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Abstract

The alarming increase of bacterial resistance to antibio-
tics globally has dilucidated other sources different from
the hospital and community, where water has gained
great importance. The aquatic environment constitu-
tes the source and natural habitat of a large number of
microorganisms, including antibiotic-resistant bacteria;
likewise, it is considered one of the principal receptors
of antimicrobials, resistant bacteria, and antibiotic-resis-
tant genes from human activities. Water contamination
with these emerging contaminants has serious impli-
cations for human health, related with the dissemina-
tion of bacterial resistance and the emergence of new

resistance mechanisms. This review provides a global
description of the role of aquatic environments in the
problem of bacterial resistance, principal contamination
sources, besides the impact to public health. Given this
panorama, the need to address the problematic de la bac-
terial resistance is established from the perspective of
“one health”, where traditional surveillance, focused on
human and veterinary levels, is articulated to environ-
mental epidemiological surveillance, principally based
on wastewater.
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Abstract

The alarming increase in bacterial resistance to anti-
biotics worldwide has exposed sources of this pheno-
menon other than the hospital and the community, whe-
re water has become increasingly important. Aquatic
environments are the source and natural habitat of a
large number of microorganisms, including antibiotic-
resistant bacteria. They are also considered one of the
main destinations of antimicrobials, resistant bacteria,
and antibiotic-resistance genes resulting from human
activities. Water contamination with these emerging
contaminants has serious implications for human health
associated with the spread of bacterial resistance and the
emergence of new resistance mechanisms. This review

provides a general description of the role of aquatic en-
vironments in the problem of bacterial resistance, the
main sources of contamination, as well as their impact
on public health. Considering this panorama, the need to
address the problem of bacterial resistance from a “One
Health” approach is established, where traditional sur-
veillance, which focuses on the human and veterinary
level, is articulated with environmental epidemiological
surveillance, mainly based on wastewater.

Keywords: antibiotics, antibiotic-resistant bacteria,
water contamination, wastewater-based epidemiology,
antimicrobial resistance, public health.

Resumo

O incremento alarmante da resisténcia bacteriana aos
antibidticos no nivel global tem revelado outras fontes
diferentes do hospital e da comunidade, em que a agua
tem ganho grande importancia. O ambiente aquatico
constitui a fonte e o habitat natural de um grande ntime-
ro de microrganismos, incluindo bactérias resistentes a
antibidticos; ¢ considerado, também, um dos principais
receptores de antimicrobianos, bactérias resistentes e
genes de resisténcia a antibidticos provindos das ativi-
dades humanas. A polui¢@o da agua com esses poluentes
emergentes tem sérias implicacdes para a saude humana,
relacionadas com a disseminacao da resisténcia bacteria-
na e a emergéncia de novos mecanismos de resisténcia.

Nesta revisdo oferece-se uma descrigdo global do papel
dos ambientes aquaticos na situagdo problematica da
resisténcia bacteriana, as principais fontes de poluicao,
além do impacto para a saude publica. Diante desse pa-
norama, determina-se a necessidade de abordar a pro-
blematica da resisténcia bacteriana desde a perspectiva
de “uma saude” em que a vigilancia tradicional, focada
nos niveis humano e veterinario, esteja articulada com
a vigilancia epidemiologica ambiental, principalmente
baseada em aguas residuais.

Palavras-chave: antibidticos, bactérias resistentes a
antibioticos, poluigdo da agua, epidemiologia baseada em
aguas residuais, resisténcia antimicrobiana, saude publica.

Introduction

Recently, the profound consequences of bacterial re-
sistance to antibiotics have been evidenced in human
health and the macroeconomic impact in terms of mor-
tality (1.27-million deaths attributable to antimicrobial
resistance for 2019) [1] and morbidity, with serious im-
plications in the production force; besides, it has become
one of the biggest threats to modern medicine [2]. The
appearance untreatable infections, caused by multi-re-
sistant microorganisms, warns of the arrival of a post-
antibiotic era, where effective treatment will not exist
to fight infectious diseases [2,3]. Among the principal
causes of bacterial resistance is the excessive and ina-
dequate use of antibiotics, which brings as consequence
the selection and propagation of resistant bacteria [3].
Traditionally, hospitals have been indicated as the sou-
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rce or reservoirs of this problematic; however, the alar-
ming increase of resistant bacteria has allowed to eluci-
date other sources from the community and environment
[4], where water has gained much importance.

