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Preface

“The best time to plant a tree is 20 years ago. The second-best time is now.” African proverb.

The recent 79th United Nations General Assembly (UNGA) held in September 2024 included the

2nd High-Level Meeting on Antimicrobial Resistance (AMR) which adopted the Political Declaration

on AMR. The declaration acknowledged the severe threat AMR poses to global health and sustainable

development, with an imperative need for immediate action. The declaration further emphasised the

One Health approach, requiring all sectors, including the environment.

Although the One Health approach is re-emphasised, most research focus is on human and

animal health, with environmental health needing more attention. Furthermore, most environmental

studies focus on water and soil, with air and fomites in human settings not considered. Also,

most studies on AMR are limited to culture-based approaches, with limited use of more advanced

genomic techniques. These gaps paint an incomplete picture of the role played by the environment

in AMR. Therefore, this volume provides a comprehensive update on antimicrobial resistance and

environmental health. Given that human activities are the major contributors to the growing AMR

threat, one chapter reviewed the impact of tetracycline pollution on AMR in the environment and its

ripple effect on ecological and human health. The authors further evaluated possible remediation

strategies for tetracycline-polluted environments. If not addressed, environmental antimicrobial

pollution could lead to the development of new AMR traits and the evolution of already existing

ones in different environmental matrices, as reviewed by another chapter in this volume. Two

chapters address the presence and transmission of AMR fomites in households and vegetables in

farms. Still focusing on unconventional environmental settings, one chapter provides a perspective

on elucidating the role of bioaerosols on AMR transmission. Two other chapters discuss AMR in

wastewater, one in clinical and community settings, and the other reviewed wastewater AMR in

Africa while pointing out the knowledge gaps and suggesting a future perspective for the successful

application of the wastewater-based epidemiology of AMR. Two chapters used genomic approaches

to provide insight into environmental AMR, including in the marine environment. Finally, one

chapter proposed a community-focused framework measuring One Health drivers of AMR as an

approach to promote building “antibiotic-smart communities”.

Akebe Luther King Abia

Guest Editor
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The Impact of Tetracycline Pollution on the Aquatic
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Abstract: Antibacterial drugs are among the most commonly used medications in the world. Tetracy-
cline is a widely used antibiotic for human and animal therapy due to its broad-spectrum activity,
high effectiveness, and reasonable cost. The indications for treatment with tetracycline include
pneumonia, bone and joint infections, infectious disorders of the skin, sexually transmitted and gas-
trointestinal infections. However, tetracycline has become a serious threat to the environment because
of its overuse by humans and veterinarians and weak ability to degrade. Tetracycline is capable of
accumulating along the food chain, causing toxicity to the microbial community, encouraging the
development and spread of antibiotic resistance, creating threats to drinking and irrigation water,
and disrupting microbial flora in the human intestine. It is essential to address the negative impact of
tetracycline on the environment, as it causes ecological imbalance. Ineffective wastewater systems are
among the main reasons for the increased antibiotic concentrations in aquatic sources. It is possible
to degrade tetracycline by breaking it down into small molecules with less harmful or nonhazardous
effects. A range of methods for physical, chemical, and biological degradation exists. The review will
discuss the negative effects of tetracycline consumption on the aquatic environment and describe
available removal methods.

Keywords: tetracycline; tetracycline consumption; aquatic environment; tetracycline pollution;
oxidative stress

1. Introduction

Antibacterial drugs are among the most commonly used medications in the world.
Antibiotics are antibacterial medications with complex molecular compounds that can
destroy or slow the growth of bacteria [1,2]. Antibiotic drugs are classified according to
their mechanism of action, spectrum of activity, administration methods, and chemical
structure. Antibacterial medications are used for therapeutic purposes and as growth
promoters in livestock farming [3–5]. It should be noted that the usage of antibiotics
is dramatically increasing each year. For example, according to Scaria et al. (2021), the
worldwide consumption of antibiotics increased rapidly from 21 to approximately 35 billion
daily doses between 2000 and 2015, which is almost a 65% upsurge [6].

Moreover, Klein et al. (2018) predicted that the utilization of antibacterial drugs will
continue to grow to 200% by 2030 [7]. The overuse of antibiotics may cause the appearance
of antibiotic resistance genes (ARGs) which have negative impacts on human health. ARGs
are generated by microbial spontaneous mutations and are selected by antibiotics. This
undermines a drug’s antibacterial activity and makes it ineffective in killing bacteria [8,9].
As a result, ARGs can be transferred to other bacteria by horizontal transmission, affecting
bacterial communities and developing their resistance to antibacterial medications. The
circulation of such strains as methicillin-resistant Staphylococcus aureus (MRSA), Clostrid-
ium difficile, and multidrug resistant Mycobacterium Tuberculosis has already caused much
harm [10].

Antibiotics 2023, 12, 440. https://doi.org/10.3390/antibiotics12030440 https://www.mdpi.com/journal/antibiotics1
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One of the most commonly used types of antibiotics currently is tetracycline. The
first medications of the tetracycline family were isolated from Streptomyces species in the
late 1940s. Since then, tetracycline antibiotics have been commercialized owing to their
clinical success. The more recent third generation of the tetracycline family demonstrates
greater potency and efficacy. Tetracycline inhibits the ability of bacterial protein synthesis
by attaching to the 30S ribosomal subunit of bacteria [11,12]. As stated by Fuoco (2012),
due to its broad-spectrum activity, this antibiotic can suppress the activity of most Gram-
positive and Gram-negative strains, protozoan parasites, including atypical organisms such
as mycoplasma, chlamydia, and rickettsia [13]. Due to its low price and robust efficiency,
tetracycline is now one of the most commonly used antibiotics.

The overconsumption of antibiotics such as tetracycline in human and animal ther-
apy and livestock has become a major threat to the environment and human health [14].
Tetracycline residue has recently been discovered in a wide range of settings, including soil,
surface water, marine environments, sediments, and even biota samples [15]. Tetracycline
has negative effects on ecosystems, because it is capable of accumulating along the food
chain and causing toxicity to the microbial community, encouraging the development and
spread of antibiotic resistance [16]. In addition, tetracycline creates threats to drinking and
irrigation water and causes disruption of microbial flora in the human intestine. These
detrimental effects raise serious concerns about tetracycline contamination and present an
emerging public health issue [17].

Monahan et al. (2022) reported that the weak ability of tetracycline to degrade could
cause ecological imbalance [18]. The study highlights the significance of environmental
pollution caused by tetracycline, as the outcomes severely affect human health, causing
bacterial resistance. It was also stated that an ineffective wastewater treatment system is
one of the main causes of antibiotic contamination of the food chain, which might adversely
affect human health [19–21]. The pollution of soil and water has a drastic negative impact
on soil and aquatic microflora [22,23]. This review will assess tetracycline consumption,
analyze the antibiotic’s negative impact on the marine environment and aquaculture, and
discuss effective methods of tetracycline antibiotic removal from aquatic environments.

2. Tetracycline Consumption in Various Fields of Life

Tetracycline is one of the most commonly used types of antibiotics in the world. It has
broad-spectrum activity against various bacterial infections, making it effective in human
therapy and veterinary medicine [24]. The indications for treatment with tetracycline
include infectious diseases such as pneumonia, bone and joint infections, infectious disor-
ders of the skin and sexually transmitted infections, as well as gastrointestinal infections.
Tetracycline is a potent agent against the so-called biothreat pathogens, such as Bacillus
anthracis, Yersinia pestis, and Francisella tularensis, which are the causative pathogens of
some of the most lethal infections. In general, tetracycline-class drugs are the first-line
treatment options for many infectious diseases [25].

It was estimated that humans’ daily consumption of tetracycline worldwide is 23 kg [26].
It was also reported that European countries and Switzerland use almost 2300 tons of
tetracycline antibiotics for animal farming, approximately 66% of the total number of an-
tibiotics [27]. According to the statistics provided by Xu et al. (2021), tetracycline antibiotics
are the third most often used drugs in Brazil after penicillin and quinolones [28]. It is
estimated that more than 2500 tons of tetracycline are consumed yearly for animal therapy
in Europe [29].

Moreover, agriculture and aquaculture are some of the main fields of tetracycline
consumption, as antibiotics are used for animal growth. According to Ahmad et al. (2021),
180 thousand tons of raw antibiotic materials were used in China for human treatment
and farming, which is equivalent to 138 g per capita per year [30]. It was stated that
172 mg, 148 mg, and 45 mg of antibiotics per kilogram were administered to slaughtered
pigs, chickens, and cows [31]. By the calculations of the study provided in pig and cattle
livestock in China, it was stated that the daily antibiotic excretion of a single pig and cow
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is 18.2 and 4.24 mg, respectively [32]. Wozniak-Biel et al. (2018) state that poultry and
livestock animal farming used 33% of total tetracycline antibiotics in Turkey [33].

Meanwhile, the USA manufactures 22,680 tons of antibiotic formulations annually,
40% of which is used for agriculture purposes [34]. As a result, tetracycline contamination
has become an emerging issue for the environment and human use. Furthermore, the study
by Mahamallik et al. (2015) provided another source for tetracycline contamination from
the waste of pharmaceutical industries [35]. This study indicates that unutilized antibiotics
are distributed to unsuitable places for waste products with no treatment procedures.
Therefore, antibiotics will remain undegraded for years in soil or water sources.

Figure 1 represents the available data on consumption of tetracyclines in different
parts of the world. Tetracyclines are widely used in European Union countries (2575 tons
consumed annually) and Switzerland (1 ton consumed annually) [36]. Three other countries
with high levels of tetracycline consumption are Russia (13,579 tons per year) [37] China
(6950 tons per year) [38] and the USA (3230 tons) [39]. According to Xu et al., China
alone accounts for 18% of global consumption [28]. South Korea consumes 732 tons of
tetracyclines, and the UK consumes 240 tons every year [39]. These considerably large
proportions of tetracyclines could be explained by the ampleness of animal livestock;
therefore, tetracycline is used as a feed promoter. The negative consequences associated
with excess tetracycline consumption are discussed in the following paragraphs.
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3. The Adverse Effect of Tetracycline Antibiotics on the Aquatic Environment

The most common reason for tetracycline pollution is its stability and low metabolism
in human and animal organisms. As stated by Xu et al. (2021), tetracycline antibiotics
cannot be fully absorbed and metabolized in the body [28]. Therefore, approximately 75%
of the antibiotic is excreted in its parenteral form [40,41]. Tetracycline contamination has
been identified primarily in water sources, which causes environmental pollution in the
surrounding area, damaging the ecological system [42–44]. Overconsumption of this antibi-
otic in human and animal therapy and its utilization in agriculture as a growth promoter
are among the main causes of tetracycline pollution in the aquatic environment [28].

Moreover, tetracycline is also used in aquaculture for fish feeding. It can be assumed
that approximately 80% of utilized antibiotics in aquaculture will be freed in the aquatic
environment [45]. It has been estimated that the concentration of tetracycline antibiotics is
high in rivers due to pharmaceutical manufacturing, its usage in hospitals, and facilities
for animal management [46,47]. This situation harms aquaculture in the face of bacterial
resistance due to misuse or overuse of tetracycline in fish farming [48,49]. As a result,
bacteria in water and fish pathogens might develop antibacterial resistance.
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3.1. The Adverse Effects of Tetracycline on Algal and Plankton Communities

Tetracycline is harmful for algal communities, inhibiting growth of different algae in
the concentration range 0.25–30 mg/L. It is not surprising that the higher the dose, the
more profound are the effects. Such, 94% growth inhibition of mixed algae is observed at a
concentration of 30 mg/L. Eukaryotic algae species are more vulnerable to tetracycline [50].
Freshwater green algae are sensitive both to tetracycline and its degradation products.
According to Xu et al., exposure to tetracycline and its metabolites increases the perme-
ability of algal cells and causes structural changes, including plasmolysis, starch granule
deposition, deformation of the thylakoid lamellae in the chloroplasts, and enlargement
of the vacuoles. These effects are more profound at higher tetracycline concentrations
(>5 mg/L) [51]. The ability of tetracycline to impact the protein synthesis machinery stands
behind these alterations [52].

Tetracycline also affects phytoplankton and zooplankton communities in a dose-
dependent manner. These effects include reduction in abundance and species richness,
which recover after exposure to tetracycline is discontinued. In addition, elevated concen-
trations of tetracycline decrease water clarity and lower levels of dissolved oxygen [53].
Tetracycline is capable of inducing the cyanobacterial bloom increasing the density of
bacteria more than two-fold. The shift observed is in favor of Synechococcus, Microcystis,
and Oscillatoria and against eukaryotic microalgae [54].

3.2. The Adverse Effects of Tetracycline on Fish Community

Apart from algae and plankton, tetracycline has many negative effects for the fish
community, among which is embryotoxicity. Zebrafish (Danio rerio) have recently gained
popularity as a potential animal model for research into the toxicity of various antibiotics, in-
cluding tetracycline. Zhang et al. (2015) identified the toxic impact of tetracycline antibiotics
on zebrafish embryos. It was stated that the drug could activate cell apoptosis by causing
oxidative stress, which impedes the development of zebrafish embryos. Additionally,
tetracycline induces caspase-dependent apoptosis in the early stages of zebrafish [55].

Oliveira et al. (2013) assessed the effects of tetracycline on zebrafish development
and concluded that it causes delayed hatching of embryos [56]. According to Yu et al.
(2020), prolonged exposure of zebrafish embryos to tetracycline at environmentally rele-
vant concentrations causes elevated transcription of genes involved in thyroid synthesis,
which might lead to thyroid dysfunction. Moreover, the authors reported that with an
increase in exposure to tetracycline, zebrafish showed a decline in body length, weight, and
BMI [57]. The sensitivity to tetracycline appears to vary depending on the developmental
stage. Zebrafish embryos absorb more tetracycline at 3 days postfertilization than at 6 h
postfertilization. Exposure to tetracycline at 0.4 mg/mL results in zebrafish death [58].

Jia et al. (2020) investigated the impact of tetracycline on aquatic culture. They con-
ducted a study on the goldfish Carassius auratus (Linnaeus, 1758) treating them with tetra-
cycline antibiotics at concentrations that are real to environmental conditions. This study
discovered the negative impact of tetracycline on fish gut microbial flora. Jia identified
the adverse effects of treatment with tetracycline on different Aeromonas species tolerance
and changes in bacterial communications due to exposure to tetracycline. According to
their results, tetracycline stress dramatically increased the resistance ratio in cultivated gut
bacteria, and there was growth in antibiotic tolerance of Aeromonas species [59]. Coinciden-
tally, there was a significant change in the structure of the gut microflora of goldfish and
the abundance of antibacterial resistance genes, which can encode efflux of tetracycline
antibiotics as a result of treatment with tetracycline [59].

Another dangerous effect of tetracycline on aquatic culture was found in the study of
Yu et al. (2019). A study showed that tetracycline antibiotics cause antioxidative stress in
fish organisms [60]. The stress response of an organism is protection caused by external
stimuli in the face of variations in hormone levels, energy metabolism, motor control, and
electrolyte balance [61]. For instance, in fish organisms, cortisol is one of the main significant
stress indicators that can regulate the response to stress and glucose metabolism [62].
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Yu et al. (2019) discovered that glucose, an energy source and intermediate of
metabolism, was drastically decreased in zebrafish due to exposure to tetracycline, while
significant alterations were not shown in cortisol levels. Consequently, it is assumed that
fish require more energy sources to maintain the excessive level of reactive oxygen species
(ROS) production by tetracycline antibiotics [60]. Treatment with tetracycline dramati-
cally decreases glucose and NrF2 mRNA and protein levels in zebrafish larvae. Moreover,
tetracycline molecules could dock with more stable hydrogen bonds into the binding
pocket of PI3K of zebrafish larvae, an important protein that activates NrF2. In conclu-
sion, tetracycline antibiotics could notably induce oxidative stress responses in zebrafish
larvae. Additionally, tetracycline inhibits the activation of NrF2 and reduces the capacity of
antioxidation by inhibiting the PI3K enzyme [60].

Another long-term effect of exposure to tetracycline is alterations in fish behavior.
As Almeida et al. (2019) identified that exposure of zebrafish to low concentrations of
tetracycline results in increased exploratory behavior. Interestingly, tetracycline treatment
induced photosensibility that changed the swimming pattern of zebrafish. These effects
were partially reversible after the exposure was discontinued [63]. Petersen et al. (2021) also
reported alterations in zebrafish behavior following acute exposure to tetracycline. These
changes included impaired locomotor activity, memory/learning processes, and proneness
to aggressive behavior [64]. Several mechanisms could be proposed to explain alterations
in fish behavior following tetracycline exposure. From one side, tetracycline leads to
intestinal dysbiosis and this might influence the gut brain axis of fish. From the other
side, prolonged exposure to tetracycline alters the levels of triiodothyronine and thyroid-
stimulating hormone which might be the sign of the hypothalamus–pituitary–thyroid
axis involvement. In addition, a decrease in cortisol levels is observed after tetracycline
exposure, which impacts anxiety-related behaviors [65].

Concerning the above, it could be concluded that tetracycline pollution harms the
aquatic environment and culture, affecting fish embryonic development and the gut mi-
crobiome, altering fish behavior, and causing oxidative stress. Tetracycline pollution
negatively affects other aquatic organisms, apart from fish. Acute and chronic exposure
to tetracycline may lead to an increased prevalence of diseases related to the digestive,
nervous and immune systems of fish, which might also be influenced by the development
of antibiotic resistance.

3.3. Development of Antibiotic Resistance in Bacteria

It was estimated that 90% of bacteria in the aquatic environment are resistant to at least
one antibiotic and 20% are multi drug resistant [66]. Bacteria develop antibiotic resistance
via molecular and genetic pathways. There are four well-defined mechanisms: efflux
pumps, tetracycline-inactivating enzymes, ribosomal protection proteins and spontaneous
mutations in target genes. Approximately 50 tetracycline-resistance genes are known up to
now, which are typically encoded in plasmids and transposons (some tetracycline genes
reside on chromosomes) and are passed from one species to another [67]. Once provoked,
antibiotic resistance spreads rapidly among aquatic microbial populations eventually
reaching human pathogens by means of horizontal gene transfer. This results in the
appearance of resistant strains that are more difficult to treat with available antibiotics and
increase in the occurrence of infectious diseases, which also tend to be more severe [68].

More research is needed to demonstrate a link between molecular events and physi-
ological as well as pathological effects of tetracycline exposure in fish and other aquatic
organisms. In addition, it is important to investigate the ability of aquatic organisms
to recover from tetracycline exposure. Since the contamination of aquatic environments
with antibiotics is likely to grow, there is a need to search for methods that can effectively
remove them.

5
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4. Effective Methods of Tetracycline Removal from the Aquatic Environment

As discussed above, tetracycline pollution has seriously threatened human health
and the environment. Ineffective wastewater systems are one of the main reasons for the
increased antibiotic concentrations in aquatic sources [69]. Moreover, Ahmad et al. (2021)
state that oxidation of tetracycline is difficult in the environment due to its stable compound.
Tetracycline can also be unstable at low pH because of their epi- and anhydrous-product
formation, but it makes them less degradable due to their low volatility [30]. Another
reason for the difficulty of tetracycline removal from water sources is because of its ability
to form stable compounds by binding Ca2+ and other ions [70,71]. However, some methods
can degrade tetracycline by breaking it down into small molecules with less harmful or
nonhazardous effects.

A number of approaches have been developed for the degradation of pharmaceuticals
from the aquatic environment. Thus, there is a range of traditional treatment methods used
for removal purposes. These include biological, chemical and physical removal, such as
membrane filtration, coagulation, prechlorination, adsorption, and flocculation [72]. These
methods have many benefits but also drawbacks, including maintenance requirements and
cost considerations [73].

4.1. Removal of Tetracycline by Adsorption

In general, adsorption of tetracycline is a relatively inexpensive and simple method.
Adsorption techniques are increasingly used to remove organic particles from contam-
inated streams. Currently, various adsorbents are available, such as chitosan particles,
graphene oxide, kaolinite, magnesium oxide, smectite clay, rectorite, aluminum oxide,
palygorskite, coal humic acid, activated carbon, and others [74]. Accumulation of a con-
taminant from liquids/gases to the adsorbent surface is the nature of adsorption process.
The efficiency of adsorption depends on the adsorbent properties, i.e., porosity (both at
micro and macro levels), pore diameter, and specific surface area. For chemical adsorption,
functional groups also play an important role. Several adsorption mechanisms participate
in removal of antibiotics from liquid media: electrostatic attraction, pore-filling, partition
into uncarbonized fractions, hydrophobic interaction, surface precipitation and formation
of hydrogen bonds [75].

Yu et al. utilized oxidized multi-walled carbon nanotubes to remove tetracycline from
water and found out that chemical properties of aqueous solution (ionic strength, pH,
and the presence of Cu2+) play an important role in tetracycline adsorption [76]. As the
application of adsorbents for tetracycline removal generates waste, photodegradation or
other techniques are commonly used for pollutants removal from adsorbents. Bhangi and
Ray applied kappa-carrageenan and iron oxide nanoparticle-filled poly composite gel with
subsequent photocatalytic degradation to remove tetracycline from water. The solution
pH, dose of the polymer, and initial concentration of tetracycline strongly influenced the
efficiency of tetracycline removal. High regeneration and recyclability were among the
benefits of nanocomposite adsorbent [77].

Biochars are carbon-based adsorbents that have many advantages, such as low cost,
large surface area and ease of regeneration. Natural biomasses, including solid wastes,
could be used for their production. Biochars appear to be ideal adsorbents, owing to
enriched surface functional groups. In most instances, biochars do not require additional
activation processing, although it could be performed [75]. The interest in the application of
biochars for tetracycline removal increased over the past decade reflecting intense research
efforts. Seaweed biochar derived from Sargassum species was utilized by Song et al. to
adsorb tetracycline from water. The uptake of tetracycline decreased with increasing pH
and the removal efficiency of biochar regenerated in different solutions could be as high
as 91.2% [78]. Shrimp shell waste can also be used for biochar production, as reported
by Chang et al. This environmentally friendly adsorbent removes high concentrations of
tetracycline very efficiently and the maximum adsorption capacity was 229.98 mg/g for
36 h at 55 ◦C [79]. Chitosan and its composites appear to be another attractive biochar
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that can be produced from seafood wastes by chitin extraction. It can be used alone or
in combination with other adsorbents, such as carbon nanotubes and graphene oxide.
Da Silva Bruckmann et al. investigated the utility of magnetic chitosan (CS·Fe3O4) to
remove tetracycline after several adsorption/desorption cycles. The authors concluded
that adsorption capacity is influenced by several factors, such as initial concentration of
tetracycline, adsorbent dosage, ionic strength, and pH [80]. However, translational studies
are needed to evaluate the performance of adsorption methods in practical settings.

4.2. Removal of Tetracycline by Photodegradation

One of the methods of tetracycline removal is an advanced oxidative process (AOP).
This process requires the reaction between hydroxyl radicals (•HO), which have high
oxidative reactivity, and organic compounds [81]. These highly reactive hydroxyl radicals
can be generated by hydrogen peroxide, ozone, and metal or semimetal catalysts. AOP can
produce substrates with low toxicity and then mineralize them [82]. Advanced oxidation
processes can be divided into techniques such as Fenton, ozonation, and UV photolysis,
depending on the catalysts used and ultrasounds [83]. One of the effective oxidizing agents
for tetracycline degradation is ozone. Ozone can react with tetracycline in protonated form
by adding one oxygen atom at C11a-C12 and two oxygen atoms at C2-C3 [84]. Even though
ozonation is considered to be effective for tetracycline removal, several factors, such as pH
and TC concentration, might impact its efficacy. The study by Ahmad et al. (2021) suggests
that the pH level has a crucial influence on the ozonation process. If the pH is low, then
the hydroxyl group at ring I of tetracycline cannot be dissociated, which decreases electron
densities in the C2-C3 locations. As a result of reduced electron densities, the possibility of
ozone reacting with the C2-C3 position will decline [30,85]. Therefore, it will negatively
affect the effectiveness of the degradation process.

Although tetracycline does not degrade under visible light, it can be degraded via
exposure to ultraviolet irradiation at both 254 and 185 nm wavelengths. This approach
enables disinfection and removal of other pollutants, apart from tetracycline. In general,
exposure to 185 nm UV resulted in better degradation of tetracycline than exposure to
254 nm UV. This could be explained by the ability of 185 nm UV to cause the photodissocia-
tion of water molecules and direct photolysis [86]. As a result, highly reactive hydroxyl
radicals are formed in elevated concentrations. Moreover, the presence of dissolved oxygen
increases degradation rates by an additional 16%, which is probably associated with the
increased formation of oxidative radical species. The combination of UV with hydrogen
peroxide or Fe2+ also improves the degradation of tetracycline, as well as the combination
with ozone and hydrogen peroxide [87]. Fortification of UV radiation by application of
peroxomonosulfate or persulfate helps to increase the rate of tetracycline degradation.
This is also associated with the generation of oxidative radical species (both hydroxyl
radicals and SO4

2−). The resulting removal efficiency may even exceed 80% [88]. Table 1
presents the effectiveness of adsorption and photodegradation methods in the removal of
tetracycline from aquatic environments.

4.3. Removal of Tetracycline by Physico-Chemical Methods

Once physical and chemical methods proved to be successful in the removal of tetra-
cycline from water and wastewater, it is reasonable to conclude that a combination of
these methods will enable higher clearance. Sonolysis is a physico-chemical process and
is an efficient method for the full mineralization of wastewater. This is a relatively new
advanced oxidation process. Ultrasound and associated cavitation produce both physical
and chemical effects. The chemical effects of ultrasound involve the generation of high
temperature and pressure, which result in the formation of various oxidizing species, such
as hydrogen, hydroxide, hydroperoxide, hydrogen peroxide, etc. These are very active
oxidizing species that can instantly attack the organic molecules in the majority of refractory
organic contaminants and destroy them. The physical effects of ultrasound mostly include
intense mixing or convection in the medium, resulting in microstreaming [89].
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Table 1. Studies on the effectiveness of adsorption and photodegradation methods in removal of
tetracycline.

First Author, Year of
Publication, Reference

Initial Concentration of
Tetracycline Matrix Removal Method Reported Effectiveness

Yu et al., 2014 [76] 7.3–151.6 mg/L−1 Deionized water
Adsorption (Oxidized
multi-walled carbon

nanotubes)

The removal rate
approximated 70% (at
pH range of 3.3–8.0).

Bhangi and Ray, 2022 [77] 50–300 mg/L−1 Deionized water

Adsorption and
photocatalytic
degradation by

kappa-carrageenan and
iron oxide

nanoparticle-filled poly
composite gel

The efficiency of
photo-degradation was

86.1% after 2 hours.

Song et al., 2019 [78] 500 mg/L−1 Deionized water Adsorption (biochar
derived from seaweed)

The removal efficiency
ranged from 89.2 to 91.2%.

Chang et al., 2020 [79] 400 mg/L−1 Deionized water
Adsorption (biochar
derived from shrimp

shell waste)

The maximum adsorption
capacity was 229.98 mg/g

for 36 h at 55 ◦C.

Da Silva Bruckmann et al.,
2022 [80] 10–200 mg/L−1 Deionized water Adsorption (magnetic

chitosan, CS·Fe3O4)

The highest adsorption
capacity reached

211.21 mg/g−1 (at pH 7.0).

Dalmázio et al., 2007 [84] 52.8 mg/L−1 Deionized water Ozone/air gas stream Almost complete
degradation after 120 min.

Gulnaz et al., 2016 [85] 400 mg/L−1 Deionized water Ozone/air gas stream Complete removal after
40 min.

Luu and Lee, 2014 [87] 20 mg/L−1 Artificial wastewater
Ozone/ultraviolet,
Ozone/hydrogen

peroxide/ultraviolet
Complete removal.

Xu et al., 2020 [88] 18.22 g/L−1
Natural water (tap water,

Xincheng river and
Taihu lake)

Ultraviolet C, Ultraviolet
C/persulfate

The removal efficiency
exceeded 80%.

Hou et al. (2016) reported their experience utilizing the coupled ultrasound/Fenton-
like process to degrade tetracycline over an Fe3O4 catalyst. According to the study findings,
the application of ultrasound considerably increased the catalyst’s stability. After 60 min of
treatment, 93.6% of tetracycline was eliminated under ideal circumstances [90]. Wang et al.
(2011) used ultrasound-amplified catalytic ozonation by a goethite catalyst in an air-lift
reactor. The authors reported a 100% removal of tetracycline, which was influenced by
the high concentration of gaseous ozone (13.8 mg/L), increasing gas flow rate and power
density (ultrasound frequency was 20 kHz and power was 250 W) [91].

Over the past decade, photocatalytic strategies for tetracycline removal have been
extensively studied in combination with ultrasound. P25 titanium dioxide nanopowder
was used to induce photocatalytic degradation with simultaneous application of hydro-
dynamic cavitation. The highest degradation of tetracycline was 78.2%, and the reaction
time was 90 min [92]. Ghoreishian et al. (2019) reported sonophotocatalytic degradation
of tetracycline with the help of reduced graphene oxide/cadmium tungstate composite
hierarchical structures. The authors stated a complete degradation of tetracycline (the initial
concentration was 13.54 mg/L). The overall time of ultrasound-assisted reaction equaled
1 h, and the catalyst loading was 0.216 g/L [93]. Heidari et al. (2018) used a composite pho-
tocatalytic material (Bi2Sn2O7-C3N4/Y) for the degradation of tetracycline. The maximum
rate of tetracycline degradation was 80.4%, and the concentration of Bi2Sn2O7-C3N4/Y
zeolite was 1 g/L with a reaction time equal to 90 min [94].

Although the above-described methods of physico-chemical removal of tetracycline
have many advantages, primarily high effectiveness, they may also yield dangerous trans-
formation byproducts. The photolysis technique is capable of producing even more toxic
intermediates than tetracycline itself [95]. In addition, some of them pose high requirements
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for reagents or have increased energy demands. Therefore, the development of biological
methods for tetracycline removal appears to be a promising approach. Table 2 summarizes
the results of different studies on the effectiveness of physico-chemical methods used for
tetracycline removal from aquatic environment.

Table 2. Studies on the effectiveness of physico-chemical methods in removal of tetracycline.

First Author, Year of
Publication, Reference

Initial Concentration
of Tetracycline Matrix Removal Method Reported Effectiveness

Hou et al., 2016 [90] 100 mg/L−1 Deionized water Ultrasound/heterogeneous
Fenton process

93.6% of tetracycline was
removed after 60 min.

Wang et al., 2011 [91] 100 mg/L−1 Deionized water Ultrasound/goethite/ozone Complete removal.

Wang et al., 2017 [92] 30 mg/L−1 Deionized water Photocatalysis/hydrodynamic
cavitation 78.2% removal after 90 min.

Ghoreishian et al.,
2019 [93] 13.54 mg/L−1 Deionized water Sonophotocatalysis Complete removal (after

60 min).

Heidari et al., 2018 [94] 10–30 mg/L−1 Deionized water Sonophotocatalysis 80.4% degradation after
90 min.

4.4. Removal of Tetracycline by Biological Methods

Biodegradation and biosorption are two main biological methods used to remove
antibiotics from the aquatic environment. Microbial metabolism and cometabolism are
both a part of biodegradation. In microbial metabolism, microorganisms use antibiotics
as carbon sources and energy substrates for their growth. Meanwhile, in the case of
microbial cometabolism, antibiotics can be destroyed by homologous enzymes released by
the microbial population. Biosorption applies to the removal of antibiotics by electrostatic
and hydrophobic interactions [96].

Enzymes are frequently used for the treatment of various contaminants. They are
characterized by mild reaction conditions, rapid reaction times, high efficiency, and minimal
energy consumption [97]. It was demonstrated that horseradish peroxidase can remove
50% of tetracycline within 1 h [98]. Meanwhile, Phanerochaete chrysosporium expresses three
key ligninolytic enzymes: lignin peroxidase, manganese peroxidase, and laccase. Sun
et al. (2021) utilized manganese peroxidase from Phanerochaete chrysosporium to biodegrade
tetracycline and showed that it can transform as much as 80% of tetracycline within 3 h [99].
Yang et al. (2017) developed a review on the potency of laccases to remove tetracycline [100].
According to Becker et al. (2016), the use of immobilized laccase from Trametes versicolor
helped to remove >70% of tetracycline within 24 h [101]. Wen and Li (2009) used crude
lignin peroxidase from Phanerochaete chrysosporium to biodegrade tetracycline. This enzyme
can remove up to 95% of tetracycline within 5 min under optimal conditions [102].

There is a series of computational studies that model the ability of different enzymes
to biodegrade antibiotics, including tetracycline. Currently, bioinformatics presents an
economically viable way to predict the molecule’s properties prior to experimental tri-
als. For this purpose, molecular docking and molecular dynamics analyses are applied.
Cárdenas-Moreno et al. (2019) modeled the interactions between laccases from Ganoderma
weberianum and tetracycline. The root mean square deviation of the laccase-tetracycline
interaction was 1.991. As lower values indicate higher similarity, it may be concluded that
laccase can effectively bind to tetracycline [103].

Several mechanisms could be proposed to explain how microorganisms can remove
tetracycline via biodegradation. Microorganisms can biodegrade tetracycline by opening
loop structures and cutting functional groups, such as N-methyl, carbonyl, and amino
groups [104–106]. Tetracycline is degraded by a range of microorganisms, including Bacillus
sp., Stenotrophomonas maltophilia, Klebsiella sp., Sphingobacterium sp., Trichosporon mycotox-
inivorans, and Shewanella species [107]. Stenotrophomonas maltophilia has been linked to a
number of potential degradative pathways, and processes such as decarbonylation, den-
itromethylation, and deamination have all been identified [108]. Similarly, Klebsiella sp.
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uses hydrolysis ring-opening, oxidation, deamination, decarbonylation, and demethylation
reactions in the process of tetracycline degradation [109]. At the same time, Trichosporon my-
cotoxinivorans utilizes proton-transfer pathway reactions, dehydration, and epimerization
as parts of the tetracycline breakdown process [30].

A novel method of wastewater treatment known as a membrane bioreactor (MBR)
combines the conventional activated sludge process with membrane separation technology.
According to Tran et al. (2016), MBRs can be implemented for treating wastewater for
the removal of tetracycline. It was demonstrated that acclimated sludge from an MBR
can degrade up to 40 mg tetracycline with 83.3–95.5% antibiotic removal compared to the
conventional process with 44.3–87.6% efficiency [106]. Xu et al. (2019) showed that MBRs
can remove more than 90% of tetracycline via both biodegradation and adsorption [110].
Sheng et al. (2018) proved that MBRs have high removal efficiency for tetracycline (87.6–
100%) at environmentally relevant concentrations (1 mg/L). Nevertheless, it had inadequate
removal at higher tetracycline concentrations (i.e., 10 mg/L) [111]. These data illustrate
that tetracycline removal by membrane bioreactors is an effective option for wastewater
treatment, but only if the concentration of tetracycline is relatively low.

