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Many bacterial species evolved the ability to tolerate 
antibiotics long before humans started to mass-produce 
them to prevent and treat infectious diseases1,2. Isolated 
caves2, permafrost cores1, and other environments and 
specimens that have been preserved from anthropo-
genic bacterial contamination3,4 can provide insights 
into the resistance mechanisms that prevailed during the 
pre-antibiotic era. An important driver of the ancient 
and still ongoing evolution of resistance mechanisms is 
likely to be the never-ending competition for resources 
among microorganisms, including the natural produc-
tion of secondary metabolites that are similar to many 
of the antibiotics used today as pharmaceuticals5–7. The 
relatively recent introduction of antibiotics as clinical 
agents radically changed the preconditions for the evo-
lution and spread of resistance by providing unprece-
dented selection pressures, especially on members of the 
microbiota of humans and domestic animals, but also 
in environments heavily polluted with antibiotics. This 
selection pressure has promoted the mobilization and 
horizontal transfer of a large range of antibiotic resis-
tance genes (ARGs)8 to many bacterial species, particu-
larly to those causing disease. The ultimate, well-known 
consequences of such accumulating evolutionary events 
are gradually increasing difficulties to prevent and treat 
bacterial infections. As bacteria and genes often cross 
environments and species boundaries, it is critical to 

understand and acknowledge the connections between 
the human, animal and environmental microbiota (the 
One Health Concept9,10) to manage this global health 
challenge11–23. In this Review, we describe our current 
understanding of the role of the environment in the 
evolution of resistance and as a route for transmission 
of resistant bacteria that already circulate in humans. 
We elaborate on how studies of resistance in the envi-
ronment could provide a reflection of the regional 
clinical resistance situation, thereby complementing 
traditional surveillance. Furthermore, we provide a 
critical account of the methods used to study antibiotic 
resistance in the environment, particularly with regard 
to the assessment of selection pressures. Finally, we iden-
tify some principles that could guide strategies to reduce 
risks, with particular focus on challenges in low- and 
middle-income countries (Box 1) and emissions from 
antibiotic manufacturing.

Resistance evolution in the environment
Antibiotic resistance can arise both from mutations 
in the pre-existing genome of a bacterium and from 
the uptake of foreign DNA. Mutations readily occur 
and become fixed in the patient or animal treated 
with the antibiotic. Such a strong selection pressure 
on pathogens is rarer elsewhere. The process is also 
indepen dent of the genetic reservoir in other species.  
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Hence, external environments are generally less likely to 
provide a major contribution to mutation-based evolu-
tion of resistance for most pathogens. With regard to 
uptake of novel resistance factors, water, soil and other 
environments with highly variable ecological niches 
provide an unmatched gene pool with a diversity that 
greatly exceeds that of the human and domestic ani-
mal microbiota24,25. Indeed, the most striking feature of 
the environmental microbiome is its immense diver-
sity, providing numerous genes that potentially could 
be acquired and used by pathogens to counteract the 
effect of antibiotics26–30. All approved antibiotic classes 
so far, whether they be natural, semi-synthetic or syn-
thetic compounds, have been met by resistance in at 
least some of the pathogens they target. This suggests 
that external environments already harbour resistance 
factors for all antibiotics that will ever be developed, 
unless we start thinking radically differently about how 
antibiotics are designed.

Over the eons, most ARGs have probably evolved 
gradually from genes with other functions31,32. The 
more recent evolutionary events responsible for their 
widespread occurrence in pathogens are mainly a result 
of transfer events from ancestral species in which the 
overall functionality of the genes was shaped. Starting 
from a chromosomal, immobile ARG, there is typically 
a stepwise evolution that leads to acquired resistance 
in a pathogen (Fig. 1). The first step is often the ability 
of an ARG to move within the genome, attained, for 
example, by association with insertion sequences33,34, or 
the formation of gene cassettes and incorporation into 
integrons35,36. The second step involves the relocation 
of the gene to an element that can move autonomously 
between cells, such as a plasmid or an integrative con-
jugative element. Some environments are probably 
more likely than others to provide the various genetic 
elements typically involved in mobilization and transfer 
of ARGs, either through the presence of faecal bacteria 

known to often carry such elements or possibly because 
the conditions (including reoccurring stress) favour 
frequent gene exchanges37,38. The third step is the hori-
zontal transfer of a mobilized resistance gene, either 
directly to a pathogen or via one or several intermedi-
ary bacterial hosts. The fourth step, which may occur 
at any time in the process, is the physical transfer of the 
bacterium carrying the ARG to the human or domes-
tic animal microbiota, an ability described by the term 
‘ecological connectivity’39. High metabolic activity and 
extensive cell-to-cell contact (such as in biofilms) are 
probably increasing the rate of most steps. All of these 
steps, including mobilization by, for example, insertion 
sequences40 or integrons41, increases in donor cell abun-
dance and thus transfer opportunities, and the rate of 
horizontal gene transfer (HGT)42,43, may be promoted 
by antibiotics. Importantly, though, most if not all steps 
also occur in the absence of antibiotics, but at different 
rates44,45. Hence, it is crucial to understand where the 
bottlenecks are in the evolution towards resistance in 
pathogens. A critical bottleneck is likely to be the selec-
tion of the rare genotypes with acquired resistance  
that result from mobilization and/or HGT, genotypes that  
otherwise would disappear46. At all stages, compensa-
tory mutations somewhere in the genome of the bacte-
rium carrying the ARG may occur, lowering potential 
fitness costs, either through reducing niche overlap or 
by increasing competitive ability47. The emergence of 
new ARGs in the clinic occurs only when all events align 
in time and space48.

In principle, all, some or none of the evolutionary steps 
could occur in the external environment. Of 22 ARGs  
with strong evidence for their recent origin down to 
species level, 21 came from species that at least occa-
sionally are associated with infections in humans and/or  
domestic animals49. This strong over-representation is 
coherent with the hypothesis that human and/or domes-
tic animals provide the most important environments 
for resistance evolution under a selection pressure from 
antibiotics. That said, for the overwhelming majority of 
ARGs, their recent origin is not known, quite possibly 
because they originate from environmental species that 
have not been sequenced yet. This alternative hypothesis 
speaks in favour of a much greater role of the external 
environment.