The aquatic environment is the natural habitat of a
large number of microorganisms, including antibiotic-
resistant bacteria, and is rated as the principal receptor
of antimicrobials, resistant bacteria, and antibiotic-re-
sistant genes (ARG) from human activities [4]. All the-
se elements are considered “emerging contaminants”,
given their capacity to amplify, diffuse, and persist in
aquatic environment media [5]. This water contamina-
tion has serious implications for public health, related
with the dissemination of bacterial resistance and emer-
gence of new resistance mechanisms. Studies conducted
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describe, in general, the presence of these contaminants
in aquatic environment media, and although studies
are needed from an epidemiological approach that per-
mit measuring or quantifying the risk for colonization
or infection with resistant bacteria from contact with
contaminated waters, their presence in these scenarios
already supposes a motive for great concern, when un-
derstanding the role of water as source of acquisition of
infectious diseases.

This topic review provides information on the role
of aquatic environments on the dissemination of bacte-
rial resistance, the reasons why they are considered fa-
vorable environments for this problematic and describes
the impact for public health. This topic is important to
understand the appearance and propagation of resistant
microorganisms not only in hospital settings, but also in
other sources or reservoirs coming from the community
and environment.

The information contained in this review comes
from bibliographic sources found in Medline-PubMed
and Science Direct, including research and review ar-
ticles from indexed scientific journals. Likewise, infor-
mation was selected based on its quality and contribu-
tions to scientific knowledge.

Bacterial resistance in aquatic
environments

Water constitutes a necessary and vital resource for hu-
man beings, but it is also the natural habitat of a large
number and diversity of microorganisms [6]. Aquatic
environments are favorable environments for the appea-
rance and dissemination of resistant bacteria, and this is
due to several reasons:

1. The aquatic environment is the natural habitat for a
large number and diversity of microorganism groups.
Water has a wide diversity of autochthonous and
allochthonous microorganisms, which can exchange
resistance genes through horizontal transfer of gene-
tic material and serve as ARG reservoir [7]. Various
genetic elements (plasmids, insertion sequences,
transposons, integrons, genomic islands, prophages)
participate in gene acquisition and dissemination and
in genetic recombination among bacteria from water
[8,9]. In these genetic elements, resistance genes are
found to antimicrobial families, like: quinolones, te-
tracyclines, and beta-lactams, which can be shared
between aquatic bacteria and human pathogenic bac-
teria [10].

Among the elements recognized for their role in the
dissemination of bacterial resistance in water, there are
type-I integrons. Studies on this genetic element, con-
ducted in water, principally wastewater, show that in en-
vironments contaminated with antibiotics there is high
amount of ARG [11,12] and greater prevalence of the ty-
pe-I integron, compared with other classes of integrons
[12]; hence, it is an indicator of antibiotic contamina-
tion in waters [13]. Likewise, an important frequency
has been reported of bacteriophages carrying ARG in
the water, which evidences the role as ARG vectors that
favor transfer of antimicrobial resistance mechanisms in
these scenarios [14].

As example of an autochthonous microorganism of
the aquatic environment and recognized for its role in
the dissemination of antimicrobial resistance, there is
Aeromonas spp., which, in addition to intrinsically ha-
ving ARG, carries a great diversity of mobile genetic
elements that enable its capacity to exchange resistance
genes with other bacteria species, including pathogens,
like Escherichia coli or Enterobacter aerogenes [7].

2. Aquatic environments are a natural source of ARG.
Great variety of bacteria carry naturally ARG as pro-
tection mechanism against antimicrobial compounds
produced by competing microorganisms [7], that is,
they had ARG prior to the introduction of antibiotics.

In nature, various examples exist of the link and
mobilization of resistance genes between environmental
bacteria and human pathogens. One of those examples
is the origin of the gene that encodes the extended-spec-
trum beta-lactamase b/aCTX-M, of much importance in
human pathogen bacteria, whose origin was related with
species of Kluyvera spp., an environmental bacteria [4].

Other examples include quinolone resistance genes
qnrA and carbapenems blaOXA-48, located in plasmids
and found in clinical isolates of Enterobacteriaceae,
whose origin is described in the chromosome of envi-
ronmental bacteria, like Shewanella algae and Vibriona-
ceae [15-17]; hence, natural ecosystems are considered
natural source of ARG.