On the basis of all the above stated, it might be concluded that there is a need for
the continuous search and development of innovative methods of tetracycline removal
from various aquatic environments. This will help to overcome the issue of environmental
pollution caused by tetracycline and minimize the associated negative effects. The treatment
of wastewater requires special attention. Table 3 summarizes the effectiveness of biological
methods used for tetracycline removal.

Table 3. Studies on the effectiveness of biological methods in removal of tetracycline.

First Author, Year of
Publication, Reference

Initial Concentration of
Tetracycline Matrix Removal Method Reported Effectiveness

Leng et al., 2020 [98] 0.13 mg/L−1
Wastewater collected from
the Tudhoe Mill Sewage

Treatment Plant, UK

Enzymatic treatment with
horseradish peroxidase,

horseradish
peroxidase/redox

mediator

The mean degradation
was 47.57% after 30 min

and 67.90% after 8 h.

Sun et al., 2021 [99] 10–50, 100 mg/L−1 Pure water Enzymatic treatment with
manganese peroxidase

The degradation rate was
80% (<50 mg L−1) and

60% (≥50 mg L−1).

Becker et al., 2016 [101] 10 mg/L−1 Deionized water Enzymatic treatment with
fungal laccase 70% removal within 24 h.

Wen et al., 2009 [102] 50 mg/L−1 High purity water Enzymatic treatment with
lignin peroxidase 95% removal after 5 min.

Tran et al., 2016 [106] Median concentration
3604 ng/L−1

Wastewater from a
conventional wastewater

treatment plant

Conventional activated
sludge, membrane

bioreactor

Membrane bioreactor
removed 83.3–95.5% and
conventional process had

44.3–87.6% efficiency.

Xu et al., 2019 [110] 1000 µg/L−1
Wastewater from a

conventional wastewater
treatment plant

Membrane bioreactor 90% of tetracycline
was removed.

Sheng et al., 2018 [111] 1, 10, 100 µg/L−1;
1, 10 mg/L−1

Activated sludge from a
conventional wastewater

treatment plant

Nitritation membrane
bioreactor

The removal rate was
87.6–100% at low

concentration (≤1 mg/L)
but poor at higher

concentration
(≥10 mg/L).

5. Conclusions

Tetracycline is one of the most common antibiotics used for human and animal therapy
in agriculture and aquaculture to promote growth. Globally, aquatic environments are
polluted by tetracycline due to its widespread use and high stability. This promotes
antibiotic resistance and necessitates development of novice antibacterial drugs. In addition,
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tetracycline has many toxic effects on aquatic organisms and breaks the equilibrium, causing
dysbiosis. The negative effects of tetracycline are dose-dependent and there is a need for
continuous monitoring of tetracycline pollution in different aquatic systems. A range of
methods for tetracycline removal has been proposed and future research needs to focus on
evaluation of their effectiveness in real world practice. Antibiotic pollution of wastewaters
is another major concern. Biodegradation appears to be a promising method to solve this
issue, yet a lot needs to be done before it becomes a routine approach in conventional
wastewater treatment plants.
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50. Taşkan, E. Effect of tetracycline antibiotics on performance and microbial community of algal photo-bioreactor. Appl. Biochem.
Biotechnol. 2016, 179, 947–958. [CrossRef]

51. Xu, D.; Xiao, Y.; Pan, H.; Mei, Y. Toxic effects of tetracycline and its degradation products on freshwater green algae. Ecotoxicol.
Environ. Saf. 2019, 174, 43–47. [CrossRef] [PubMed]

52. Bashir, K.M.I.; Cho, M.G. The effect of kanamycin and tetracycline on growth and photosynthetic activity of two chlorophyte
algae. BioMed Res. Int. 2016, 2016, 5656304. [CrossRef] [PubMed]

53. Wilson, C.J.; Brain, R.A.; Sanderson, H.; Johnson, D.J.; Bestari, K.T.; Sibley, P.K.; Solomon, K.R. Structural and functional responses
of plankton to a mixture of four tetracyclines in aquatic microcosms. Environ. Sci. Technol. 2004, 38, 6430–6439. [CrossRef]
[PubMed]

54. Xu, S.; Jiang, Y.; Liu, Y.; Zhang, J. Antibiotic-accelerated cyanobacterial growth and aquatic community succession towards the
formation of cyanobacterial bloom in eutrophic lake water. Environ. Pollut. 2021, 290, 118057. [CrossRef] [PubMed]

55. Zhang, Q.; Cheng, J.; Xin, Q. Effects of tetracycline on developmental toxicity and molecular responses in zebrafish (Danio rerio)
embryos. Ecotoxicology 2015, 24, 707–719. [CrossRef] [PubMed]

56. Oliveira, R.; McDonough, S.; Ladewig, J.C.; Soares, A.M.; Nogueira, A.J.; Domingues, I. Effects of oxytetracycline and amoxicillin
on development and biomarkers activities of zebrafish (Danio rerio). Environ. Toxicol. Pharmacol. 2013, 36, 903–912. [CrossRef]

57. Yu, K.; Li, X.; Qiu, Y.; Zeng, X.; Yu, X.; Wang, W.; Yi, X.; Huang, L. Low-dose effects on thyroid disruption in zebrafish by
long-term exposure to oxytetracycline. Aquat. Toxicol. 2020, 227, 105608. [CrossRef]

58. Zhang, F.; Qin, W.; Zhang, J.P.; Hu, C.Q. Antibiotic toxicity and absorption in zebrafish using liquid chromatography-tandem
mass spectrometry. PLoS ONE 2015, 10, e0124805. [CrossRef]

59. Jia, J.; Cheng, M.; Xue, X.; Guan, Y.; Wang, Z. Characterization of tetracycline effects on microbial community, antibiotic
resistance genes and antibiotic resistance of Aeromonas spp. in gut of goldfish Carassius auratus Linnaeus. Ecotoxicol. Environ. Saf.
2020, 191, 110182. [CrossRef]

60. Yu, X.; Wu, Y.; Deng, M.; Liu, Y.; Wang, S.; He, X.; Allaire-Leung, M.; Wan, J.; Zou, Y.; Yang, C. Tetracycline antibiotics as PI3K
inhibitors in the Nrf2-mediated regulation of antioxidative stress in zebrafish larvae. Chemosphere 2019, 226, 696–703. [CrossRef]

61. Urbinati, E.C.; de Abreu, J.S.; da Silva Camargo, A.C.; Parra, M.A.L. Loading and transport stress of juvenile matrinxã (Brycon
cephalus, Characidae) at various densities. Aquaculture 2004, 229, 389–400. [CrossRef]

62. Strange, R.J.; Schreck, C.B. Anesthetic and handling stress on survival and cortisol concentration in yearling chinook salmon
(Oncorhynchus tshawytscha). J. Fish. Board Can. 1978, 35, 345–349. [CrossRef]

63. Almeida, A.R.; Domingues, I.; Henriques, I. Zebrafish and water microbiome recovery after oxytetracycline exposure. Environ.
Pollut. 2021, 272, 116371. [CrossRef]

64. Petersen, B.D.; Pereira, T.C.B.; Altenhofen, S.; Nabinger, D.D.; Ferreira, P.M.D.A.; Bogo, M.R.; Bonan, C.D. Antibiotic drugs alter
zebrafish behavior. Comp. Biochem. Physiol. Part C Toxicol. Pharmacol. 2021, 242, 108936. [CrossRef]

65. Gusso, D.; Altenhofen, S.; Fritsch, P.M.; Rübensam, G.; Bonan, C.D. Oxytetracycline induces anxiety-like behavior in adult
zebrafish. Toxicol. Appl. Pharmacol. 2021, 426, 115616. [CrossRef]

66. Lin, J.; Nishino, K.; Roberts, M.C.; Tolmasky, M.; Aminov, R.I.; Zhang, L. Mechanisms of antibiotic resistance. Front. Microbiol.
2015, 6, 34. [CrossRef] [PubMed]

67. Schnabel, E.L.; Jones, A.L. Distribution of tetracycline resistance genes and transposons among phylloplane bacteria in Michigan
apple orchards. Appl. Environ. Microbiol. 1999, 65, 4898–4907. [CrossRef] [PubMed]

68. Pepi, M.; Focardi, S. Antibiotic-resistant bacteria in aquaculture and climate change: A challenge for health in the Mediterranean
Area. Int. J. Environ. Res. Public Health 2021, 18, 5723. [CrossRef] [PubMed]

69. Tran, N.H.; Gin, K.Y.H. Occurrence and removal of pharmaceuticals, hormones, personal care products, and endocrine disrupters
in a full-scale water reclamation plant. Sci. Total Environ. 2017, 599, 1503–1516. [CrossRef] [PubMed]

70. Gao, P.; Ding, Y.; Li, H.; Xagoraraki, I. Occurrence of pharmaceuticals in a municipal wastewater treatment plant: Mass balance
and removal processes. Chemosphere 2012, 88, 17–24. [CrossRef] [PubMed]

71. Li, B.; Zhang, T. Biodegradation and adsorption of antibiotics in the activated sludge process. Environ. Sci. Technol.
2010, 44, 3468–3473. [CrossRef] [PubMed]

72. Smol, M.; Włodarczyk-Makuła, M. The Effectiveness in the Removal of PAHs from Aqueous Solutions in Physical and Chemical
Processes: A Review. Polycycl. Aromat. Compd. 2007, 37, 292–313. [CrossRef]

13



Antibiotics 2023, 12, 440

73. Tian, W.J.; Bai, J.; Liu, K.K.; Sun, H.M.; Zhao, Y.G. Occurrence and removal of polycyclic aromatic hydrocarbons in the wastewater
treatment process. Ecotoxicol. Environ. Saf. 2012, 82, 1–7. [CrossRef]

74. Krakko, D.; Heieren, B.T.; Illes, A.; Kvamme, K.; Dóbé, S.; Záray, G. (V)UV degradation of the antibiotic tetracycline: Kinetics,
transformation products and pathway. Process Saf. Environ. Prot. 2022, 163, 395–404. [CrossRef]

75. Ahmed, M.B.; Zhou, J.L.; Ngo, H.H.; Guo, W. Adsorptive removal of antibiotics from water and wastewater: Progress and
challenges. Sci. Total Environ. 2015, 532, 112–126. [CrossRef] [PubMed]

76. Yu, F.; Ma, J.; Han, S. Adsorption of tetracycline from aqueous solutions onto multi-walled carbon nanotubes with different
oxygen contents. Sci. Rep. 2014, 4, 5326. [CrossRef] [PubMed]

77. Bhangi, B.K.; Ray, S. Adsorption and photocatalytic degradation of tetracycline from water by kappa-carrageenan and iron oxide
nanoparticle-filled poly (acrylonitrile-co-N-vinyl pyrrolidone) composite gel. Polym. Eng. Sci. 2022, 2022, 1–18. [CrossRef]

78. Song, G.; Guo, Y.; Li, G.; Zhao, W.; Yu, Y. Comparison for adsorption of tetracycline and cefradine using biochar derived from
seaweed Sargassum sp. Desalination Water Treat. 2019, 160, 316–324. [CrossRef]

79. Chang, J.; Shen, Z.; Hu, X.; Schulman, E.; Cui, C.; Guo, Q.; Tian, H. Adsorption of tetracycline by shrimp shell waste from aqueous
solutions: Adsorption isotherm, kinetics modeling, and mechanism. ACS Omega 2020, 5, 3467–3477. [CrossRef]

80. da Silva Bruckmann, F.; Schnorr, C.E.; da Rosa Salles, T.; Nunes, F.B.; Baumann, L.; Müller, E.I.; Bohn Rhoden, C.R. Highly
efficient adsorption of tetracycline using chitosan-based magnetic adsorbent. Polymers 2022, 14, 4854. [CrossRef]

81. Wang, J.L.; Xu, L.J. Advanced oxidation processes for wastewater treatment: Formation of hydroxyl radical and application.
Crit. Rev. Environ. Sci. Technol. 2012, 42, 251–325. [CrossRef]

82. Deng, Y.; Zhao, R. Advanced oxidation processes (AOPs) in wastewater treatment. Curr. Pollut. Rep. 2015, 1, 167–176. [CrossRef]
83. Klavarioti, M.; Mantzavinos, D.; Kassinos, D. Removal of residual pharmaceuticals from aqueous systems by advanced oxidation

processes. Environ. Int. 2009, 35, 402–417. [CrossRef] [PubMed]
84. Dalmázio, I.; Almeida, M.O.; Augusti, R.; Alves, T. Monitoring the degradation of tetracycline by ozone in aqueous medium via

atmospheric pressure ionization mass spectrometry. J. Am. Soc. Mass Spectrom. 2007, 18, 679–687. [CrossRef] [PubMed]
85. Gulnaz, O.; Sezer, G. Ozonolytic degradation of tetracycline antibiotic: Effect of PH. Fresenius Environ. Bull. 2016, 25, 2928–2934.
86. Krakkó, D.; Illés, Á.; Domján, A.; Demeter, A.; Dóbé, S.; Záray, G. UV and (V) UV irradiation of sitagliptin in ultrapure water

and WWTP effluent: Kinetics, transformation products and degradation pathway. Chemosphere 2022, 288, 132393. [CrossRef]
[PubMed]

87. Luu, H.T.; Lee, K. Degradation and changes in toxicity and biodegradability of tetracycline during ozone/ultraviolet-based
advanced oxidation. Water Sci. Technol. 2014, 70, 1229–1235. [CrossRef] [PubMed]

88. Xu, M.; Deng, J.; Cai, A.; Ma, X.; Li, J.; Li, Q.; Li, X. Comparison of UVC and UVC/persulfate processes for tetracycline removal in
water. Chem. Eng. J. 2020, 384, 123320. [CrossRef]

89. de Andrade, F.V.; Augusti, R.; de Lima, G.M. Ultrasound for the remediation of contaminated waters with persistent organic
pollutants: A short review. Ultrason. Sonochem. 2021, 78, 105719. [CrossRef]

90. Hou, L.; Wang, L.; Royer, S.; Zhang, H. Ultrasound-assisted heterogeneous Fenton-like degradation of tetracycline over a
magnetite catalyst. J. Hazard. Mater. 2016, 302, 458–467. [CrossRef]

91. Wang, Y.; Zhang, H.; Chen, L. Ultrasound enhanced catalytic ozonation of tetracycline in a rectangular air-lift reactor. Catal. Today
2011, 175, 283–292. [CrossRef]

92. Wang, X.; Jia, J.; Wang, Y. Combination of photocatalysis with hydrodynamic cavitation for degradation of tetracycline.
Chem. Eng. J. 2017, 315, 274–282. [CrossRef]

93. Ghoreishian, S.M.; Raju, G.S.R.; Pavitra, E.; Kwak, C.H.; Han, Y.K.; Huh, Y.S. Ultrasound-assisted heterogeneous degradation of
tetracycline over flower-like rGO/CdWO4 hierarchical structures as robust solar-light-responsive photocatalysts: Optimization,
kinetics, and mechanism. Appl. Surf. Sci. 2019, 489, 110–122. [CrossRef]

94. Heidari, S.; Haghighi, M.; Shabani, M. Ultrasound assisted dispersion of Bi2Sn2O7-C3N4 nanophotocatalyst over various
amount of zeolite Y for enhanced solar-light photocatalytic degradation of tetracycline in aqueous solution. Ultrason. Sonochem.
2018, 43, 61–72. [CrossRef] [PubMed]

95. Sun, K.; Huang, Q.; Li, S. Transformation and toxicity evaluation of tetracycline in humic acid solution by laccase coupled with
1-hydroxybenzotriazole. J. Hazard. Mater. 2017, 331, 182–188. [CrossRef]

96. Huang, S.; Yu, J.; Li, C.; Zhu, Q.; Zhang, Y.; Lichtfouse, E.; Marmier, N. The effect review of various biological, physical and
chemical methods on the removal of antibiotics. Water 2022, 14, 3138. [CrossRef]

97. Duran, N.; Esposito, E. Potential applications of oxidative enzymes and phenoloxidase-like compounds in wastewater and soil
treatment: A review. Appl. Catal. B Environ. 2000, 28, 83–99. [CrossRef]

98. Leng, Y.; Bao, J.; Xiao, H.; Song, D.; Du, J.; Mohapatra, S.; Wang, J. Transformation mechanisms of tetracycline by horseradish
peroxidase with/without redox mediator ABTS for variable water chemistry. Chemosphere 2020, 258, 1–10. [CrossRef]

99. Sun, X.; Leng, Y.; Wan, D.; Chang, F.; Huang, Y.; Li, Z.; Wang, J. Transformation of tetracycline by manganese peroxidase from
phanerochaete chrysosporium. Molecules 2021, 26, 6803. [CrossRef]

100. Yang, J.; Li, W.; Ng, T.B.; Deng, X.; Lin, J.; Ye, X. Laccases: Production, expression regulation, and applications in pharmaceutical
biodegradation. Front. Microbiol. 2017, 8, 832. [CrossRef]

14



Antibiotics 2023, 12, 440

101. Becker, D.; Della Giustina, S.V.; Rodriguez-Mozaz, S.; Schoevaart, R.; Barceló, D.; de Cazes, M.; Belleville, M.P.; Sanchez-
Marcano, J.; de Gunzburg, J.; Couillerot, O.; et al. Removal of antibiotics in wastewater by enzymatic treatment with fungal
laccase—Egradation of compounds does not always eliminate toxicity. Bioresour. Technol. 2016, 219, 500–509. [CrossRef]

102. Wen, X.; Jia, Y.; Li, J. Degradation of tetracycline and oxytetracycline by crude lignin peroxidase prepared from Phanerochaete
chrysosporium—A white rot fungus. Chemosphere 2009, 75, 1003–1007. [CrossRef]

103. Cárdenas-Moreno, Y.; Espinosa, L.A.; Vieyto, J.C.; González-Durruthy, M.; del Monte-Martinez, A.; Guerra-Rivera, G.; Sánchez
López, M.I. Theoretical study on binding interactions of laccase-enzyme from Ganoderma weberianum with multiples ligand
substrates with environmental impact. Ann. Proteom. Bioinform. 2019, 3, 001–009.

104. Yin, Z.; Xia, D.; Shen, M.; Zhu, D.; Cai, H.; Wu, M.; Kang, Y. Tetracycline degradation by Klebsiella sp. strain TR5: Proposed
degradation pathway and possible genes involved. Chemosphere 2020, 253, 126729. [CrossRef] [PubMed]

105. Leng, Y.; Bao, J.; Chang, G.; Zheng, H.; Li, X.; Du, J.; Li, X. Biotransformation of tetracycline by a novel bacterial strain
Stenotrophomonas maltophilia DT1. J. Hazard. Mater. 2016, 318, 125–133. [CrossRef] [PubMed]

106. Tran, N.H.; Chen, H.; Reinhard, M.; Mao, F.; Gin, K.Y.H. Occurrence and removal of multiple classes of antibiotics and
antimicrobial agents in biological wastewater treatment processes. Water Res. 2016, 104, 461–472. [CrossRef]

107. Shao, S.; Wu, X. Microbial degradation of tetracycline in the aquatic environment: A review. Crit. Rev. Biotechnol. 2020, 40, 1010–1018.
[CrossRef]

108. Kumar, M.; Jaiswal, S.; Sodhi, K.K.; Shree, P.; Singh, D.K.; Agrawal, P.K.; Shukla, P. Antibiotics bioremediation: Perspectives on its
ecotoxicity and resistance. Environ. Int. 2019, 124, 448–461. [CrossRef]

109. Zhong, S.F.; Yang, B.; Xiong, Q.; Cai, W.W.; Lan, Z.G.; Ying, G.G. Hydrolytic transformation mechanism of tetracycline antibiotics:
Reaction kinetics, products identification and determination in WWTPs. Ecotoxicol. Environ. Saf. 2022, 229, 113063. [CrossRef]

110. Xu, R.; Wu, Z.; Zhou, Z.; Meng, F. Removal of sulfadiazine and tetracycline in membrane bioreactors: Linking pathway to
microbial community shift. Environ. Technol. 2019, 40, 134–143. [CrossRef] [PubMed]

111. Sheng, B.; Cong, H.; Zhang, S.; Meng, F. Interactive effects between tetracycline and nitrosifying sludge microbiota in a nitritation
membrane bioreactor. Chem. Eng. J. 2018, 341, 556–564. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

15



Citation: Farkas, A.; Coman, C.;

Szekeres, E.; Teban-Man, A.; Carpa,

R.; Butiuc-Keul, A. Molecular Typing

Reveals Environmental Dispersion of

Antibiotic-Resistant Enterococci

under Anthropogenic Pressure.

Antibiotics 2022, 11, 1213. https://

doi.org/10.3390/antibiotics11091213

Academic Editor: Akebe Luther

King Abia

Received: 6 August 2022

Accepted: 5 September 2022

Published: 7 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

antibiotics

Article

Molecular Typing Reveals Environmental Dispersion of
Antibiotic-Resistant Enterococci under Anthropogenic Pressure
Anca Farkas 1,2,*, Cristian Coman 3, Edina Szekeres 1,3, Adela Teban-Man 3,4, Rahela Carpa 1,2

and Anca Butiuc-Keul 1,2

1 Department of Molecular Biology and Biotechnology, Faculty of Biology and Geology, Babes, -Bolyai
University, 1 M. Kogălniceanu Street, 400084 Cluj-Napoca, Romania

2 Centre for Systems Biology, Biodiversity and Bioresources, Babes, -Bolyai University, 5–7 Clinicilor Street,
400006 Cluj-Napoca, Romania

3 National Institute of Research and Development for Biological Sciences (NIRDBS), Institute of Biological
Research, 48 Republicii Street, 400015 Cluj-Napoca, Romania

4 Department of Taxonomy and Ecology, Faculty of Biology and Geology, Babes, -Bolyai University, 1 M.
Kogălniceanu Street, 400084 Cluj-Napoca, Romania

* Correspondence: ancuta.farkas@ubbcluj.ro

Abstract: As a consequence of global demographic challenges, both the artificial and the natural
environment are increasingly impacted by contaminants of emerging concern, such as bacterial
pathogens and their antibiotic resistance genes (ARGs). The aim of this study was to determine
the extent to which anthropogenic contamination contributes to the spread of antibiotic resistant
enterococci in aquatic compartments and to explore genetic relationships among Enterococcus strains.
Antimicrobial susceptibility testing (ampicillin, imipenem, norfloxacin, gentamycin, vancomycin,
erythromycin, tetracycline, trimethoprim-sulfamethoxazole) of 574 isolates showed different rates of
phenotypic resistance in bacteria from wastewaters (91.9–94.4%), hospital effluents (73.9%), surface
waters (8.2–55.3%) and groundwater (35.1–59.1%). The level of multidrug resistance reached 44.6% in
enterococci from hospital effluents. In all samples, except for hospital sewage, the predominant
species were E. faecium and E. faecalis. In addition, E. avium, E. durans, E. gallinarum, E. aquimarinus
and E. casseliflavus were identified. Enterococcus faecium strains carried the greatest variety of ARGs
(blaTEM-1, aac(6′)-Ie-aph(2”), aac(6′)-Im, vanA, vanB, ermB, mefA, tetB, tetC, tetL, tetM, sul1), while E.
avium displayed the highest ARG frequency. Molecular typing using the ERIC2 primer revealed
substantial genetic heterogeneity, but also clusters of enterococci from different aquatic compartments.
Enterococcal migration under anthropogenic pressure leads to the dispersion of clinically relevant
strains into the natural environment and water resources. In conclusion, ERIC-PCR fingerprinting in
conjunction with ARG profiling is a useful tool for the molecular typing of clinical and environmental
Enterococcus species. These results underline the need of safeguarding water quality as a strategy to
limit the expansion and progression of the impending antibiotic-resistance crisis.

Keywords: antimicrobial resistance; ERIC-PCR; Enterococcus avium; Enterococcus faecalis; Enterococcus
faecium; hospital; wastewater; freshwater

1. Introduction

Today, more than half of the world’s population lives in urban areas, a proportion
expected to increase to 68% by 2050, according to the United Nations (https://www.un.
org/, accessed on 31 July 2022). Not only are the cities themselves expected to be highly
impacted by excessive anthropogenic pressure, but also the surrounding environments. The
urban–rural lifestyle in metropolitan areas is a developing phenomenon, concerning the
essential human activities and services, as well as recreation and leisure. As a consequence
of global demographic challenges, both the artificial and the natural environment are
increasingly affected by contaminants of emerging concern. The quality of water resources
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is vulnerable to a wide range of microbial pollutants, such as bacterial pathogens and their
antibiotic-resistance genes (ARGs).

Aquatic environments are an ideal setting for the acquisition and dissemination of
antimicrobial resistance, and human exposure to antibiotic-resistant bacteria and ARGs
through water may pose an additional health risk [1]. Enterococcus species have frequently
been described as carriers of antibiotic resistance across the One-Health continuum. Hospi-
tal effluents [2], untreated sewage [3] and raw manure [4] have been identified as the main
hotspots for antibiotic-resistant enterococci and sources for their environmental spread.
Following contamination events, enterococci can persist for long periods of time in dif-
ferent environmental matrices [5,6]. Enterococcus bacteria are all the more dangerous as
potential vectors for antimicrobial resistance when escaping wastewater treatment. They
pose a constant microbiological risk in surface waters that receive treated wastewaters [3,7]
and continue to spread further downstream. Antibiotic-resistant enterococci have entered
the groundwater environment, being isolated from untreated drinking water springs and
wells [8,9], alluvial groundwater [10] and karst aquifers [11].

Enterococci are Gram-positive bacteria belonging to the phylum Bacillota (synonym
Firmicutes), Bacilli class, Lactobacillales order, Enterococcaceae family. About 58 Enterococcus
species have been recognized so far [12]. Molecular clock estimation, together with analysis
of their ecology and phenotypic diversity placed the origins of the Enterococcus genus 500
million years ago, around the time of animal terrestrialization. Speciation occurred along
with the diversification of hosts [13], enterococci being regarded as typically commensal
bacteria for a long time. Essential members of animal microbiomes, they colonize mainly
the digestive and urinary tracts. In humans, enterococci are found in concentrations of
approximately 106 to 107 in the intestine (up to 1% of the colon microbiota) [14]. The most
frequent Enterococcus species in human gastrointestinal tract are E. faecalis and E. faecium,
followed by E. casseliflavus and E. gallinarum [15], along with E. durans, E. hirae, E. avium
and E. caccae, which are less common [16].

From an evolutionary perspective, coevolution between bacteria and animals has
selected intrinsic properties in enterococci, conferring them abilities to evade host defenses,
compete in the intestinal tract, persist and spread in the environment. Remarkably resilient
organisms, they are able to adapt to a broad range of pH, salinity and temperatures, survive
sunlight exposure, desiccation, nutrient starvation, disinfection [13,17,18], microgravity
and increased cosmic radiation [19]. Therefore, enterococci are able to disseminate into the
environment and survive outside the animal body, being widely used as fecal indicators in
water quality monitoring. The main sources of enterococci in natural environments include
sewage, agricultural and urban runoff, animal manure, wildlife waste and bather shedding.
During water quality monitoring, intestinal enterococci have been found in biofilms, even
in drinking water systems providing safe tap water [20]. Enterococcus species are able to
persist in stable microcolonies for long periods of time, entering a viable nonculturable
state [21]. Even with the availability of modern molecular techniques, it is still difficult to
decide what populations are part of the natural or transient microbiota of the environment.

Enterococci began to emerge as leading causes of multidrug-resistant hospital-acquired
infections. When pathologic changes result through direct toxin activity, or indirectly trig-
gering inflammatory damages, certain Enterococcus species may become responsible for
human infections [22]. According to recent data, the Enterococcus genus is responsible for
10.9% of nosocomial infections in the EU/EEA region [23]. The most important pathogens
are E. faecalis and E. faecium, but non-faecium non-faecalis enterococci, such as E. avium, E.
caccae, E. casseliflavus, E. dispar, E. durans, E. gallinarum, E. hirae and E. raffinosus, have been
increasingly reported to cause human infections [24]. Enterococcus faecium and E. faecalis
have evolved to become globally disseminated nosocomial pathogens. Hospital-associated
E. faecium strains are characterized by the acquisition of adaptive genetic elements, includ-
ing genes involved in antibiotic resistance. In contrast to E. faecium, clinical variants of
E. faecalis are not exclusively found in hospitals but are also present in healthy individ-
uals and animals [25]. The apparent adaptations found in hospital-associated E. faecalis
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lineages likely predate the “modern hospital” era, suggesting selection in a different niche
and underscoring the generalist nature of this nosocomial pathogen [26]. Very few Ro-
manian studies concerning antimicrobial resistance of enterococci have been published.
Clinical variants of Enterococcus showed a high resistance profile for fluoroquinolones
and penicillins [27,28], while bacterial clones from fishery lakes were highly resistant to
macrolides [29]. Vancomycin resistance recently emerged in this One-Health continuum.

The aim of this study was to determine the extent to which anthropogenic contamina-
tion may contribute to the spread of antibiotic resistant enterococci in aquatic compartments
and to explore genetic relationships within and between Enterococcus species. For this pur-
pose, environments from low to high presumptive fecal contamination related to anthropic
pressure were assessed to quantify the burden of intestinal enterococci and the levels of
phenotypic and genotypic antimicrobial resistance in a collection of isolates. It was of
particular interest to identify the strains and to characterize their genetic diversity under
the hypothesis that similarity of DNA banding patterns may be linked to their antibiotic
resistance and also to the type of water source. For this objective, the effectiveness of
ERIC-PCR fingerprinting was evaluated for Enterococcus species and strain differentiation.

2. Results
2.1. Water Contamination by Enterococci

Water contamination by intestinal enterococci was investigated in different aquatic
compartments with different degrees of anthropogenic pollution: groundwater (GW1-
GW4), surface waters (SW1-SW3), wastewater influents (WWI) and effluents (WWE), and
hospital effluents (HE). Enterococci were detected in all samples, except for a groundwater
well, in a range from 3 ± 2 colony forming units (CFU)/100 mL in a groundwater spring
located outside the city area (GW1) to (465 ± 0.2) × 103 CFU/100 mL in WWI. Sewage
treatment contributed significantly to the reduction of microbial counts, to 99 ± 5 ente-
rococci/100 mL in WWE. Hospital effluents harbored high concentrations of enterococci,
but still below the loadings from municipal sewage. In surface waters, enterococci abun-
dances increased along the river, from 9 ± 1 CFU/mL in SW1 to (11.7 ± 0.1) × 103 in SW3.
Groundwater samples were differently impacted by enterococcal contamination, which
was found to be up to 80 ± 6 CFU/mL in GW2, a dug well from a village upstream of
the city (Table 1). A dug well from Cluj city (GW4) was sampled three times, but since no
intestinal enterococci were detected, it was excluded from further investigations.

Table 1. Contamination of water by enterococci along the aquatic compartments.

Parameter SW1 SW2 SW3 GW1 GW2 GW3 GW4 HE WWI WWE

Intestinal enterococci
(CFU/100 mL) 9 ± 1 43 ± 5 (11.7 ± 0.1) × 103 3 ± 2 80 ± 6 12 ± 1 0 (18 ± 0.1) × 103 (465 ± 0.2) × 103 99 ± 5

No. of tested isolates 85 38 102 10 22 37 0 92 89 99

No. of identified isolates 3 3 7 3 4 11 0 48 33 34

E. aquimarinus 0 0 0 0 0 0 0 0 1 0

E. avium 0 0 0 0 0 0 0 26 0 0

E. casseliflavus 0 0 0 0 0 0 0 0 1 0

E. durans 0 0 0 0 0 0 0 0 1 1

E. faecalis 0 3 4 2 4 0 0 5 20 11

E. faecium 3 0 3 0 0 11 0 16 10 22

E. gallinarum 0 0 0 1 0 0 0 1 0 0

Note: CFU = colony forming units; GW = groundwater; HE = hospital effluent; SW = surface water;
WWE = wastewater effluent; WWI = wastewater influent.

2.2. Resistance to Antibiotics in Enterococci

Kirby–Bauer tests were performed for 547 Enterococcus isolates to identify their re-
sistance to ampicillin (AMP), imipenem (IMP), norfloxacin (NOR), gentamicin (CN), van-
comycin (VAN), erythromycin (E), tetracycline (TE) and trimethoprim-sulfamethoxazole
(SXT). The overall prevalence of susceptible profiles was 41.5%. In all the sampling points
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where intestinal enterococci were detected, there were isolates displaying phenotypic resis-
tance, and their proportions were between 8.2% and 94.4%. Variants of enterococci resistant
to all the antimicrobial agents tested in this study were isolated from HE, WWE, WWI and
SW3. Resistance up to eight antibiotics per strain was observed in hospital sewage, up
to seven in wastewaters, up to three in river water (SW2 and SW3) and also in shallow
groundwater wells (GW2 and GW3). Isolates from spring water (GW1) were resistant to
a maximum of two antimicrobial drugs, while intestinal enterococci from drinking water
source (SW1) to a single antibiotic.

The antibiograms indicated that 91.3%, 91.1% and 89.7% enterococci were susceptible
to gentamycin, vancomycin and ampicillin, respectively. A total of 88.2% was susceptible to
imipenem, 86.6% to norfloxacin and 84.8% to erythromycin. Tetracycline and trimethoprim-
sulfamethoxazole were the least effective antimicrobial agents, inhibiting only 70.2% and
55.9% of Enterococcus isolates, respectively.

The magnitude of phenotypic resistance of intestinal enterococci categorized based
on their origin is shown in Figure 1a. The highest frequency of antimicrobial resistance
was observed against trimethoprim-sulfamethoxazole, in enterococcal isolates from WWI
(92%), WWE (91%) and HE (50%). Tetracycline resistance was also high in all aquatic
compartments, with many isolates from HE (51%), GW2 (50%) and SW2 (34%), WWI
(38%) and WWE (43%) being resistant. Resistance against erythromycin was observed in
all compartments, from 42% in HE to 1% in SW1. At a maximum frequency of 27% in
HE, strains resistant to ampicillin were detected in all samples, except for SW1. Isolates
resistant to norfloxacin, imipenem, gentamycin and vancomycin were present most fre-
quently in hospital sewage (38%, 32%, 32%, and 30%) and in wastewater samples, but not
always in surface waters and groundwater. All Enterococcus isolates from GW1 and GW2
were susceptible to these four antibiotics. Besides the SXT, TE, E resistance profiles and
their combinations, the following most prevalent resistance patterns were NOR-SXT and
AMP-IPM-NOR-CN-VAN-E-TE-SXT. From the 82 antibiotic-resistance patterns observed in
336 Enterococcus isolates, 48 patterns have only appeared once. Proportions of multidrug-
resistant (MDR) enterococci were 44.6% in HE, 36.4% in WWE, 33.7% in WWI, 5.3% in SW2,
4.5% in GW2 and 2% in SW3. No MDR strains were present in SW1 and GW1. The overall
frequency of MDR enterococci was 7.7%.

