes of action as they target multiple sites in 
these resistant microbes,97 which presents them as a 
promising tool that could lead to the end of AMR in the 
environment, if properly harnessed. 

Therefore, it is recommended that great energy should 
be channelled towards the scale-up of this promising 
and sustainable innovation/technology in addressing the 
global menace of AMR in our environment.  
 
PAVLOS TRUS   
Newcastle University

Environmental pollutants such as heavy metals, crude 
oil, antimicrobials, insecticides and microplastics have 
been found to be major causative agents in the 
proliferation of AMR profiles amongst bacterial 

populations. For example, microplastics can absorb 
contaminants such as antibiotics and heavy metals 
used in aquaculture ponds. As bacterial populations are 
exposed to new environmental pressures (e.g. 
antibiotics) on the surface of the microplastics, 
mutations transpire at the chromosomal level leading to 
an increase in resistance. Furthermore, bacteria can 
form complex multi-species biofilms on microplastics, 
which facilitates the acquisition of AMR genes via 
vertical or horizontal transfer, with the latter implicating 
mobile genetic elements such as class 1 integrons.  
This is of major significance as bacteria harbouring 
extensive AMR profiles can be introduced to new 
ecosystems with the transport of microplastics by the 
water flow.98 One approach that can be implemented to 
reduce the presence of microplastics in the 
environment is for synthetic polymers used in industrial 
and agricultural applications to be replaced with natural 
filtration systems and biodegradable polymers. It has 
been demonstrated that the application of tertiary sand 
filtration can reduce up to 79% of microplastics entering 
aquatic environments.99 By reducing microplastics from 
entering aquatic environments the dissemination of 
AMR profiles between different niches can be  
effectively decreased.
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