While the introduction of new ARGs to pathogens is 
worrying, changes in the genetic context around ARGs 
that affect the level of resistance, co-selection opportu-
nities, or virulence or transmission potential can also 
add to the resistance challenge. The consequences of 
evolutionary events leading to the emergence of patho-
gens with new, successful resistance genotypes through 
any of these routes differ profoundly from those of 
transmission events of already widely circulating geno-
types (as described later). Even single events can lead to 
the irreversible50 global spread of a new genotype that 
is it more challenging to treat. Compared with trans-
mission, critical evolutionary events are rare and to  
some extent unique in nature, which is why they are 
more difficult to predict. Nonetheless, the benefits 
from being able to delay or prevent their emergence can  
be substantial.

Box 1 | The antibiotic resistance crisis in low- and middle-income countries

many low- and middle-income countries (lmICs) are particularly vulnerable to the 
antibiotic resistance crisis. This is because of, for example, limited surveillance and 
diagnostic opportunities, less-controlled use of antibiotics in both humans and animals, 
overcrowding in hospitals, insufficient hygiene control, often rapidly growing meat and 
fish production, an overall greater infection burden, and limited access to expensive, 
second-line or third-line antibiotics167. The environmental dimensions can also be more 
important in these regions, for example, as a consequence of inferior infrastructure 
for managing human and animal waste streams, leading to greater environmental 
emissions of both resistant faecal bacteria and residual antibiotics168,169. owing to 
low production costs, China and India have become the world’s largest producers  
of antibiotics. Insufficient waste management and excessive emissions of antibiotic 
residues from manufacturing have been reported in those countries, as well as in other 
regions of the world58,61. management is often more challenging in lmICs than in high- 
income countries because of more limited resources, other pressing basal needs  
that need to be addressed, and a weaker governance of and trust in the public sector. 
Resolving the resistance crisis in lmICs is needed, not only for the lmICs themselves 
but also because resistant bacteria do not recognize borders. Resource-efficient 
management should therefore include intensified actions in lmICs. Such initiatives  
may often overlap with strategies to improve water quality, sanitation and hygiene21. 
Sewage surveillance to assess the clinical resistance situation probably also has its 
greatest future potential in lmICs being less resource-demanding than traditional 
clinical surveillance systems.

www.nature.com/nrmicro

R e v i e w s

258 | may 2022 | volume 20 



0123456789();: 

Pollution as a driver
Although the natural production of antibiotic molecules 
most likely contributed to the (more ancient) evolution 
of ARGs5, it is not responsible for the rapid evolutionary 
expansion and spread of resistance factors across strains, 
species and environments that we have observed since 
the introduction of antibiotics as therapeutic agents. 
Antibiotics produced by environmental microorganisms 
are widespread, but act largely on a microscale, as con-
centrations characteristically would be expected to drop 
rapidly around the producing organisms, hence limit-
ing exposure. Man-made antibiotics, on the other hand, 
act on a macroscale and are typically associated with  
selection pressures across entire microbial communities.

Antibiotics reach the environment via excretions  
(urine and faeces) from humans and domestic animals51–53, 
through improper disposal and/or handling of unused 
drugs54, through direct environmental contamination 
in aquaculture55,56 or plant production57, and via waste  
streams from the production of antibiotics58–62 (Fig. 2). 

Undoubtedly, the most widespread emissions, and quite 
plausibly the largest proportion of released antibiotics, 
are the result of use and excretion. At the same time, 
exposure levels via this route are always limited by, 
for example, the proportion of the population that is 
using the antibiotic at a given time, the doses used and  
metabolism in the human or domestic animal.

With some exceptions, environmental concentra-
tions of antibiotics are low, much lower than the min-
imal inhibitory concentrations (MICs) and most often 
lower than concentrations predicted (or shown) to select 
for resistant strains in the laboratory63,64. Although the 
concentration of antibiotics and the abundance of ARGs 
often correlate in environmental samples, in many cases 
this can be explained simply by different levels of pol-
lution with human excreta, which is a source for both, 
rather than on-site selection of resistant bacteria in the 
environment by the antibiotic residues65. Still, the con-
centrations suspected to select for resistance (see later) 
are exceeded in many places, such as in sewage treatment 

Chromosomal, 
immobile ARG

ARG mobilization within 
the genome by, for example, 
ISs or integrons

Relocation to an element 
that can move autonomously 
between cells

Horizontal transfer of such a 
mobile element, either directly 
to a pathogen or via one or 
several intermediary hosts

The source for the immobile ARG is a common member of the human 
or domestic animal microbiota. Mobilization and transfer to 
pathogens occur entirely within humans or animals 

The source for the immobile ARG is a bacterium thriving in the 
external environment that sometimes enters the human or domestic 
animal microbiota. Mobilization and transfer to pathogens occur 
entirely within humans or animals

The source for the immobile ARG is a bacterium thriving in the 
external environment. The ARG is mobilized in the environment (to 
variable degrees), but its final transfer to pathogens occurs within 
humans or domestic animals

The source for the immobile ARG is a bacterium thriving in the 
external environment. Mobilization and transfer to pathogens occur 
entirely within the environment