Detection by PCR of ARGs indicated that overall, 23.9% of enterococci investigated in
this study (574 isolates) carried at least one of the targeted ARGs. The proportion of isolates
with genetic-encoded resistance relative to the isolates displaying phenotypic resistance
(336 strains) was 40.8%. The magnitude of genotypic resistance of intestinal enterococci
categorized based on their origin is shown in Figure 1b. The greatest ARG diversity was
observed in Enterococcus spp. from HE, where 9 out of the 17 target genes were detected.
None of the investigated ARGs were detected in isolates from SW1, GW2 and GW3 sites.
ARG relative frequencies were 0.58 in HE, 0.21 in WWE, 0.16 in WWI, 0.03 in SW3, 0.02 in
SW2 and 0.01 in GW1. The most frequently detected were tetM, in 0.14% of Enterococcus
isolates, followed by tetL (0.13%) and ermB (0.1%). The genes tetL, tetM and ermB were
present in enterococci from 6 (SW2, SW3, GW2, WWI, WWE, HI), 4 (SW3, WWI, WWE,
HE) and 3 (SW2, WWE, HE) out of 9 sampling sites, respectively. In addition, blaTEM-1,
aac(6′)-Ie-aph(2”)-Ia, vanA, vanB, tetB and tetC were exclusively detected in HE. Enterococcus
strains carrying the ARGs aac(6′)-Im, mefA and sul1 as well as class 1 integron integrase
intI1 were only identified in wastewaters. The most prevalent ARG patterns were tetL,
ermB-tetL-tetM, tetM, tetL-tetM and sul1. From the 36 ARG patterns observed, 19 had single
appearances. PCR amplifications for blaNDM-1, ermA, tetA, sul2 and sul3 had negative results.
A moderate statistical significant correlation (R = 0.66) was found between the levels of
displayed phenotypic resistance and the incidence of the investigated ARGs, suggesting
that other genetic-encoded mechanisms might also be involved (Figure 2a).
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Figure 1. Phenotypic (a) and genotypic (b) antibiotic resistance of Enterococcus spp. isolates.
AMP = ampicillin; ARE = antibiotic resistant enterococci; ARGs = antibiotic resistance genes;
CN = gentamicin; E = erythromycin; GW = groundwater; HE = hospital effluent; IPM = imipenem;
MDR = multidrug resistance; NOR = norfloxacin; SXT = trimethoprim-sulfamethoxazole; SW = sur-
face water; TE = tetracycline; VAN = vancomycin; WWE = wastewater effluent; WWI = wastewater
influent. Quantile binning method was applied for both heat maps construction. The color code uses
green for low values to yellow for high values.
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2.3. Enterococcus Diversity and Association with Antibiotic Resistance Profiles

The molecular identification of 146 resistant isolates of Enterococcus has led to the
recovery of seven taxons in different proportions: E. faecium (44.5%), E. faecalis (33.6%),
E. avium (17.8%), E. durans (1.4%), E. gallinarum (1.4%), E. aquimarinus (0.7%) and E. cas-
seliflavus (0.7%). Considering the water compartments where multiple species have been
recovered from, resistant E. faecalis was found to predominate in WWI and SW3, E. facium in
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WWE and E avium in HE, respectively. From SW2, GW1 and GW2, all the resistant isolated
were identified as E. faecalis. From SW1 and GW3, all the resistant isolates were E. faecium.
Antibiotic-resistant E. avium was exclusively recovered from HE, and E. aquimarinus and
E. casseliflavus from WWI, respectively (Table 1).

The genomic diversity analysis of 146 Enterococcus isolates was carried out using the
repetitive sequence-based polymerase chain reaction (Rep-PCR) with the Enterobacterial
Repetitive Intergenic Consensus (ERIC) primer ERIC2. Complex fingerprint patterns were
found, consisting of 3 to 12 amplification bands. The genetic variation among isolates
revealed different banding patterns, which ranged from 100 bp to 2 kb and 42% similarity.
By applying the unweighted pair-group arithmetic mean method (UPGMA), dendrograms
generated using Dice’s similarity coefficients were comparable and useful to study the
intra- and inter-species diversity of Enterococcus isolates.

ERIC-PCR grouped all 26 E. avium isolates in two clusters and resolved 12 discrete
genomic patterns. A similarity of 72% was found among E. avium isolates. Hospital effluent
had a low E. avium diversity, most of the strains being closely related. Within cluster A, the
REP-PCR profiles of 17 isolates were highly similar. In two subgroups, three isolates (HE-2,
HE-14 and HE-46) and five isolates (HE-29, HE-38, HE-53, HE-54 and HE-68), respectively,
had identical ERIC-PCR profile and also shared the same antibiotic resistance pattern,
suggesting clonal relatedness (Figure 3).
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Figure 3. ERIC-PCR dendrogram and antibiotic resistance profiles of E. avium isolates. All isolates
were from the hospital effluent.

Due to the high genetic similarity (85%), a typical ERIC-PCR fingerprint generated
16 distinct genomic patterns and grouped E. faecalis strains isolated from different water
compartments. Among the 49 collected isolates, 45 isolates were grouped in 9 clusters.
As expected, some isolates sharing the same origin clustered together, as observed for
wastewater isolates in clusters D, E, F and G. However, segregation of the strains with
respect to water matrices was not a general rule. The highly similar genetic patterns
grouped E. faecalis isolates from hospital sewage, wastewater influents and effluents, from
river water and groundwater together, in clusters A, B, C, H and I, despite their variability
in the ARG profiles. Clonal relatedness was suggested by identical band pattern and also
the ARG profile, as observed in two E. faecalis isolates from WWE within cluster B (WWI-12
and WWI-14), two isolates within cluster E (WWI-20 and WWI-65) and two isolates within
cluster G (WWE-93 and WWE-100). In addition, within grouping I, the same ERIC-PCR
and ARG profiles were observed for isolates collected from different matrices: WWI-59 and
SW3-81 and also GW2-12, GW2-22, GW2-31, SW3-7, SW3-35 and SW3-53 (Figure 4).
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Figure 4. ERIC-PCR dendrogram and antibiotic resistance profiles of E. faecalis isolates. The iso-
lates were labelled by sources: GW = groundwater; HE = hospital effluent; SW = surface water;
WWI = wastewater influent; WWE = wastewater effluent.

Comparative analysis of Rep-PCR fingerprinting for the three main Enterococcus
species revealed the most substantial genetic diversity among E. faecium strains. ERIC-PCR
typing of 65 isolates resolved 35 discrete genomic patterns. However, bacterial isolates
from different environmental compartments shared 68% genome similarity and hierarchi-
cal clustering grouped E. faecium strains in four main clusters. Similar to the E. faecalis
typing results, E. faecium isolates sharing the same origin clustered together, but none of the
ERIC-PCR patterns was exclusively specific for one aquatic regimen. The great variability
of genetic patterns in grouping A was generated by strains from all aquatic compartments,
with high diversity of antibiotic-resistance profiles. Clusters B and C mostly contained
wastewater isolates, but also strains from groundwater. These strains displayed lower
levels of antibiotic resistance, all the E. faecium from GW3 lacking the targeted genetic
elements. Hospital effluents had a low E. faecium genetic diversity, most of the strains being
clustered together in grouping D, together with a strain isolated from river water. Clonal
relatedness suggested by identical ERIC-PCR and ARG profiles of E. faecalis isolates was
observed within clusters A (SW1-22, SW1-35 and SW1-71), B (GW3-7, GW3-17 and GW3-37;
GW3-32, GW3-33 and GW3-34; WW-1 and WWI-9) C (WWE-23 and WWE-26; WWE-12
and WWE-14; WWE-62 and WWE-63) and D (HE17 and HE-55; HE19, HE20 and HE50)
(Figure 5).
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Six isolates belonging to four other species (non-predominant species) were detected
and characterized during this study. They shared 33% genetic similarity and generated six
ERIC-PCR patterns (Figure 6). Clonal relatedness according to genetic typing was observed
for E. durans, but the two variants had different resistance profiles. Two E. gallinarum
isolates differed in both their ERIC-PCR band patterns and antibiotic-resistance profiles.

Antibiotics 2022, 11, x FOR PEER REVIEW 10 of 20 
 

 
Figure 6. ERIC-PCR dendrogram and antibiotic resistance profiles of other Enterococcus spp. The 
isolates were labelled by sources: GW = groundwater; HE = hospital effluent; WWI = wastewater 
influent; WWE = wastewater effluent. 

No statistically significant correlations were found between the number of banding 
patterns and the level of phenotypic or genotypic resistance (Figure 2b,c). Additional vis-
ualization tools were applied to infer the associations and differences between species. At 
the genus level, molecular typing revealed the clustering of Enterococcus isolates, both by 
ERIC-PCR profiles and by ARG patterns (Figure 7). Rep-PCR fingerprinting using the 
ERIC2 primer provided excellent discriminatory power at the species level within the ge-
nus Enterococcus, obvious in the UPGMA dendrogram. Enterococcus faecium, E. avium and 
E. faecalis strains clustered according to their taxonomy. Strains belonging to other species 
(E. aquimarinus, E. durans, E. casseliflavus and E. gallinarum) generated distinct band pat-
terns, allowing their distinct differentiation in the UPGMA dendrogram (Figure 7a). 

  
(a) (b) 

Figure 7. Molecular typing revealing clustering of Enterococcus spp. by: (a) ERIC-PCR profiles; (b) 
ARG patterns. Color codes: E avium (red); E. faecalis (blue); E. faecium (green); E. aquimarinus (aqua); 
E. casseliflavus (orange); E. durans (purple); E. gallinarum (brown). In (b) PCA clustering of non-pre-
dominant species appears in aqua. 

Some degree of clustering according to taxonomy was observed when the principal 
component analysis (PCA) was employed to provide an integrative view upon the ARGs 
involved in variation. Genetic variation of ARGs explained by the first two principal com-
ponents (52.43% of the total variation) among Enterococcus species revealed slightly dis-
tinct groups (Figure 7b). Besides the isolates belonging to the group of non-predominant 
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No statistically significant correlations were found between the number of banding
patterns and the level of phenotypic or genotypic resistance (Figure 2b,c). Additional
visualization tools were applied to infer the associations and differences between species.
At the genus level, molecular typing revealed the clustering of Enterococcus isolates, both
by ERIC-PCR profiles and by ARG patterns (Figure 7). Rep-PCR fingerprinting using
the ERIC2 primer provided excellent discriminatory power at the species level within the
genus Enterococcus, obvious in the UPGMA dendrogram. Enterococcus faecium, E. avium
and E. faecalis strains clustered according to their taxonomy. Strains belonging to other
species (E. aquimarinus, E. durans, E. casseliflavus and E. gallinarum) generated distinct band
patterns, allowing their distinct differentiation in the UPGMA dendrogram (Figure 7a).
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Some degree of clustering according to taxonomy was observed when the principal
component analysis (PCA) was employed to provide an integrative view upon the ARGs
involved in variation. Genetic variation of ARGs explained by the first two principal
components (52.43% of the total variation) among Enterococcus species revealed slightly
distinct groups (Figure 7b). Besides the isolates belonging to the group of non-predominant
species, E faecalis strains harbored the lowest diversity of ARGs, and all their encoded-
genetic traits were common to E. avium and/or E. faecium and also shared with other species.
Enterococcus avium and E. faecium strains benefit as well from the ARG pool specific for the
family, but differences in gene frequencies resulted in their clustering.

3. Discussion

Enterococcus species are valuable fecal indicators and important predictors of an-
thropogenic pollution and associated risks in aquatic environments. Waters with high
enterococcal loads represent an environmental and a public health hazard, since most
of these bacteria carry numerous antibiotic-resistance traits. However, molecular typing
clustered the strains regardless of their source or antibiotic-resistance profile.

During this study, the microbiological risk associated with contaminated waters was
correlated with the magnitude of exposure to anthropogenic pressure in various aquatic
matrices. The detection and enumeration of intestinal enterococci in different water com-
partments confirmed that they are reliable indicators of water quality and that environ-
mental reservoirs are closely related to human activities. The highest loads of intestinal
enterococci were found in raw wastewaters and in hospital sewage. The performance
efficiency of the municipal treatment plant, accounting for intestinal enterococci, demon-
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strated an average log reduction of 1.4. Unfortunately, high enterococcal contamination was
found in the river basin and in several groundwater samples. Downstream of the wastewa-
ter treatment plant, the fecal pollution of river water was reflected in a 2-log increase in
Enterococcus counts, compared to treated effluents. This suggests that besides discharge
from the wastewater treatment plant, other anthropogenic activities have substantially
contributed to river pollution. Across the city, accidental sewage spills, droppings from
pets, littering, illicit dumping and waste disposal have been identified as the main sources
of fecal microorganisms and nutrients in urban runoff, leading to the deterioration of the
Somes, ul Mic River and its tributaries. Moreover, unanticipated high enterococcal loads
were found in surface water and groundwater upstream of the city, where fecal contami-
nation was mainly due to surface runoff from diffuse pollution sources. In these human
impacted areas, the uncontrolled discharge of wastewaters and accidental sewage spills,
animal farming practices, droppings from pets and wildlife, littering, illegal dumping
and waste disposal, logging and sawmilling have been identified as the main sources
of fecal microorganisms and nutrients in surface runoff, leading to the deterioration of
the Somes, ul Rece River and Tarnit,a Reservoir. The water quality in shallow wells was
largely affected by fecal contamination due to the infiltration of surface runoff, both in
the rural (GW2) and urban areas (GW3 and GW4) but was also influenced individually
by specific conditions (i.e., cleaning and disinfection practices). Proper construction and
routine maintenance of dug wells are important to safeguard water quality, as observed
for GW4, where intestinal enterococci were not detected during this study. The outcomes
of the present project regarding contamination of the river continuum are consistent with
previous findings. Antibiotics, antibiotic-resistant bacteria and their ARGs have been
identified as contaminants of emerging concern in hospital effluents, wastewaters, surface
waters [30–33] and groundwaters [34]. International guidelines and regulations enforce
water quality surveillance based on monitoring of intestinal enterococci in conjunction
with E. coli. Despite a decades-long attempt, no other more accurate and more reliable
indicators have been found. Contaminated environments may serve as reservoirs of extra-
intestinal enterococci. There is no consistent evidence of enterococcal regrowth within
environmental biofilms, but apparently some Enterococcus species or strains are able to
grow in extra-enteric compartments, developing potentially naturalized environmental
populations. Vegetation was recently proved to promote bacterial regrowth in a warm
climate, as submerged vegetation [35] and phytoplankton [36] for E. casseliflavus, eelgrass
for E. casseliflavus, E. hirae and E. faecalis [37] or dune vegetation for E. moraviensis [38].
Modern molecular techniques may try to distinguish natural enterococcal populations
from transient microbiota in the environment. Antibiotic resistant E. faecium and E. faecalis
were largely found in aquatic habitats as the dominant species. Enterococcus faecalis was
predominant in two surface waters (SW2 and SW3), two groundwater sources (GW1 and
GW2), and in municipal wastewater. Enterococcus faecium was predominant in the Tarnit,a
Reservoir, the main drinking water supply for Cluj County (SW1), a groundwater well
within the city (GW3) and treated wastewater. An exception of particular significance is the
predominance of E. avium in hospital effluents. A recent study investigating non-faecium
and non-faecalis hospital infections in Cluj reported that E. avium seems to be involved
more often in infectious neurological disorders, being the only species isolated from low
respiratory tract infections [39].

The Enterococcus spp. are intrinsically resistant to a number of antimicrobials, includ-
ing cephalosporins and sulfonamides, while they are only mildly resistant to β-lactams
and aminoglycosides. Clinical strains with resistance to macrolides, tetracyclines, strep-
togramins and glycopeptides were described previously [40]. The proportion of MDR was
higher in E. faecium (52%) compared to E. faecalis (51%), but not significantly different as
expected. Enterococcus avium isolates also displayed a high level of multidrug resistance
(43%). The variant of E. gallinarum isolated from hospital effluent was also MDR. Strains
resistant to antibiotics for human use (VAN, CN, NOR, and IPM) were found mostly in
hospital effluents, while resistance to antibiotics for veterinary use (TE, and E) was also
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observed in surface water and groundwater, even in less-impacted environments. Mu-
nicipal wastewaters harbored enterococci with resistance to all classes of antimicrobial
agents, reflecting the antibiotic consumption practices in the metropolitan area. Resistance
to sulphonamides was exceptionally high in urban sewage, which is a common fact for
wastewater treatment plants. Differences in the antibiotic-resistance profiles are known
to reflect antimicrobial use practices in each country, region, or sector of the One-Health
continuum (clinical, agricultural and environmental) [40].

Due to their ability to acquire antibiotic resistance determinants, multidrug-resistant
enterococci display a wide repertoire of resistance mechanisms: the modification of drug
targets, inactivation of therapeutic agents and overexpression of efflux pumps. The highest
level of antibiotic resistance and the greatest diversity of ARGs was found in E. faecium,
followed by E. avium, E. faecalis and E. durans. Enterococcus faecium isolates frequently carried
tetL, tetM, aac(6′)-Ie-aph(2”)-Ia, vanB, ermB and vanA genes, and less frequently sul1, tetC,
tetB, mefA and blaTEM-1. The ARGs detected in E. faecalis isolates were tetM, tetL, ermB, sul1,
aac(6′)-Ie-aph(2”)-Ia, vanA, vanB, tetB and tetC. Enterococcus avium strains harbored the ermB,
tetM, tetL, aac(6′)-Ie-aph(2”)-Ia, vanA, tetB, tetC, vanB and blaTEM-1 genes. The genes ermB,
tetL, tetM and sul1 were detected in E. durans isolates. The lowest diversity and prevalence of
ARGs was found in E. aquimarinus (tetL), E. casseliflavus (sul1) and E. gallinarum (tetL) isolates.
The acquisition of genes encoding vancomycin resistance is recognized as one of the features
reflecting enterococci adaptability [41]. During this study, E. avium, E. faecium and E. faecalis
harbored both the vanA and vanB genes. The gene vanA was more often present in E.
avium and E. faecalis, while vanB in E. faecium. Enterococcus species are a serious health
issue worldwide, particularly due to increasing vancomycin resistance and multidrug
resistance (https://resistancemap.cddep.org/AntibioticResistance.php, accessed on 31 July
2022). In the European Region, during the past 10 years, vancomycin-resistant enterococci
accounted for 1.1% of all pathogens isolated from patients with hospital-acquired infections.
Among patients with hospital-acquired bloodstream infections with Enterococcus spp.,
mortality attributable to vancomycin resistant variants was 33.5% [23]. Last data from
European Centre for Disease Prevention and Control reported vancomycin resistance to
3.3% in E. facecalis and 39.3% in E. faecium (http://atlas.ecdc.europa.eu/public/index.aspx,
accessed on 31 July 2022). Our results are consistent with official reports, the gene vanB
being detected 10 times more frequently in E. faecium than in E. faecalis isolates. At least
the vanA, vanB and aac(6′)-Ie-aph(2”)-Ia genes, as markers of clinical enterococci, were
exclusively detected in isolates from hospital effluents. The gene blaTEM-1 was detected in
two multiresistant strains (E. avium and E. faecium), both from hospital sewage. This genetic
feature needs further investigations, as beta-lactamases imply resistance mechanisms that
are specific for Gram-negative bacteria. However, beta-lactamases were recently reported in
Gram-positive bacteria [42], including the detection of blaTEM-1 in E. faecalis [43]. The results
of this screening reveal that enterococci are important vehicles for both plasmid-borne
and chromosomally encoded resistance determinants. They likely function as a reservoir
of drug-resistance traits and can serve as vectors for the spread of these genes to other
Gram-positive pathogens [41]. The horizontal gene transfer of mobile genetic elements is
the major contributor to the emergence and dissemination of multidrug resistance. Class 1
integron integrase is a molecular marker for the mobilizable chromosomal ARG platforms
and for anthropogenic pollution. The intI1 gene was detected in two E. faecium and one
E. faecalis strains, all isolated from the wastewater treatment plant. The sul1 gene was also
found exclusively in wastewater isolates, but no pattern of association was found between
intI1 and sul1. The sul1 gene was detected in only one out of three strains carrying intI1.
The linkage of the intI1 integrase and sul1 gene is a particularity of class 1 integrons in
environmental Gram-negative bacteria [44].

DNA fingerprinting by ERIC-PCR is widely applicable since ERIC primers do not
exclusively target enterobacterial repetitive elements [45]. It was demonstrated that it
is a reliable tool, with high discriminatory power among Enterococcus strains isolated
from food [46–48], water samples [49], clinical specimens obtained from animals [50,51]
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and humans [52]. In previous studies, the genotyping assay directed ERIC1 or ERIC1
in combination with ERIC2 primers against E. faecalis and/or E. faecium genomes. For
the first time, the present study provides an optimized method, using only the ERIC2
primer, which allows discrimination among seven Enterococcus species and offers a better
overview of their diversity. The genetic typing of Enterococcus isolates during this study
generated significant results, in agreement with previous knowledge. One particular situa-
tion worth special attention, regarding the clustering of an E. faecium strain from surface
water (SW3-39) in the same clade with the hospital-derived variants. The segregation
between commensal enterococci and hospital-adapted lineages has been partly elucidated,
and it is clearer for E. faecium than for E. faecalis [25]. It is known that E. faecium has a
defined clade that diverged about 75 years ago and is associated with human infections,
being rarely encountered in healthy individuals and even less in the environment. These
clinical clones are characterized by hypermutability, increase in mobile genetic elements
and alterations in metabolism [53]. In contrast to E. faecium, clones of E. faecalis isolated
from clinical specimens are not exclusively found in hospitals, being also present in healthy
individuals and animals. Molecular epidemiology using ERIC-PCR fingerprinting showed
that E. faecium and E. faecalis isolates from different aquatic matrices exhibit the same or
similar genetic profiles, which warns upon contamination of water sources with clinically
significant enterococci. However, diversity in their antibiotic resistance profiles excludes
the clonal transmission of bacteria from hospital environment to river water and ground-
water. Instead, genetic similarities between freshwater and wastewater strains confirm
our hypothesis that anthropic pollution is a major source of antibiotic-resistant enterococci,
contributing to their environmental spread. In addition to the enterococcal load, molecular
fingerprinting indicates the magnitude of the uncontrolled discharge of untreated or insuf-
ficiently treated domestic sewage into the environment. Therefore, ERIC-PCR typing is an
improved tool to assess the diversity of Enterococcus strains.

This study highlights the importance of water safety in the context of increasing
demographic challenge. As a general trend, the population in Cluj is invariably growing,
while urbanization and suburbanization affect not only the city infrastructure, but also the
surrounding areas. The upstream mountains and isolated hamlets became increasingly
popular, as both travel destinations and holiday homes. Recently, especially during the
COVID-19 pandemic, another trend has emerged, with counter-urbanization occurring due
to changing lifestyles and the opportunity of re-locating work in a home-based office. For
the future, an unprecedented enhancement in anthropogenic pressure on water resources
is foreseen due to other changes, such as the global warming and the risk of drought.
Therefore, the implementation of adequate strategies for the protection of water resources is
of paramount importance. Mitigating and adapting to the impacts of demographic change
require stringent measures to enforce the regulations for the collection, treatment and
discharge of wastewaters in both urban and rural areas. The identification of point sources
of pollution, together with the prevention of contamination events are required in order to
reduce the microbial risks and to limit the extent of the antibiotic-resistance phenomenon.
Proper maintenance of domestic wastewater systems and septic tanks as well as upgrades of
municipal sewerage networks and wastewater treatment plants are mandatory. In addition,
routine cleaning and disinfection of groundwater wells is effective in the eradication of
health hazards associated with the spread of antibiotic-resistant enterococci.

Although this study investigated a large collection of Enterococcus isolates and many
antibiotic resistance traits, several limitations were identified, including a putative bias in
the selection of bacterial isolates and in the investigated ARGs. Therefore, other genetic
mechanisms, including novel resistance sequences, could also be responsible for the ob-
served resistance phenotypes. Additional ARGs should be further investigated as more
reliable predictors for antimicrobial resistance in environmental enterococci, to eventually
elucidate the links between antibiotic resistance and ERIC-PCR genotyping.
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4. Materials and Methods
4.1. Site Description and Sampling Strategy

With a surface of 1603 square kilometers, the Cluj metropolitan area includes Cluj-
Napoca city and 19 nearby localities. Due to its dynamics, academic and economic status,
and civic and cultural identity, the city constantly attracts new residents. Conducted in
2011, the last official census estimated its population at 324,000 people, while the National
Institute of Statistics recorded 740,020 residents living in Cluj County on 1 January 2022
(https://cluj.insse.ro/, accessed on 31 July 2022).

Covering an area of 112 square kilometers, the study site is located in Cluj County,
North Western Romania, along the Somes, ul Mic River basin. The sampling strategy
included several types of aquatic environments, sampled in three campaigns: surface
waters (SW1, SW2, SW3), groundwater (GW1, GW2, GW3, GW4), municipal wastewaters
(WWI and WWE) and hospital effluents (HE). According to their estimated degree of
anthropogenic pollution, from low to high, 10 sampling points were set, and a total of
30 water samples were collected. Upstream of the city, two surface waters were sampled
near the foothill of Muntele Mare and Munt, ii Gilăului mountains. Tarnit,a Reservoir (SW1)
is a dam reservoir on the Somes, ul Cald River, the left headwater of Somes, ul Mic River.
With an area of 2.15 square kilometers, a length of more than 8 km and a maximum depth of
more than 70 m, it is the main source of drinking water for almost 1 million people. Somes, ul
Rece (SW2), the right headwater of Somes, ul Mic River, is 49 km long and has a basin size of
330 square kilometers. Downstream of the city, surface water was sampled from Somes, ul
Mic River (SW3), after crossing the city and receiving treated effluents from the municipal
wastewater treatment plant. Four sampling points for groundwater were included: an
old spring from the peri-urban area (GW1), used for drinking purposes; a shallow well
upstream of the city (GW2), near the Somes, ul Rece River bank; and two hand-dug wells
within the city (GW3 and GW4). Wastewater influents (WWI) and effluents (WWE) were
sampled from the wastewater treatment plant receiving mainly municipal sewage, as well
as hospital input and industrial wastewaters. The plant is designed to process around
115,000 cubic meters of wastewater per day in three-step treatment: mechanical, biological
and final deep purification for nitrogen and phosphorus removal. A specialized cancer
hospital with 597 beds was selected for the collection of hospital effluents (HE), before
sludge treatment and disinfection.

4.2. Detection and Enumeration of Intestinal Enterococci

Water samples were collected in sterile recipients and transported in refrigerated
boxes into the laboratory. Within 6 h of sampling, microbiological assays were performed
for the selective cultivation of intestinal enterococci by direct inoculation or membrane
filtration through 0.45 µm sterile membrane filters, according to standard methods (ISO
7899–2:2000. Water quality—Detection and enumeration of intestinal enterococci—Part 2:
Membrane filtration method). Red to brown colonies developed on Slanetz Bartley agar
(Oxoid, Basingstoke, UK) after 48 h at 37 ◦C were further confirmed as intestinal enterococci
on Bile Esculin Azide Agar (Merck-Millipore, Darmstadt, Germany) by 4 h incubation at
44 ◦C.

4.3. Antimicrobial Susceptibility Testing

Antimicrobial susceptibility testing of 574 isolates was performed using the disk
diffusion method described by reference guidelines [54]. Mueller-Hinton agar (Oxoid, Bas-
ingstoke, UK) was employed to evaluate bacterial sensitivity to eight antibiotics: ampicillin
(2 µg), imipenem (10 µg), norfloxacin (10 µg), gentamicin (30 µg), vancomycin (5 µg), ery-
thromycin (15 µg), tetracycline (30 µg) and trimethoprim-sulfamethoxazole (1.25–23.75 µg).
Zone inhibition diameters were interpreted according to clinical breakpoint tables [55,56].
Enterococcus faecalis ATCC 2921 was used as a wild-type susceptible strain. Resistance to at
least three antimicrobial families was considered multidrug resistance.
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4.4. ARG Screening

After PCR confirmation with Enterococcus molecular markers, 338 bacterial isolates
displaying phenotypic resistance were subjected to PCR screening for the detection of ARGs
and class 1 integron. Cell suspensions from overnight pure cultures were standardized
at 1 MacFarland density. The preparation of DNA templates included freezing, bead
beating and boiling procedures for cell wall disruption and enzyme inhibition [57]. DNA
amplification was performed in a 15 µL total volume, consisting of 7.5 µL of DreamTaq
Green PCR Master Mix (2×) (Thermo Fisher Scientific, Waltham, MA, USA), 0.5 µM of
each primer (Eurogentec, Seraing, Belgium), 5.35 µL nuclease-free water (Lonza, Basel,
Switzerland), and 2 µL bacterial suspension. PCRs were performed using a TProfessional
Trio (Analytik Jena, Jena, Germany) or Mastercycler Nexus (Eppendorf AG, Hamburg,
Germany) thermocycler: denaturation 5 min at 94 ◦C and then 35 cycles of 30 s at 94 ◦C,
45 s at a specific annealing temperature, 45 s at 72 ◦C, and a final extension of 8 min
at 72 ◦C. The specific annealing temperatures for each primer pair are given in Table 2.
The amplified PCR products were separated in 1.5% w/v agarose (Cleaver Scientific Ltd.,
Rugby, UK) gel in 1× TBE buffer (Lonza, Basel, Switzerland) and stained with 0.5 µg/mL
ethidium bromide (Thermo Fisher Scientific, Waltham, MA, USA). Data acquisition and
interpretation were performed using the BDA Digital Compact System and BioDocAnalyze
Software (Analytik Jena, Jena, Germany). Positive and negative controls were included in
each set of amplifications. Positive controls used a collection of bacterial strains carrying
the targeted genes, previously validated by sequencing.

Table 2. Primers used for PCR amplifications.

No. Target Gene Primer Sequence (5′–3′) Amplicon (bp) Annealing
Temperature

NCBI Reference
Sequence

1 blaTEM-1
GGTCGCCGCATACACTATTC/
ATACGGGAGGGCTTACCATC 500 57 ◦C AL513383.1

2 blaNDM-1
GGTTTGGCGATCTGGTTTTC/
CGGAATGGCTCATCACGATC 52 55 ◦C HQ256747.1

3 aac(6′)-Im GGCTGACAGATGACCGTGTTCTTG/
GTAGATATTGGCATACTACTCTGC 303 53 ◦C NG_052530.1

4 aac(6′)-Ie-aph(2”)-Ia CCAAGAGCAATAAGGGCATA/
CACTATCATAACCACTACCG 220 51 ◦C KM083808.1

5 vanA GCTATTCAGCTGTACT/
CAGCGGCCATCATACGG 783 51 ◦C M97297.1

6 vanB CGCCATACTCTCCCCGGATAG/
AAGCCCTCTGCATCCAAGCAC 667 61 ◦C KF823969.1

7 ermA GAACCAGAAAAACCCTAAAGACAC/
ACAGAGTCTACACTTGGCTTAGGATG 507 57 ◦C X03216.1

8 ermB GAAAAGGTACTCAACCAAAT/
AGTAACGGTACTTAAATTGTTTAC 639 50 ◦C AY827541.1

9 mefA CATCGACGTATTGGGTGCTG/
CCGAAAGCCCCATTATTGCA 455 55 ◦C AY071835.1

10 tetA GCAAGCAGGACCATGATCGG/
GCCGATATCACTGATGGCGA 572 57 ◦C AF534183.1

11 tetB GGTTAGGGGCAAGTTTTGGG/
ATCCCACCACCAGCCAATAA 541 57 ◦C NG_048168.1

12 tetC TGAGATCTCGGGAAAAGCGT/
AAAGCCGCGGTAAATAGCAA 460 53 ◦C NC_024960.1

13 tetL TATTCAAGGGGCTGGTGCAG/
CGGCAGTACTTAGCTGGTGA 545 57 ◦C AY081910.1

14 tetM CCGTCTGAACTTTGCGGAAA/
CAACGGAAGCGGTGATACAG 627 57 ◦C AJ585076.1

15 sul1 AGGCATGATCTAACCCTCGG/
GGCCGATGAGATCAGACGTA 665 57 ◦C JF969163.1
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Table 2. Cont.

No. Target Gene Primer Sequence (5′–3′) Amplicon (bp) Annealing
Temperature

NCBI Reference
Sequence

16 sul2 GACAGTTATCAACCCGCGAC/
GAAACAGACAGAAGCACCGG 380 57 ◦C AY055428.1

17 sul3 GTGGGCGTTGTGGAAGAAAT/
AAAAGAAGCCCATACCCGGA 370 57 ◦C FJ196385.1

18 intI1 CCTGCACGGTTCGAATG/
TCGTTTGTTCGCCCAGC 497 55 ◦C NZ_JAMYXD010000016.1

19 16S rRNA AGAGTTTGATCCTGGCTCAG/
ACGGCTACCTTGTTACGACTT 1519 56 ◦C AB012212.1

20 16S Enterococcus GGACGMAAGTCTGACCGA/
TTAAGAAACCGCCTGCGC 221 57 ◦C JQ804949.1

4.5. Molecular Identification

After the phenotypic selection of intestinal enterococci based on standard methods,
molecular screening using Enterococcus molecular markers [58] was employed to confirm
biochemical identification. The bacterial 16S ribosomal RNA gene was used for PCR ampli-
fication (Table 2) and subsequent Sanger sequencing for the identification of enterococcal
isolates carrying ARGs. Raw sequencing reads were deposited in the GenBank database
of National Center for Biotechnology Information (NCBI) under the accession numbers
OP359225-OP359304 and OP361300-OP361306. Nucleotide sequences were processed
and analyzed using bioinformatic tools available through BioEdit version 7.2, then com-
pared to sequences stored in the GenBank nucleotide database using the blastn algorithm
(http://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 31 July 2022).

4.6. Molecular Fingerprinting of Enterococcus spp.

Repetitive sequence-based polymerase chain reaction (Rep-PCR) was developed using
specific ERIC primers involving bacterial DNA suspensions prepared following a protocol
previously optimized and demonstrated by Houf et al. [57] as the most efficient for the
purpose of ERIC-PCR screening. The ERIC-PCR was carried out with a single primer,
which uses the total DNA and, therefore, provides results with good reproducibility [46].
We found that ERIC2 has the greatest discriminatory power among the seven Enterococcus
species considered in the present study. Reactions were carried out in a total volume of
20 µL containing 10 µL of DreamTaq Green PCR Master Mix (2×) (Thermo Fisher Scientific,
Waltham, MA, USA), 1 µM of primer ERIC2 (5′-AAGTAAGTGACTGGGGTGAGCG-3′)
(Eurogentec, Seraing, Belgium), 7.8 µL nuclease-free water (Lonza, Basel, Switzerland) and
2 µL template DNA. Amplifications were performed in a TProfessional Trio (Analytik Jena,
Jena, Germany) thermocycler with a cycling program consisting of an initial denaturing
step at 94 ◦C for 5 min, 5 cycles of denaturation at 94 ◦C for 5 min, annealing at 38 ◦C for
5 min, elongation at 72 ◦C for 5 min, then 30 cycles of denaturation at 94 ◦C for 1 min,
annealing at 48 ◦C for 1 min and elongation at 72 ◦C for 5 min, and a final extension of
72 ◦C for 10 min. The amplified products were resolved by 1.5% gel electrophoresis at 75 V
for 120 min. Data acquisition was performed using the ChemiDoc MP system (BioRad,
Hercules, CA, USA) and analyzed with PyElph 1.4 software [59].