3. The aquatic environment is one of the principal anti-
microbial receptors, resistant bacteria, and antibio-
tic-resistant genes. Water is a resource affected by a
vast variety of contaminants, among these, antimi-
crobials, resistant bacteria, and ARG from different
anthropogenic sources (Figure 1), which contribute
to the appearance and dissemination of bacterial re-
sistance. Presence of these emerging contaminants in
the aquatic environment may result in the selection
of resistant bacteria or horizontal transfer of resistan-
ce genes among bacteria [10].
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Figure 1. Contamination sources from the aquatic environment medium with antimicrobials, resistant bacteria, and

antibiotic-resistant genes

Source: Elaborated by the authors.

With respect to the selection of resistant bacteria
in the aquatic environment, selection experiments con-
ducted on bacterial models, like E. coli and Salmonella
Typhimurium, show that, in spite of the low concen-
trations of antimicrobials in water in comparison with
those used in treatments for humans and animals (pg/L
in humans and ng/L in environment), these concentra-
tions are sufficient for the selection of resistant bacteria
[18,19]. Nevertheless, recent studies suggest that selec-
tive bacterial processes in water can be more complex.
For example, it has been seen that according to the anti-
microbial evaluated, variability exists on the magnitude
of the selective effect, as well as a possible addictive
selective effect when various antimicrobials from the
same family are found in the aquatic environment [20].

Moreover, interaction processes among microbial
communities also participate in the selection of resistant
bacteria in the environment. It has been observed how
bacterial competition with and among microbial com-
munities generates variable effects on selective proces-
ses [20-23]. Interaction among some natural microbial
communities would avoid selection of bacterial resistan-
ce in minimum antimicrobial selective concentrations
[21], contrary to what had been detected in in-vivo as-
says in single-species experiments [19,24]. This pheno-
menon could be explained by the increased biological
cost of the resistance and a protection effect of some
resistant microbial communities for the susceptible phe-
notype [20,21].

The following describe sources of water contamina-
tion with antimicrobials, resistant bacteria, and antibiotic-
resistant genes (ARG), according with the load or selec-
tion pressure they exert on the environment (Figure 1):
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1. Hospital wastewater. It is highly dangerous, not only
due to their infectious and toxic characteristics, but
also because they host large amounts of antibiotics
and multi-resistant pathogenic bacteria, managing to
alter even the natural microbiota present in aquatic
ecosystems [25]. These waters are described as fa-
vorable settings for the exchange of resistance genes
between pathogenic clinical microorganisms and en-
vironmental bacteria; that is due to the large amounts
of broad-spectrum antimicrobials and resistant bacte-
ria eliminated by colonized and infected patients [26].
The role of these effluents and their impact on the

contamination of aquatic environments, compared with

other contamination sources, are being studied, finding
diverse results. On the one hand, a large variety of ARG
types is described in hospital wastewater, even greater
than that present in other community wastewater sys-
tems [25], and a high abundance of transcriptionally ac-
tive resistance genes is indicated, possibly related with
the level of hospital antibiotic use over time and with

antibiotic residue [27].

However, on the other hand, a limited impact on the
dissemination of antimicrobial resistance has also been
described in hospital effluent sewer systems, in compa-
rison with the community’s wastewater treatment plants
[27], or a variable effect of the hospital effluent on the
bacterial resistance according with the microorganism
evaluated [28]. The foregoing suggests that although
hospital wastewater is not the principal factor contri-
buting to the development and persistence of bacterial
resistance in the aquatic environment, it plays an impor-
tant role and it is necessary to establish strategies that
contribute to its adequate management [25].
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2. Untreated domestic wastewater. Wastewater, from
the water supply system of the populations, after
having been modified by diverse uses in domestic,
industrial, and community activities, may be source
of contamination of water bodies with bacterial re-
sistance.

It is possible to detect large amounts of resistant mi-
croorganisms and antibiotics in wastewater. This may be
due to high antibiotic use in humans. It is estimated that,
globally, antibiotic use between 2000 and 2010 increa-
sed by 36%, being much higher in countries, like Brazil,
Russia, India, China, and South Africa [29]. These figu-
res raise serious concerns for public health and environ-
mental health, given that a large part of these antibiotics
is completely eliminated through the feces and urine;
their broad use in people from the community could
lead to selection processes of pathogenic bacteria that
colonize the human intestine and, consequently, detect
resistant bacteria in wastewater [30,31].