Human or animal microbiota

Environment

Fig. 1 | The role of the environment in the emergence of new resistance 
genes in pathogens. Conceptual illustration of how evolution leading to the 
emergence of a new antibiotic resistance gene (ARG; red) in pathogens can 
involve the environment and/or the human/domestic animal microbiota to 
different extents. The evolution typically occurs in steps, as indicated by the 
grey arrows. The first can be the association of a chromosomal ARG (red) with, 
for example, insertions sequences (ISs; green), which provide intracellular 
mobility. Intracellular relocation to, for example, a plasmid allows the ARG to 
move horizontally across strains and species. The mobilized ARG can then be 
transferred to a pathogen in one or several steps. In the most extreme cases, 
all genetic steps occur in either the environment (top) or in the human or 
domestic animal microbiota (bottom). However, at any stage bacteria 
carrying the ARG may move physically from the environment to the human 

or domestic animal microbiota, as illustrated by the differently coloured, thick 
arrows. The genetic reservoir is considerably larger in the environment, 
suggesting that the source for new ARGs is often environmental bacteria. By 
contrast, reoccurring, strong antibiotic selection pressures and close contact 
with pathogens are more common in humans and domestic animals, although 
some external environments also share those drivers. Environmental release 
of faecal bacteria may also boost the evolutionary process by providing 
genetic elements that are adapted to capture and transfer ARGs. How 
common the different depicted scenarios are is still largely unknown. A better 
understanding of how often the different evolutionary steps occur in the 
environment versus the human or domestic animal microbiota and what 
drivers are most important would enable more efficient resource allocation 
to limit or delay the emergence of new ARGs in pathogens.
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plants14,63 suggesting, but not proving, that antibiotic 
pollution plays a role in the evolution of resistance. 
Although some studies report increases in the relative 
abundance of certain ARGs in such environments, it is 
difficult to distinguish whether this is a result merely 
of taxonomic changes, unrelated to antibiotic selection 
pressures, or from direct selection of resistant strains 
within species66–68. Although plausible, definite evidence 
for such direct selection in sewage treatment plants is 
still lacking, and some evidence points to the opposite69. 
A recent study on sterile-filtered wastewaters indicated 
no selective effect of the investigated treated municipal 
effluent and a small selective effect by untreated influ-
ent. By contrast, untreated hospital wastewater strongly 
selected for multiresistant Escherichia coli in different 
controlled exposure experiments with individual isolates 
and communities70. The exact selective agents responsi-
ble therein could not be identified, but the relatively high 
levels of antibiotics in hospital wastewater make them 
plausible drivers of resistance selection.

The collective evidence for resistance selection in 
environments with very high levels of antibiotics (pol-
lution from antibiotic manufacturing) is considera-
bly stronger than that for excreted antibiotics. This is 
based on the exceedance of selective concentrations by 
orders of magnitude at industrially polluted sites58,60–62, 
increased relative abundance of resistant bacteria61,71, 
and considerable increases in the number of ARGs60,72, 
including previously unknown ARGs73, which are not 
accompanied by increases in faecal contamination65.

In solid or semi-solid media, such as sediments, 
soils, and sewage sludge, reported concentrations can 
often be much higher than in aqueous media51,55,74,75. 
Still, in most cases, only a minor fraction is bioavail-
able. Despite, for example, ciprofloxacin being found 
in sewage sludge at milligram per kilogram concen-
trations, ciprofloxacin-sensitive strains are very com-
mon in sludge76,77, which suggests that the antibiotic 
is largely biologically unavailable here. Bioavailability 

in solid or semi-solid media can be inconsistent and 
depends strongly on physicochemical characteristics, 
including, for example, organic content and structure 
as well as the nature of the antibiotic78. Estimating the 
bioavailable fraction in such samples is challenging79, 
but genetically engineered reporter strains may provide 
a partial solution80.

Numerous studies have shown that the abundance 
of resistant bacteria and/or ARGs increase after manure 
from antibiotic-treated animals is added as a fertilizer 
to farmland. However, in many cases it is not possible to  
assign such increases to selective effects of antibiotic 
residues in the soil, as the added manure also carries 
resistant bacteria. In a recent study81, collected manure 
was spiked with antibiotics after collection, and the 
researchers observed selection of a fluorescently labelled 
Acinetobacter baylyi strain carrying a resistance plasmid 
compared with a similarly labelled non-resistant strain 
in the amended soil. Owing to the experimental design, 
it was possible to demonstrate within species selection 
by the antibiotics in the soil, although the study authors 
note that added antibiotic concentrations were higher 
than under normal fertilization regimens.

Metals and antibacterial biocides can, in many 
cases, co-select for antibiotic-resistant strains via 
cross-resistance (that is, via the same mechanism) or 
co-resistance (that is, via genetically linked mecha-
nisms)82,83. However, evidence suggests that it is the histor-
ical exposure to antibiotics, rather than metal or biocide 
exposure, that has led to the current co-occurrence of 
metal and biocide resistance genes and ARGs on plas-
mids, as abundant co-occurrence is largely restricted to 
communities that have been shaped by strong antibiotic 
selection pressures — the human and domestic animal 
microbiota84. This does not exclude the possibility that 
metals and biocides could have an important role in main-
taining strains that have already developed co-resistance, 
regardless of their prior evolutionary history. The con-
centrations needed for selection or co-selection are 

Industrially polluted
surface water

Untreated hospital effluent

Untreated municipal sewage

Treated municipal sewage

Rivers
Typical MICs

0.001 0.01 0.1 1 10 100 1,000 10,0000

Typical antibiotic concentrations (µg l–1)
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Fig. 2 | Antibiotic concentrations in selected aquatic environments. Different types of sources of antibiotic pollution 
typically give rise to different levels of exposure to aquatic bacterial communities. This, in turn, provides a reflection of the 
probability of environmental selection. Although very much a simplification, the ranges of typical antibiotic concentrations in 
aquatic environments exposed to excreted antibiotics from human use are depicted for the sea, rivers, treated and untreated 
municipal sewage effluents and untreated hospital effluents. Sea and river environments refer to those contaminated 
with treated municipal sewage. In addition, surface waters polluted directly by wastewater from drug manufacturing are 
included. As a comparison, typical minimal inhibitory concentrations (MICs) for many antibiotic–pathogen combinations 
often fall within the 10–10,000 µg l−1 range. As both depicted environmental concentrations and typical MICs are simplified 
illustrations representing many different antibiotics, an overlap between the two is not necessarily evidence of selection, 
unless there is overlap also for individual antibiotics. Note also that selection may occur at concentrations below the MIC.
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even less studied for metals and biocides, and need fur-
ther attention. Some biocides can accelerate the rate of 
HGT42,85 as is the case for certain antibiotics43,86 and other 
pharmaceuticals87. Still, many naturally occurring stress-
ors also accelerate HGT44. As stress-induced HGT is not 
a new phenomenon, it is unclear whether the induction 
of HGT by environmental pollutants has a discernible 
role in the rapid development of resistance in pathogens 
observed during the antibiotic era. Direct selection and 
co-selection are likely to be more critical.