4.7. Statistical Analysis

Descriptive statistics parameters were applied to assess the mean values and standard
deviations of bacterial loads. Proportions, frequencies and patterns of displayed antimicro-
bial resistance and ARGs were calculated. The relative frequency of ARGs took into account
the number of certain gene appearances relative to the total number of ARGs. Statistical
correlations between the ERIC-PCR banding patterns and the level of phenotypic and
genotypic resistance were inferred using the data analysis tool pack of Microsoft Excel 2016.
The heat maps were drawn with CIMminer software, using the quantile-binning method.
Quantile divides the weight range of data values into intervals, each with approximately
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the same number of data points. This effectively spreads out the color differences between
data values that are present in regions with a large number of values.

Similarity distances between ERIC-PCR profiles were calculated using the Dice coef-
ficient, and dendrograms were constructed based on the UPGMA analysis with DarWin
6.0.021 software [60]. The PCA multivariate statistical approach was used to explore the
effects of ARG variance between different Enterococcus species. PCA was executed for the
clustering and differentiation of data sets by PAST software version 4.11 [61].

5. Conclusions

The outcomes of this study reveal that, besides their role as fecal indicators, intestinal
enterococci are hosts for antibiotic resistance determinants that may serve as indicators of
anthropogenic impacts on aquatic ecosystems. Rep-PCR fingerprinting using the ERIC2
primer, in conjunction with ARG profiling, is a useful tool for the molecular typing of
clinical and environmental Enterococcus species. In the context of increasing urbanization
and unsustainable human activities in the peri-urban zones, the environmental spread of
Enterococcus species carrying ARGs is of high concern. Enterococcal release and migration
under anthropic pressure leads to the dispersion of clinically relevant strains into the
natural environment. These findings support the importance of future strategies for public
health protection by defending the water resources. Water quality protection is not only
intended to reduce the risk for waterborne outbreaks but also to limit the expansion and
progression of the antibiotic resistance phenomenon.
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Abstract: Diarrheagenic Escherichia coli (DEC) pathotypes are the leading cause of mortality and
morbidity in South Asia and sub-Saharan Africa. Daily interaction between people contributes to
the spreading of Escherichia coli (E. coli), and fomites are a common source of community-acquired
bacterial infections. The spread of bacterial infectious diseases from inanimate objects to the sur-
rounding environment and humans is a serious problem for public health, safety, and development.
This study aimed to determine the prevalence and antibiotic resistance of diarrheagenic E. coli found
in toilets and kitchen cloths in the Vhembe district, South Africa. One hundred and five samples were
cultured to isolate E. coli: thirty-five samples were kitchen cloths and seventy-five samples were toilet
swabs. Biochemical tests, API20E, and the VITEK®-2 automated system were used to identify E. coli.
Pathotypes of E. coli were characterised using Multiplex Polymerase Chain Reaction (mPCR). Nine
amplified gene fragments were sequenced using partial sequencing. A total of eight antibiotics were
used for the antibiotic susceptibility testing of E. coli isolates using the Kirby–Bauer disc diffusion
method. Among the collected samples, 47% were positive for E. coli. DEC prevalence was high (81%),
with ETEC (51%) harboring lt and st genes being the most dominant pathotype found on both kitchen
cloths and toilet surfaces. Diarrheagenic E. coli pathotypes were more prevalent in the kitchen cloths
(79.6%) compared with the toilet surfaces. Notably, hybrid pathotypes were detected in 44.2% of
the isolates, showcasing the co-existence of multiple pathotypes within a single E. coli strain. The
antibiotic resistance testing of E. coli isolates from kitchen cloths and toilets showed high resistance to
ampicillin (100%) and amoxicillin (100%). Only E. coli isolates with hybrid pathotypes were found
to be resistant to more than three antibiotics. This study emphasizes the significance of fomites as
potential sources of bacterial contamination in rural settings. The results highlight the importance of
implementing proactive measures to improve hygiene practices and antibiotic stewardship in these
communities. These measures are essential for reducing the impact of DEC infections and antibiotic
resistance, ultimately safeguarding public health.

Keywords: diarrheagenic; Escherichia coli; antibiotic resistance; households; kitchen cloths; toilets

1. Introduction

Diarrheal disease remains a significant public health issue particularly in rural areas
where there is limited availability of clean water and adequate sanitation facilities [1,2].
The spread of pathogens through fomites is a serious concern to human health, safety,
and development. Fomites act as reservoirs and potential vectors for pathogenic bacteria,
including E.coli, leading to the spread of infections within households [3]. Pathogenic
bacteria can survive on fomites for an extended period, and the duration of their survival
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is influenced by factors such as temperature, humidity, and the availability of other mi-
croorganisms [4,5]. Previous studies have shown the presence of E. coli on various fomites,
including kitchen surfaces and cloths, toilet surfaces, door handles, and bathroom surfaces.
These fomites serve as source of transmission, posing a potential health risk [6,7].

E. coli is a Gram-negative bacterium that typically inhabits the lower intestines of
warm-blooded animals, and certain E. coli, O157: H7, leads to severe gastrointestinal infec-
tions in humans [8,9]. Studies by Seidman et al. [10] and Potgieter et al. [11] have reported
the contamination of toilet seats in rural households with total coliforms and E. coli. Re-
search findings have also revealed that kitchen cloths exhibit bacterial contamination, with
E. coli emerging as the most frequently detected microorganism [9,12,13]. E. coli is generally
used as an indicator of faecal pollution and indicates the presence of other pathogenic
bacteria, such as Salmonella and Shigella, which have been associated with diarrhea [14].
Apart from its role as an indicator organism, E. coli can be classified as diarrheagenic (in-
testinal) or extraintestinal pathotypes [15]. Diarrheagenic E. coli pathotypes are categorized
into six well characterized groups harboring specific genes: enteroinvasive E. coli (EIEC),
enteropathogenic E. coli (EPEC), enterotoxigenic E. coli (ETEC), enterohemorrhagic E. coli
(EHEC), enteroaggregative E. coli (EAEC), and diffusely adherent E. coli [16,17]. Certain E.
coli pathotypes can acquire virulence genes from other E. coli strains, resulting in what is
known as a hybrid pathotype [18–20]. Diarrhea caused by pathogenic E. coli is a leading
cause of morbidity and mortality worldwide, especially in children younger than five
years [21,22].

Infections caused by E. coli are usually treated using antibiotics such as penicillin,
gentamycin, ampicillin, amoxicillin, chloramphenicol, rifampicin, and tetracycline [23].
However, some studies have documented that E. coli has become resistant to some an-
tibiotics due to their widespread and inappropriate use [24,25]. Such misuse poses a
serious health problem [26]; antimicrobial resistant E. coli strains have been reported as
the main carriers of antibiotic resistance genes to ampicillin, penicillin, tetracycline, and
rifampicin [27,28]. Hybrid DEC pathotypes have been reported to exhibit multidrug resis-
tance to beta-lactam antibiotics [20,29].

In South Africa, inadequate access to water supply, sanitation services, and hygiene is
considered the eleventh most significant risk factor leading to illnesses [30]. About 73% of
toilets in rural households in the Vhembe District are pit holes with no water taps close to
the toilets [31], suggesting that most people might not wash their hands immediately after
using the toilets. Even in situation where water is accessible, most people wash their hands
solely with water without using detergents [30].

Thus, poor sanitation and hygiene are still serious problems in rural households in the
Vhembe district. Therefore, this study aimed to determine the prevalence and antibiotic
resistance of diarrheagenic E. coli contamination in household fomites, highlighting the
importance of implementing effective hygiene measures to mitigate transmission risks.

2. Methods and Materials
2.1. Study Area and Period

This study was conducted in Tshamutilikwa village (−22.892981245885206,
30.600267380011015) in the Vhembe district, South Africa (Figure 1), from May to Au-
gust 2021. Tshamutilikwa is a place with a population of 814 people, according to the
Census conducted in 2011 (https://census2011.adrianfrith.com/place/966110) (accessed
on 3 August 2023). It covers an area of 1.06 square kilometers. With a population density of
766.49 people per square kilometer, Tshamutilikwa is a relatively densely populated area.
The village consists of 203 households, resulting in an average of 191.15 households per
square kilometer.
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from the selected households and 70 toilet (35 seats and 35 door handles) samples were 
collected from participating households in Tshamutilikwa. A specific prepared question-
naire was administered to household owners to obtain information on various water, san-
itation, and hygiene [WASH] factors, including the source of water, usage of kitchen 
cloths, condition of the kitchen cloth, toilet condition, type of toilet, handwashing means 
after using the toilet, the incidence of diarrhea in the household, and the practice of shar-
ing the toilet with neighbors. 

Samples were collected from toilet surfaces using the peptone water sterile swab-
rinse method described by Hurst et al. [32]. In addition, a total of 35 old and used kitchen 
cloths were collected. Participants were requested to place the kitchen cloths in sterile zip-
ping lock bags in exchange for new kitchen cloths. Before sample analysis, a brief descrip-
tion of the quality of kitchen cloths based on aspects such as dirty/clean or wet/dry was 
recorded. The toilets were categorized as clean or dirty based on their appearance. Clean 
toilets had no visible dirt, while dirty toilets had visible dirt, stains, and feces on toilet 
seats. The samples were immediately transported in ice to the microbiology laboratory 
and analyzed within four hours of sampling. 

2.4. Bacterial Isolation and Identification 
2.4.1. Bacterial Isolation 

In the laboratory, 5 cm by 5 cm (length × breadth) pieces were aseptically cut from 
each kitchen cloth sample and placed into a sterile flask containing 50 mL nutrient broth 
(Davies diagnostic (Pty) Ltd., Randburg, Gauteng, South Africa) for enrichment, vortexed 
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2.2. Ethics

Ethical clearance was obtained from the University of Venda [SEA/21/MBY/02/1608].
Sampling was done after receiving permission from the household owners by signing a
consent form and questionnaire to answer and sign.

2.3. Sample Collection

Kitchen cloths, toilet seats, and toilet door handle swabs were collected door-to-
door from the selected households and 70 toilet (35 seats and 35 door handles) samples
were collected from participating households in Tshamutilikwa. A specific prepared
questionnaire was administered to household owners to obtain information on various
water, sanitation, and hygiene [WASH] factors, including the source of water, usage of
kitchen cloths, condition of the kitchen cloth, toilet condition, type of toilet, handwashing
means after using the toilet, the incidence of diarrhea in the household, and the practice of
sharing the toilet with neighbors.

Samples were collected from toilet surfaces using the peptone water sterile swab-rinse
method described by Hurst et al. [32]. In addition, a total of 35 old and used kitchen cloths
were collected. Participants were requested to place the kitchen cloths in sterile zipping
lock bags in exchange for new kitchen cloths. Before sample analysis, a brief description of
the quality of kitchen cloths based on aspects such as dirty/clean or wet/dry was recorded.
The toilets were categorized as clean or dirty based on their appearance. Clean toilets had
no visible dirt, while dirty toilets had visible dirt, stains, and feces on toilet seats. The
samples were immediately transported in ice to the microbiology laboratory and analyzed
within four hours of sampling.

2.4. Bacterial Isolation and Identification
2.4.1. Bacterial Isolation

In the laboratory, 5 cm by 5 cm (length × breadth) pieces were aseptically cut from
each kitchen cloth sample and placed into a sterile flask containing 50 mL nutrient broth
(Davies diagnostic (Pty) Ltd., Randburg, Gauteng, South Africa) for enrichment, vortexed
for 5 min, and incubated at 37 ◦C overnight [33]. After incubation, 1 mL of the inoculated
broth was transferred into a clean, sterile test tube containing 9 mL of sterile water. The
diluted solution was mixed thoroughly by vortexing, and 0.5 mL of the diluted solution
was then spread on sterile Eosin Methylene Blue (EMB) agar (Davies diagnostic (Pty) Ltd.,
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Randburg, Gauteng, South Africa) plates using a sterile glass spreader and incubated for
24 h at 37 ◦C. Toilet seat and door handle swab samples were streaked directly on EMB
agar and incubated for 24 h at 37 ◦C. After incubation, two distinct green metallic shiny
colonies (characteristic of E. coli) were selected from each EMB plate and subcultured on a
sterile nutrient agar plate to isolate pure colonies. All media used were prepared according
to the manufacturer’s specifications.

2.4.2. Bacterial Identification

The colonies obtained from sub-culturing on nutrient agar plates were analyzed using
various biochemical tests such as the Kligler iron agar test [34], Urease test, Simmon citrate
test [35], and the API20E (bioMérieux, Marcy I’Etoile, France). Presumptive E. coli isolates
were further confirmed using the VITEK 2 automated system (bioMérieux, Marcy-l’Étoile,
France) as described by the manufacturer. Briefly, a bacterial suspension was created by
mixing E. coli colonies with 0.85% phosphate-buffered saline (PBS) (Thermo Fisher Scientific,
Randburg, South Africa), resulting in a concentration of 1 × 108 CFU/mL Mcflarland
standard. Subsequently, 2 mL of these suspensions were automatically loaded into the
VITEK 2 ID system, utilizing the GNB cards specifically designed for E. coli identification.
The cards were analyzed through kinetic fluorescence measurement, and the results were
reported within 3 h.

2.5. Molecular Identification of E. coli Isolates
2.5.1. DNA Extraction

DNA extraction was performed as previously described by Omar et al. [36]. Briefly,
2 mL of nutrient broth with E. coli was aliquoted into sterile 2 mL Eppendorf tubes (Sigma-
Aldrich, St Louis, MI, USA). The tubes were centrifuged at 13,000× g for 120 s to separate
the cells from the supernatant. The DNA binding to celite was enhanced using lysis buffer
mixed with 250 µL of 100% ethanol. Before washing, the celite-bound DNA was added to
the spin columns. Qiagen elution buffer (Southern Cross Biotechnology®, Hilden, Germany)
of 100 µL was used for DNA elution. Extracted DNA was then used as a template for
PCR reactions.

2.5.2. Genotypic Identification and Classification of E. coli Pathotypes

Genotypic identification and classification of selected isolates into the different E. coli
pathotypes were performed using an 11-gene multiplex PCR, as previously reported [37,38].
The primers used in this study are in (Table 1). A total volume of 20 µL reaction mix-
ture consisted of 10 µL, 2X Qiagen® PCR multiplex mix (Qiagen®, Hilden, Germany),
1 µL 5× Q-solution, 2 µL of DNA template, 5 µL PCR grade water, and 2 µL of the primer
mix containing 0.1 µM of lt and mdh, 0.5 µM of stx1 and st, 0.3 µM of eaeA and stx2, and
0.2 µM of astA, bfp eagg, ial, and gapdh primers. Multiplex PCR amplification was performed
in a Bio-Rad MyCyclerTM Thermal cycler (Bio-Rad, Hercules, CA, USA) under the following
PCR conditions: an initial activation at 95 ◦C for 15 min, followed by denaturation at 94 ◦C
for 45 s, and annealing was performed at 55 ◦C for 45 s. Extension was done at 68 ◦C for
2 min (35 cycles) [38]. PCR amplifications were separated using agarose gel electrophoresis,
the bacterial DNAs were loaded into pre-cast wells in the gel, and a current was applied as
described by Alfinete et al. [39].

Table 1. Primers used to identify diarrheagenic E. coli pathotype-associated genes.

Pathogen Primers Sequence (5′-3′) Size (bp) Conc. (µM) Reference

E. coli
mdh (F) GGT ATG GAT CGT TCC GAC CT

300 0.1 Omar et al. [40]Mdh(R) GGC AGA ATG GTA ACA CCA GAG

EIEC
ial (F) GGT ATG ATG ATG AGT CCA

630 0.2 Pass et al. [41]ial (R) GGA GGC CAA CAA TTA TTT CC
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Table 1. Cont.

Pathogen Primers Sequence (5′-3′) Size (bp) Conc. (µM) Reference

EHEC/Atypical
EPEC

eaeA (F) GGT ATG ATG ATG ATG AGT CCA
917 0.3 Aranda et al. [42]eaeA(R) GGA GGC CAA CAA TTA TTT CC

Typical EPEC bfpA (F) AAT GGT GCT TGC GCT TGC TGC 410

EAEC
eagg (F) AGA CTC TGG CGA AAG ACT GTA TC

194 0.2 Pass et al. [41]Eagg(R) ATG GCT GTC TGT AAT AGA TGA GAA C

EHEC

stx1 (F) ACA CTG GAT GAT CTC AGT GG
614 0.5

Moses et al. [43]
stx1(R) CTG AAT CCC CCT CCA TTA TG
stx2 (F) CCA TGA CAA CGG ACA GCA GTT

779 0.3Stx2(R) CCT GTC AAC TGA GCA CTT TG

ETEC

lt (F) GGC GAC AGA TTA TAC CGT GC
330 0.1

Pass et al. [41]
lt (R) CGG TCT CTA TAT TCC CTG TT
st (F) TTT CCC CTC TTT TAG TCA GTC AAC TG

160 0.5st (R) GGC AGG ATT ACA ACA AAG TTC ACA
E. coli toxin astA (F) GCC ATC AAC ACA GTA TAT CC

106 0.3
Kimata et al. [44]

astA (R) GAG TGA CGG CTT TGT AGT C

External
Control

gapdh (F) GAG TCA ACG GAT TTG GTC GT
238 0.1 Mbene et al. [45]gapdh (R) TTG ATT TTG GAG GGA TCT CG

2.6. Sequencing and Phylogenetic Analysis

Sequencing and phylogenetic analysis of E. coli was performed to compare the bacterial
isolates obtained from the kitchen cloths and toilets within the same household and to
investigate whether similar bacterial clones existed in different households, to identify
any potential spread of identical clones within the community. DNA partial sequencing
was performed on ABI 3500XL Genetic Analyzer POP7TM (Thermo Scientific, Waltham,
MA, USA) using the same specific primers (Table 1). The reading of the DNA sequence
was done and edited on FinchTV v1.4 (Geospiza Inc., Seattle, WA, USA). Nucleotide
sequences of E. coli were compared with other reference strains on GenBank by blasting
on the NCBI program (available at http://www.ncbi.nlm.nih.gov/) (accessed on 19 May
2022). For constructing the phylogenetic tree, MEGA X version 10.2.6 software was used to
create phylogenetic trees by the neighbor-joining method and evaluated at 1000 bootstrap
replicates for each gene [41,42].

2.7. Determination of Antibiotic Susceptibility

All the E. coli isolates were tested for sensitivity to different antibiotics using the Kirby–
Bauer standard disc diffusion method [46,47]. For the disc diffusion assay, bacteria were
grown for 24 h on Mueller–Hinton agar (Davies Diagnostics (pty) Ltd., Randburg, Gauteng,
South Africa), harvested, and then suspended in 0.85% sterile PBS solution adjusted
to a 0.5 McFarland turbidity standard, equivalent to 108 CFU/mL. The standardized
bacterial suspension was streaked onto Mueller–Hinton agar plates using a sterile cotton
swab and exposed to commercially available antibiotic discs (Thermo Fisher Scientific,
Waltham, MA, USA). The zones of inhibition were measured using a ruler after 24 h of
incubation at 37 ◦C. The resistance patterns of the isolates to 8 different antibiotics (Table 2)
were then interpreted as either Resistant (R), Intermediate resistant (I), or Sensitive (S),
following the guidelines set by the Clinical Laboratory Standards Institute (CLSI, 2020)
(https://clsi.org/meetings/susceptibility-testing-subcommittees/) (accessed on 3 August
2023). The antibiotics selected (Table 2) in this study are commonly used to treat diarrheal
infections caused by diarrheagenic E. coli pathotypes.
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Table 2. List of antibiotics used, disc potencies, and zone diameter interpretative standards for E. coli
(CLSI, 2020).

Antibiotics Disc Code Disc Potency (µg)
Inhibition Zone (mm)

Resistant Intermediate Sensitive

Amoxicillin-Clavulanic AMC 30 ≤19 - ≥20
Azithromycin AMZ 30 ≤13 17–19 ≥20

Chloramphenicol CN 30 ≤12 13–17 ≥18
Gentamicin GM 10 ≤12 13–14 ≥15
Ampicillin AMP 10 ≤13 14–16 ≥17
Rifampicin C 5 ≤16 17–19 ≥20
Tetracycline TE 5 ≤11 12–14 ≥15

Penicillin P 10 ≤14 15–20 ≥21

3. Results
3.1. Study Characteristics

In all, 54.3% (19/35) of the kitchen cloths were dirty; among those, 54.6% (11/19) were
dry and dirty, and 42.1% (8/19) were wet and dirty (Table 3). Of 35 toilets where swab
samples were collected, 54.3% (19/35) were not clean, and two had feces on the seats.

Table 3. Demographical features of the 35 households in Tshamutilikwa village with percentage.

Variables Category Total Study Population (%)
(n = 35)

Number of people in a household
One 3 (8.6)
Two 7 (20)

More than two 25 (71.4)

Source of Water
Tap 33 (94.3)
Well 0

Surface 2 (5.7)

Handwashing means after using the toilet
Water only 17 (49)

Water and soap 15 (43)
Do not wash 3 (8.6)

Type of toilet
Ventilated improved latrine 27 (77.90)

Pit latrines 1 (2.9)
Flush toilets 7 (20)

Toilet condition
Clean 16 (45.7)
Dirty 19 (54.3)

Sharing of the toilet with neighbors Yes 2 (5.7)
No 33 (94.3)

Animal ownership Yes 29 (83)
No 6 (17)

Animals are allowed to enter the house
Yes 1 (2.9)
No 34 (97.1)

Diarrhea in the household
Yes 4 (11.4)
No 31 (88.6)

Condition of kitchen cloth
Clean 16 (45.7)
Dirty 19 (54.3)

Kitchen cloth use

Wiping up spills 2 (5.7)
Drying hands 2 (5.7)
Covering food 3 (8.6)

Cleaning and drying up dishes 7 (20)
Multi-use 21 (60)

Washing soap
Powdered soap 25 (71.4)

Bar soap 6 (17)
Jik bleach 4 (11.4)
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3.2. Prevalence of E. coli on Kitchen Cloths and Toilets

Of the 105 samples collected, 46.7% (49/105) were positive for E. coli. All the kitchen
cloths had bacterial contamination. A total of 71.4% (25/35) of the kitchen cloths (n = 35)
were contaminated with E. coli. Out of the 70 samples collected from the toilets, 24 (34.3%)
were contaminated with E. coli (Table 4).

Table 4. Prevalence of E. coli on kitchen cloths and toilet surfaces (seats and door handle).

Samples E. coli Percentage (%)

Kitchen cloths; n = 35 25 71.4
Toilet seats; n = 35 12 34.3

Toilet door handles; n = 35 12 34.3

Total; n = 105 49 46.7

3.3. Characterization of E. coli Pathotypes

The mdh gene was used as an internal control to ensure the PCR worked for each E. coli
isolate. A total of 43/49 (90%) isolates were positive for the E. coli housekeeping gene (mdh).
All the E. coli isolates with mdh genes also tested positive for the gapdh gene. The m-PCR
test did not show any false positives or PCR inhibition as the external control gene (gapdh)
was detected in all samples.

Multiplex PCR detected five DEC pathotypes (EAEC, EHEC, EPEC, ETEC, and EIEC).
The prevalence of commensal E. coli (8/43; 18.6%) was lower than that of DEC (35/43; 81%).
ETEC (22/43; 51%), harboring lt and st genes, was the most dominant DEC pathotype
found in kitchen cloths and on toilet surfaces.

Different hybrid pathogenic strains of E. coli were found, 24 (55.8%) non-hybrid
pathotypes and 19 (44.2%) hybrid pathotypes. There was a high prevalence of hybrids with
two pathotypes, making the percentage 18.7% (Figure 2). Most of the hybrid E. coli strains
exhibited the presence of the Asta gene, which is known to be carried by E. coli toxins.
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Figure 2. Prevalence of non-hybrid and hybrid E. coli pathotypes on kitchen cloths, toilet seats, and
toilet door handles.

Based on the sample type, more diarrheagenic E. coli pathotypes were found in kitchen
cloths (39/49, 79.6%) followed by toilet seats (20/49; 40.8%) and toilet door handles (11/49;
22.4%), respectively (Figure 2). In addition, the gel image illustrating the results of the
Multiplex PCR is provided in Supplementary Figure S1.
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3.4. Antibiotic Resistance Profile of E. coli

The E. coli isolates obtained from kitchen cloths exhibited varying levels of antibiotic
resistance. E. coli isolates from the toilet surfaces and kitchen cloths displayed the highest
resistance to ampicillin (24/24; 100%) and amoxicillin (24/24; 100%). (Table 5).

Table 5. Antibiotic resistance percentage of E. coli isolated from kitchen cloths and toilets.

Resistance to Specific
Antibiotic

Kitchen Cloths (51%)
n = 25

Toilet Seats
(24.5%)
n = 12

Toilet Door Handles
(24.5%)
n = 12

Total
(%)

n = 49

Ampicillin 25 (100) 12 (100) 12 (100) 49 (100)
Tetracycline 4 (16) 1 (8.3) 0 5 (24.3)
Amoxicillin 25 (100) 12 (100) 12 (100) 49 (100)
Chloramphenicol 5 (20) 2 (16.6) 0 7 (36.6)
Rifampicin 3 (12) 0 0 3 (12)
Azithromycin 0 0 0 0
Gentamycin 0 0 0 0
Penicillin 19 (76) 7 (58.3) 9 (75) 35 (71.42)
Ampicillin and Amoxicillin 25 (100) 12 (100) 12 (100) 49 (100)
Ampicillin, Amoxicillin, and penicillin 19 (76) 7 (58.3) 9 (75) 35 (71.4)

Multidrug resistance
Amoxicillin, Ampicillin, Penicillin,
Chloramphenicol, and Tetracycline

2 (8) 1 (4) 0 3 (6.1)

Some of the isolates showed resistance to more than two antibiotics; only 28.6% (14/49)
of the isolates did not show resistance to three antibiotics. The multidrug resistance of
E. coli isolates was found in 6.1% (3/49) of the isolates (Table 5). Only E. coli isolates with
hybrid pathotypes were found to be resistant to more than three antibiotics used.

3.5. Sequence and Phylogenetic Analysis
Sequence Analysis and Phylogenetic Analysis

The study findings indicated that among the households sampled, only three house-
holds (numbers 7, 28, and 35) exhibited the consistent presence of the same pathotypes
(ETEC, EHEC, and EAEC) across all three sample types: kitchen cloth, toilet seat, and toilet
door handle surfaces. Specifically, household number 7 showed ETEC, 28 showed EHEC,
and 35 showed EAEC detected in all sample types. Nine amplified DNA extracts were
sent for partial sequencing (including three of Stx1, three of lt, and three of Eagg). Of the
nine amplified E. coli isolates, only one stx1 (1/3; 33.3%) and one Eagg (1/3; 33.3%) were
successfully sequenced.

The two sequences obtained were blasted on GenBank for comparison with other refer-
ence E. coli strains. The similarities with the reference strain for the Stx1 gene sequence ranged
from 80 to 89.4%, and for the Eagg gene sequence ranged from 81 to 89.8% (Figures 3 and 4).

The Stx1 sequence (accession no. 0N193544) from the present study was closely related
to a reference strain isolated in water from Hungary (accession no. DQ44966.1) and shared
a common ancestor with an E. coli strain from human feces in Bangladesh (Figure 3).

The Eagg sequence (accession no. 0N241000) obtained from the toilet seat in this study
shared a common ancestor with an E. coli strain (accession no. MZ330843.1) from handwash
water in the Vhembe District, South Africa (Figure 4). There were limited reference strains
of Stx1 and Eagg genes in Africa.
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Figure 3. Phylogenetic tree based on 614 nucleotide sequences of the E. coli stx1 gene fragment constructed
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2021) in the rural community of Vhembe District, South Africa. Fifteen reference E. coli strains with the
same gene were selected randomly from GenBank. Bootstrap values greater than 70% for the branches
were considered. The phylogenetic tree was constructed using Mega X version 10.2.6 software.
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4. Discussion

Poor sanitation and hygiene are still major problems in rural communities, especially
in low- and middle-income countries (LMICs). They have been associated with increased
diarrhea disease caused by enteric pathogens. Diarrhea is the leading cause of morbidity
and mortality worldwide [42,48]. There are few reports on the prevalence and antibiotic
resistance of diarrheagenic E. coli from household fomites in the Vhembe District. A large
percentage difference was observed when comparing the bacterial rate of contamination on
toilets (12/35; 34.3%) and kitchen cloths (25/35; 71.4%). This has been associated with the
differences in the environmental conditions of the kitchen cloths (wet and dirty) and the
toilets (dry and clean). The high frequency of E. coli on kitchen cloths can be attributed to the
multipurpose use and the wet condition, which is suitable for the growth of bacteria [49,50].
The kitchen cloths examined in this study were highly contaminated with enterotoxigenic E.
coli. Similar results were also reported by Chavatte et al. [12]. Furthermore, Speirs et al. [51]
expressed concerns regarding the presence of enteric microorganisms in wet areas of the
domestic kitchen, such as dishcloths, sink surfaces, and draining boards. These studies
emphasize the potential health risks associated with dirty wet kitchen fomites that harbor
bacterial contamination.

The high prevalence of DEC proves that kitchen cloths can be sources of food poisoning
since ETEC, EHEC, and EPEC are pathogenic [33]. Studies have shown that the most
frequently used fomites (toilets and kitchen cloths) are highly contaminated [52,53]. This
study revealed a similar percentage of E. coli on both toilet seats and door handles. Similar
findings have been previously reported [6,52,54,55]. Therefore, household toilets and
kitchen cloths should be seen as important vehicles for transmitting diarrheagenic E. coli
to humans.

Some of the presumptive E. coli isolates did not show the presence of the mdh gene,
which could be due to the low DNA concentration or some PCR inhibitors and is in line
with another study [40] in South Africa that reported that 15% of E. coli isolates were
negative for the mdh gene. However, E. coli isolates that tested positive for mdh showed the
presence of the gapdh gene, which was used as an external control. Using the gapdh gene as
an external control helps ensure accurate PCR results with no false positives and no PCR
inhibitors [40,56].

In this study, it was discovered that 44.2% of the E. coli isolate exhibited the combina-
tion of two or more genes from different pathotypes. Furthermore, hybrid pathotypes were
more prevalent on kitchen cloths and toilet seats, respectively. Enterotoxigenic E. coli and
EAEC were the most prevalent DEC in the diarrheal stool samples of young children living
in the Vhembe district [22]. In addition, E. coli isolates with two or more virulence genes of
DEC were found. Banda et al. [57] reported similar findings in the toilets and floor swabs
from households in the Vhembe District, South Africa. The challenge concerning hybrid
pathogens lies in their combination of virulence genes that leads to the development of
severe diseases [58]. Several DEC strains with more virulence genes have been observed
elsewhere in children’s diarrhea stool samples [48]. Previous studies reported an increase
in the number of infections due to emerging DEC hybrid pathotypes [59–61]. Identifying
a substantial proportion of diarrheagenic E. coli hybrid pathotypes on fomites highlights
the need for effective hygiene measures in rural households. These findings highlight the
potential for these fomites to serve as a reservoir for harmful bacteria, increasing household
members’ risk of diarrheal illnesses.

A high prevalence of DEC resistance to commonly used antibiotics was found in the
study area. Kitchen cloths and toilet surfaces in the rural areas of the Vhembe District
were contaminated with DEC strains exhibiting high resistance to Beta-lactam antibiotics
(ampicillin, amoxicillin, and penicillin). There is an increase in DEC resistance to amoxicillin
and ampicillin in the current study as compared with the previous studies in Africa [60–62].
The inappropriate use of antibiotics has been identified as a contributing factor to antibiotic
resistance in developing countries [10]. However, all the DEC isolates were susceptible
to azithromycin and gentamycin. High E. coli susceptibility to gentamycin has been
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previously reported [63]. This study identified E. coli strains exhibiting resistance to multiple
antibiotics. These findings agree with earlier reports on E. coli multidrug resistance in South
Africa [64–66]. For example, Bolukaoto et al. [39], reported the multidrug resistance of DEC
to two or more antibiotics (ampicillin, amoxicillin, cefotaxime, and others). This indicates
a concerning situation where these commonly used antibiotics may not effectively treat
infections caused by these resistant strains of DEC.

Sequences of Stx1 and Eagg gene fragments identified in this study were related to
reference strains associated with infections such as hemolytic uremic syndrome (HUS) and
diarrhea in patients from Egypt, South Africa, China, Japan, USA, and the UK [66–72],
suggesting that Stx1 and Eagg strains found in this study may pose a threat to human
health. The first outbreak of human Stx1 disease in South Africa occurred in 1992, a decade
after the first outbreak in the United States of America [73]. Eagg identified in this study
from the toilet seat and Eagg previously isolated from handwash water in 2019 (accession
no. MZ330843.1) in the Vhembe District share a similar ancestor (Figure 4). This shows
inadequate hygiene and sanitation and possible routes of transmission from the toilet to
humans. This reveals the continuous spread of diarrheagenic E. coli from 2019 to 2021 in
the Vhembe District. Furthermore, Ojima et al. [65], and Sharma et al. [13] demonstrated
that washing dishcloths with regular detergent or soaps was insufficient in destroying
pathogenic bacteria and recommended soaking the dishcloths in sodium hypochlorite for 3
to 4 min, then washing them in hot water.

Enterotoxigenic E. coli and EAEC are significantly associated with hemolytic uremic
syndrome (HUS), urinary tract infection, and diarrhea worldwide [66,67]. E. coli strains
have been classified based on genetic and evolutionary relationships into four main phy-
logroups (A, B1, B2, and D). Some studies have reported that E. coli strains with Stx1 and
Eagg genes fall under phylogroup B2 and D, respectively [68,69]. The phylogenetic trees
from this study revealed the relatedness of Stx1 and Eagg from South Africa with others
from different countries (Figures 3 and 4). However, there are few reference E. coli strains
with the same genes in Africa. Therefore, E. coli sequences from this study play a vital role
in providing valuable epidemiological data specific to Africa. By analyzing these sequences,
researchers can gain insights into the prevalence, distribution, and potential transmission
patterns of these particular E. coli strains within Africa. This information is important
in understanding and addressing the region’s public health implications associated with
these strains.