3. Wastewater treatment plants (WWTP). Wastewater
treatment plants were not designed to reduce the
load of antibiotics, resistant bacteria in water and
their associated ARG arriving in wastewater [10,30].
Rather, it has been noted that they play an important
role in the contamination of the aquatic environment
with bacterial resistance [10,30]; this is because they
constitute one of the principal receptors of bacterial
resistance, from different anthropogenic sources, like
domestic wastewater, hospital residue [5,32], and
even aquaculture discharges, agricultural and lives-
tock runoff in developing countries, where wastewa-
ter channeling systems are precarious or inexistent.
Further, antibiotics and resistant bacteria can con-

centrate in WWTP, which could favor bacterial selec-

tion processes or horizontal transfer of resistance genes

among bacteria [10,33].

In turn, the WWTP effluents are referenced among
the principal dispersion sources of bacterial resistance to
antibiotics [33].

4. Pharmaceutical industry. Effluents from the phar-
maceutical industry can be an important point sou-
rce of antibiotics [34]. It has been demonstrated that
discharges from their effluents provide conditions in
which antibiotics reach concentrations selective for
resistance enrichment [34]. Likewise, it has been
described how antibiotic residue from the pharma-
ceutical industry can reach the wastewater due to
the high solubility of these compounds and, often, to
their poor degradability [35].

5. Aquaculture discharges and agricultural and lives-
tock runoff. Residues from antimicrobials, resistant
bacteria, and ARG that reach water from agriculture
and cattle farming, and even from aquaculture are
due to antimicrobial use in these areas, principally as
growth promoters (antimicrobials to improve animal

growth or improve feeding efficiency to increase the
production of animal derivatives) [10,36].

In food producing animals (livestock, pork, poultry,
and in aquaculture) over 30 different antimicrobials are
used [4]. A study on estimates of global consumption
of antimicrobials in veterinary medicine shows high
figures in countries, like China (45%), Brazil (7.9%),
the Unites States (7.0%), Thailand (4.2%), and India
(2.2%); besides predicting that between 2017 and 2030,
global consumption of veterinary antimicrobials will in-
crease, going from 93,309 tons of antibiotics in 2017, to
104,079 tons by 2030 [37]. Despite progress in reducing
antibiotic use in countries, like Germany and China, it is
estimated that antimicrobial use in food producing ani-
mals will increase in all continents [37].

These data are relevant because livestock has been
considered an important release source, to the environ-
ment, of antibiotics, resistant bacteria, or associated
genes [38]. This release occurs principally with the use
of manure from animals treated with antimicrobials as
fertilizer; likewise, with crop irrigation with contamina-
ted waters from farms. It is estimated that from 75% to
90% of antimicrobials used in animal foods are excre-
ted to the environment, through agricultural runoff [4].
From there, antimicrobials move from the field to un-
derground waters and eventually come in contact with
surface waters, through events like rainfall [7].

In aquaculture, antimicrobials are used to prevent
and treat bacterial infections in fish and invertebrates
[39]. In fish, antimicrobial administration is carried out
with the food. Residues of foods with antibiotics and
animal excretions, which generally have traces of the
antibiotic, accumulate in sediments and ponds and can
be disseminated by water currents [39]. In countries, like
China and Chile there is broad use of antimicrobials in
this area [39,40].

Finally, antimicrobial use in agriculture is scarce,
and when used, their presence in the environment can
be influenced by soil adsorption processes, rainfall dilu-
tion, photodegradation, and microbial degradation [41].

One of the most-used antibiotics in agriculture is
streptomycin, which is used to control fire blight caused
by Erwinia amylovora in apples and pear trees [41].

Presence of resistant bacteria and
antibiotic-resistant genes in aquatic
environments: impact on public and
environmental health

Knowing the impact of dissemination, through water, of
bacterial resistance on public and environmental health

is cause for much concern. Among the important effects,
or risk scenarios for public and environmental health,
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there is the presence of resistant bacteria and ARG in
water that can lead to the appearance of new resistance
mechanisms, mobilization and transfer of resistance ge-
nes to human pathogens, and dissemination of bacterial
resistance [42].