Environmental contamination with faecal bacteria 
provides physical contact, and thus increased opportu-
nities for gene exchange between resident environmental 
bacteria and bacteria adapted to the intestinal tract of 
human or domestic animals. Many intestinal bacteria 
are also known carriers of genetic elements (plasmids, 
integrative conjugative elements, insertion sequences, 

transposons or integrons) that can facilitate the acqui-
sition of genes and their transfer to pathogens88,89. 
Experiments with fluorescently labelled E. coli cells 
added to soils demonstrate their ability to rapidly acquire 
resistance determinants from the soil microbiota90.

In addition, it is also a possibility that ARGs present 
in faecal bacteria that are introduced into the environ-
ment could contribute to clinically relevant evolution 
of resistance by being transferred horizontally in one 
or several steps to pathogens, which might ultimately 
infect humans. However, the probability of these events 
lining up is likely to be much higher within the human 
or domestic animal microbiota, as selection pressures, 
commensals and pathogens are more commonly 
encountered together, and there are no environmental 
transmission barriers that need to be overcome91. We 
therefore argue that the clinical significance of resistance 
evolution resulting from the environmental release of 
ARGs that are already commonly encountered in the 
human microbiota is probably limited91.

Environmental transmission
The environment can provide a route for some resistant 
bacteria to colonize or infect hosts92–94. In this Review, 
we refer to this as a ‘transmission event’, whereas changes 
in their DNA sequence, including genetic transmission 
across bacterial species, are categorized as ‘evolution 
events’ (see earlier). For a resistant pathogen that is 
already widely circulating among humans, the conse-
quence of a single transmission event to another individ-
ual is much more limited than for an evolutionary event 
leading to the emergence of a new, successful resistance 
genotype in pathogens, with potentially global conse-
quences (Fig. 3). By contrast, wherever such transmis-
sion events become common, as is probably the case in 
many low- and middle income countries with inferior 
infrastructure for handling faecal waste (Box 1), environ-
mental transmission may have profound effects on the 
overall resistance situation95.

There is a vast literature on how certain resistant bac-
teria can spread via food and through contamination on 
surfaces, not the least in hospitals96. Exposure to surface 
waters heavily contaminated by faecal residues can also 
lead to various infections97. This has led, for example, 
to the bathing water directive in the European Union, 
which uses the levels of faecal indicator bacteria as sur-
rogate exposure thresholds. It is plausible that resistant 
strains would have similar opportunities for transmis-
sion via contaminated water as sensitive strains of the 
same species. Accordingly, correlative analyses have sug-
gested that the overall sanitation and waste infrastruc-
ture is a better predictor of national burdens of resistance 
than is the reported use of antibiotics95. Still, there are 
only a few dedicated studies indicating that environ-
mental exposure could be important for colonization by 
and/or infection with specific resistant bacteria. A sur-
vey of faecal swabs from surfers from Britain, who are 
more likely to ingest seawater than non-surfers, found 
they were more prone to carry cephalosporin-resistant 
E. coli92. A different study found that recreational swim-
ming might be a risk factor for urinary tract infections 
with extended-spectrum β-lactamase-producing E. coli 

Transmission of pathogenic bacteria 
between humans, between animals or 
between humans and animals (either 
direct or via the environment):

• Common

• Risks are in principle quantifiable and 
predictable

• Consequences of each transmission 
event are limited

• Transmission rates can be reduced

Uptake of new resistance factors 
from the diverse environmental 
microbiota:

• Relatively rare

• More challenging to predict
 

• Consequences of single 
transfer events may be vast

• Irreversible

Fig. 3 | Pathways for transmission of bacterial pathogens and recruitment of resistance 
genes from the environmental microbiota. The dominating routes for transmission  
of (resistant) pathogens (solid arrows) are between humans, between domestic animals  
and sometimes between animals and humans. These transmission routes can be direct  
or indirect via the external environment (lower part of the figure), often through faecal 
contamination. The consequences of each transmission event are limited, and the risks  
are in principle quantifiable. There are also rarer and less predictable evolutionary events 
where new resistance factors are recruited to pathogens by horizontal gene transfer 
from the diverse, environmental microbiota (dashed arrows). Such transfer events may 
occur either in the environment or within the human or domestic animal microbiota.  
The consequences of single gene transfer events may be vast and are irreversible.
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or Klebsiella pneumoniae98. More studies of this type, 
in both high-income and low-income settings, are 
needed to estimate the role of contaminated water in 
the transmission of resistant bacteria.

Food, including raw vegetables, is another possi-
ble exposure route99. Infections caused by, for exam-
ple, Salmonella spp., enterohaemorrhagic E. coli and 
Campylobacter jejuni as a result of consumption of con-
taminated fresh produce occur frequently100, but we are 
not aware of studies showing that consumers of contami-
nated produce have an increased probability of being col-
onized by resistant strains. However, it has been shown 
that fresh produce often carries various resistant bacteria 
with diverse mobile elements100–102. Hence, the safe use 
of human and animal faecal matter (manure, sludge and 
effluents from wastewater treatment plants) on farmland 
is warranted both to control transmission and to con-
trol resistance evolution103. Urban air can contain a high 
diversity of ARGs104, but there is very limited support for 
long-range aerial transmission of bacterial pathogens105.

The risks for transmission of resistant bacteria are, in 
principle, quantifiable and possible to model with data 
on environmental emissions, fate and exposure. Still, 
accurate models describing the environmental route are 
scarce106,107. As the bacterial host and the genetic context 
of mobile ARGs are critical for transmission risks, mod-
els based on specific resistant bacteria are more likely to 
become predictive than are ARG-based models. A major 
knowledge gap is that we still do not know what doses 
are required for colonization by many bacteria.