5. Conclusions

There is a high prevalence of pathogenic and antimicrobial-resistant E. coli on kitchen
cloths and toilet surfaces in the Vhembe District, South Africa. Kitchen cloths and toilets
should be seen as important fomites for transmitting DEC. Furthermore, this study high-
lighted the inefficiency of regular detergents or soaps in eliminating pathogenic bacteria
from kitchen cloths, emphasizing the need for proper hygiene practices such as soaking the
cloths in sodium hypochlorite and washing them in hot water. The findings in this study
indicate the urgency of implementing effective measures to combat antibiotic resistance
and improve domestic hygiene practices in rural households to mitigate the spread of DEC.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics12081345/s1. Figure S1. Depicts gel images A and
B, showcasing the multiplex PCR results for detecting different E. coli genes on household kitchen
cloths and toilet surfaces.
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Abstract: Antibiotic resistance spread must be considered in a holistic framework which comprises
the agri-food ecosystems, where plants can be considered a bridge connecting water and soil habitats
with the human microbiome. However, the study of horizontal gene transfer events within the plant
microbiome is still overlooked. Here, the environmental strain Acinetobacter baylyi BD413 was used to
study the acquisition of extracellular DNA (exDNA) carrying an antibiotic resistance gene (ARG) on
lettuce phylloplane, performing experiments at conditions (i.e., plasmid quantities) mimicking those
that can be found in a water reuse scenario. Moreover, we assessed how the presence of a surfactant,
a co-formulant widely used in agriculture, affected exDNA entry in bacteria and plant tissues, besides
the penetration and survival of bacteria into the leaf endosphere. Natural transformation frequency
in planta was comparable to that occurring under optimal conditions (i.e., temperature, nutrient
provision, and absence of microbial competitors), representing an entrance pathway of ARGs into
an epiphytic bacterium able to penetrate the endosphere of a leafy vegetable. The presence of the
surfactant determined a higher presence of culturable transformant cells in the leaf tissues but did
not significantly increase exDNA entry in A. baylyi BD413 cells and lettuce leaves. More research on
HGT (Horizontal Gene Transfer) mechanisms in planta should be performed to obtain experimental
data on produce safety in terms of antibiotic resistance.

Keywords: horizontal gene transfer; phyllosphere; plant microbiome; one-health; emerging organic
contaminants; surfactants; water reuse

1. Introduction

The rise of antibiotic resistance is posing risk on a global scale for human health. Its
spread has been related to the selection pressure imposed by the use of antibiotics for clini-
cal purposes and their presence in the environment [1], where they are considered emerging
organic contaminants. Contamination with sub-lethal concentrations of antibiotics can con-
tribute to the emergence of Antibiotic Resistance Genes (ARGs) through Horizontal Gene
Transfer (HGT) mechanisms into bacterial populations [2]. Accordingly, environmental
bacteria displaying multi-drug resistance phenotypes against different classes of antibiotics
have been found in animal, soil, and aquatic habitats [3]. Agricultural soils were indicated
among the primary sources of antibiotic-resistant bacteria (ARB) threatening human health
due to ARGs diffusion via manure or sewage sludge applications and the use of reclaimed
wastewater for irrigation [4,5]. The plant microbiome is a nexus for the ‘One-Health’ ap-
proach, acting as a bridge connecting soil and water microbiomes to the human one through
the food chain. In fact, the consumption of food products such as raw leafy vegetables
is recognized among the possible main pathways for resistome diffusion [6,7]. Bacteria
that usually inhabit the phyllosphere (i.e., the surfaces of the aerial parts of a plant, mainly
represented by leaves) are overall considered harmless, but they might represent transient
hosts with the capability to transfer ARGs to human pathogenic bacteria by HGT [8]. ARGs
can accumulate on leaves from different pathways including air and soil particles [9] and
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are widely detected also on produces [10]. Nonetheless, evidence of HGT events within the
microbiome that colonize edible plant portions generally consumed raw is still overlooked.
Among HGT mechanisms, the role of natural transformation (i.e., the direct uptake and
incorporation of extracellular DNA from a bacterium) is poorly studied in the context of
environmental antibiotic resistance although recent evidence speaks in favor of greater
importance than previously assumed [11,12]. A. baylyi BD413 strain, an environmental
model bacterium [13] previously used for natural transformation studies [14,15], can be a
useful tool to fill in this gap of knowledge. The genus Acinetobacter includes several human
opportunistic pathogens, such as Acinetobacter baumannii, recognized as major causal agents
of nosocomial infections and known for the propensity to develop resistance to the main
groups of antibiotics [16,17]. On the other hand, different species of the Acinetobacter genus
are typical members of the cultivable plant endophytic microbiome [7,18] and were isolated
from fresh fruits and leafy vegetables, such as lettuce [19]. Recently, the opportunity to
manage the microbiota composition of lettuce and other fresh produces has been proposed
as a strategy to limit the invasion of potential human pathogens and to limit outbreaks
related to the consumption of contaminated food [20,21]. A. baylyi species is able to hor-
izontally transfer antibiotic resistance genes to Escherichia coli through the secretion of
vesicles [17] and HGT between these two species has been recently demonstrated on lettuce
leaf discs [22]. Moreover, the frequency of HGT events involving A. baylyi can be influenced
by different environmental and chemical stresses [4,17,23].

This study was aimed at characterizing the possible acquisition of extracellular DNA
(exDNA) on lettuce phylloplane by A. baylyi BD413 performing in planta experiments, to
clarify the role of natural transformation as entrance pathway of ARGs into the epiphytic
and/or endophytic bacterial community associated to leafy vegetables. Furthermore, based
on the knowledge that surfactants can alter the permeability of biological membranes [24]
and can increase the entrance of bacteria into leaf tissues [25], we tested the hypothesis
that heptamethyltrisiloxane, a co-formulant widely used in agriculture, enhances A. baylyi
BD413 membrane permeability, exDNA acquisition by bacteria and plant tissues, and
bacterial leaf endosphere penetration.

2. Results
2.1. A. baylyi BD413 Permanence as Viable and Culturable Cells into Lettuce Leaves

The capacity of the A. baylyi BD413 strain to survive in a viable and cultivable state
on the lettuce phylloplane (i.e., the surface of leaves) was assessed after administration
by spray, to simulate sprinkler irrigation. A. baylyi BD413 cell suspension was prepared
at a concentration of 108 cell/mL in physiological solution in a spray bottle. We initially
evaluated the concentration of the viable and culturable bacterial cells actually released by
spray (Table S1). This data was used to calculate the ratio between the CFUs/mL reisolated
from the phylloplane/leaf endosphere after bacterization (i.e., survived culturable cells) and
the CFUs/mL released by spray (i.e., administered cells). The experiment demonstrated
that A. baylyi BD413 was able to adhere and survive on the leaf surface of lettuce plants
(Figures 1 and S1) both 1 h and 24 h after bacterization (Table 1).

Table 1. The ratio between survived and administered cells of the strains A. baylyi BD413, E. coli
DH5α, and K. cowanii VR04.

Strain 1 h 24 h

A. baylyi BD413 9.39 × 10−4 ± 4.24 × 10−4 1.54 × 10−4 ± 5.11 × 10−5

A. baylyi BD413-endo - 1.25 × 10−6 ± 3.29 × 10−7

E. coli DH5α 5.24 × 10−3 ± 3.87 × 10−3 4.34 × 10−5 ± 6.81 × 10−5

K. cowanii VR04 2.39 × 10−2 ± 1.19 × 10−3 3.01 × 10−3 ± 2.14 × 10−3

The table reports the results obtained for each strain 1 h and 24 h after administration
on the leaf surface. Furthermore, the ratio between the A. baylyi BD413 cells that penetrate
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and survived into the endosphere and those initially administered on the leaf surface has
been calculated.
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However, after 24 h, the ratio between survived and administered A. baylyi BD413
cells showed a significantly lower value (Student’s t-test, p = 0.0335) than the one obtained
1 h after administration. A. baylyi BD413 cells were reisolated also from the leaf endosphere
24 h after bacterization (Table 1). The ratio between the survived cells reisolated from the
leaf tissues and those initially administered on the leaf surface was significantly lower
(Figure 1) compared to that measured on the phylloplane at the same time point (Student’s
t-test, p = 0.0066).

The ability of A. baylyi BD413 to survive on the lettuce phylloplane was compared
with those of the laboratory strain E. coli DH5α and the lettuce strain K. cowanii VR04
(Figure S2) as a benchmark to clarify its possible adaptation to this ecological niche. The
CFUs/mL released by spray on lettuce leaves were measured for E. coli DH5α and K. cowanii
VR04 (Table S1) to determine also for these strains the ratio between the survived and the
administered cells on the leaf surface. According to ANOVA tests (Table S2), at both the
experimental times the survival of A. baylyi BD413 into a viable and culturable state was
not significantly different in comparison to E. coli DH5α values (Table 1). The survival of
K. cowanii VR04 on phylloplane (Table 1) was significantly higher compared to A. baylyi
BD413 1 h after the strain administration, while it decreased after 24 h to a value (Table 1)
not significantly different from that recorded for A. baylyi BD413 (Figure S1, Table S2).
For all survival experiments, bacterial colonies were reisolated and identified by ITS
fingerprinting as A. baylyi BD413 (Figure S1a–c), E. coli DH5α (Figure S1d), and K. cowanii
VR04 (Figure S1e).

2.2. Natural Transformation on Nitrocellulose Membrane Filters

To set up the best condition for the in vivo natural transformation assay, plasmid DNA
acquisition by A. baylyi BD413 was initially tested on nitrocellulose membrane filters using
different quantities of pZR80(gfp), comprised between 1 and 50 ng based on literature data
available about exDNA concentration in wastewaters [26]. Using 1, 2, and 5 ng of plasmid
DNA per transformation assay, we measured not significantly different transformation
frequency values (Figure 2, Table S3). A significantly higher (ANOVA, Tukey-Kramer
post-hoc test; p < 0.0001) transformation frequency was obtained using 10 ng of pZR80(gfp)
(Figure 2, Table S3). This value further and significantly increased (Figure 2, Table S3) when
performing the experiment with 20 ng and 50 ng of plasmid.
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Figure 2. Selection of extracellular DNA quantities for in vivo A. baylyi BD413 natural transformation
assays. Transformation frequency of A. baylyi BD413 was calculated by performing an in vitro
natural transformation experiment on nitrocellulose membrane filters using a range of quantities of
plasmid pZR80(gfp), chosen according to the literature information about exDNA concentration in
wastewaters. The black line indicates the average value of three technical replicates. Different letters
(a, b, c) indicate significant differences between the values of transformation frequency measured
using DNA quantities ranging from 1 to 50 ng, according to the Tukey-Kramer post-hoc test (ANOVA,
p-value < 0.0001).

Based on these results we selected the lowest quantities of plasmid DNA suitable for
subsequent in vivo tests, namely 1 ng and 10 ng, which represents a compromise between
the environmental conditions and the detection of natural transformation events [26]. Once
the plasmid quantities have been selected, the A. baylyi BD413 natural transformation
experiment on nitrocellulose membrane filters was repeated using four biological replicates
(i.e., four different cultures of A. baylyi BD413) to obtain results statistically comparable
with those subsequently generated on lettuce leaves. In the latter assay, the A. baylyi BD413
transformation frequency showed a value of 2.12 × 10−3 ± 1.43 × 10−4 using 10 ng of
plasmid (Figure 3b), while this value decreased to 2.80 × 10−4 ± 5.65 × 10−5 performing
the in vitro experiment with 1 ng of DNA (Figure 3b).
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Figure 3. Natural transformation of A. baylyi BD413 under different experimental setups. Transfor-
mation frequency of A. baylyi BD413 was calculated using 10 ng (a) and 1 ng (b) of plasmid pZR80(gfp)
on nitrocellulose membrane filters, leaf discs, and in planta. For all conditions, the black line indicates
the average value of four biological replicates. The same letter (a) indicates no significant differences
according to (a) ANOVA test (p-value > 0.05) or (b) Student’s t-test (p-value > 0.05).

2.3. Natural Transformation on Lettuce Leaves

The capability of A. baylyi BD413 to acquire exDNA on lettuce leaf surface has been
tested using both leaf discs and in planta. Using 10 ng of pZR80(gfp) plasmid, a transforma-
tion frequency of 1.70 × 10−3 ± 7.98 × 10−4 was measured as the average value of four bi-
ological replicates (i.e., four leaf discs) (Figure 3a). Using the same amount of plasmid, the
analysis was then conducted in planta on four biological replicates (i.e., four leaves of the
same lettuce plant) and an average transformation frequency of 2.09 × 10−3 ± 5.94 × 10−4
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was observed (Figure 3a). The same test was repeated during a second independent experi-
ment using a different lettuce plant, measuring not statistically different values of average
transformation frequencies (9.66 × 10−3 ± 1.59 × 10−2, Student’s t-test, p = 0.3774). Using
this quantity of plasmid, the values of A. baylyi BD413 transformation frequencies detected
on lettuce leaf discs and lettuce plant were not significantly different compared to that
observed in vitro (ANOVA, p = 0.5411; Figure 3a).

The natural transformation assays on the leaf surface were repeated using a lower
quantity of exDNA, namely 1 ng of the pZR80(gfp) plasmid, and comparing the results with
those obtained in vitro. According to statistical analysis, the transformation frequencies
of A. baylyi BD413 obtained on lettuce leaf discs (3.81 × 10−4 ± 6.20 × 10−5) and on
nitrocellulose membrane filters (2.80 × 10−4 ± 5.65 × 10−5) did not show significant
differences (Student’s t-test, p = 0.0527) even using 1 ng of exDNA (Figure 3b). When the
experiment was conducted in planta with the same quantity of plasmid, the transformation
events approximate the detection limit. While total CFUs were still countable (on the serial
dilution 10−3), CFUs derived from transformant cells were not detectable using 1 ng of
exDNA, even plating the undiluted samples, for three out of the four biological replicates.
Transformant cells are a fraction of the total A. baylyi BD413 culturable cells, hence this data
agrees with the overall decrease of two orders of magnitude presented by A. baylyi BD413
total CFUs values in planta compared to those obtained from the leaf disc test. Moreover,
we cannot exclude that this result was directly due to the lower DNA quantity used, which
could undergo a quicker degradation in planta under greenhouse conditions. We could
detect transformants A. baylyi BD413 colonies only for one of the biological replicates
(transformation frequency = 2.94 × 10−5 ± 1.47 × 10−5, expressed as the average value
of three technical replicates), a result that hampers the statistical comparison of in planta
results with those observed in vitro and on leaf discs (Figure 3b).

Negative control samples (i.e., leaf discs inoculated with A. baylyi BD413 without
plasmid) were included in all natural transformation assays, and no transformant colonies
were detected on LB agar supplemented with 100 µg/mL kanamycin, confirming the
reliability of the presented results. Moreover, ITS-PCR confirmed the identity of the
reisolated colonies (Figure S3a,c,e), and gfp-PCR confirmed the plasmid acquisition by
A. baylyi BD413 transformants (Figure S3b,d,f), while the gfp expression was assessed
by epifluorescence microscopy (Figure S3g). The detected natural transformation events
occurred on the leaf surface, and not in liquid before leaf inoculation, as demonstrated by
the absence of kanamycin-resistant colonies at the end of a control experiment performed
incubating in physiological solution an A. baylyi BD413 bacterial suspension with plasmid
pZR80(gfp), at room temperature for 30 min.

2.4. Effect of Surfactant Molecule on the Ability of A. baylyi BD413 to Acquire exDNA and Enter
the Leaf Endosphere

Once verified that heptamethyltrisiloxane (HPTSO, 0.021% v/v) does not cause in-
hibitory effects on A. baylyi BD413 growth, its possible influence on bacterial transformation
frequency on leaf surface was tested on leaf disc and in planta using 10 ng of plasmid
pZR80(gfp). When HPTSO was administered on leaf surface together with A. baylyi BD413,
the transformation frequencies on leaf disc and in planta were 3.6 × 10−3 ± 2.5 × 10−3

and 1.47 × 10−3 ± 3.95 × 10−4, respectively (Figure 4a,b). Thus, in both the experimental
setups, the ability of A. baylyi BD413 to acquire exDNA did not result significantly different
in the presence and absence of HPTSO (Student’s t-test, p-value > 0.05).

The experiment was repeated in planta to reisolate total and transformant colonies
of A. baylyi BD413 from the leaf endosphere and measure their ratio in the presence
and absence of HPTSO (Figure 4c), obtaining values that were not significantly different
(3.71 × 10−3 ± 1.33 × 10−3 and 2.71 × 10−3 ± 1.11 × 10−3, respectively, Student’s t-test,
p = 0.2919). Identity and plasmid acquisition by the putative A. baylyi BD413 transformants
isolated from leaf tissues were confirmed by ITS-PCR and gfp-PCR (Figure S4). The effect
of the tested surfactant on the permeability of A. baylyi BD413 cell membrane was assessed
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by measuring the changes in both the internal and the total cell membrane permeability in
presence of HPTSO. The bacterial cell permeability was not influenced by the presence of
the surfactant in the growth medium at the considered time points (Figure S5), coherently
with the lack of increased natural competence (Figure 4a,b).
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Figure 4. Influence of the heptamethyltrisiloxane surfactant on the natural transformation of A. baylyi
BD413. Transformation frequency of A. baylyi BD413 with 10 ng of plasmid pZR80(gfp) on leaf disc
(a) and in planta (b) in the presence (+HPTSO) or absence (-HPTSO) of the surfactant molecule
heptamethyltrisiloxane. Panel (c) indicates the ratio between transformant and total A. baylyi BD413
colonies reisolated from the leaf endosphere. The black line indicates the average value of four bio-
logical replicates. The same letter (a) indicates no significant differences between the values detected
in the presence or absence of HPTSO (Student’s t-test, p-value > 0.05).

Considering that the application of surfactant molecules may enhance the internaliza-
tion of bacteria into lettuce leaves, by performing the natural transformation experiment
in planta we also aimed at measuring the concentration of A. baylyi BD413 total and trans-
formant colonies in the lettuce leaf tissues. As hypothesized, the concentrations of total
and transformant A. baylyi BD413 colonies in the lettuce endosphere showed higher values
in leaves treated with HPTSO (Figure 5) and such difference was statistically significant
for transformant colonies (Student’s t-test, p = 0.0149). The latter result could be related
to a higher uptake of exDNA by plant tissues in the presence of HPTSO resulting in the
occurrence of transformation events directly in the endosphere. To test such a hypothesis,
the concentration of pZR80(gfp) plasmid in the lettuce leaves was measured both in the
presence and absence of the surfactant, providing the exDNA at the same quantity used
for the natural transformation in planta (i.e., 10 ng which corresponded to 1.5 × 109 copies
of pZR80(gfp) plasmid). The qPCR results showed that the gfp copy number per gram
of leaf was higher when the exDNA was provided on the leaves together with HPTSO
(1.60 × 107 ± 2.25 × 107) although the comparison with data measured in the absence of
HPTSO (3.56× 106 ± 9.47× 105) revealed that the difference was not statistically significant
(Student’s t-test, p = 0.3138; Figure S6).
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Figure 5. Entry and survival of culturable A. baylyi BD413 cells in lettuce endosphere. Number of
total (a) and transformant (b) A. baylyi BD413 CFUs/g of leaf reisolated from lettuce endosphere in
presence (+HPTSO) or absence (-HPTSO) of the surfactant molecule heptamethyltrisiloxane. The
black line indicates the average value of four biological replicates. In each panel, different letters (a,
b) indicate significant differences of the CFUs/g of A. baylyi BD413 detected in the presence/absence
of HPTSO, according to Student’s t-test (p-value > 0.05).
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3. Discussion

A recent work [22] demonstrated that A. baylyi can transfer plasmid DNA carrying
ARGs to E. coli clinical isolates on leaf discs and that the E. coli transformant cells can
subsequently colonize the mouse gut and transfer the antibiotic resistance determinants
to Klebsiella pneumoniae in vivo. In this context, the present study investigated one of the
possible upstream steps, namely the acquisition of exDNA by A. baylyi BD413 in planta by
natural transformation, using lettuce as a model leafy vegetable. Literature data indicate
in fact that Acinetobacter spp. are abundant members of water, soil, phyllosphere, and
endosphere microbiome [18,27,28], and the species A. baylyi, among others affiliated to
this genus, was isolated from commercial lettuce [19]. During this study, we verified the
ability of A. baylyi strain BD413 to survive on the lettuce leaf surface and enter the internal
tissues when administered in a physiological solution simulating spray irrigation. The
administration method was chosen considering that sprinklers are irrigation systems widely
used for both field and greenhouse leafy vegetable farming. The capacity of A. baylyi BD413
to remain viable and culturable after spray administration was considered a prerequisite
to allowing its use as a model bacterium for HGT experiments in planta. The results of
the permanence assay showed that A. baylyi BD413 can survive on the phylloplane 1 day
after administration at concentrations that were comparable to that of the lettuce strain
K. cowanii VR04, confirming the adaptation of the genus Acinetobacter to the phyllosphere
ecosystem [28]. This is in agreement with the previously reported capacity of A. baylyi to
grow as an epiphytic bacterium on lettuce leaves, due to the possible use of leaf exudates
as a carbon source [15].

In this study, for in vivo natural transformation, we selected two exDNA quantities
(i.e., 1 and 10 ng) that mimic the environmental concentration detected in wastewater [26].
Indeed, water reuse for irrigation purposes is considered a priority, in relation to the occur-
rence of water shortage periods that affect crop productivity on a global scale [29]. In this
framework, the recent EU legislation on water reuse aims at regulating the concentration
of several emerging contaminants, including antibiotic resistance determinants in treated
wastewater used for irrigation. However, the data available on antibiotic resistance in
wastewater treatment plants, their effluents, and the agri-food systems, generally refer to
the abundance and/or distribution of ARGs and ARB [30]. On the contrary, the mecha-
nisms of ARG diffusion and the anthropogenic input that might increase their frequency
are rarely analyzed.

Here, we demonstrated that the natural transformation of A. baylyi BD413 occurs on
the lettuce phylloplane at the same frequency that is encountered in the laboratory applying
optimal conditions in terms of temperature, nutrient provision, and absence of microbial
competitors. Notably, this result was obtained not only on leaf disc but also during in planta
experiment. These data corroborate previous evidence that nutrient limitation does not act
in A. baylyi as a factor enhancing natural competence, differently from what is reported for
other bacteria such as Haemophilus influenzae [27]. To the best of our knowledge, no previous
data are available on the natural transformation frequency of environmental bacteria in
planta on lettuce phylloplane. Hence, this study can add an important piece of knowledge
for the risk assessment of ARGs diffusion by HGT and their entrance into the food supply
chain. The frequency of HGT events in the environment could be influenced by several
factors. For instance, bacterial exposure to water disinfection products used in wastewater
treatment plants, such as bromoacetic acid and sodium hypochlorite, was demonstrated to
enhance the process of transformation in naturally competent bacteria, promoting ARGs
spread [23,31]. In this study, the possible influence of a surfactant molecule (i.e., hep-
tamethyltrisiloxane) on A. baylyi BD413 natural transformation frequency was investigated.
Since surfactants allow a more uniform spread of the agrochemicals over plant surfaces,
they are widely used in agriculture as co-formulants in the commercial preparation of many
pesticides and fertilizers provided through foliar application [25]. This class of molecule
has been chosen as representative of environmental conditions that could be easily found
in the field. In addition, biosurfactants can be produced by epiphytic bacteria as a strategy
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to move on the leaf surface towards areas where nutrients are more abundant [32]. Though
the results of this study showed that heptamethyltrisiloxane did not significantly change
the frequency of A. baylyi BD413 natural transformation, higher bacterial concentrations
were observed in both reisolating wild-type and transformant A. baylyi BD413 cells from the
lettuce endosphere, the latter retrieved at concentrations significantly higher in presence of
the surfactant. The hypothesis that the higher concentration of transformant A. baylyi BD413
cells could be related to a higher uptake of exDNA by the leaf tissues allowing natural
transformation directly in the leaf endosphere was not confirmed by the data. However,
this process could be not excluded since a higher, still not significant, concentration of the
pZR80(gfp) plasmid was measured in the presence of HPTSO. Regardless of the presence
of the surfactant, the results of this study showed in fact that a high amount of the provided
exDNA was detected in the leaf. Future studies could be focused on exDNA fate and
potential to be acquired by the endophytic bacterial populations, considering the lack of
overall data in the literature, where the role of exDNA is considered solely in the frame of
plant-microbe interaction and plant immune response stimulation [33].

The use of Silwet L-77, a commercial product whose main component is the surfactant
molecule tested in this study, was previously demonstrated to increase the entrance of a
human pathogen, i.e., Salmonella enterica, in tomato leaf tissues and fruits [25]. Moreover,
the foliar application of other commercial products, such as vegetable-derived bioactive
compounds, can alter the microbiome composition of lettuce leaves promoting the growth
of certain bacterial genera, including Acinetobacter [34]. The fact that A. baylyi BD413 can
penetrate the lettuce leaf endosphere, where its viable and culturable populations were
retrieved, is an important aspect in terms of food safety considering that once bacterial cells
enter the leaf tissues they cannot be removed by washing and disinfection procedures. Since
HGT between A. baylyi and members of the family Enterobacteriaceae was demonstrated [22],
the relevance of the endophytic lifestyle of A. baylyi BD413 raises considering the frequent
occurrence of Enterobacteriaceae in the edible tissues of lettuce [35], where they are three
times more abundant compared to the root system [36].

4. Materials and Methods
4.1. A. baylyi BD413 Survival Assay on Lettuce Phylloplane and into Leaf Endosphere

Acinetobacter baylyi BD413, a strain resistant to rifampicin, was used for the bacteri-
zation of Lactuca sativa (var. Canasta) plants to verify its ability to survive in a viable and
culturable state on lettuce phylloplane (i.e., leaf surface) and enter the leaf endosphere.
A. baylyi BD413 was grown in Luria-Bertani (LB) medium (Sigma-Aldrich, St. Louis, MO,
USA) supplemented with rifampicin (100 µg/mL, Sigma-Aldrich) for 24 h at 30 ◦C in an
orbital shaker. The total cell number of the bacterial suspensions was evaluated at the
optical microscope (Motic, BA310E) using a Thoma chamber. A. baylyi BD413 bacterial
culture was centrifuged twice at 4000 rpm for 10 min and the cells were re-suspended in
sterilized physiological solution (i.e., NaCl 0.9%) to obtain a final bacterial concentration of
108 cell/mL. The bacterial suspension was transferred in a spray bottle and dispensed on
lettuce leaves. A. baylyi BD413 was sprayed (1 spray per leaf, corresponding to a volume
of 100 µL) on five leaves per plant (number of bacterized plants = 6). Six plants were
treated with a sterilized physiological solution and used as a negative control. To define
the number of bacterial CFUs released on each plant from the spray bottle, five sprays were
collected in a sterile tube, serially diluted, and plated in triplicates on LB agar medium
supplemented with 100 µg/mL rifampicin.

Bacterized and control plants were kept in greenhouse at 25 ◦C. After 1 h, the epiphytic
bacteria were recovered from negative control plants (n = 3) and bacterized plants (n = 3):
the five treated leaves per plant were removed with a sterile scalpel and put in 20 mL of
sterilized physiological solution for 1 h under shaking to detach bacterial cells from the
leaf surface. Cell suspensions were serially diluted, plated in triplicate on LB agar medium
supplemented with rifampicin (100 µg/mL) and CFUs were counted after incubation at
30 ◦C for 24 h. In addition, epiphytic A. baylyi BD413 cells were recovered, as described

56



Antibiotics 2022, 11, 1231

above, 24 h after plant bacterization from the remaining bacterized (n = 3) and negative
control (n = 3) plants. From the latter plants, once the epiphytic A. baylyi BD413 cells
were detached for isolation, lettuce leaves were surface sterilized with ethanol 70% for
30 sec and rinsed three times with sterilized distilled water for 3 min, to isolate A. baylyi
BD413 cells from the leaf endosphere (protocol adapted from reference [37]). A 100 µL
sample of water from the last rinsing step was plated on LB agar medium supplemented
with 100 µg/mL rifampicin to confirm the complete removal of A. baylyi BD413 from the
phylloplane. Finally, leaves were smashed using sterile mortar and pestle in physiological
solution, serially diluted, and plated in triplicate on LB agar medium supplemented with
100 µg/mL rifampicin. The survival ability of A. baylyi BD413 was measured as the fraction
between the CFUs/mL re-isolated from the phylloplane/leaf endosphere after bacterization
and the CFUs/mL released by spray.

To confirm the identity of the isolates, bacterial colonies isolated from the phylloplane
(n = 10) and from the leaf endosphere (n = 10) of each bacterized lettuce plant were streaked
and the DNA was extracted from each colony through boiling cell lysis. The 16–23 S rRNA
Intergenic Transcribed Spacer (ITS) region was amplified and isolate identification was
assessed by ITS-PCR fingerprinting [38] comparing the ITS profiles of the isolated bacteria
with that of the A. baylyi BD413 strain inoculated on lettuce.

The ability of the A. baylyi BD413 strain to survive on the lettuce phylloplane was
compared with those of other bacteria. The described experimental procedure was adopted
for the rifampicin-resistant mutants of the laboratory Escherichia coli strain DH5α and of the
Kosakonia cowanii VR04, a bacterial strain previously isolated from lettuce leaf endosphere
using the Violet Red Bile Lactose Agar medium (Sigma-Aldrich; Mapelli F., personal
communication). Rifampicin-resistant mutants were prepared according to a published
protocol [39].

4.2. Natural Transformation Protocols
4.2.1. Bacterial Culture Preparation

A. baylyi BD413 strain was grown in 20 mL of LB liquid medium overnight at 30 ◦C
under shaking, subsequently inoculated in a ratio of 1:100 v/v in LB medium, and incubated
at 30 ◦C until the cells reached the early exponential growth phase, corresponding to optical
density (OD) value of 0.4–0.5 at 600 nm (UV/VIS Spectrophotometer 7305, Jenway, London,
UK). The bacterial cells were then centrifuged at 4000 rpm for 10 min and re-suspended
in sterilized physiological solution to obtain a final bacterial concentration of 109 cell/mL.
Four aliquots of 100 µL of cells were prepared and the proper quantity of extracellular
DNA (exDNA) was added and gently mixed. For each experiment, the fifth aliquot of cells
was used as negative control (no DNA was added).

4.2.2. Extracellular DNA (exDNA) Preparation

Natural transformation experiments were conducted using the pZR80(gfp) plasmid as
extracellular DNA. The plasmid harbors a kanamycin resistance gene (aphA-3) and a gene
codifying for the green fluorescent protein (gfp) as an optical marker [14]. The plasmid
was previously extracted from an overnight culture of the strain E. coli (pZR80(gfp)) using
the QIAPrep Spin Miniprep Kit (Qiagen, Hilden, Germany) following the manufacturer’s
instructions and its concentration was assessed fluorometrically using the Qubit™ dsDNA
HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA).

4.2.3. Selection of the exDNA Quantity for In Vivo Experiments

To determine the quantity of exDNA to be used for in vivo natural transformation
experiments, a preliminary in vitro test was conducted in triplicate using 1, 2, 5, 10, 20,
and 50 ng of the pZR80(gfp) plasmid and nitrocellulose membrane filters (GSWP, 25 mm
diameter, 0.22 mm pore size, Millipore, Burlington, MA, USA). The bacterial suspension
(109 cell/mL) was mixed with the different plasmid quantities (in a final volume of 500 µL)
and placed on a sterile nitrocellulose membrane filter, previously positioned on LB agar
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plates. After 24 h incubation at 30 ◦C, the cells were detached from the filter by resuspension
in 1 mL of physiological solution, serially diluted, and plated on both LB agar and LB
agar supplemented with 100 µg/mL kanamycin (Sigma-Aldrich) to count the total and the
transformant CFU numbers present on the filter, respectively. Transformation frequency
was calculated as the number of kanamycin-resistant transformant colonies over the total
number of colonies. Randomly selected transformant colonies (n = 10) were checked by
epifluorescence microscopy (Zeiss Axio Lab.A1) for the expression of the gfp gene harbored
on the pZR80(gfp) plasmid.

4.2.4. Natural Transformation on Leaf Disc

The lowest DNA quantity that allows the detection of the transformation events
on nitrocellulose membrane filters was chosen for in vivo experiments. The ability of
A. baylyi BD413 to acquire exDNA was tested on the surface of lettuce (Lactuca sativa var.
Canasta) leaf discs, collected using a round-shape cutting of 4.5 cm diameter, sterilized by
dipping in ethanol 70% and placed in empty 60 mm diameter Petri dishes. A solution of
109 cell/mL bacterial cells and plasmid (or without plasmid DNA in the case of negative
control) was prepared in a final volume of 100 µL and placed on the leaf disc surface
and, after 24 h of incubation at 30 ◦C, leaf discs were placed in sterile tubes with 1 mL
of physiological solution to detach the cells. The bacterial cell suspension was serially
diluted and plated on LB agar and LB agar supplemented with 100 µg/mL kanamycin.
After 24 h at 30 ◦C, CFUs were counted and the transformation frequency was calculated.
Randomly selected transformant colonies (n = 30) were checked for (i) their identity through
ITS-PCR fingerprinting using A. baylyi BD413 as positive control and (ii) the presence of
the gfp gene harbored by the pZR80(gfp) plasmid. The gfp gene was amplified by PCR
using the primers GFP540F (5′-CAAGAGTGCCATGCCCGAAGG-3′) and GFP875R (5′-
GGTAAAAGGACAGGGCCATCGCC-3′) [40] and the following thermal protocol: 95◦C for
4 min, followed by 35 cycles of 95 ◦C for 45 s, 60 ◦C for 1 min and 72 ◦C for 1 min and a
final extension at 72 ◦C for 10 min.