During the last decade, various studies — globally
— on resistant bacteria and ARG in the aquatic environ-
ment medium have considered these environments favo-
rable for the appearance and dissemination of bacterial
resistance [7]. These studies have been conducted in tri-
butaries and effluents of WWTP [43,44]; directly in ri-
vers, lakes, and the sea [45]; in hospital wastewater [46];
in wastewater and its annexes (sewers, streams or pudd-
les); recreational water [47], and drinking water [48],
where there are reports, for example, of the presence
of environmental microorganisms associated specifica-
lly with antibiotic resistance phenomena [49], resistant
pathogenic bacteria, ARG, and mobile genetic elements
linked with bacterial resistance [13,50].

The description of the presence of resident bacteria
and ARG in water has been fundamental to understand
the relevance and participation of environmental
bacteria on the dissemination and transfer of antibiotic
resistance. This is added to findings of pathogenic
resistant bacteria, like Pseudomonas aeruginosa,
Acinectobacter, E. coli, and other species of the family
Enterobacteriaceae in water bodies, microorganisms
that are multi-resistant, with resistance to more than one
antibiotic, like tetracyclines, quinolones, sulfonamides,
and beta-lactams [51].

It should be highlighted that most research on
resistance in the aquatic environment has been conducted

¢La presencia de bacterias
resistentes en el agua es un
factor de riesgo para infeccion y
colonizacién?

in the United States, China, and Europe; however, in
Africa and Latin America, studies are scarce [52]. In
Latin America and the Caribbean, limitations exist,
given that most of these investigations are concentrated
in countries, like Brazil, Chile, Mexico, Colombia, and
Argentina, hence, studies on the situation of bacterial
resistance in aquatic environments in the region may
not be representative [52]. Also, in Latin America, few
studies quantify the presence of resistance genes in water
or analyze the bacterial resistome (ARG total, including
those circulating in pathogenic bacteria, antibiotic
producers, and non-pathogenic bacteria) [50].

In Colombia, since 2010, progress has been made
on the topic. Mostly, studies have focused on antibiotic
detection and degradation. With respect to detection of
resistant bacteria and ARG, in recent years (2019-2021)
information in that regard has been published more fre-
quently [44,50-55]. These studies have determined the
presence of antibiotics, resistant bacteria, and resistance
genes in different water sources [53], and have demons-
trated the dissemination of resistant bacteria from the
hospital and community to the environment [54]. This,
in turn, shows the impact of the antibiotic selective pres-
sure on environmental settings and the consequences for
the emergence of new resistance mechanisms and for
ecological equilibrium, which represents a big threat to
public and environmental health.

In spite of this progress on the topic, questions re-
main that require further studies about the impact on pu-
blic and environmental health of the presence of resistant
bacteria and ARG in aquatic environments (Figure 2).

<En qué medida la reutilizacion

de aguas residuales tratadas y

no tratadas contaminadas con antibiéticos
v bacterias resistentes pueden afectar

la salud humana y ambiental?

bacteriana en estos paises?

¢La falta de tratamiento de aguas Estudios

residuales en paises de bajos Enfoque de “una sola salud” ¢La dilucién, la degradacién y
ingresos, podria explicar los (One Health) la fotodegradacion en el agua

altos indices de resistencia son eventos suficientes para mitigar

su presencia de resistencia bacteriana
en grandes fuentes hidricas?

Vigilancia epidemiologica de la resistencia bacteriana
en hospitales y en veterinarias,
junto con epidemiologia basada en aguas residuales

Figure 2. Questions requiring further studies about the impact on public and environmental health of the presence of
resistant bacteria and antibiotic-resistant genes in aquatic environments.
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For the most part, studies conducted to date tend to
be descriptive on the presence of these emerging conta-
minants in water; few have an epidemiological, longitu-
dinal approach, and of continuous monitoring, to permit
establishing or measuring the risk of colonization or in-
fection with resistant bacteria from contact with conta-
minated water with these emerging contaminants.

In reports or research seeking to evaluate the trans-
mission of resistant bacteria from water contaminated
with these microorganisms and its impact on human
health, one of the most-studied models is the case of E.
coli resistant to beta-lactams. Highlighted among the
studies, is that by Dorado-Garcia et al., 2019 [56] who
evaluated the molecular similarity of E. coli isolates
producing extended-spectrum beta-lactamases (ESBL)
and AmpC from individuals from the general population
with isolates from different environments, finding grea-
ter similarity among the isolates derived from human
clinical environments, surface waters, wastewater, and
wild birds (similarity index 0.7-0.8), while the similarity
with isolates resulting from livestock or from foods was
lower (similarity index 0.3-0.6) [56].