The role of selective agents in environmental trans-
mission, if any, is unclear. Although some pathogens 
(for example, Legionella spp. or Vibrio spp.) thrive in the 
environment, for most it is a more hostile environment 
than a human or domestic animal host. For those path-
ogens, growth in the environment is often limited. It is 
thus conceivable that small growth differences between 
resistant and non-resistant strains, caused by exposure 
to sub-MICs of antibiotics, are a minor determinant for 
the possibility that environmental exposure becomes suf-
ficiently high for colonization or infection of a human 
or animal host. Other biotic and abiotic factors, such as 
temperature, oxygen pressure, nutrients, predation, and 
competition with other species, all unrelated to the anti-
biotic resistance profile of the bacteria, are likely to be 
much more important for environmental transmission 
opportunities for both resistant and non-resistant strains.

The environment reflecting the clinic
Although the environment contributes to the problem 
of antibiotic resistance, both during the evolution of 
resistance and as a transmission route, it can also provide 
means to manage it. Environmental microorganisms, 
including both fungi and bacteria, have been a source 
for many novel candidate antibiotic molecules, thereby 
advancing drug development108. In addition, there is 
continuous and widespread environmental emission of 
human- and animal-associated bacteria through differ-
ent waste streams. Analysing the abundance and pat-
tern of resistance in the environmental microbiota could 
therefore provide an opportunity to predict the regional 
resistance situation109–114 and indirectly also provide 

indications of historical antibiotic use115. This overlaps 
with the main objectives of classic, clinical resistance 
surveillance, which is critical for guiding empirical treat-
ment, for evaluating interventions, and for identifying 
regional and temporal trends of resistance.

Although analyses of different environmental matri-
ces may be informative of the regional resistance situ-
ation in humans or domestic animals, samples taken 
as close to the emission sources as possible are advan-
tageous as they are more representative116. Monitoring 
of raw sewage is particularly promising for large-scale 
surveillance, at it contains pooled faecal bacteria from 
large populations. The possibility to screen bacteria from 
up to millions of people in the same sample makes the 
approach considerably less resource demanding than tra-
ditional surveillance of clinical isolates, a feature which 
would have a particularly high value in low-income 
regions116. The broad coverage also open opportuni-
ties to provide an ‘early warning’ for the emergence or 
early spread of rare resistance factors117,118, which would 
otherwise require extensive surveillance of individuals.

Several recent studies highlight the possibility of 
using sewage monitoring as a complement to clinical 
surveillance of resistance, either via phenotypic analy-
ses of isolates110,111,113 or via analyses of ARGs112,114,119 via 
quantitative PCR or shotgun metagenomics. The latter is 
the method of choice of the Global Sewage Surveillance 
Project115, a large research initiative that covers more 
than 100 countries. The two approaches have distinct 
advantages and disadvantages (TaBle 1). For example, 
isolate-based sewage surveillance has a greater potential 
to inform empirical treatment than metagenomics, as 
only the former can provide species-specific phenotypic 
data with certainty, but the simplicity of metagenom-
ics could make it attractive for monitoring regional and 
temporal trends in resistance112,119. Both approaches have 
advantages over traditional clinical surveillance as they 
cannot be linked to individuals, and hence the risk of 
ethical dilemmas is minimized112. Also, both approaches 
are easy to standardize, facilitating comparisons across 
time and space. Indeed, regional differences in strate-
gies for when patient samples are collected for resis tance 
determination may introduce substantial bias when 
comparisons are made with and between traditional 
surveillance datasets120.

Still, although resistance surveillance in sewage pro-
vides several benefits over traditional surveillance, more 
research and extensive benchmarking are required to 
understand the potential and limitations, and to bring 
this surveillance strategy into practical use. Lessons 
may be learned from sewage surveillance of poliovirus, 
which has been in place for decades121. Similarly, over the  
past year, numerous research groups across the world 
have monitored the dynamics of severe acute respiratory 
syndrome coronavirus 2 in sewage122,123, increasing the 
awareness of the approach.

Studying resistance in the environment
Quantitative analyses of ARGs, resistant bacteria and 
selective agents in environmental samples differ in 
terms of how informative data are for assessing risks 
for evolution or transmission, or as a reflection of the 
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Table 1 | Comparison of sewage-based resistance surveillance with traditional clinical resistance surveillance

Attribute Sewage-based resistance 
surveillance (gene-based)

Sewage-based resistance 
surveillance (isolate-based)

Clinical resistance surveillance 
(isolate-based)

Potential bias comparing 
trends over time and space

Standardization of sampling easy, 
enables comparisons with limited bias

Standardization of sampling  
easy, enables comparisons with 
limited bias

Differences in sampling strategies 
often bias comparisons

Risk that the end points 
studied are influenced by 
a non-human bacterial 
population

High risk Low to high risk depending on 
species

No risk

Reflects intestinal carriage 
or infections

Reflects carriage, but may correlate 
well with infection

Reflects carriage, but may correlate 
well with infection

Reflects infection or carriage 
depending on sample type

Reflects resistance in sick or 
healthy part of population

Reflects both, but to steer the focus, 
surveillance may target municipal or 
hospital sewage

Reflects both, but to steer the focus, 
surveillance may target municipal or 
hospital sewage

Reflects the resistance in people 
who are infected and seek care

Interpretation of numbers Represents the average abundance 
of a selected gene or genes across the 
faecal microbiota

Represents the percentage of 
carriers times the average proportion 
of resistant strains within a species in 
the faecal microbiota of the carriers

Represents the percentage 
of infected individuals or the 
percentage of carriers depending 
on the sample type

Identification of resistance 
phenotypes

Predicts resistance phenotypes broadly 
from individual, acquired genes

Identifies resistance phenotypes Identifies resistance phenotypes

Ability to link resistance  
to species

Difficult to link genes and thus 
predicted resistances to specific 
species

Links resistance to specific  
pathogen species

Links resistance to specific 
pathogen species

Ability to identify 
multiresistance

Does not enable the identification  
of multiresistance patterns

Identifies multiresistance patterns Identifies multiresistance patterns

Ability to identify rare types 
of resistance

Possible via targeted analyses (PCR) Possible via selective culturing Challenging