4.2.5. Natural Transformation in Planta

Natural transformation of A. baylyi BD413 in presence of pZR80(gfp) plasmid was
tested in planta using lettuce plants (Lactuca sativa var. Canasta) under greenhouse condi-
tions. The experiment was conducted using four replicates, corresponding to four leaves of
the same lettuce plant: the four leaves were inoculated with 109 cell/mL A. baylyi BD413
cell suspension mixed with 10 ng of the pZR80(gfp) plasmid (final volume of 100 µL).
In addition, one leaf was inoculated with cell suspension (no plasmid, negative control)
to assess the absence of native kanamycin-resistant bacteria on the lettuce phylloplane.
Each bacterized leaf was covered using a sterile empty Petri dish to avoid environmental
contamination from the greenhouse. After 24 h, the inoculated leaves were removed from
the plant with a sterile scalpel and kept in the Petri dishes, where 1 mL of physiological
solution was added to detach the cells from the leaf surface. After shaking, bacterial cell
suspensions were serially diluted and plated on LB agar and LB agar supplemented with
100 µg/mL kanamycin to reisolate total and transformant A. baylyi BD413 colonies. CFUs
were counted after incubation at 30 ◦C for 24 h and the transformation frequency was
calculated. This experiment was repeated by applying the same conditions to reisolate
total and transformant A. baylyi BD413 colonies from the leaf endosphere, after leaf surface
sterilization. At the end of both experiments, the identity and the presence of the gfp gene
were checked on randomly selected transformant colonies (n = 30) as described in the pre-
vious paragraph. To demonstrate that the HGT events occurred in planta and not in liquid
(i.e., before the suspension of bacterial cells and plasmid were inoculated on the leaves),
we incubated the bacterial suspension with pZR80(gfp) plasmid at room temperature for
30 min and plated the cells on LB agar medium supplemented with 100 µg/mL kanamycin.
After incubation at 30 ◦C for 24 h, the presence of transformant colonies was checked on
the Petri dishes.

58



Antibiotics 2022, 11, 1231

4.3. Entry of Total and Transformant A. baylyi BD413 Cells into Leaf Endosphere

The ability of total and transformant cells of A. baylyi BD413 to enter the endosphere
of lettuce leaves was measured during the in planta experiment described in the previous
paragraph. After the removal of cells from the leaf surface, lettuce leaves were surface ster-
ilized and smashed as described in the survival assay (see Section 4.1). Serial dilutions were
prepared and plated on LB agar and LB agar supplemented with 100 µg/mL kanamycin.
A 100 µL sample of water from the last rinsing step was plated on LB agar medium with
and without 100 µg/mL kanamycin to confirm the complete removal of A. baylyi BD413
transformant and total cells from the phylloplane. After 24 h at 30 ◦C, the number of total
and transformant CFUs present in the leaf endosphere were counted and expressed as
CFUs/g of leaf tissue. All putative transformant colonies were checked for their identity
and the presence of the gfp gene as described in Section 4.2.4.

4.4. Effect of a Surfactant Molecule on A. baylyi BD413 Transformation and Penetration into
the Endosphere

Heptamethyltrisiloxane (HPTSO, Merck, Kenilworth, NJ, USA) was selected as a repre-
sentative surfactant molecule for the experiment. HPTSO is the principal component (85%)
of Silwet L-77, an organo-silicone surfactant used in agriculture for foliar applications of
many agro-chemical products, including herbicides, insecticides, fungicides, plant growth
regulators, and fertilizers with a concentration comprised between 0.025–0.1% [25]. In this
experiment HPTSO was diluted in sterilized physiological water and used at 0.021% v/v,
corresponding to its final concentration for foliar application on leafy green vegetables in
the field, according to the Silwet L-77 product label. Firstly, the possible inhibitory effect
of the surfactant on A. baylyi BD413 growth was analyzed in triplicate both in solid and
liquid LB medium supplemented by 0.021% v/v HPTSO. Then, the effect of HPTSO on
the transformation frequency of A. baylyi BD413 was tested on leaf discs and in planta
mixing the surfactant molecule with A. baylyi BD413 and plasmid DNA prior to spotting
the bacterial suspension on lettuce leaves (n = 4), and following the procedure described in
the previous paragraph to reisolate total and transformant A. baylyi BD413 cells from the
leaf surface. Moreover, the HPTSO influence on the A. baylyi BD413 ability to penetrate the
leaf tissues was tested by reisolating total and transformant colonies from the endosphere,
using LB agar and LB agar supplemented with 100 µg/mL kanamycin, respectively, and
calculating their CFU number per gram of leaf tissue.

4.5. Bacterial Cell Membrane Permeability Assays

The effect of HPTSO on A. baylyi BD413 membrane permeability was determined through
two different methods. The first one measures the permeability of the inner membrane and it
is based on an aqueous hydrolysis reaction of o-nitrophenyl-β-Dgalactopyranoside (ONPG,
Merck) [41]. The second method allows for the determination of the total cell membrane
permeability using a crystal violet solution as previously described [42].

In detail, the inner membrane permeability assay was conducted growing A. baylyi
BD413 in LB liquid medium added with 2% lactose at 30 ◦C overnight. Cells were recovered
by centrifugation (4500× g for 10 min) and resuspended in physiological solution to a final
concentration of 108 cell/mL, ONPG 2.5 mM, and HPTSO (0.021% v/v). Three biological
replicates were prepared and the other three replicates without the addition of HPTSO
were used as control. The samples were incubated at 30 ◦C and after 2, 7, and 24 h the
sample OD at 415 nm was measured (UV/VIS Spectrophotometer 7305, Jenway) to monitor
the production of o-nitrophenol over time.

For the determination of the total membrane permeability, A. baylyi BD413 was grown
in LB liquid medium overnight and resuspended to a final concentration of 108 cell/mL
in physiological solution after centrifuging the cell culture at 4500× g for 10 min. HPTSO
(0.021% v/v) was added to three biological replicates while three samples without the
surfactant molecule were used as control. Samples were incubated at 30 ◦C and, after 6-
and 24-h, cells were harvested at 9300× g for 5 min and resuspended in a physiological
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solution containing 5 µg/mL crystal violet. Cell suspensions were incubated at 30 ◦C for
10 min and centrifuged at 13,400× g per 15 min. The OD of the supernatants was measured
at 590 nm (UV/VIS Spectrophotometer 7305, Jenway). The OD value of the crystal violet
initial solution used in the assay was considered 100%. The percentage of crystal violet
uptake was calculated using the following formula: (OD value of the sample)/(OD value
of the crystal violet solution) × 100 [42].

4.6. Lettuce Leaf Acquisition of Extracellular DNA

Acquisition of pZR80(gfp) plasmid by lettuce plants (Lactuca sativa var. Canasta) was
tested. The experiment was conducted using four replicates (i.e., four leaves) per treatment,
and each treatment was conducted on a separate plant. Leaf treatments were as follows:
(i) addition of 10 ng of the pZR80(gfp) plasmid (final volume of 100 µL), (ii) addition of
10 ng of the pZR80(gfp) plasmid and HPTSO (0.021% w/v). Lastly, four replicates were put
in contact with 100 µL of sterile water to serve as a negative control.

After 24 h, the treated leaves were removed from the plant with a sterile scalpel and
kept in Petri dishes. Before DNA extraction from leaves, the fresh weight was measured,
and surface sterilization was performed as reported in Section 4.1. Each leaf was separately
crushed in a sterile mortar by N2 liquid addition, the biological material was then collected
using a sterile spatula and stored at −20 ◦C.

Subsequent DNA extraction from the 16 leaves was conducted by using DNeasy Plant
Mini Kit (Qiagen), according to manufacturer instructions, adding an initial step of plants’
material destruction by the TissueLyser II (Qiagen) to obtain higher yields of DNA. Qubit
dsDNA HS kit (Invitrogen, Waltham, MA, USA) was used for the DNA concentration mea-
surement of each sample. The DNA extracted from the leaf tissues was used as a template
to perform a PCR to assess the presence of the pZR80(gfp) plasmid. The PCR targeted a
fragment (1100 bp) of pZR80(gfp) plasmid including both the gfp and the aph-A genes,
which was amplified using the primers GFP540F (5′-CAAGAGTGCCATGCCCGAAGG-
3′) and aphA-3R2 (5′- ACTCTTCCGAGCAAAGGACG-3′), and the following thermal
protocol: 95 ◦C for 4 min, followed by 35 cycles of 95 ◦C for 45 s, 59 ◦C for 1 min and
72 ◦C for 2 min and a final extension at 72 ◦C for 10 min. Quantitative PCR (qPCR)
reactions of the gfp gene were conducted according to a published protocol [40], with
slight modifications. The reactions were executed in polypropylene 96-well plates on a
BIORAD CFX Connect™ Real-Time PCR Detection System by the amplification of the
gfp sequence, using primers 540F (5′-CAAGAGTGCCATGCCCGAAGG-3′) and 875R (5′-
GGTAAAAGGACAGGGCCATCGCC-3′) with the following conditions: 0.2 µM of each
primer, 2x SsoAdvanced™Universal SYBR®Green Supermix (BIORAD), 1 µL DNA tem-
plate, 12 µL final volume. The reaction conditions consisted of three-step cycles of 45 s at
98 ◦C and 30 s at 60 ◦C and 30 s at 72 ◦C, for a total of 40 cycles. Each plate included tripli-
cate reactions per DNA sample and the appropriate set of standards. Melting curve analysis
was conducted following each assay to confirm the amplification of specific PCR products
and the number of gfp copies was related to the leaves’ weights of each biological sample.

4.7. Statistical Analyses

The results of the A. baylyi BD413 survival assay on leaf surface at different time points
and comparing epiphytic vs. endophytic permanence (24 h after administration) were
analyzed statistically by Student’s t-test.

The ratio between survived culturable cells and administered cells shown by A. baylyi
BD413, E. coli DH5α, and K. cowanii VR04 were compared by ANOVA applying a post-hoc
Dunnett’s test considering A. baylyi BD413 as the control thesis. Natural transformation
frequencies detected on nitrocellulose filters using different DNA quantities were analyzed
by ANOVA applying a Tukey-Kramer post-hoc test. Likewise, the A. baylyi BD413 trans-
formation frequencies detected on nitrocellulose filters, lettuce leaf discs, and in planta
using 10 ng of plasmid pZR80(gfp) were analyzed by ANOVA. ANOVA and post-hoc tests
indicated above were performed using JMP Pro 16 Software. All the other results related
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to natural transformation frequencies (e.g., in the presence and absence of HPTSO) were
analyzed by a Student’s t-test using the Microsoft Excel software. To evaluate the influence
of surfactant treatment on DNA acquisition by plant tissues, the differences of gfp copy
number/gram of leaf tissue were firstly checked with a Dunnett’s test against the control
non-treated plants using the package DescTools with the R software version 4.2.0 and then
a Student’s t-test was performed between the two treatments.

5. Conclusions

This study highlights that natural transformation is an HGT mechanism occurring on
the edible part of lettuce in presence of exDNA quantities comparable to those possibly
encountered in the agri-food system scenario. Moreover, the presented results indicate
that after the acquisition of the plasmid pZR80(gfp), carrying an antibiotic resistance
gene, transformant A. baylyi BD413 can enter the leaf tissues, and show that this ability is
enhanced in the presence of heptamethyltrisiloxane, a surfactant adjuvant widely used
in agriculture. The impact of agrochemicals on antibiotic resistance spread in agri-food
systems is still overlooked and could be one of the aspects to consider for future research.
All in all, we claim the importance to obtain more experimental data on HGT mechanisms
directly in planta, since produces, together with animal-derived matrices, represent the
possible entry point of ARGs and ARB into food production.
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Abstract: Hospital and municipal wastewater contribute to the spread of antibiotic-resistant bacteria
and genes in the environment. This study aimed to examine the antibiotic resistance and β-lactamase
production in clinically significant Gram-negative bacteria isolated from hospital and municipal
wastewater. The susceptibility of bacteria to antibiotics was tested using the disk diffusion method,
and the presence of extended-spectrum β-lactamases (ESBL) and carbapenemases was determined
using an enzyme inhibitor and standard multiplex PCR. Analysis of antimicrobial resistance of total
bacterial strains (n = 23) revealed that most of them were resistant to cefotaxime (69.56%), imipenem
(43.47%), meropenem (47.82%) and amoxicillin-clavulanate (43.47%), gentamicin (39.13%), cefepime
and ciprofloxacin (34.78%), trimethoprim-sulfamethoxazole (30.43%). A total of 8 of 11 phenotypically
confirmed isolates were found to have ESBL genes. The blaTEM gene was present in 2 of the isolates,
while the blaSHV gene was found in 2 of the isolates. Furthermore, the blaCTX-M gene was found in
3 of the isolates. In one isolate, both the blaTEM and blaSHV genes were identified. Furthermore, of
the 9 isolates that have been phenotypically confirmed to have carbapenemase, 3 were confirmed
by PCR. Specifically, 2 isolates have the blaOXA-48 type gene and 1 have the blaNDM-1 gene. In
conclusion, our investigation shows that there is a significant rate of bacteria that produce ESBL
and carbapenemase, which can promote the spread of bacterial resistance. Identifying ESBL and
carbapenemase production genes in wastewater samples and their resistance patterns can provide
valuable data and guide the development of pathogen management strategies that could potentially
help reduce the occurrence of multidrug resistance.

Keywords: wastewater; sewage; ESBL; carbapenemase; antibiotic resistance; antibiotic-resistant bacteria

1. Introduction

Hospital wastewater is considered potentially hazardous due to the presence of phar-
maceutical residues, radioisotopes, and microbes, which could pose risks to human and
environmental health. Antibiotics used in hospitals can end up in wastewater through
patient urine and feces, selecting multidrug resistant (MDR) bacteria to thrive. This is
because the human body is unable to fully metabolize some of the active ingredients in
these drugs [1]. The sewer system in metropolitan areas transports antibiotic residues
and resistant bacteria from people and/or animals to discharge sites, such as wastewater
treatment facilities [2]. The MDR bacteria that produce hydrolyzing enzymes are found
regularly in hospitals but have also been found in environmental sources such as rivers,
seawater, and wastewater from both urban and hospital sources [3–6]. Studies have found
that municipal wastewater treatment plants can harbor MDR bacteria that can spread to the
environment [7,8]. The prevalence of antibiotic-resistant bacteria (ARB) varies over time
and between hospitals and wastewater treatment plants (WWTP) in different locations [9].
The spread of extended-spectrum β-lactamases (ESBL) has become an important factor in
the emergence of gram-negative MDR bacteria in hospitals, identified in Europe and then
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worldwide [10]. The β-lactam class of antibiotics is the most commonly prescribed group of
antibacterial agents, accounting for approximately 70% of prescriptions, due to their ability
to effectively target a wide range of bacteria [11]. These antibiotics are commonly used to
treat severe infections, but their effectiveness has been compromised by the emergence of
ESBL and carbapenemase, which have a negative impact on their clinical use [12].

The World Health Organization (WHO) has identified carbapenemase-producing
Enterobacteriaceae (CRE) as a critical threat to human health and has included it in its list
of priority diseases for which new treatments are urgently needed. CRE has become a
major concern in recent years due to its resistance to antibiotics and the proliferation of
antibiotic-resistant pathogens, which poses a significant challenge for Saudi Arabia [13].
The transmission of antibiotic-resistant strains of Enterobacteriaceae is a significant concern,
and the large volume of human movement (pilgrim, tourism, work) within and outside
the Gulf region is a major risk factor for their spread. These strains have been documented
in several studies in various regions of Saudi Arabia [14–19]. There is a lack of data on
the prevalence and patterns of antimicrobial resistant bacteria in hospital and municipal
wastewater in Saudi Arabia. Therefore, we conducted this study to determine the resistance
patterns of clinically significant isolates to various antibiotics and to investigate the presence
of ESBL and carbapenemase-producing bacteria. The study also aimed to determine the
presence of specific ESBL and carbapenemase genes in isolated organisms.

2. Results
2.1. Bacterial Isolation

In this study, 23 bacterial isolates from MacConkey agar containing 2 µg of meropenem
were selected (as shown in Table 1). Of these isolates, 7 were obtained from hospital
wastewater samples, 14 were obtained from municipal wastewater samples, and 2 were
obtained from municipal treated wastewater samples. No isolates were obtained from
treated wastewater samples collected from the hospital.

Table 1. List of bacteria isolated.

Bacteria Isolated/Number of Isolates

Hospital
(Wastewater)

Hospital
(Treated Wastewater)

Municipal
(Wastewater)

Municipal
(Treated Wastewater)

Enterobacteriaceae

Klebsiella spp. (2)

No growth

E. coli (3)

Enterobacter spp. (1)
Enterobacter spp. (1)

Klebsiella spp. (2)

Enterobacter spp. (1)

Citrobacter spp. (2)

Proteus spp. (1)

Non-Enterobacteriaceae
Acinetobacter spp. (3)

No growth
Acinetobacter spp. (2)

Pseudomonas spp. (1)
Pseudomonas spp. (1) Pseudomonas spp. (3)

2.2. Identification of Isolates

Of 23 isolates, 13 were found to belong to the Enterobacteriaceae family, including
3 E. coli, 4 Klebsiella spp., 3 Enterobacter spp., 2 Citrobacter spp. and 1 Proteus spp. The
remaining 11 strains were identified as non-Enterobacteriaceae, including 5 Acinetobacter
spp. and 5 Pseudomonas spp. Of the total of seven isolates from hospital wastewater, the
most predominant taxa were Acinetobacter spp. followed by Klebsiella spp., Enterobacter
spp. and Pseudomonas spp. In the wastewater and treated wastewater samples collected
from the municipality, we identified 16 strains of bacteria. The most common strains were
Pseudomonas spp. followed by E. coli, Klebsiella spp., Acinetobacter spp., Enterobacter spp.,
Citrobacter spp., and Proteus spp. (Table S1, supplementary materials).
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2.3. Determination of the Antimicrobial Susceptibility Pattern of the Isolates

In our study, the antibiotic susceptibility patterns of the Enterobacteriaceae strains were
as follows: Enterobacter spp. (n = 3) Isolated from the hospital and municipal wastewater
and treated wastewater were found resistant to amoxicillin-clavulanate (66.66%), cefotaxime
(100%), imipenem (33.33%), meropenem (33.33%), gentamicin (66.66%), ciprofloxacin
(33.33%) and trimethoprim-sulfamethoxazole (33.33%). Klebsiella spp. (n = 4) isolated from
hospital and municipal wastewater showed resistance to amoxicillin-clavulanate (50%),
cefotaxime (75%), cefepime (25%), imipenem (75%), meropenem (50%), ciprofloxacin (25%),
gentamicin (25%) and trimethoprim-sulfamethoxazole (50%). E. coli spp. (n = 3) isolated
from municipal wastewater showed resistance to ceftazidime (33.33%), cefotaxime (100%),
imipenem (33.33%), meropenem (33.33%), ciprofloxacin (66.66%), gentamicin (33.33%) and
trimethoprim-sulfamethoxazole (33.33%). Citrobacter spp. (n = 2) isolated from municipal
wastewater were found to be resistant to amoxicillin-clavulanate (100%), ceftazidime (50%),
cefepime (50%), cefotaxime (50%), imipenem (50%), meropenem (50%), ciprofloxacin (50%)
and trimethoprim-sulfamethoxazole (50%). Proteus spp. (n = 1) isolated from municipal
wastewater were resistant to amoxicillin-clavulanate (100%), ceftazidime (100%), cefotaxime
(100%), cefepime (100%), meropenem (100%) and trimethoprim-sulfamethoxazole (100%).
Analysis of 13 Enterobacteriaceae strains for antimicrobial resistance (AMR) showed that most
of them were resistant to cefotaxime (84.61%), followed by amoxicillin-clavulanate (53.84%),
imipenem and meropenem (46.15% each), trimethoprim-sulfamethoxazole (38.46%) and
ciprofloxacin (30.76%).

The antibiotic susceptibility pattern of strains other than Enterobacteriaceae in our study
was recorded as Acinetobacter spp. (n = 5) isolated from hospital and municipal wastewater
were found to be resistant to cefotaxime (80%), cefepime (60%), imipenem (40%), meropenem
(40%), ciprofloxacin (20%), gentamicin (20%) and trimethoprim-sulfamethoxazole (40%).
Pseudomonas spp. (n = 5) isolated from hospital and municipal wastewater and from treated
municipal wastewater were resistant to ceftazidime (40%), cefotaxime (20%), cefepime (40%),
imipenem (40%), meropenem (60%), ciprofloxacin (60%) and gentamicin (80%). The AMR
patterns of 10 strains of non-Enterobacteriaceae were also examined, and it was found that most
showed resistance to cefotaxime, cefepime, Gentamicin, and Meropenem (50.00%), Imipenem
and ciprofloxacin (40%).

An analysis of 23 bacterial strains found that most were resistant to cefotaxime (69.56%),
followed by meropenem (47.82%), imipenem and amoxicillin-clavulanate (43.47%), gentamicin
(39.13%), cefepime and ciprofloxacin (34.78%), and trimethoprim-sulfamethoxazole (30.43%).
No bacteria were found to be resistant to colistin (Table S2, supplementary materials).

2.4. Screening for β-Lactamases

Of the 23 bacterial strains isolated from municipal and hospital wastewater and
treated wastewater, 18 were resistant to cefotaxime/ceftazidime or both antibiotics. The
18 potential ESBL strains were further tested for confirmation of ESBL. 11 were confirmed
to be producers of ESBL belonging to species Acinetobacter, Enterobacter, Pseudomonas, E.
coli, Citrobacter, and Proteus. 13 isolates were found to be resistant to imipenem and/or
meropenem; out of which 9 isolates were positive for Modified Hodge Test (MHT). The
isolates were belonging to Klebsiella, Citrobacter, Enterobacter, Acinetobacter and Pseudomonas
species (Figure S1 and S2, supplementary materials).

2.5. Detection of Resistance Genes by PCR

Of the 11 phenotypically confirmed ESBL isolates, 8 carried ESBL genes. The blaTEM
gene was identified in a total of 2 strains, mainly harbored in the Pseudomonas and Enter-
obacter species. Furthermore, the blaSHV gene was identified in 2 strains mainly harbored
by Citrobacter and Proteus species. The blaCTX-M gene was identified in 3 strains mainly
harbored by Acinetobacter species. Of the total PCR-positive ESBL isolates, the coexistence
of two different genes, that is, blaTEM and blaSHV, in a single isolate was revealed in a E. coli.
The most common carbapenemase encoding gene found in this study was blaOXA-48 and
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blaNDM-1. It was present in 3 of the 9 phenotypically confirmed carbapenemase producing
isolates. 2 of Klebsiella species were found to harbor blaOXA-48. These isolates came from the
hospital and municipal wastewater. The second prevalent carbapenemase encoding gene
found was blaNDM-1, which was present in 1 of Acinetobacter spp. which was isolated from
municipal wastewater (Figures S3 and S4 Supplementary Materials).

3. Discussion

The overuse and abuse of antimicrobials in human and veterinary medicine, as well
as environmental contamination, have contributed significantly to the emergence of AMR
as a major threat to public health. The most common causes of AMR in healthcare facilities
are the inappropriate use of antimicrobials and an inadequate infection control program.
It has been recognized that aquatic environments can serve as a means of transmission of
infection, and this is often related to the discharge of wastewater effluents from medical
facilities, animal breeding farms, and sewer systems [20]. Despite this, there is a lack of
conclusive information on the conditions or mechanisms that contribute to the development
of drug-resistant strains in individuals [21]. Recent research has shown that bacteria
and their genetic material can be easily transferred between humans, animals, and the
environment [22–24].

In our study, the most predominant species identified in hospital wastewater were
Klebsiella spp., Acinetobacter spp. Enterobacter spp. and Pseudomonas spp. The strains
identified in municipal wastewater and treated wastewater samples were dominated by
Pseudomonas spp., E. coli, Enterobacter spp., Citrobacter spp., Klebsiella spp., Acinetobacter
spp. and Proteus species at the lowest abundance. Similarly, a study by Khaled et al.
characterized bacterial species isolated from domestic wastewater treatment plants in Jazan,
KSA, describing several enteric and non-enteric Gram-negative strains [25]. A study by
Röderová et al. also found human and environmental bacteria in wastewater from hospitals
and urban wastewater treatment plants [26].

We found that isolates from hospital wastewater, as well as municipal wastewater
and treated wastewater, showed resistance to various antibiotics. The results of our anal-
ysis of the AMR of Enterobacteriaceae strains showed that most of them were resistant to
cefotaxime (84.61%), amoxicillin-clavulanate (53.84%), imipenem and meropenem (46.15%)
and trimethoprim-sulfamethoxazole (38.46%). Ciprofloxacin had a lower resistance level of
30.76%. The results of our study are consistent with previous research on resistance patterns
of Enterobacteriaceae strains, such as a study conducted in Germany that found a high level
of resistance to cefotaxime (89%), ceftazidime (95%) and ciprofloxacin (53%) [27]. The
resistance pattern of the non-Enterobacteriaceae strains revealed that most of them showed
resistance to cefotaxime, cefepime, Gentamicin and Meropenem (50.00%), Imipenem and
ciprofloxacin (40%), and many studies have found carbapenem-resistant Acinetobacter spp.
in hospital wastewater [28–30], but resistance to carbapenems has rarely been studied in
isolates obtained from municipal wastewater [31].

A major concern for global public health is the rapid increase in the incidence of
Enterobacteriaceae producing ESBL and its subsequent spread to the general population. The
frequency of ESBL production was highest among Acinetobacter, followed by Enterobacter,
Pseudomonas, E. coli, Citrobacter and Proteus. A study by Bréchet et al. found a high preva-
lence of Enterobacteriaceae producing ESBL in hospital wastewater [32]. Furthermore, global
studies have found significant variations in the prevalence and percentage of strains that
produce ESBL between different nations [33]. It appears that the production of ESBL by
Enterobacteriaceae and non-Enterobacteriaceae strains may restrict the treatment options for
infections caused by this group of bacteria. Therefore, the bacteria that produce ESBL pose
a significant problem that requires proactive efforts to prevent their occurrence.

In our study, carbapenemase producers were phenotypically identified among Kleb-
siella, Citrobacter, Enterobacter, Acinetobacter, and Pseudomonas species. Two separate pheno-
typic studies conducted in Mecca found that 48.4% and 38% of the samples were positive for
carbapenemase production in Klebsiella pneumoniae [34,35]. Wastewater serves as a reservoir
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of antibiotic resistant bacteria that reflects the composition of bacterial populations carried
out by the general population, and wastewater is a hotspot for the exchange of resistant
genes among bacteria [36]. Isolates that were found to produce ESBL or carbapenemase by
any phenotypic method were further characterized by molecular analysis. The blaTEM-type
gene was detected in 2 strains of Pseudomonas spp. and Enterobacter spp. isolated from
municipal wastewater and treated wastewater, respectively. The blaSHV-type gene was
also found in 2 strains, mainly in Citrobacter and Proteus spp. isolates from municipal
wastewater. The blaCTX-M type gene was identified in 3 strains, mainly in Acinetobacter spp.
isolates from the hospital and municipal wastewater. The prevalence of the blaTEM gene
in this study is similar to the findings of a study conducted in Portugal, where the most
commonly identified genes were blaTEM (24.1%) and blaCTX-M (5.6%) [37]. In a separate
study, the blaTEM gene was found to be the most prevalent in wastewater samples collected
during biological treatment, including treated wastewater. However, in another study, the
blaSHV gene was the least prevalent among the genes tested [38]. A recent study revealed
that a small percentage of ESBL genes were found in isolates obtained from wastewater
effluent. Among these samples, 9.2% carried the blaTEM gene, 1.4% carried the blaSHV-12
gene, 0.2% carried the blaCTX-M-1 gene, and 1% carried the blaCTX-M-15 gene [39]. In WWTP,
the genes blaCTX-M, blaTEM, blaSHV, and blaOXA have been identified in multiple species
within the Enterobacteriaceae species group. Our study identified a combination of blaTEM
and blaSHV genes in 1 E. coli spp. isolated from municipal wastewater. In other studies,
blaSHV and/or blaTEM were also frequently found [40–42]. Furthermore, we found that the
genes blaOXA-48 and blaNDM-1 were prevalent among carbapenemase genes. Specifically,
the blaOXA-48 gene was the most identified in Klebsiella spp. isolated from hospital and
municipal wastewater. The presence of blaOXA-48 has also been detected in Saudi Arabian
clinical samples from Saudi Arabia [43]. Studies also reported the prevalence of blaOXA-48
in wastewater [44,45]. Meanwhile, the blaNDM-1 gene was detected in Acinetobacter spp.
recovered from municipal wastewater. Our results are consistent with those of previous
studies showing that the blaNDM-1 gene has been found in a wide variety of species and
is spreading rapidly in various environments [28,46,47]. In this study, none of the isolates
tested positive for carbapenemase encoding genes of type blaIMP, blaVIM or blaKPC.

Our research had some limitations, including the fact that we only tested β lactamase
genes in bacteria that were phenotypically confirmed, the list of resistance testing primers
did not cover everything, and we did not test the mechanism of resistance to carbapenems
other than the production of carbapenemase. Resistance genes could be present in bacteria
that do not show resistance phenotypically. The only way to overcome this is to perform
whole genome sequencing for all isolates. Furthermore, our sample size was relatively
small, so future studies with more samples from various sources will provide a more
comprehensive understanding of pathogens and β-lactam genes. Another limitation was
that our study only looked at a hospital and a municipal wastewater treatment plant in a
specific location, so the results may not apply to other locations.

4. Materials and Methods
4.1. Sample Collection

Six samples, consisting of three wastewater samples and three treated wastewater
samples, were collected from a hospital and municipal wastewater treatment plant in the
central region of Saudi Arabia between October 2021 and December 2021. The samples
were collected between 8 am and 11 am and placed in 1-L plastic containers that had been
sterilized with 70% alcohol and rinsed with deionized water. After collection, the samples
were transported in an insulated box with ice packs to the laboratory for processing. All
samples were stored at a temperature of 4 ◦C and analyzed within 24 h after collection.

4.2. Bacterial Isolates

10 mL of wastewater and 100 mL of treated wastewater were centrifuged at 5000× g for
10 min. The samples were then serially diluted with normal sterile saline (10−1, 10−2, 10−3)
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and 100 µL of each aliquot was spread on MacConkey agar with 2 µg/mL of meropenem
added. The plates were incubated overnight at a temperature of 35 ± 2 ◦C. To further purify
the bacteria, colonies with distinctive color and characteristics were randomly selected and
subcultured on MacConkey agar containing 2 µg of meropenem. The isolates were then
stored in TSA + 10% glycerol stock at a temperature of −80 ◦C for further analysis. The
identifications of the isolates were confirmed by Gram staining and then further determined
by biochemical analysis, as detailed by Mahan et al. [48].

4.3. Antimicrobial Sensitivity

The antibiotic sensitivity test (AST) was performed using the disk diffusion method as
per the recommendations of the Clinical Laboratory Standard Institute (CLSI) [49]. The disk
diffusion test was carried out using the Kirby-Bauer technique with cefotaxime (CTX, 30 µg),
cefepime (FEP, 5 µg), imipenem (IMP, 10 µg), meropenem (MEM, 10 µg), ciprofloxacin (CIP,
5 µg), gentamicin (GEN, 10 µg), trimethoprim/sulfamethoxazole (SXT, 23.75 µg + 1.25 µg),
ceftazidime (CAZ, 30 µg), amoxicillin-clavulanate (AMC, 30 µg), and colistin (CST) (30 µg).
All antibiotics were obtained from Oxide Pvt. Ltd. The quality control process included the
use of strains from the American Type Culture Collection (ATCC) Escherichia coli (E. coli)
25,922 and P. aeruginosa 27,953.

4.4. Phenotypic Detection of β-Lactamases

A double disc diffusion test [49] was carried out to verify the presence of ESBL, discs
containing ceftazidime (30 µg), cefotaxime (30 µg), and a combination of clavulanic acid
(30 µg)/10 µg) were used. The disks were placed at the appropriate distance on MHA plates
that had been inoculated with a bacterial suspension of 0.5 McFarland turbidity standards.
The plates were left to incubate for 18–20 h at 37 ◦C. The isolates were determined to be
producers of ESBL if the difference in the zone of inhibition of the drug and inhibitor was
at least 5 mm compared to cephalosporin alone.

Modified Hodge Test [49] was performed to determine carbapenemase production
according to CLSI standards. A suspension of E. coli ATCC 25,922 was adjusted to the
0.5 McFarland standard and swabbed on MHA plates. After drying, a disc containing 10 µg
of meropenem was left in the middle of the plate and then the isolates were spread in a
thin line from the edge of the disc that extended to the edge of the plate. The plates were
incubated overnight at 37 ◦C. A distorted inhibitory zone in the shape of a clover leaf on
the meropenem disc around the growth of E. coli ATCC 25,922 indicated a positive result.

4.5. Analysis of Gene Molecules of ESBL and Carbapenemase
4.5.1. DNA Extraction

Fresh colonies of all phenotypically verified ESBL and carbapenemase isolates were
processed for DNA extraction using the boiling method [50]. Briefly, a suspension was
made by suspending 2–4 fresh colonies of each isolate in 500 µL of nuclease-free distilled
water. The suspension was heated to 95 ◦C for 10 min, followed by cooling and then
centrifugation at 10,000 rpm for 10 min. Finally, 150 µL of the supernatant was stored at
−20 ◦C and used as a template for subsequent amplification.

4.5.2. Detection of Genes Encoding ESBL and Carbapenemase

The multiplex polymerase chain reaction (PCR) was performed in two separate reac-
tions using the BIO-RAD T100 thermal cycler (Applied Biosystems, Waltham, MA, USA).
In the first reaction, the genes blaCTX-M, blaTEM, and blaSHV were multiplexed in a single
tube to detect ESBL. In the second reaction, the genes blaIMP, blaVIM, blaKPC, blaNDM, and
blaOXA-48 were multiplexed to detect carbapenemase. The PCR procedures were performed
in a total volume of 20 µL, including 4 µL of 5× FIREPol® Master Mix (Solis Biodyne, Tartu,
Estonia), 0.2 µL of each primer, 1 µL of DNA template and 14.6 µL of nuclease-free water.
The amplification cycle consisted of initial denaturation at 95 ◦C for 3 min, followed by
30 cycles of denaturation at 95 ◦C for 15 s, annealing at the temperature specified in Table 2
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for 30 s, extension at 72 ◦C for 1 min, and final extension at 72 ◦C for 5 min. The PCR results
were analyzed by gel electrophoresis on 1.5% agarose gel. The size of the amplicon was
calculated compared to the 100 bp ladder marker (Solis Biodyne, Tartu, Estonia).

Table 2. List of primers used.