Other research has evaluated the risk factors asso-
ciated with colonization by E. coli resistant to antimicro-
bials, indicating that individuals who consume untreated
water, contaminated with this bacteria, have 26% more
probabilities of being colonized by it than individuals
who consume uncontaminated water [57]. Likewise, the
risk of being colonized by E. coli that produces beta-
lactamases, such as blaCTX-M, increases in people in
constant contact with water [58], as evidenced in a popu-
lation that practices water sports, like surfers (RR =4.09,
95% CI: 1.02-16.4), which, due to their profession, have
greater risk of ingesting these microorganisms directly
from the sea water, route through which many people
could be directly exposed [59-61]. Other epidemiolo-
gical studies also suggest that contact with recreational
water in fresh water sources is a risk factor not only for
colonization, but also for the development of urinary
tract infections acquired in the community and caused
by ESBL-producing Enterobacteriaceae, like E. coli or
Klebsiella pneumoniae in low-prevalence countries (OR
=2.1;95% CI: 1.0-4.0) [62,63].

During the last decade, various studies have
been reported in populations colonized or infected by
gram-negative carbapenamase-producing bacilli, like
blaNDM-1 or blaIMI-2, without hospitalization antece-
dents, at the same time that these microorganisms are
detected in tap water, wastewater discharge, or rivers,
with which these people have contact [48,64-66]. Some
of these studies have used molecular typing methods,
which have permitted determining genetic relations
among isolates from infected individuals, isolates from
colonized people and animals, with bacterial isolates
from recreational water, wastewater, effluents from

WWTP, and rivers [63-65,67-70]. These genetic rela-
tions of clinical and environmental isolates have been
reported in blaNDM-1-producing gram-negative bacilli;
these have also been detected among isolates of K. pneu-
moniae, E. coli and other Enterobacteriaceae carrying
beta-lactamases blaSHV-83 and blaOXA-10, blaCTX-
M-15, blaVIM-1 and blaIMI-2 [64,65,69,71]. Although
in these studies it is difficult to evidence the direction of
the transmission from the environment to human beings,
they do provide information about the potential risk to
human health of water contamination due to bacterial
resistance [48], the possible propagation of multidrug-
resistant microorganisms from water, and the importan-
ce of monitoring bacterial resistance, together with the
incorporation of environmental sampling [66].

Another question about the impact of bacterial resis-
tance on environmental health is related with the impact
of natural phenomena, like dilution, degradation, and
photodegradation, efc., on mitigating the presence of
antimicrobials, resistant bacteria, and ARG in large hy-
dric sources. In the case of antimicrobials, such as beta-
lactams, glycopeptides, and fluoroquinolones, these can
largely be degraded, even in biological processes of the
WWTP, while trimethoprim and lincosamides seem to
be persistent [72]. Nevertheless, some of the intermedia-
te products of antimicrobial degradation can also lead to
co-selection of bacterial resistance in the environment
[73]. Furthermore, phenomena like dilution in large hy-
dric sources could have effect on bacteria and the capa-
city to carry out horizontal exchange of resistance genes,
given that the probability of genetic exchange increases
when there are relatively high cell densities [74]. Howe-
ver, this has not been fully shown because it is suggested
that even if bacteria die, their DNA could remain intact
at the bottom of lakes or clay, and be capable of trans-
ferring to autochthonous water bacteria and these, even-
tually, have contact with human microbiota [75].

Other concerns or worries about the impact of bac-
terial resistance in the aquatic environment medium on
public and environmental health are related, on one side,
with the reutilization of wastewater and application of
sludge or biosolids from WWTP for crops, and how this
practice can lead to their contamination. Some investi-
gations describe the translocation of resistant bacteria
and ARG to edible food crops, when crops are irrigated
with treated wastewater or when they are fertilized with
sludge from WWTP [76,77], and their impact depends
principally on the load of ARG introduced and the irri-
gation intensity [20].

Moreover, lack of wastewater treatment can con-
tribute to the dissemination of bacterial resistance.
Although conventional WWTP are not designed to redu-
ce significantly these emerging contaminants, the risk is
much higher when wastewater is not treated. In low- and
medium-income countries a high prevalence of bacterial
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resistance exists, and of the wastewater generated, only
between 8% and 28% are treated. Furthermore, tertiary
treatments are scarce due to technological limitations.
Within this context, the population could be more expo-
sed to these contaminants, especially in urban areas with
high levels of poverty and limited physical infrastructure
of drinking water and sanitation, where animals, water,
and human beings coexist and can eventually contami-
nate fresh water sources with wastewater [78].