Provides patient-specific 
information

No No Yes

Ability to inform empirical 
treatment

Unlikely Possibly, after evaluation Informs empirical treatment

Prospect for acceptance  
in clinical community

Very different from current surveillance, 
major challenges

Different from current surveillance, 
but also bears similarities, 
challenging

The accepted standard among the 
clinical community

Ethical issues No ethical issues with sampling No ethical issues with sampling Ethical issues may arise when 
carriers are identified

Cost Inexpensive Rather inexpensive Expensive

Simplicity of sample 
collection and processing

Very simple sampling Simple, but more elaborate sampling 
compared with gene-based sewage 
surveillance

Resource-demanding to process 
samples from many individual 
patients

Need for many samples A single sample can (to some extent) 
reflect the resistance situation in an 
entire community

A single sample can (to some extent) 
reflect the resistance situation in an 
entire community

A large number of samples are 
needed to reflect the resistance 
situation

Need for calibration 
against clinical resistance 
prevalence

More calibration against clinical 
resistance needed

More calibration against clinical 
resistance needed

Considered ‘gold standard’  
but suffers from, for example, 
sampling bias

Need for development  
of sampling protocol

One sampling protocol covers all 
enteric species (but without separation)

Efficient, specific sampling method 
evaluated for Escherichia coli, not yet 
for other species

Sampling method exists for almost 
all bacterial pathogens

Need for local health care 
infrastructure

No local health care infrastructure 
needed

No local health care infrastructure 
needed

Local health care infrastructure 
needed

Need for local sewage 
collection system

Sewage collection system needed Sewage collection system needed No sewage collection system 
needed

Need for analytical 
infrastructure

Advanced infrastructure  
(DNA sequencing, bioinformatic 
competence) is needed, but can  
be performed elsewhere

Low-level to medium-level 
technological analyses required 
(culturing), can be done 
independently in any standard 
microbiology laboratory

Low-level to medium-level 
technological analyses required 
(culturing), can be done 
independently in any standard 
microbiology laboratory

Sewage analyses with the objective to predict the regional, clinical resistance situation, based on either culture-independent analyses of genes (metagenomics  
or quantitative PCR arrays) or phenotypic resistance patterns of isolates, may provide an approach complementary to traditional, clinical, isolate-based resistance 
surveillance (compared from a conceptual point of view).
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regional clinical resistance situation. These distinct 
objectives are also best informed by analyses of different 
environmental matrices, as outlined recently116. Having 
such limitations in mind is critical for both designing 
and interpreting environmental surveillance studies. 
Findings of, for example, increased levels of ARGs can 
be a result of an on-site selection pressure, thereby indi-
cating an increased risk of resistance evolution. When 
one is assessing evidence for on-site selection, any ARG, 
regardless of its clinical relevance, can be informative, 
as an antibiotic selection pressure would be expected 
to favour resistant strains of many species and ARGs in 
parallel. As an increased relative abundance of a species 
that tends to carry a given ARG can be unrelated to an 
antibiotic selection pressure, increased abundance of 
resistant strains over non-resistant strains within the 
same species adds to the evidence (see later). Increased 
levels of several ARGs providing resistance to the same 
antibiotic class, but less pronounced changes in the 
levels of ARGs providing resistance to other antibiotic 
classes, also supports a specific selection pressure as the 
driver behind their increase124. Alternatively, increased 
ARG abundances could be merely the result of faecal 
pollution104, which primarily would be informative 
about risks for transmission. Concurrent finding of 
selective agents at concentrations known to select for 
resistant bacteria in complex communities would sup-
port the former explanation and risk scenario, whereas 
high abundances of crAssphage, a bacteriophage that 
indicates human faecal pollution, would support the 
latter65. ARGs that occur predominantly in pathogens 
are also more informative about risks for transmis-
sion than those that tend to reside to a greater extent 
in non-pathogenic bacteria. Both aquatic and ter-
restrial environments polluted with residual faecal 
matter often harbour increased levels of ARGs65,125. 
Indeed, the spread of faecal material around the globe 
(for example, via sewage effluents, animal waste, and 
birds transporting bacteria from urban sites) has con-
tributed to ARG contamination of almost the entire 
planet, including freshwater systems14,65,126, estuaries127, 
farmland soils128–130, arctic areas131,132, and air104,133, as a 
few examples.

Most bacterial species do not cause disease and are 
not associated with clinical breakpoint concentrations. 
Accordingly, environmental microbiologists most often 
define ‘resistance’ as a decreased susceptibility to an anti-
biotic compared with other strains of the same species. 
As most species of environmental bacteria are difficult to 
culture with standard methods134, environmental micro-
biologists, more often so than clinical microbiologists, 
also tend to study ARGs rather than resistant bacteria. 
It is important to appreciate the differences, particularly 
because the genetic context and host of the detected 
ARGs in most instances remain unknown. Linking ARGs  
to their hosts and/or mobile genetic element is often 
critical, both for assessing risks for evolution and trans-
mission, and for predicting the resistance situation in the 
clinic from sewage analyses.

When feasible, cultivation-based approaches are still 
superior in terms of providing insights into both the phe-
notype and the context, particularly if combined with 

whole-genome sequencing. Long-read sequencing of 
DNA from bacterial communities might overcome some 
challenges in placing ARGs into context135, as short-read 
assemblies of ARG-containing contigs from complex 
metagenomes are notoriously uncertain. However, for 
plasmid-borne ARGs, other approaches are needed. 
EpicPCR (emulsion, paired isolation and concatenation 
PCR) could be applied to link plasmid-borne ARGs to 
hosts, but still sensitivity and specificity are limiting 
factors136. Another possible technology involves genomic 
crosslinking137. It should also be noted that detected 
ARGs in environmental samples may represent extra-
cellular DNA138. Free DNA could potentially be taken 
up and incorporated in genomes, but compared with 
ARGs already present in living cells, the opportunities 
to propagate are still very small.