Targeted Genes Nucleotide Sequence (5′to 3′) Amplicon Size (bp) Annealing Temp References

blaCTX-M

Forward—
GTGATACCACTTCACCTC

255 56 [51]
Reverse

-AGTAAGTGACCAGAATCAG

blaSHV

Forward—
ACTATCGCCAGCAGGATC

356 53 [51]
Reverse—

ATCGTCCACCATCCACTG

blaTEM

Forward—
GATCTCAACAGCGGTAAG

786 58 [51]
Reverse—

CAGTGAGGCACCTATCTC

blaKPC

Forward—
CATTCAAGGGCTTTCTTGCTGC

538 55 [52]
Reverse—

ACGACGGCATAGTCATTTGC

blaIMP

Forward—
TTGACACTCCATTTACDG

139 55 [52]
Reverse—

GATYGAGAATTAAGCCACYCT

blaVIM

Forward—
GATGGTGTTTGGTCGCATA

390 55 [52]
Reverse—

CGAATGCGCAGCACCAG

blaOXA-48

Forward—
GCTTGATCGCCCTCGATT

281 57 [52]
Reverse—

GATTTGCTCCGTGGCCGAAA

blaNDM-1

Forward—
GGTTTGGCGATCTGGTTTTC

621 52 [53]
Reverse—

CGGAATGGCTCATCACGATC

5. Conclusions and Future Perspectives

Our data indicate that that hospital and municipal wastewater contained a range
of resistant bacteria dominated by Klebsiella, Acinetobacter, Enterobacter, and Pseudomonas
species. These isolates showed resistance to various antibiotics, particularly cefotaxime,
amoxicillin-clavulanate, imipenem, meropenem, and trimethoprim-sulfamethoxazole. Fur-
thermore, Enterobacteriaceae and non-Enterobacteriaceae strains producing ESBL and
carbapenemase were also identified. To address this issue, it is important to identify the
genes responsible for producing ESBL and carbapenemase in nonclinical samples, such
as wastewater. So, we can gain valuable information to help develop effective strategies
for managing pathogens, which can help reduce the occurrence of multidrug resistance.
Additionally, there is a practice of reusing wastewater for agricultural purposes, and the
potential use of wastewater sludge for other applications. Given the high levels of resistant
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bacteria found in wastewater, we must take additional measures to remove these bacteria
before releasing the water back into the environment or reusing it for other purposes.
Therefore, it is essential to regularly evaluate wastewater systems in hospitals and munic-
ipalities. Furthermore, more research is needed to understand the risks associated with
wastewater disposal and recycling. We must assess the extent of ecosystem pollution that
occurs because of these practices. By doing so, we can develop more effective methods
to manage wastewater and ensure that it does not contribute to the spread of antibiotic
resistance in the environment.
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Abstract: Aeromonas rivipollensis is an emerging pathogen linked to a broad range of infections
in humans. Due to the inability to accurately differentiate Aeromonas species using conventional
techniques, in-depth comparative genomics analysis is imperative to identify them. This study charac-
terized 4 A. rivipollensis strains that were isolated from river water in Johannesburg, South Africa, by
whole-genome sequencing (WGS). WGS was carried out, and taxonomic classification was employed
to profile virulence and antibiotic resistance (AR). The AR profiles of the A. rivipollensis genomes
consisted of betalactams and cephalosporin-resistance genes, while the tetracycline-resistance gene
(tetE) was only determined to be in the G87 strain. A mobile genetic element (MGE), transposons TnC,
was determined to be in this strain that mediates tetracycline resistance MFS efflux tetE. A pange-
nomic investigation revealed the G87 strain’s unique characteristic, which included immunoglobulin
A-binding proteins, extracellular polysialic acid, and exogenous sialic acid as virulence factors. The
identified polysialic acid and sialic acid genes can be associated with antiphagocytic and antibacteri-
cidal properties, respectively. MGEs such as transposases introduce virulence and AR genes in the
A. rivipollensis G87 genome. This study showed that A. rivipollensis is generally resistant to a class of
beta-lactams and cephalosporins. MGEs pose a challenge in some of the Aeromonas species strains
and are subjected to antibiotics resistance and the acquisition of virulence genes in the ecosystem.

Keywords: Aeromonas rivipollensis; whole-genome sequencing; pangenomics; antibiotic resistance;
mobile genetic elements

1. Introduction

Aeromonas species are considered autochthonous to aquatic environments and cause
a range of opportunistic infections in humans [1]. They are emerging, opportunistic
pathogens that frequently transmit from the environment to humans, causing a wide spec-
trum of infections [2]. They are characterized as ubiquitous Gram-negative bacilli that
consist of a genetic population structure with several characteristics that favor an evolution-
ary mode of species complexes that are heterogeneous [3]. This group comprises closely
related species of distinct strains that are influenced by horizontal gene transfer (HGT) [4].

In previous studies, Aeromonas species have been detected in marine, estuarine, and
freshwater systems [1,5]. They have also been identified as etiological agents of infections
in aquatic animals and humans [6] and are often associated with gastroenteritis and wound
infections in humans [7,8]. Several reports linked Aeromonas spp. to fish and cold-blooded
aquatic animal infections, such as septicaemia, keratitis, open wounds, and ulcers [2,9].
However, in recent times, new potentially pathogenic species such as A. rivipollensis have
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been detected [10]. Marti and Balcázar [11] described A. rivipollensis for the first time
and classified it as closely related to A. media based on the multilocus sequence typing of
five housekeeping genes (gyrA, gyrB, recA, dnaJ, and rpoD). However, it is closely related
to both A. media and A. hydrophila when 16S rRNA phylogenetic analysis is employed.
Nevertheless, its genotypic characterization is still incomplete and not fully exploited. A
complete genome of A. rivipollensis is well described and suggests a zoonotic potential like
that of other aeromonads [10].

In most bacterial species, insertion sequences (IS) and transposons (Tn) are examples
of mobile genomic elements (MGEs) that promote the spread of antibiotic and virulence
genes [12]. The mediation of MGEs often leads to bacterial evolution and also alters
phenotypes [13]. This poses a threat, as Aeromonas species show a complex heterogeneous
strains because they show various metabolic capabilities to adapt to their environmental
change, which results in the acquisition of numerous virulence factors [4,14,15]. The
Aeromonas species comprises a wide range of virulence factors that are involved in biofilm
formation, invasion, cell adherence, and cytotoxicity in polar and lateral flagella [16,17],
lipopolysaccharides [18], adhesins [19] iron-binding systems [20], and other extracellular
toxins and enzymes [21,22].

Although A. rivipollensis is considered an emerging species, it is possible that the
inability of current conventional identification methods to efficiently differentiate Aeromonas
species might have masked the reported prevalence as well as the characterization of this
organism [5]. The use of mass spectrometry–time of flight (MALDI–TOF MS) and 16S rRNA
gene sequencing has proven to be inadequate in differentiating some of the Aeromonas
species [23]. The reliability of using whole-genome sequencing fully examines the antibiotic
resistance and virulence genes, especially in this heterologous species of Aeromonas spp. The
evolution of this genus also shows limited information about the phylogenomic structure
in A. rivipollensis, as few genomes are available. The genetic structure of A. rivipollensis is
unknown, and this species appears to be a heterogeneous phylogenetic cluster that could
pose a threat to humans. Thus, studying its genomic features is imperative to understanding
its antibiotic resistance and virulence genes. This study sequenced four A. rivipollensis
genomes to determine the virulence and antibiotic-resistance genes, as well as to define its
genetic population structure.

2. Results
2.1. Genome Features of Aeromonas rivipollensis

Prior to genomic assessment, isolated strains were identified as Aeromonas spp. based
on their morphological characteristics on the selective Aeromonas isolation agar. The
MALDI–TOF method was used to further identify the isolates designated as G36, G42, G78,
and G87 strains, which were then determined to be closely related to A. media. How-
ever, when whole-genome sequencing was employed, the isolates were identified as
A. rivipollensis. The assembled genomes’ quality assessment revealed these isolates had an
estimated completeness of more than 99%. The genome sizes (Mb) of the G36, G42, and
G78 strains were approximately 4.53, 4.58, and 4.53 Mb, respectively (Table 1). The genome
size of the A. rivipollensis G87 strain is 4.66 Mb, which is slightly higher than the compared
genomes in this study. The protein coding sequences (CDS) of the G36, G42, G78, and G87
genomes consist of 4,239, 4,273, 4,205, and 4,319, respectively. The G + C content of the
sequenced A. rivipollensis genomes is 61%, identical to A. rivipollensis KN-Mc-11N1. The
high number of CDSs in A. rivipollensis G87 included transposon Tn7 transposition proteins
(TnsA, TnsB, and TnsC), ribosomal protein S12 methylthiotransferase (RimO), galactokinase
(GalK), plastocyanin (PetE), copper-resistance protein CopA, and cobalt–zinc–cadmium
resistance protein CzcA. The high number of tRNAs (n = 98) was also observed in the
A. rivipollensis G87 genome.
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Table 1. Genome features of the sequenced A. rivipollensis strains used in this study compared to
KN-Mc-11N1 as a reference strain.

Feature G36 G42 G78 G87 KN-Mc-11N1 *

Genome size (bp) 4,530,639 4,584,495 4,531,506 4,663,030 4,508,901
CDSs (protein coding sequences) 4,239 4,273 4,205 4,319 4,025
Number of tRNAs 115 109 101 108 124
Number of total rRNAs 5 3 7 4 31
GC% 61,48 61,3 61,48 61,08 61,9
Number of contigs 93 55 57 71 1
N50 94,736 184,598 194,165 160,487 -
Sequence reads archive (SRA) or
GenBank SRR13249124 SRR13249123 SRR13249122 SRR13249121 CP027856.1

* Complete genome of A. rivipollensis—Not applicable.

2.2. Taxonomic Classification Using gyrB and Whole-Genome-Based Species Tree

The gyrB marker was used to identify the Aeromonas spp. isolates investigated in
this study (Figure S1). The isolates were identified as A. rivipollensis (Figure S1) and
grouped with A. rivipollensis strain KN-Mc-11N1. The 94-bootstrap value of A. rivipollensis
distinguishes it from the other Aeromonas species. The use of 16S rRNA gene sequencing
did not significantly classify the A. rivipollensis strains. This species is heterologous since
the genus Aeromonas contains many phylogroups. Using the whole-genome species tree
(Figure 1), it was shown that Aeromonas spp. clustered apart from the Enterobactericeae
family, which includes E. coli, Salmonella serovars, and other species. The isolates grouped
with previously sequenced genome A. rivipollensis KN-Mc-11N1. This demonstrates that
the genomes of A. rivipollensis, A. eucroniphilla strain CECT 4224, A. salmonicida subsp.
salmonicida strain A449, and A. mulluscorum strain 848 share some of the core genes.

Antibiotics 2023, 12, x FOR PEER REVIEW 4 of 16 
 

 
Figure 1. Whole-genome-based species tree showing the clustering of the sequenced Aeromonas rivi-
pollensis genomes and KN-Mc-11N1 strain (green annotation) with the closely related genome spe-
cies of A. salmonicida subsp. salmonicida A449, A. molluscorum 949, and A. euroniphilla CECT 4224. 

2.3. Pangenome Analysis of the Aeromonas Species 
A total of 23119 genes were examined and defined by the pangenome analysis of the 

15 Aeromonas spp., with 375 core genes (found in >99% of genomes) shared by the Aer-
omonas species of rivipollensis, salmonicida, molluscorum, and euroniphilla (Figure 2A) (Fig-
ure 2A). Most genes were identified as accessories and consisted of 8899 and 13845 shell 
and cloud genes, respectively. This indicates that Aeromonas is a heterogeneous species 
that consists of many cloud genes (Figure S2). A. rivipollensis strains clustered significantly 
in their own sub-clade (Figures 2 and S2). The different strains of A. rivipollensis are shown 
by their distinctive average nucleotide identity (ANI) profiles identified using accessory 
genes (Figure 2B). This observation is also an augment as determined by whole-genome 
species tree. Aeromonas species genomes contained core metabolic enzymes, such as ami-
dophosphoribosyltransferase (purF), ATP-dependent 6-phosphofructokinase isozyme 1 
(pfka), nitrogen regulatory protein (ptsN), glutamate-pyruvate aminotransferase (alaA), 
UDP-3-O-acyl-N-acetylglucosamine deacetylase (ipxC), peptidyl-prolyl cis-trans isomer-
ase B (ppiB), maltose transport system permease (maIG), cysteine desulfurase (iscS), dihy-
drolipoyl dehydrogenase (ipdA), UDP-N-acetylglucosamine 1-carboxyvinyltransferase 
(murA), and oligopeptide transport system permease (oppC). The accessory binary genes 
(Figure 2B) found in A. rivipollensis strain G87 were biosynthetic genes for polysialic acid, 
which is responsible for capsulation and is also found in the KN-Mc-11N1 strain. 

Figure 1. Whole-genome-based species tree showing the clustering of the sequenced
Aeromonas rivipollensis genomes and KN-Mc-11N1 strain (green annotation) with the closely related
genome species of A. salmonicida subsp. salmonicida A449, A. molluscorum 949, and A. euroniphilla
CECT 4224.

76



Antibiotics 2023, 12, 131

2.3. Pangenome Analysis of the Aeromonas Species

A total of 23,119 genes were examined and defined by the pangenome analysis of
the 15 Aeromonas spp., with 375 core genes (found in >99% of genomes) shared by the
Aeromonas species of rivipollensis, salmonicida, molluscorum, and euroniphilla (Figure 2A).
Most genes were identified as accessories and consisted of 8899 and 13,845 shell and
cloud genes, respectively. This indicates that Aeromonas is a heterogeneous species that
consists of many cloud genes (Figure S2). A. rivipollensis strains clustered significantly
in their own sub-clade (Figure 2 and Figure S2). The different strains of A. rivipollensis
are shown by their distinctive average nucleotide identity (ANI) profiles identified us-
ing accessory genes (Figure 2B). This observation is also an augment as determined by
whole-genome species tree. Aeromonas species genomes contained core metabolic enzymes,
such as amidophosphoribosyltransferase (purF), ATP-dependent 6-phosphofructokinase
isozyme 1 (pfka), nitrogen regulatory protein (ptsN), glutamate-pyruvate aminotransferase
(alaA), UDP-3-O-acyl-N-acetylglucosamine deacetylase (ipxC), peptidyl-prolyl cis-trans
isomerase B (ppiB), maltose transport system permease (maIG), cysteine desulfurase (iscS),
dihydrolipoyl dehydrogenase (ipdA), UDP-N-acetylglucosamine 1-carboxyvinyltransferase
(murA), and oligopeptide transport system permease (oppC). The accessory binary genes
(Figure 2B) found in A. rivipollensis strain G87 were biosynthetic genes for polysialic acid,
which is responsible for capsulation and is also found in the KN-Mc-11N1 strain.Antibiotics 2023, 12, x FOR PEER REVIEW 5 of 16 
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orange color. About 375 core-genes (A) and 8899 accessory binary genes (B) were used to construct
the phylogenetic tree.

The accessory metabolic genes on A. rivipollensis strain G87 included genes such
as taurine import ATP-binding protein (tauB) and taurine-binding periplasmic proteins,
cellulose synthase operon protein C (bcsC), beta-xylosidase (xynB), glucose-6-phosphate
isomerase (pgiA), unsaturated chondroitin disaccharide hydrolase (ugi), p-aminobenzoyl-
glutamate transport protein (abgT), morphine 6-dehydrogenase (morA), beta-glucoside
kinase (bglK), and aryl-phospho-beta-D-glucosidase (bglC1 and bglC2).
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2.4. Polysialic Acid and Sialic Acid Biosynthesis Genes

In the A. rivipollensis G87 and KN-Mc11N1 phylogroup, we have identified a polysialic
acid operon that consists of kpsM, kpsT, kpsE, kpsD, and KpsFS (Table 2). These are capsular
polysaccharide genes that are associated with polysialic acid in the outer membrane. The
gene cluster organisation (Figure 3) is also outlined, which shows different kps genes and
precursor components (neuABC) for the biosynthesis of extracellular polysialic acid. The
kps cluster comprises two different regions, namely: region 1 (kpsDMTE) and region 3
(neuC and kpsFS) (Figure 3). The extracellular kpsDMTE genes and kpsFS are required
for the polysaccharide capsule formation in the bacteria (blue and red). The kpsFS genes
participate in the translocation of the polysaccharide capsule. Pangenome analysis showed
that these genes are absent in the other sequenced A. rivipollensis in this study. Genome
strain G87 can be separated from the KN-Mc-11N1 strain based on genes responsible for
exogenous sialic acid production.

Table 2. Gene annotation of the polysaccharide (polysialic acid) capsular and sialic acid genes
involved in biosynthesis present in the genome of A. rivipollensis strain G87.

Gene Annotation Abbreviation Subsystem Assigned

Capsular polysaccharide export system
periplasmic protein kpsD Capsular polysaccharide (CPS) of Campylobacter CPS

biosynthesis and assembly

Capsular polysaccharide ABC
transporter, permease protein kpsM

Rhamnose containing glycans, CPS of
Campylobacter, CPS
biosynthesis and assembly

Capsular polysaccharide ABC
transporter, ATP-binding protein kpsT CPS biosynthesis and assembly

Capsular polysaccharide export system inner
membrane protein kpsE CPS of Campylobacter; CPS biosynthesis

and assembly
COG3563: Capsule polysaccharide export protein KpsF CPS biosynthesis and assembly
Capsular polysaccharide export system protein kpsS CPS biosynthesis and assembly
N-Acetylneuraminate
cytidylyltransferase (EC 2.7.7.43) neuA CMP-N-acetylneuraminate_biosynthesis; Sialic acid

metabolism

N-acetylneuraminate synthase (EC 2.5.1.56) neuB CMP-N-acetylneuraminate biosynthesis; Sialic acid
metabolism

dTDP-4-dehydrorhamnose 3,5-epimerase
(EC 5.1.3.13) neuC dTDP-rhamnose_synthesis; Rhamnose containing

glycans; Capsular_heptose_biosynthesis
Transcriptional regulator NanR nanR Sialic acid metabolism
N-acetylneuraminate lyase (EC 4.1.3.3) nanA2 Sialic acid metabolism
TRAP-type C4-dicarboxylate transport system,
periplasmic component nanTp or siaM TRAP Transporter collection

TRAP-type C4-dicarboxylate transport system, large
permease component nanTI TRAP Transporter collection

Sialidase (EC 3.2.1.18) nanH Galactosylceramide and sulfatide metabolism;
Sialic acid metabolism

N-acetylneuraminate lyase (EC 4.1.3.3) nanA1 Sialic acid metabolism
Sialic acid utilization regulator, RpiRfamily nanX Sialic acid metabolism
N-acetylmannosamine-6-phosphate
2-epimerase (EC 5.1.3.9) nanE Sialic acid metabolism

N-acetylmannosamine kinase (EC 2.7.1.60) nanK Sialic acid metabolism
Predicted sialic acid transporter nanP Sialic acid metabolism
Putative sugar isomerase involved in
processing of exogenous sialic acid yhcH Sialic acid metabolism
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Figure 3. Aeromonas rivipollensis strain G87 organization gene clusters for capsular polysialic acids
and an exogeneous sialic acid metabolic cluster. The kpsDMTE and kpsFS genes are required for
capsulation (region 1, blue, and region 3, red). The kpsFS genes participate in the translocation of
the polysaccharide. The precursors of polysialic acid biosynthesis are neuABC (region 2, yellow, and
region 3, red). The nanARH with TRAP transporters in region 4, and nanTp-TI genes (green) are
responsible for exogenous sialic acid, while the nanAXEKP and yhcH genes (orange) are responsible
for the degradation or catabolism of salic acid.

A. rivipollensis strain G87 was the only genome with an exogenous sialic acid metabolism.
This was further confirmed by the RAST annotation server, which assigned the subsystem
a score of 2.0. The metabolic cluster for sialic acid is composed of different nan-genes
(Figure 3). The annotation names for the polysialic acid biosynthesis cluster (kps) and sialic
acid metabolic cluster were assigned to the A. rivipollensis strain G87 (Table 2). The nanARH
and TRAP transporters (nanTp-TI) (green) are responsible for exogenous sialic acid, while
the nanAXEKP and yhcH genes (orange) are responsible for the degradation or catabolism
of salic acid.

2.5. Antibiotics and Virulence Genes of Aeromonas rivipollensis Genomes

In this study, several core-virulence genes (n = 7) from the sequenced Aeromonas rivipollensis
were identified (Figure 4). The chemoreceptor tsr gene, flagellar biosynthesis proteins fliACN,
and twitching motility proteins pilBJT were among them. The antibiotic resistance genes
shared by the A. rivipollensis genomes included cephalosporins (ampH) and beta-lactams
(blaCMY) genes. Tetracycline resistance (tetE) gene was the unique antibiotic-resistance
gene present in the A. rivipollensis G87 genome.
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Figure 4. Heat map showing the antibiotic resistance and virulence genes detected among the
4 sequenced and the compared A. rivipollensis strain KN-Mc-11N1.

2.6. Mobile Genetic Elements

In this G87 strain containing the transposition protein TnsC, a tetracycline-resistance
MFS efflux pump known as tetE and a tetracycline-resistance regulatory protein tetR were
discovered (Figure S3). The transposition protein TnsC had a BLAST nucleotide homology
of 98.70% with A. veronii strain wp8-s18-ESNL-11. The hypothetical proteins identified in
this gene cluster also had a 100% nucleotide identity with A. veronii strain wp8-s18-ESNL-11.
In the upstream region in this operon, a Type I restriction–modification system specific
subunit S and DNA–methyltransferase subunit-M were determined to influence genomic
evolution by horizontal gene transfer. A transposase, InsH for insertion sequence element
IS5, was also determined to be in A. rivipollensis strain G87. In the downstream part of the
gene arrangement cluster, this InsH transposase also features a secretory immunoglobulin
A-binding protein (esiB1) of 726 bp (242 aa). The second esiB2 gene of about 1656 bp
(522 aa) was also found lying downstream with other mobile genetic elements. The IS3
family transposase ISAs7 (618 bp) was also found that had a BLASTn of 98.54% and 98.22%
with A. media strain T0.1-19 and A. rivipollensis strain KN-Mc-11N1, respectively. Other
MGEs identified were two transposon Tn3 resolvase proteins (tnpR1 and tnpR2) and Tn7
found in the G87 strain.

3. Materials and Methods
3.1. Sample Isolation and Classical Microbiological Tests

We collected water samples from the Jukskei River continuum in Johannesburg
(25.948156 S, 27.957528 E) in 2018. Water samples were aseptically collected in dupli-
cates of approximately 1 L in a sterile container. Water samples were immediately placed
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in a cooler box at 4 ◦C and transported to the laboratory for further analysis. For bacte-
rial isolation, 100 mL of the sample was filtered through a nitrocellulose filter membrane
(0.22 µm), and the filters were then placed on Aeromonas isolation agar (Merck, Millipore)
and incubated at 37 ◦C for 24 h. Four distinct isolates were coded as G36, G42, G78, and
G87 and were presumptive Aeromonas species. The presumptive isolates were further iden-
tified using matrix-assisted laser desorption ionization–time-of-flight mass spectrometry
(MALDI–TOF) (Bruker, Bremen, Germany). Briefly, a single colony was transferred into
an Eppendorf tube containing 300 µL of sterile distilled water and 900 µL of absolute
ethanol, mixed thoroughly, and later centrifuged for 2 min at 13,000 rpm. The supernatant
was discarded, and the Eppendorf tube was later filled with 5 µL of 70% formic acid and
thoroughly mixed.

3.2. DNA Extractions

The genomic DNA of the Aeromonas species strains was extracted using the High
Pure PC Template preparation kit (Roche, Germany). The DNA was quantified on qubit
fluorometric quantization using the Broad Range assay kit (Invitrogen™). The quality of
the DNA was analyzed by electrophoresis on a 0.8% agarose gel using ethidium bromide
and visualized under UV-light.

3.3. Whole-Genome Sequencing, Quality Control and Assembly

The sequencing libraries of the Aeromonas isolates (n = 4) were generated using the
NEBNext® UltraTM II FS DNA library prep kit (New England Biolabs). The 150 bp paired-
end sequence reads were generated with the Illumina MiSeq sequencer (Illumina, USA).
FastQC v. 0.11.52 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc (accessed
on 6 February 2022)) was used to assess the quality of the paired-end reads associated
with each isolate. Sequence coverage of the genomes of Aeromonas isolates G36, G42, G78,
and G87 was 39X, 144X, 54, and 294X, respectively. Trimmomatic v. 0.33 [24] was used
to remove the sequenced adapters and the leading and trailing ambiguous bases. The
trimming parameters included LEADING:3 and TRAILING:3; reads with average per-base
quality scores of <15 within a 4 bp sliding window. The SLIDINGWINDOW:4:15; reads
with length < 36 bp were removed. Trimmed reads were de novo assembled using the CLC
Genomics Workbench v. 11.01 (Qiagen). QUAST v. 4.5 [25] was used to assess the quality
of the associated assembled genome using default parameters. CheckM [26] was addition-
ally used to assess the potential contaminants in each assembled genome of Aeromonas
isolates using default parameters. BLASTn [27] was used to align the assembled contigs
using A. rivipollensis KN-Mc-11N1 [10] as a reference. For consistency and the removal
of contaminants, multiple genome alignments were constructed using the progressive
MAUVE tool [28]. The feature prediction and annotation of the sequenced genomes were
performed using the NCBI prokaryotic Genome Annotation pipeline (PGAP) [29] and rapid
annotation RAST [30].

3.4. Phylogenetic Analysis Using gyraseB and Whole-Genome Species Tree

The gyraseB (gryB) gene sequences were extracted from the assembled genomes of
the A. rivipollensis strains. The nucleotide sequence queries of the Aeromonas isolates
were BLAST-searched and compared with the available sequences of Aeromonas species
in NCBI (http://www.ncbi.nlm.nih.gov (accessed on 25 April 2022)). This enabled the
evaluation of homologous hits to the NCBI’s available sequences. Multiple sequence
alignments of the extracted gene sequence and mined NCBI sequences were performed
using MAFFT [31]. Maximum likelihood phylogenetic analysis of A. rivipollensis was per-
formed using 1000 bootstrap iterations in MEGA 11.0 [32]. Utilizing K-base’s species tree
(https://www.kbase.us/ (accessed on 12 March 2022)), the in silico taxonomic classification
of all four sequenced genomes was performed. The assembled genomes were compared
to other genomes that were accessible in the NCBI database. The whole-genome phyloge-
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netic tree was visualized using Figtree v1.16.6 (http://tree.bio.ed.ac.uk/software/figtree/
(accessed on 25 March 2022)).

3.5. Pangenomics Analysis

The inclusion of the Aeromonas spp. genomes (n = 11) was based on the species
tree generated from whole-genome-based taxonomic classification. This study included
the A. veronii and A. hydrophilla genomes based on their completeness status. A. veronni
genomes included the South African strains isolated from human cases, and none were
found from the environment. In total, about 15 Aeromonas spp. genomes were used for com-
parative genomic analysis that includes the 4 sequenced A. rivipollensis. Prokka v.1.14.0 [33]
was used to annotate the genomes of Aeromonas species using the default parameters.
The pan-genome composition was extracted using Roary [34]. Pan-genome clusters were
defined as follows: Core-genes were present in all isolates; soft core-genes present in at least
95% of isolates; shell-genes were present between 15% and 95% of isolates; cloud-genes
were present in less than 15% of isolates. IQ-TREE v.2 [35] was used to construct the
phylogenetic tree of the aligned core-genes using default parameters. The core genome
phylogenetic tree was visualized using the Newick tree display [36]. Additionally, phan-
dango v1.3.0 (https://jameshadfield.github.io/phandango/#/ (accessed on 25 April 2022))
was used for the interactive visualization of the genome phylogeny.

3.6. Antibiotics Resistance, Plasmid Replicon, Mobile Genetic Elements, and Virulence
Factor Determinants

Antibiotic-resistance genes were identified in four sequenced Aeromonas genome
sequences and the reference strain. In the ABRicate pipeline, AMR determinants were iden-
tified in each assembled genome using the ResFinder database (–db ResFinder; accessed
23 April 2022) [37], which has minimum identity and coverage thresholds of 75 (–minid 75)
and 50% (–mincov 50), respectively. Plasmid replicons were identified on the sequenced
genomes using the PlasmidFinder database [38]. Resistance genes were determined using
the Virulence Factor Database (VFDB; –db vfdb, accessed 19 April 2022) [39], using mini-
mum identity and coverage thresholds of 70 (–minid 70) and 50% (–mincov 50), respectively.
OriTfinder v1.1 [40] was also used to predict the virulence factors and acquired antibiotic
resistance genes. Mobile genetic elements (MGEs) were investigated on the sequenced
genomes of Aeromonas spp. using this tool as well as default parameters. The heatmap of
the antibiotics resistance and virulence genes was generated using GraphPad Prism9.

4. Discussion

The identification of Aeromonas spp. isolates to the species level remains a challenge
using classic microbiological tests. Without a suitably comprehensive database, methods
that are most frequently used, like MALDI–TOF, may misidentify samples [23]. However,
this study used a high-resolution whole-genome and pangenomics analysis to confirm and
identify A. rivipollensis genomes. This study showed that A. rivipollensis seems to be an
emerging pathogen that has not yet been thoroughly characterized. The observation of
accessory genes that included polysialic acid and sialic acid, mobile genetic elements, and
an antibiotic-resistance profile, especially in the genome of G87, elucidate a unique genetic
cluster of A. rivipollensis.

The use of gyrB was used in this study to fairly classify and identify A. rivipollensis.
The sequenced Aeromonas species could only be correctly identified as A. rivipollensis using
the high-resolution method of WGS and whole-genome species tree. These isolates were
identified as A. media using MALDI-TOF. They were grouped with A. rivipollensis KN-Mc-
11N1 using the WGS species tree (Figure 1), and pangenome analysis. Their genomes are
quite closely related to those of A. eucroniphilla strain CECT 4224, A. salmonicida subsp.
salmonicida strain A449, and A. mulluscorum strain 848. The pangenomic examination of
this study’s species revealed that the genus Aeromonas is diverse when compared to other
species, since only a small number (n = 375) of core genes could be identified. Distinct
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clusters are also observed among A. rivopollensis genomes. The genomes of KN-Mc-11N1
and G87, which share several core genes, make up one of the clusters. This cluster contained
the polysialic acid (PGA) (kpsDMTE) genes responsible for exogenous capsulation, whereas
sialic acid was only found in G87, which is associated with virulence and adaptation in
the environment [41].

The primary strains for polysialic acid (PSA) biosynthesis and metabolism were A. rivipollensis
G87 and KN-Mc-11N1. Many other bacteria, such as Mannheimia hemolytica (previously
Pasteurella haemolytica) [42] and E. coli [43,44], have been associated with the production
of PSA as their extracellular capsules. In bacteria, the PSA acts as a virulence factor that
mimics the mammalian PSA’s structure and as an antiphagocytic [45]. The kps gene cluster
that is involved in the PSA biosynthesis, modification, and transport of the bacteria’s PSA
chains is outlined in this study for A. rivipollensis (Figure 3). The kps cluster comprises of
two different regions, namely; region 1 (kpsDMTE) and region 3 (neuC and kpsFS), which
participate in the translocation of the polysaccharide across the periplasmic space and
onto the cell surface [44,46]. PSA metabolism is regulated at a transcriptional level by the
transcriptional activator rfaH [47]. In E. coli K92, rfaH enhanced kps expression for the
synthesis of the polysialic acid capsule [43]. This gene was also present in the genome of
A. rivipollensis G87 at the downstream end of the operon. The polysialic acid capsule is
transported across the outer membrane to the cell surface by the KpsD protein. It functions
as the periplasmic binding element of the PSA transport system, in which it transiently
interacts with the membrane component of the transporter, binds polysaccharide, and
transports the polymer to a component in the outer membrane. This is also observed in
bacteria containing poly-gamma-glutamate transpeptidase, responsible for capsulation [48].
Other components reported included the kpsT and kpsM genes, which are ABC transporters
that export PSA from the cytoplasm. These transporters also require kpsE, a polysaccharide
export system located in the inner membrane protein [46]. However, the mechanism of
expressing the polysialic is not well understood and characterized in A. rivipollensis, as
this is the first report in this phylogroup of G87 and KN-Mc-11N1 genomes that needs
further investigation.

A complete nan system was outlined as including at least one ortholog of each of the
genes encoding nanA, nanE, and nanK, more especially in the E. coli model [49]. These
genes were absent from the other sequenced and compared genomes in this study but were
present in the A. rivipollensis strain G87 genome. This was discovered in the annotation
subsystem and was confirmed as an exogenous sialic acid based on the genetic variant
code 2.0 assigned to it. Sialic acid is biosynthesized, activated, and polymerized by proteins
NeuABCD [50], which are present in the G87 genome with the exception of the neuD gene.
The neuD is a gene found in organisms that can synthesize sialic acid [51].

It is well recognized that the precursor to PSA is the gene for N-acetylneuraminate
(Neu5Ac aldolase or neuC gene). By mimicking sialic acid, some pathogenic bacteria can
circumvent host defenses. The neuC is located upstream with other kpsFS genes, which
is involved in the production of capsular heptose. Exogenous sialic acid nan operon
nanRAHTpTI (region 4) and degradation nan operon nanAXEKP-YhcH (region 5) were
assigned in Figure 3. De novo synthetic genes of the sialic acid neuABC (region 2/3)
were identified in this operon. However, according to the annotation genetic variation
code, the G87 strain displayed a non-synthetic sialic acid. Therefore, organisms that can
catabolize but not synthesize salic acids are classified as exogenous sialic acids. The sialic
acid operon contained the two tripartite ATP-independent periplasmic (TRAP) transporters,
nanTp and nanTI, respectively. The nanTp is a major permease component of the TRAP-
type C4-dicarboxylate transport system (Figure 3). The TRAPs are well studied as the
key transporters involved in the uptake of sialic acid and are associated with roles in
pathogenicity [52,53]. A second N-acetylneuraminate lyase (nanA2) was identified in the
upstream with transcriptional regulator nanR, which controls the expression of proteins
involved in sialic acid absorption and metabolism [54,55]. Other salic acid genes that
were not well characterized in this study might also be suggested by the region 2 putative
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proteins. It has now been established beyond doubt that microbial sialic acid metabolism
contributes to the pathogenicity of a variety of infectious illnesses. Many vertebrate cells’
surfaces include glycan molecules with sialic acid occupying the terminal position. Sialic
acid engages in a number of biological processes, such as cell signaling and intercellular
adhesion [56]. Pathogenic bacteria that coat themselves with sialic acid, such as Group B
Streptococcus, offer resistance to components of the host’s innate immune response. These
bacteria have evolved to utilize this substance to their advantage [41,57]. Two secretory
immunoglobulin A-binding proteins EsiB (esiB1) and EsiB2 found in the G87 genome were
among the other virulence factors discovered in this study. They have different sequence
lengths, with esiB1 being 726 bp (242 aa) and esiB2 being 1656 bp (522 aa), respectively.
Pathogenic strains are primarily composed of the esiB genes, which are known to impair
neutrophil activation [58].

Aeromonas species are generally resistant to betalactams (blaCMY), and this was also
observed in this study. The presence of blaCMY and ampH genes in all isolated A. rivipollensis
was not a surprise, as they have been recorded in several bacteria isolates including
Aeromonas species [59,60]. In addition, the genome of isolate G87 was only one of the
sequenced A. rivipollensis in this study that showed a multidrug tetracycline-resistance
gene. This AR gene was found in this genome because it was linked to a mobile genetic
element, TnC, with a nucleotide percentage identity similar to that of A. veronii. However,
tetracycline resistance has previously been reported in A. veronii strain MS-17-88 recovered
from channel catfish [12,61]. It has also been reported from Aeromonas species isolated from
South African aquatic environments [62].