Regarding this panorama, it is necessary not to un-
derestimate the risk to human health represented by bac-
terial resistance in water and highlight the importance
of promoting more and better residual water treatments,
to reduce — in part — these effects [79]. Additionally, it
shows the importance of conducting interventions in
other areas of social life, given that the mere decrease
of antibiotic consumption does not seem sufficient to re-
duce global resistance to antimicrobials due to the trans-
missibility of these microorganisms [80].

The findings to date on the impact to public and en-
vironmental health of the presence of resistant bacteria
and ARG in aquatic environments suggest the importan-
ce of conducting interventions using the “one health”
approach, proposed by the World Health Organization
(WHO), defined as a “joint effort by several disciplines
that unite to provide solutions for human, animal, and
environmental health” [81]. These also underscore the
need to articulate the traditional surveillance of bacterial
resistance focused on human and veterinary levels, with
surveillance in the environment, using methodologies,
like the wastewater-based epidemiology [82].

The wastewater-based epidemiology is an approach
based principally on the extraction, detection, and sub-
sequent analysis and interpretation of biomarkers in
wastewater, providing a means of data collection for
epidemiological studies, to evaluate public health con-
ditions of a population and offer information about the
health of communities [82,83]. It permits obtaining in-
formation about different factors related with lifestyle,
evaluating temporal trends or response to public health
events in water, and monitoring and surveilling infec-
tious diseases [82,83]. This methodology is being used
to support the surveillance and monitoring of infectious
diseases or pathogenic microorganisms, like in the case
of the COVID-19 pandemic and detection of bacterial
resistance (resistant bacteria, antibiotics, and ARG) in
wastewater [82,83].

With respect to monitoring of bacterial resistance,
epidemiology in wastewater raises the need to monitor
clinically important genes found in mobile elements and
that confer resistance to high-consumption antibiotics or
to antibiotics that have been used for a long time, like
tetracycline and sulfonamides. This approach is useful
to detect emergent resistance mechanisms and determi-
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ne resistance patterns and their extension in human and
environmental communities [82,83].

There are several examples of bacterial resistance
surveillance studies applying wastewater-based epide-
miology. Reinthaler ef al., [84] between 2000 and 2009,
compared the resistance patterns of E. coli strains isola-
ted from human patients with strains isolated from was-
tewater from WWTP, finding parallel development of
resistance patterns both in patients as in environmental
samples, and an increase in multi-resistant £. coli strains
over time in samples from both sources.

Another study by Majlander et al., [85] on ARG pre-
valence and abundance in wastewater from two hospi-
tals during nine weeks in 2020 found resistance patterns
during the weeks of monitoring and different resistance
profiles among hospitals, information that was useful to
understand the propagation of resistance to antibiotics in
hospitals and identify potential intervention areas.

Similarly, other studies have detected the presence
of ARG of clinical importance in wastewater, among
them resistance genes to carbapenems [50,51,86-88],
ARG to treat tuberculosis [89], indicating a resistance
pattern like those described in hospitals and even detec-
ting ARG not found in hospitals [50].

Further, other research has explored the relation of
the detection of bacterial resistance in wastewater with
environmental and human factors. For example, explora-
tion on how antibiotic use influences the population [90-
92], population size [90], immigration or international
flights [91], soil use or agriculture [93], epidemiological
and climatological conditions [55,92], socioeconomic,
health, and environmental factors [91]. Overall, all these
investigations highlight the potential of the surveillance
of wastewater to monitor the resistance to antibiotics.
In addition, they point to the importance of conducting
wastewater-based surveillance, on par with traditional
surveillance, to answer those unsolved questions about
the impact bacterial resistance in aquatic environments
has on public health [86].

Conclusion

Currently, aquatic environments are principal sources
and receptors of antimicrobials, resistant bacteria, and
ARG from anthropogenic activities, and play an impor-
tant role in disseminating and amplifying antimicrobial
resistance, with serious implications to public health.

The “one health” approach, proposed by the WHO,
and the use of wastewater-based epidemiology are pre-
sented as strategies that allow having an integral vision
of the problematic to, thus, establish joint actions that
permit designing and applying programs and policies
that impact human and environmental health.
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