Shotgun metagenomics can be used to detect and 
quantify ARGs, with the main advantage over PCR 
being that any ARG present in available databases can 
be identified, also in retrospect. The chief disadvantage, 
even with short reads, is the limitation in sensitivity139. 
Quantitative PCR arrays can be a good compromise 
between coverage and sensitivity140. Analyses of other 
genetic elements or genes, such as the integrase of class 1  
integrons, can often provide a good surrogate for the 
overall presence of anthropogenic pollution, including 
resistant bacteria in polluted environments141,142.

Characterizing the environmental resistome, par-
ticularly the already mobilized and thus more easily 
transferrable fraction, is important to understand the 
role of the environment as a source for new resistance 
factors. This includes understanding the host range and 
ecology of the vectors involved. Identifying those ARGs 
that are at risk of emerging or have just emerged in path-
ogens enables early detection in the clinic. Identifying 
such ARGs may also inform interventions to limit their 
spread, and enables gene-based diagnostics. Possibly, 
such knowledge could also guide future drug develop-
ment by providing information on emerging resistance 
mechanisms143. Strategies to identify emerging resis-
tance threats involve computational methods, including 
hidden Markov models27,29, as well as functional meta-
genomics screens26,144, which can be adapted to focus on 
already mobilized genetic elements36,117.

Environmental analyses of antibiotics advanced 
greatly in the past few decades; however, it can be chal-
lenging to accurately identify and quantify antibiotics 
that often occur at nanogram per litre levels in complex 
matrices53,145. The concentrations of antibiotics and other 
pharmaceuticals in sewage are usually reasonably stable 
over time, but can show diurnal patterns146. Emissions 
from production are often much more erratic and con-
siderably more difficult to predict. This irregular dis-
charge pattern was used in a recent study to attribute a 
large portion of various drugs found in a Swiss river to 
industrial emissions147. As antibiotics and resistant bac-
teria often have the same source (excreta from humans 
or domestic animals), correlations between the two in 
environmental samples provide, without additional data, 
very weak evidence for on-site selection by antibiotics. 
Study design and careful interpretation are therefore 
always key concerns.
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Studying selection in the laboratory
The basis for environmental risk assessments is to 
compare exposure levels (predicted or measured in the 
environment) with effect levels; that is, concentrations 
that are known or predicted to cause a certain response, 
most commonly derived from simplified laboratory 
experiments. The ultimate concern with antibiotic pol-
lution is that it will contribute to the evolution of new, 
successful, resistant genotypes in pathogens, causing 
difficult-to-treat infections and eventually higher mor-
bidity and mortality. This chain of events is very difficult 
to trace back, and also to study in controlled experiments. 
Therefore, analyses of selection pressures, being the 
most well recognized driver of resistance development, 
are commonly used as surrogates for risk. However, it is 
possible that even evident selection pressures have no or 
little contribution to the end points of ultimate concern. 
Note that it is not yet exactly known for any ARG in what 
place, in what environment or under what conditions 
the ARG was mobilized or transferred to a pathogen 
for the first time. Hence, any actions to reduce selec-
tion pressures to mitigate the risk of emergence of new 
forms of resistance, whether in humans, animals or the 
environment, are based on the precautionary principle.

How to best assess the selective potential of antibiotics 
and co-selective agents in the environment is still an open 
question. Although the most critical form of selection 
for the evolution of resistance is between strains within 
species (largest niche overlap), transmission risks for a 
given resistant pathogen can increase as a consequence 
of both within-species and between-species selection. 
This should ideally be taken into account when one is 
designing assays for environmental selection and defin-
ing environmental selective concentrations. Assays based 
on analyses of ARGs may be sensitive but can rarely dis-
tinguish within-species selection from between-species 
selection with certainty, and should therefore be inter-
preted with some caution. Similar concerns apply to 
culture-based analyses where bacteria are not identified 
to the species level. Although single-species competition 
experiments are simple and easier to reproduce, they may 
not reflect the situation in more complex communities148. 
Culture-based assays often suffer from only one or a few 
species within a community being studied at a time. Still, 
culture-based assays, where the proportion of resistant 
bacteria within species in complex communities is stud-
ied, are probably the most relevant, but not necessarily 
the most sensitive, approach149.

Minimal selective concentrations (MSC) is an extrap-
olation of generated competition data, reflecting the 
concentration at which cost and benefit are predicted to 
be balanced64. If costs are very low, the estimation of cost, 
the estimation of balancing benefits and thus estimates 
of the MSC become more sensitive to noise. The confi-
dence interval associated with such estimates could be 
high150 unless there is good replication around the MSC. 
The generation of lowest observed effect concentrations 
(LOECs) and the corresponding no observed effect con-
centrations (NOECs) for resistance selection are in that 
sense more robust measures.

A simplified approach to generate predicted no 
effect concentrations (PNECs) for resistance selection 

from available MICs assumes that selection must occur 
in at least some communities at the lowest reported 
or predicted MIC for a given antibiotic. The proposed 
approach63 has rapidly been applied widely, also in 
regulatory151 and industrial152 initiatives to curb risks for 
selection in the environment. There is potential to refine 
MSC predictions from MICs by taking into account also 
the shape of the dose–response curves153. Recently, it was 
also proposed that LOECs and NOECs for resistance 
selection could be based on the lowest concentration 
that affects growth of entire communities154. From a 
theoretical point of view, the lowest concentration affect-
ing growth of any species in a community represents the 
lower boundary for possible resistance selection. But as 
overall community growth was assessed rather than the 
growth of individual strains, reduced growth of some 
strains could easily be compensated by other strains 
growing more rapidly. Nor would lowered growth of any 
but the most abundant strains be easy to detect, leading 
to limited sensitivity of such assays.

For most widely circulating ARGs, the costs are 
indeed low in the contexts in which they have become 
adapted, otherwise the resistant strains would disappear 
very quickly as soon as antibiotic exposure ceases155. As 
costs are strongly dependent on the genetic context, the 
presence of other strains and species in a community, 
and abiotic factors, it is difficult to set up tests that accu-
rately reflect costs for a broader set of contexts and expo-
sure scenarios. A recent study149 accordingly proposed 
basing concentration thresholds preventing environ-
mental selection solely on the lowest concentration that 
provides a benefit to resistant strains, ignoring costs in 
the given test system. This may be achieved by compar-
ing ratios of resistant strains versus non-resistant strains 
after exposure to different concentrations of antibiotics 
(given that costs are independent of the exposure con-
centration), rather than comparing ratios before expo-
sure with those after exposure. Another study156 came 
to a similar conclusion on how to derive concentration 
thresholds, but not from the standpoint that costs are 
context dependent; the study authors argued that even 
if costs are not fully compensated, the persistence of 
resistant strains, and hence risks for transmission, 
would increase. Although we agree with the principle, 
we believe that other abiotic and biotic factors that deter-
mine the survival of most pathogens in environmental 
media, and hence exposure opportunities, are likely to 
be of much greater importance for transmission risks 
(see the section entitled “Environmental transmission”).

Outlook
The environment has a role both in evolution and trans-
mission of resistance, possibly more so than has gen-
erally been recognized11–16. A remaining and pressing 
knowledge gap is our limited understanding of where 
and under what circumstances the critical steps occur 
that lead to the emergence of new forms of resistance 
in clinically important bacteria. Exploring the recent 
history of resistance factors that already have become 
clinical problems is one possible strategy to reveal 
patterns and enable generalizations49. Future genome 
sequencing of many more environmental species is likely 
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to provide a much better foundation for such investiga-
tions. Understanding the role of pollution with selective 
agents in the emergence and evolution of resistance is 
particularly important, as neglecting an important driver 
could have major health consequences. A major knowl-
edge gap is still what role the low or moderately high 
levels of excreted antibiotics have, and what methods are 
most suitable to reflect risks for environmental selection. 
This is in contrast to high-level industrial antibiotic pol-
lution, for which many stakeholders already consider the 
risks unacceptable, and the core challenge now is rather 
how to accomplish change157. The use of antibiotics on 
crops is only rarely studied158, but could potentially be a 
source of very high concentrations, particularly in low- 
and middle-income countries57. With regard to risks for 
transmission, we know considerably more about the flow 
of resistant bacteria to the environment than to what 
extent resistant bacteria from environmental sources 
lead to colonization and disease.

On the basis of current evidence, many policy-
makers advocate the precautionary principle and call 
for actions to reduce exposures17–21. At the same time, 
actions to reduce pollution on a broad scale are expected 
to be both difficult and expensive, making prioritization 
necessary. Shaping mitigation strategies places addi-
tional demands on recognizing what is feasible from, for 
example, political, economic and geographical stand-
points. It is also important to identify which actors can 
drive appropriate mitigations, including what their spe-
cific incentives and counterincentives for actions are157. 
While not neglecting the technological needs involved, 
creating socio-economic and legal drivers for change is 
often even more challenging. To reduce discharges from 
antibiotic manufacturing, a number of such actions 
either were initiated recently or have been proposed by 
governments151,159–161 or multinational organizations, 
such as the European Union20, the G7 (reF.162), the United 
Nations Environment Programme17, and the Word Health  
Organization, the World Organisation for Animal  
Health and the Food and Agriculture Organization of 
the United Nations21. These include pollution control as 
an award criterion in procurement processes20,160,161 and 
decisions on which products to subsidize159, demanding 
increased transparency on production sites and emis-
sion levels to increase accountability20,163, amending 
pollution control in the framework for good manufac-
turing practice162, and applying legally binding limits 
for discharges151. Many pharmaceutical companies also 
acknowledge the need for change and have collectively 
endorsed voluntary emission targets63,152. Although this 
must be seen as a positive initiative, the near-complete 
lack of disclosure of both production sites for active 
ingredients and emission levels18 makes it difficult to 
judge progress, reinforcing that industrial pollution is 
rarely resolved without active interference from public 
institutions.

On the technical side, installing basic treatment 
of waste streams, whether industrial, municipal or 
from animal sources, should have high priority as it 
addresses many types of risks, not the least substantial 
transmission risks for several pathogens (including 
resistant bacteria) and deterioration of valuable water 
resources164. Additional treatment of wastewaters with 
more advanced methods (such as ozonation or acti-
vated carbon) is a second step that would remove not 
only many selective agents but also a large range of addi-
tional contaminants165. Hence, an important motivation 
for more advanced treatment, particularly of municipal 
wastewater, is the ‘collateral benefit’ such treatment can 
provide by reducing the risks of many pollutants, known 
and unknown ones.

Measures to limit the risk for transmission of antibiotic- 
resistant bacteria could involve both reducing emissions 
to the environment and/or reducing exposure166. Such 
actions often coincide with measures to reduce infections 
in general. Given what is at stake, there could be good 
reasons also to take specific actions to reduce the risk for 
evolution of resistance, despite large uncertainties. To mit-
igate such risks, we ought to prioritize actions where risks 
are high and where changes can feasibly be achieved in a 
limited time frame. Prioritization should ideally be done 
on a global level, as the consequences of inaction will affect 
everyone in the long run, regardless of where a resistance 
factor emerges. Radically reducing emissions of excep-
tionally high concentrations from drug manufactures is 
one such apparent starting point17,19,59.

To assign appropriate measures to reduce the risk 
of resistance evolution associated with human waste 
streams, it is critical to understand where selection 
primarily occurs (hospital sewers, community sewers, 
wastewater treatment plants, recipients and so on). In 
contrast to managing risks with most other pollutants, 
the relevant protection target related to antibiotic resist-
ance development is bacteria, rather than (aquatic) wild-
life or humans. Sewers and wastewater treatment plant 
environments harbour dense, complex bacterial com-
munities that often include pathogens. Furthermore, as 
antibiotic levels are often higher than in receiving waters, 
they may be more likely a spawning ground for resist-
ance evolution than the recipient waterways. Measures 
with the intention to control resistance selection should 
therefore also take into account risks for selection that 
occur before discharge of the wastewater.

Sewage epidemiology is still in its infancy, at least with 
regard to how well the regional clinical resistance situ-
ation can be predicted. It is critical to benchmark envi-
ronmental resistance data, whether based on isolates or 
metagenomes, against high-quality clinical data. Still, it 
may take more than evidence of good correlations to bring 
environmental analyses of resistance into clinical policy.
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