Flagellar biosynthesis proteins FliACN and twitching motility proteins PilBJT (Type
IV pilus) were found in all A. rivipollensis strains sequenced in our study. These genes are
commonly found in Aeromonas species that are associated with pathogenicity for coloniza-
tion [63]. The chemoreceptor tsr gene was also present in the sequenced A. rivipollensis
strains. In the study, Oh et al. [64] also detected this gene in E. coli. This has also been
confirmed in other studies, indicating that E. coli and S. enterica serovar Typhimurium
genomes possess many chemoreceptor genes, tsr [65]. Many chemoreceptor genes have
also been reported in many other microorganisms [65,66]. However, no study has reported
the presence of the tsr gene in A. rivipollensis.

5. Conclusions

Using WGS analysis, we were able to determine the resistome of Aeromonas rivipollensis.
All A. rivipollensis strains show potential resistance to various antibiotic lactamase classes,
indicating that these aeromonads are potentially virulent emerging pathogens that can
be transmitted by river water. The determined polysialic acid and sialic acid genes in
the G87 genome can be associated with antiphagocytic and anti-bactericidal properties,
respectively. Mobile genetic elements, such as transposases, introduce virulence and
resistance genes, such as secretory immunoglobulin A-binding proteins and multidrug
tetracycline genes in the A. rivipollensis G87 genome. These genomes will be used as a
resource for additional research that may reveal new information on the genes responsible
for accurate identification, pathogenic potential, and the relative health risks posed by
environmental strains of A. rivipollensis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics12010131/s1, Figure S1: Phylogenetic analysis of the
Aeromonas species isolates using the gyrB. The 4 sequenced A. rivipollensis are highlighted in blue
as well as the reference strain KN-Mc-11-N1. Bootstrap value of 1000 was used to construct the
tree. Figure S2: Pangenome genome of the 15 Aeromonas spp. isolates showing the core, shell and
cloud genes. A total of 23,119 CDS genes was used to construct the pangenome phylogenetic tree
generated using Phandango. The colour coded blue represents compared coding genes amongst the
genomes. Figure S3: Gene organization of tetracycline resistance genes (yellow) with transposase
ISAs31 and transposition protein TnsC (brown) as well as Type 1 restriction recognition sites subunits
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(orange) that drives horizontal gene transfer determined in A. rivipollensis G87 genome. The CDS
were annotated using prokka and visualized on Geneious version 9.0.5.
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Abstract: Antibiotic-resistance gene elements (ARGEs) such as antibiotic-resistance genes (ARGs),
integrons, and plasmids are key to the spread of antimicrobial resistance (AMR) in marine envi-
ronments. Kuwait’s marine area is vulnerable to sewage contaminants introduced by numerous
storm outlets and indiscriminate waste disposal near recreational beaches. Therefore, it has become a
significant public health issue and warrants immediate investigation. Coliforms, especially Gram-
negative Escherichia coli, have been regarded as significant indicators of recent fecal pollution and
carriers of ARGEs. In this study, we applied a genome-based approach to identify ARGs’ prevalence
in E. coli isolated from mollusks and coastal water samples collected in a previous study. In addition,
we investigated the plasmids and intl1 (class 1 integron) genes coupled with the ARGs, mediating
their spread within the Kuwait marine area. Whole-genome sequencing (WGS) identified genes
resistant to the drug classes of beta-lactams (blaCMY-150, blaCMY-42, blaCTX-M-15, blaDHA-1, blaMIR-1,
blaOKP-B-15, blaOXA-1, blaOXA-48, blaTEM-1B, blaTEM-35), trimethoprim (dfrA14, dfrA15, dfrA16, dfrA1,
dfrA5, dfrA7), fluroquinolone (oqxA, oqxB, qnrB38, qnrB4, qnrS1), aminoglycoside (aadA2, ant(3”)-Ia,
aph(3”)-Ib, aph(3’)-Ia, aph(6)-Id), fosfomycin (fosA7, fosA_6, fosA, fosB1), sulfonamide (sul1, sul2, sul3),
tetracycline (tet-A, tet-B), and macrolide (mph-A). The MFS-type drug efflux gene mdf-A is also quite
common in E. coli isolates (80%). The plasmid ColRNAI was also found to be prevalent in E. coli.
The integron gene intI1 and gene cassettes (GC) were reported to be in 36% and 33%, respectively,
of total E. coli isolates. A positive and significant (p < 0.001) correlation was observed between
phenotypic AMR-intl1 (r = 0.311) and phenotypic AMR-GC (r = 0.188). These findings are useful for
the surveillance of horizontal gene transfer of AMR in the marine environments of Kuwait.

Keywords: class 1 integrons; antibiotic resistance genes; horizontal gene transfer; gene cassette;
plasmids; marine environment

1. Introduction

The excessive use of antibiotics to treat infectious diseases has legated the world
to the public health hazard of antibiotic resistance [1–3]. Aquatic environs have been
identified as reservoirs of antibiotic resistancegenes (ARGs); however, little is known
about their distribution, spread and migration [4,5]. Marine environments are also sinks
for pharmaceuticals, disinfectants, heavy metals, organic compounds, microplastics, and
atmospheric dust [6–11]. Among these, pollutants, pharmaceuticals, and heavy metals
have been evidenced to impose selective pressure on inherent bacterial communities that
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often develop resistance genes against them [9,11–18]. In addition, genetic elements, for
example, class 1 integrons, package ARGs into gene cassettes (GCs) and mediate their
transfer to non-resistant bacterial communities via horizontal gene transfer (HGT) [19–22].
Although more consideration has been given to animal and human health with respect
to antimicrobial resistance (AMR) monitoring, the environment often remains ignored.
The World Health Organization propelled the One Health Concept, which calls for the
evaluation of overall environmental health [23]. Immediate action is also warranted to
monitor the threats of AMR in the Gulf Cooperation Council [24,25].

Emergency waste and unauthorized sewage discharge in Kuwait have introduced sev-
eral antibiotic-resistant bacteria (ARBs) into Kuwait’s marine environments [18,26]. Among
these, Escherichia coli could become an infectious animal and human bacterium showing
resistance to almost all clinically used antibiotics. A wide profile of AMR E. coli has been
previously demonstrated through conventional phenotypic antibiotic susceptibility testing
(AST) in Kuwait’s marine environment [27–29]. However, data on the genes conferring
resistance are lacking in these aquatic settings. In addition, class 1 integrons, GCs, and plas-
mids involved in their spread are unknown. Currently, microbiological methods of AMR
surveillance are considered laborious, time-intensive, and provide limited phenotypic infor-
mation. With the advent of molecular methods, a rapid and detailed genotypic assessment
of all these components can be achieved [30–34]. These methods are now being embraced
as a novel approach to map the whole genomes of bacterial isolates, ARGs, plasmids, inte-
grons, and GCs simultaneously to complement the AMR phenotypic assays [32,35–37]. The
goal of this research was to examine the genomic profiles of E. coli through whole-genome
sequencing and to study the prevalence of ARGs, plasmids, integrons (intl1), and GCs.

2. Results

For the present investigation, selected E. coli isolates (n = 23) were subjected to whole-
genome sequencing. All sequences ranged between 4,577,350 and 5,103,695 bases, with a
Phred quality score above 20.

2.1. MLST and Phylogenetic Analysis

The open reading frames corresponding to seven sequence tags (STs), namely, adk-
fumC-gyrB-icd-mdh-purA-recA, were identified in the assembled genomes of 23 E. coli isolates.
Alignment of sequences against these STs established the Enterobacteriaceae origin of the
strains. Further treatment with the mafft software and UGENE software confirmed 20 iso-
lates as E. coli, and three of these closely matched with Enterobacter cloacae (SE111, SE181,
and SE158). Molecular data analyses helped to correctly identify the species of E. cloacae;
hence, we found the molecular tests to be technically superior for discriminating between
closely related E. coli and E. cloaca strains. Further analysis was performed on the 20 E. coli
isolates. The phylogenetic relationships of the selected E. coli were distributed into two
clusters (Figure 1). A close relationship was observed between the isolates from spatially
distant locations, different seasons, and varied matrices (marine waters or mollusks). For
example, SE25 and KHE11 isolated from Al-Salam and Khiran were closely related. Strains
SE19 and SC118 were isolated from different matrices, i.e., marine water during winter and
mollusks collected during summer; however, they were positioned on the same branch of
the phylogenetic tree for their similarity. Similarly, SC59 and 756E0 were also analogous.
It was noticed that the three isolates of E. cloacae, namely, SE111, SE181, and SE158, exist
separately as a group.
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ranged between 80 and 100%. The highest frequency (80%) was that of the mdf (A) gene 
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Figure 1. Phylogeny of the strains isolated from Kuwait. A maximum-likelihood tree was plotted on
the distances between the MLST sequences of the selected strains.

2.2. Antibiotic-Resistance Gene Elements

We submitted the assembled E. coli sequences to the ResFinder database and found
matches against 33 ARGs (Figure 2; Table S1). The percentage identity of the sequences
ranged between 80 and 100%. The highest frequency (80%) was that of the mdf (A) gene
found in at least 16 isolates. This was followed by blaTem-1B, present in 45% of E. coli strains.

The highest number of genes (10/33) originated from beta-lactam family (blaCMY-150,
blaCMY-42, blaCTX-M-15, blaDHA-1, blaMIR-1, blaOKP-B-15, blaOXA-1, blaOXA-48, blaTEM-1B, blaTEM-35).
This was followed by trimethoprim (6/33),-(dfrA14, dfrA15, dfrA16, dfrA1, dfrA5, dfrA7),
fluoroquinolone (5/33) (oqxA, oqxB, QnrB38, QnrB4, QnrS1),aminoglycoside (5/33) (aadA2,
ANT (3”)-Ia, APH (3”)-Ib, APH (3’)-Ia, APH(6)-Id), fosfomycin (4/33) (FosA7, FosA6, FosA,
FosB1), sulfonamide (2/33) (sul1, sul2), and tetracycline (2/33) resistance genes (tetA, tetB).
Single genes belonged to the drug class macrolide (mphA) and MFS-type drug efflux (mdfA).

We compared the ARG summaries of these 20 strains with their AMR phenotypes
(tested against a panel of 23 antibiotics). According to the genotypic assay, all these strains
possessed ARGs; therefore, they were considered as potentially resistant to at least one of
the drug classes. Phenotypically, the strains SC59, HE33, 7SE60, SE124, and CW140 were
sensitive to all the antibiotics (Figure 3).

Resistance to beta-lactams was confirmed both genotypically and phenotypically in 40%
of the isolates, namely, HE40 (blaTEM-1B), SC63 (blaTEM-1B), SC70 (blaOXA-1, blaOXA-48, blaTEM-35),
SC118 (blaCMY-42, blaTEM-1B), SE25 (blaCTX-M-15), SE19 (blaTEM-1B), KHE11 (blaCMY-150, blaTEM-1B),
and CW138 (blaTEM-1B). Strain SE138 bearing beta-lactamase genes (blaDHA-1, blaMIR-1,
blaTEM-1B) depicted an intermediate phenotype against this drug class. Strain 8KHE1 was
phenotypically resistant to beta-lactams + beta-lactamase inhibitors and cephalosporins.
None of the genes were resistant to the above drug classes; rather, the mdfA (MFS-type
drug efflux) resistant against tetracycline, disinfectants, and antiseptics was found in the
genotype. Similar was the case with strains SC117 and SC89. Within the beta-lactamase,
genes resistant to CMY-beta lactamase (cephamycin), CTX-M-beta lactamase (penam,
cephalosporin), DHA-beta lactamase (cephalosporin, cephamycin), MIR-beta lactamase
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(monobactam, cephalosporin), OKP-beta lactamase (penam, cephalosporin), OXA-beta lac-
tamase (penam, cephalosporin, carbapenem), and TEM-beta lactamase (penam, monobac-
tam, penem, cephalosporin) were observed in strains SC118; SE25, SE138; SE138; SE124;
SC70; and SC59, HE40, SC63, SC70, SC118, SE19, KHE11, SE138, CW138, and CW140,
respectively. Cephalosporin was one of the drugs in the antibiotic panel. As evident from
the above statements, this first-generation beta-lactamase confers resistance against all the
sub-categories of beta-lactams. TEM-beta lactamase was one of the most common genes
detected in the tested isolates (45%). Among the carbapenems, the SE19 isolate expressed a
meropenem (carbapenem)-resistant phenotype and also possessed blaTEM (TEM-beta lacta-
mase) gene. All the remaining strains were susceptible to meropenem. In addition to this,
susceptibility to imipenem (carbapenem) was observed in all the strains (Figure 3). None
of the genotypes were positive for the blaIMP group of genes. Strain CW141, phenotypically
resistant to piperacillin (beta-lactams), was devoid of relevant genes.
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Matching genotypes and phenotypes (20%) for aminoglycoside resistance were recorded
in HE40 (aph(6)-Id), HE73 (aph(3”)-Ib, aph(6)-Id), KHE11 (ant(3”)-Ia), and SE138 (aph(3”)-Ib,
aph(6)-Id), whereas genes without any phenotypic expression for this drug class were ob-
served in SC59 (aph(3”)-Ib, aph(3”)-Ib), SC70 (ant(3”)-Ia), CW138 (aph(3”)-Ib, aph(6)-Id), and
CW140 (aph(3”)-Ib, aph(6)-Id). Strains 8KHE1, SC117, and SC89 depicted an aminoglycoside-
resistant profile but were devoid of related genes. Contrastingly, its genotype possessed
mdfA (MFS-type drug efflux) resistance against tetracycline, disinfectants, and antiseptics.
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In the case of fluroquinolones, phenotypic resistance was expressed in 45% of isolates
(HE40, SC63, SC117, SC118, HE733, SE19, KHE11, SE138, and CW138). Among these, only
15% (3/20) of the isolates, i.e., HE40, KHE11, and SE138, possessed resistance genes (qnrS1).
Phenotypic sensitivity against quinolone (used interchangeably with fluroquinolone) was
demonstrated by all the strains except KHE11. ARGs against this drug class were located
in strains SC59 (qnrS1), HE40 (qnrS1), SC70 (qnrS1), SE25 (qnrS1), and SE138 (oqxA, oqxB,
qnrB4).

Trimethoprim- or sulfonamide-resistant phenotypes were observed in KHE11, CW138,
CW121, and CW141, of which only the first two strains (10%) possessed ARGs (KHE11—
dfrA15, sul1; CW138—dfrA7, sul2). Four strains with intermediate phenotypes were positive
for corresponding ARGs (HE40—dfrA14, sul2; SC63—sul2; HE73—sul2; and SE138—dfrA15,
sul1, sul2).

Moreover, SC59, HE40, SC63, SC70, HE73, SE25, SE19, KHE11, SE138, CW138, and
CW140 all possessed tetracycline-resistant genotypes (ARG—tetA, tetB), which was not
captured by the AST as the chosen panel lacked tetracycline. Similarly, macrolide-resistant
genes (mphA) were recorded in SC70 and fosfomycin-resistant genes (fosB1) in CW141 that
were not tested phenotypically.

The alignment of sequences against the plasmid finder database revealed 13 isolates
as hosts to 22 plasmids (Table S2). The most prevalent was the ColRNAI plasmid found
in 11 isolates (42.3%) (Figure 4). Sequences were then concomitantly mined for integrons,
recombination sites, and promoters. The genetic elements identified were attC (gene cassette
recombination sites), intI (intersection tyr-integrase), Pc_1 (gene cassette promoter class),
Pint_1 (integron promoter), and attI_1 (integron recombination site). The elements attC and
intI were reported in 20% (4/20) of the strains, whereas Pc_1 and attI_1 were detected in
10% (2/20) of the isolates. Pint_1 was found in 15% (3/20) of the tested samples. Isolates
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CW138, CW121, and CW141 were positive for integron with the integron integrase (intI)
and attC site nearby, whereas HE70 was positive for the latter only, lacking recombination
sites (Table 1). These elements aid the mobilization of ARGs in other strains. The intl1 gene
encodes the integrase enzyme, the promoter Pc ensures its expression, and the site-specific
recombination takes place between the attl and attC sites. The GC is an open reading frame
(ORF) without a promoter but with a recombination site. These GCs can integrate novel
genes and support the bacterial strains to adapt. On the other hand, strain SC70 possessed
only a cluster of attC sites without any integrase in its vicinity (Table S3). Classification of
integrons and gene cassettes revealed the presence of class 1 integron (intl1) and GC1. All
the genetic elements within strain CW141 are shown in Figure 5. Intriguingly, this strain
possessed the fosfomycin-resistant gene (fosB1) and expressed phenotypic AMR against
piperacillin (an extended spectrum beta-lactam) and trimethoprim, as well as harbored the
incX1 plasmid.
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Table 1. Integrons in E. coli isolates.

Sample
Elements Identified by Integron Finder Integron Class

attC intI Pc_1 Pint_1 attI_1 intl1 GC

HE40 - Yes Yes - Yes - -
CW138 Yes Yes - Yes - Yes Yes
CW121 Yes Yes - Yes - Yes Yes
CW141 Yes Yes Yes Yes Yes Yes -
SC70 Yes - - - - - -

attC—GC recombination site; intI—intersection tyr-integrase; Pc-1—gene cassette promoter int1; Pint_1—promoter
intl1; attI_1—integron recombination site; intl1—integrase gene; GC—gene cassette.
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Figure 5. Graphical representation of integrons, recombination sites, and promoters present in E. coli
strain CW141.

2.3. PCR-Based Identification of Intl1 and GCs

Among all the isolated strains (n = 598 from both mollusks and seawater), 216 were
positive for the intl1 (36%) gene, exhibiting a band of 400 bp in size on the agarose gel. These
were associated with 198 GCs (36%) (Figure 6A). We looked at the AMR phenotypes of intl1-
positive isolates (n = 216); interestingly, 95% of them were phenotypically resistant to at
least one antibiotic among the panel (aminoglycoside, beta-lactams, aminoglycoside + beta-
lactam inhibitors, beta-lactams/beta-lactamase inhibitors, cephalosporins, fluroquinolones,
quinolones, imipenem, and dihydrofolate-reductase/trimethoprim) and the remaining
5% were susceptible (Figure 6C) to all the tested antibiotics. Considering the total AMR
phenotypes of E. coli (n = 420), approximately 49% were negative for intl1 (Figure 6B).
Spearman’s correlation model established a positive correlation between phenotypic AMR-
intl1-GC. Overall, the coefficients were statistically significant (intl1 ß–0.230, p < 0.001; GC ß–
0.121, p < 0.001). There was 7.5% variance between intl1-GC resistance (F—24.28, p < 0.001).
Positive correlations were observed between phenotypic AMR-intl1 (0.310; p < 0.001) and
phenotypic AMR-GC (0.190; p < 0.001). The intl1 and GC were also significantly correlated
(0.120; p < 0.003).
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3. Discussion

WGS has become the most preferred method to identify ARGs and associated genetic
elements [38]. Recently, it identified ARGs in both highly resistant and susceptible isolates
in the order of Enterobacterales [38]. This indicates that a population of resistant E.coli is
floating in the coastal waters of Kuwait [36,39]. In addition to resistance profiling, WGS was
also used presently for the identification of Enterobacteriaceae species. Interestingly, three of
the isolates (13.0%) were identified as Enterobacter cloacae. A study from the Norwegian
coast demonstrated that MALDI-TOF-MS (Matrix-assisted laser desorption ionization–
Time of flight mass spectrometry) identified 90% of isolated strains as E. coli, whereas the
remaining 10% were Klebsiella, Citrobacter, and Enterobacter [40]. More robust and precise
identification approaches such as molecular methods are preferred over conventional micro-
biological assays, especially in mollusks and other filter feeders in the marine environment
that are prone to pathogenic exposure, in addition to E. coli, for accurate discrimination
between closely related species [41]. Further, the MLST-based phylogeny established a
close relationship between the 20 isolates. This indicates a common origin of E. coli, most
probably one of the point sources of emergency outfalls. The genetic similarity between
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the E. coli isolates of seawater and mollusks is most probably due to the filter feeding
mechanism of the latter [42]. A comprehensive analysis might assist in contact tracing of
these AMR strains.

Intriguingly, the E. coli isolates (n = 20) possessed genes resistant against seven drug
classes. This is most likely due to the selective pressure imposed by antibiotics such as
Azithromycin, Cefalexin, Ciprofloxacin, Clarithromycin, Dimetridazole, Erythromycin,
Metronidazole, Metronidazole-OH, Ofloxacin, Ronidazole, Sulfamethoxazole, Tetracycline,
and Trimethoprim found in seawater samples [8] and the effluent streams of waste-water
treatment plants in Kuwait [43]. Moreover, the presence of conjugative plasmids and
integrons in these strains is indicative of ARG transmission through horizontal gene
transfer [19,20,22,44,45]. Nevertheless, this study only targeted the fecal coliforms, and
the likelihood of other microbial communities with diverse ARG profiles is expected.
The advanced method of high-throughput shotgun metagenomic sequencing would be a
more valuable tool in the assessment of resistomes at contaminated and non-contaminated
sites [26,38].

The presence of beta-lactam genes and their phenotypic expression in strains such as
HE40, SC63, SC70, SC118, SE25, SE19, KHE11, SE138, and CW138 draws our immediate
attention. Moreover, plasmid vectors were also recorded in HE40, SC70, SE25, SE19, SE138,
and CW138. In addition, the strains HE40 and CW138 also possessed integrons and gene
cassettes, indicating the possibility of horizontal gene transfer of beta-lactamase genes in
the region. Extended spectrum beta-lactams are the last-choice drugs to treat hardcore
bacterial infections [46,47]. Worldwide circulation of beta-lactamases have been reported
recently with more than 40% in Asian countries [48]. A baseline study also documented
the presence of beta-lactams in aerosols collected from a public building situated near the
coast of Kuwait [49]. Moreover, trimethoprim resistance was confirmed in strains KHE11
and CW138. The dominance of the MFS-type drug efflux gene (tetracycline, disinfectants,
antiseptics) was also noticed in 75% of sequenced isolates. Tetracycline-resistant genes
(tetA/tetB) were found in 55% of isolates. The AMR phenotypes for these antibiotics were
missing and need to be taken into consideration while performing future phenotypic assays.

We also report that 35.99% of AMR E.coli held the intl1 gene, in parallel with Enter-
obacteriaceae found in Korea (41.4%) [50]. Contrastingly, only 12.1% of Enterobacteriaceae
strains were positive for class 1 integrons in an effluent handling system in Poland [51].
Intl1 positive strains were maximum in locations proximal to the coastal emergency waste
outfalls. Numerous storm outlets discharge emergency waste into the country’s marina,
leading to deteriorated water quality [24,27,52,53]. These findings are in congruence with
our earlier reports on the presence of AMR microbes, ARGs, integrons, plasmids, and
insertion sequences near the outfalls [18,26]. We attribute this to the antibiotics, pharma-
ceuticals, and other contaminants introduced into the seawater [8,43]. A constant selection
pressure is thought to elevate the horizontal gene transfer frequency within these aquatic
milieus [25,33,36,45,54,55]. Regression analysis predicted a relationship (7.5% variance)
between intI1-GC resistance. This suggests that the class 1 integron could potentially play
a role in the transmission of AMR in Enterobacteriaceae [45]; however, other contaminants,
such as metals, cannot be ignored [5,56–58].

In the present investigation, WGS identified ARGs in both resistant and susceptible
E. coli phenotypes. The presence of intl1 and GCs indicates the HGT of AMR in the region.
WGS is recommended as an accurate and precise monitoring tool for individual AMR
strains perpetrating in marine ecosystems.

4. Materials and Methods
4.1. Sampling Locations, Collection and Isolation of Strains

A detailed overview of the sampling task is provided elsewhere [28] as they were pre-
viously collected and tested for AMR through standard microbiological methods. However,
for ease of readership, a succinct description is provided in Sections 4.1.1–4.1.3. A detailed
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description of the genomic analysis performed in the current study has been described in
Sections 4.2–4.5.

4.1.1. Marine Waters

Seawater was collected from Al-Ghazali (29◦347784 N, 47◦911974 E), Al-Salam (29◦357207
N, 47◦946784 E), Abu Al-Hasaniya (29◦125652 N, 48◦633155 E), and Al-Khairan (28◦665070
N, 48◦387640 E) in an earlier campaign [28]. Six replicates were sampled in 200 ml sterile
bottles from each site in both summer (Jul–Aug 2015; 34.0 ◦C ± 2.0) and winter (Dec–Feb
2016; 17.2 ◦C ± 2.0) seasons (Table S4). In situ measurements of pH (8.2 ± 0.2), salinity
(42 ± 2.0), and temperature were made employing a hand-held, multi-probe water quality
meter (Hanna instruments, Smithfield, RI, USA). Samples were transported on ice to the
Environment Public Authority (EPA) Kuwait laboratories. Samples were processed at EPA
laboratories following an established protocol [36]. Briefly, 10 mL of seawater was pipetted
into 1/4 strength Ringer’s solution and serially diluted (10 to 105). Serial dilutions were
passed through 0.45 µm Merck filters (Merck Life Sciences Limited, Dorset, UK). The filters
were placed on Tryptone Bile X-Glucuronide chromogenic media (TBX) selective for E. coli.
The Petri dishes were placed inverted at 30 ◦C for 4 h and 44 ◦C for 21 h. The plates were
examined for the growth of blue–green colonies marking the presence of E. coli. A total of
351 strains were isolated from the collected water samples.

4.1.2. Mollusk Samples

Concurrent to the seawater sampling, mollusk samples were gathered in the summer
(Jul–Aug 2015; 34.0 ◦C ± 2.0) and winter seasons (Dec–Feb 2016; 17.2 ◦C ± 2.0). Shells
(n = 55–60) were hand-picked, sorted in autoclaved bags (4 ◦C), and transported to the
College of Science, Kuwait University laboratories for further processing [28]. The mollusc
shells were removed to collect the flesh and fluid in a pre-autoclaved beaker (Borosil, Poole,
UK). Approximately 20 g was macerated with 0.1% peptone water (Sigma, Plymouth, UK)
and serially diluted [28]. The dilutions were passed through the 0.45 µm nitrocellulose
membrane filters and placed on TBX-agar for E. coli, as mentioned previously. In total,
247 mollusc strains were isolated.

4.1.3. Antimicrobial Susceptibility Testing

Antibiotic susceptibility assays for all these isolates were performed, and minimum
inhibitory concentration (MIC) was recorded and presented in Al-Sarawi et al. [28]. Briefly,
the isolates were tested for susceptibility and resistance against a panel of 23 antibiotics as
per the guidelines of Clinical and Laboratory Standards Institutes [59]. The micro-dilution
method was employed to determine the MIC by inoculating a loopful of isolate into 10 mL
of Cation-Adjusted Muller Hinton (CAMBH) broth (incubated on shaker incubator for 24 h
at 37 ◦C). Turbidity was adjusted with 0.5 M MacFarland solution and loaded to custom,
dehydrated, 96-well SensititreTM plates (GN2F, Thermo Scientific, Paisley, UK), which were
further incubated at 25 ◦C for 24 h. Strains were classified as resistant, intermediate, or
susceptible based on the MIC breakpoints standardized by CEFAS [27].

4.2. Whole-Genome Sequencing (WGS) and Filtering of ARGEs

From the 598 isolates, selected strains (n = 23, Table S5) with interesting AMR phe-
notypes, i.e., resistant to 2 or more antibiotics Al- Sarawi et al. [28] or susceptible to all,
were subjected to WGS. These isolates were also chosen to represent varied spatiotempo-
ral variability (three sites and two seasons). Whole-genome DNA was isolated from an
over-nightly activated broth. Approximately 15 mL of Tryptic Soy Broth was seeded with
a loopful of E. coli and incubated at 37 ◦C. The culture tube was centrifuged at 13,000× g
to pellet the organisms and subjected to DNA purification as per the standard protocol
of Promega Wizard ®Genomic DNA extraction Kit (Promega, Chilworth Southampton,
Hampshire, UK) [60]. Fluorometric quantification of DNA was conducted on a Quantus
fluorometer (Promega, Chilworth Southampton, Hampshire, UK). Sequencing libraries

97



Antibiotics 2023, 12, 1366

were prepared following the Nextera XT kit (Illumina, USA). The libraries were purified
using AMPure® XP (Beckman Coulter, Brea, CA, USA) magnetic beads. Libraries were
normalized and pooled before loading on a MiSeq V3 sequencing cartridge. Sequencing
was performed on an Illumina MiSeq platform available at the Centre for Environment
Fisheries and Aquaculture Science (CEFAS), Weymouth laboratories through paired-end
(2 × 300 bp) chemistry [36]. Post-sequencing, the Illumina adapters were removed by
Trimmomatic v 0.36 [61] and a quality check was performed on the web version of FastQC
v 0.11.5 [62]. Raw reads were thereafter aligned in Spades v 3.10.1 for prokaryotic assem-
bly [63] and annotated via Prokka v1.11 [64]. The ABRicate tool [65] was used to screen the
‘assembled fasta’ for antibiotic-resistant genes (ARGs), employing the ResFinder v 4.0.0 [66]
database (accessed on 2 April 2023). The sequences were also mined for plasmids through
the plasmid finder database [67]. The integron finder database v 2.0.2 was used to annotate
the complete integron with integron integrase, attC recombination sites, promoters, and
nearby gene cassettes [68].

4.3. MLST (Muti-Locus Sequence Typing) and Phylogenetic Analysis

Seven MLST genes, namely, adk-fumC-gyrB-icd-mdh-purA-recA were retrieved from
the Pfam archive. The respective ids of the gene sets were PF00406, PF05683, PF00204,
PF00180, PF00056, PF00709, and PF00154, respectively [69]. The hmmscan v 3.1, [70] was
then used to align the assembled E. coli genomes with the abovementioned MLSTs. The
identified MLSTs were aligned in mafft v 7.305 using the default settings [71]. UGENE v
1.98 was employed to remove and concatenate the unaligned sequences from the 5′ and
3′ ends [72]. A maximum likelihood tree analysis was performed on the aligned MLSTs
through FastTree v 2.1.8 [73]. A phylogenetic tree was plotted in FigTree v 1.4.2 [74].

4.4. Screening for Class 1 Integrons and Associated Gene Cassettes

A total of 598 E. coli pure cultures isolated from marine waters (n = 351) and marine
organisms/mollusks (n = 247) were used for intl1 gene screening [28,75] and associated gene
cassettes (GC). DNA was isolated as per the protocol described elsewhere [76]. Primers
int1.F/R (F-5′GGGTCAAGGATCTGGATTTCG 3′; R-5′ACATGCGTGTAAATCATCGTCG3′)
and HS286 (F-5′ GGGATCCTCSGCTKGARCGAMTTGTTAGVC) HS287 (R-5′GGGATCCG-
CSGCTKANCTCVRRCGTTAGSC3′) were used to amplify the intl1 and GCs, respec-
tively [33,77]. A PCR mix (25 µL) was prepared by combining 2 µL (4 µM) each of forward
and reverse primers, 6.5 µL of PCR grade water, 12.5 µL of buffer (MangoMixTM, Bioline,
London, UK), and 2 µL of template DNA. The reaction was run for initial denaturation
(94 ◦C for 60 s) followed by 35 repetitions (denaturation—94 ◦C, 60 s; annealing—58 ◦C
for 30 s; extension—72 ◦C for 150 s) and final extension at 72 ◦C on a Gene Amp PCR
system 9700 (Applied Biosystem, Cheshire, UK). PCR products were passed through a 1.5%
agarose gel (Fisher, NJ, USA) and visualized on a GelDoc XR gel imaging system (Bio-Rad,
Hertfordshire, UK).

4.5. Statistical Analysis

Statistical analysis was performed in SPSS 23.0 (IBM, SPSS, Hampshire, UK). The
normality of data was tested through the Shapiro–Wilk test. A t-test was run to check for
the no-normality violation and homogeneity assumptions. Data were considered significant
at a confidence interval of 99.95% (p < 0.05). Regression tests applying rectilinear models
were employed to establish the correlation between intl1-GC resistance. Homogeneity of
variance, data normality, and dimensions of linearity were also explored.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antibiotics12091366/s1. Table S1: Antibiotic resistance genes
filtered through ResFinder; Table S2: Plasmids found in selected isolates of E. coli; Table S3: In-
tegrons and associated elements filtered from the integrall database.; Table S4: GPS coordinates
and physicochemical parameters of sampling sites; Table S5: Metadata of E. coli isolates used for
sequencing.
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51. Koczura, R.; Mokracka, J.; Jabłońska, L.; Gozdecka, E.; Kubek, M.; Kaznowski, A. Antimicrobial resistance of integron-harboring
Escherichia coli isolates from clinical samples, wastewater treatment plant and river water. Sci. Total Environ. 2012, 414, 680–685.
[CrossRef]

52. Lyons, B.; Devlin, M.; Hamid, S.A.; Al-Otiabi, A.; Al-Enezi, M.; Massoud, M.; Al-Zaidan, A.; Smith, A.; Morris, S.; Bersuder, P.
Microbial water quality and sedimentary faecal sterols as markers of sewage contamination in Kuwait. Mar. Pollut. Bull. 2015,
100, 689–698. [CrossRef]

53. Lyons, B.; Barber, J.; Rumney, H.; Bolam, T.; Bersuder, P.; Law, R.; Mason, C.; Smith, A.; Morris, S.; Devlin, M. Baseline survey of
marine sediments collected from the State of Kuwait: PAHs, PCBs, brominated flame retardants and metal contamination. Mar.
Pollut. Bull. 2015, 100, 629–636. [CrossRef]

54. Gaze, W.H.; Zhang, L.; Abdouslam, N.A.; Hawkey, P.M.; Calvo-Bado, L.; Royle, J.; Brown, H.; Davis, S.; Kay, P.; Boxall, A. Impacts
of anthropogenic activity on the ecology of class 1 integrons and integron-associated genes in the environment. ISME J. 2011, 5,
1253–1261. [CrossRef]

55. Stalder, T.; Barraud, O.; Casellas, M.; Dagot, C.; Ploy, M.-C. Integron involvement in environmental spread of antibiotic resistance.
Front. Microbiol. 2012, 3, 119. [CrossRef]

56. Zhang, H.; Wang, Y.; Liu, P.; Sun, Y.; Dong, X.; Hu, X. Unveiling the occurrence, hosts and mobility potential of antibiotic
resistance genes in the deep ocean. Sci. Total Environ. 2022, 816, 151539. [CrossRef] [PubMed]

57. Yang, H.; Liu, R.; Liu, H.; Wang, C.; Yin, X.; Zhang, M.; Fang, J.; Zhang, T.; Ma, L. Evidence for Long-Term Anthropogenic
Pollution: The Hadal Trench as a Depository and Indicator for Dissemination of Antibiotic Resistance Genes. Environ. Sci. Technol.
2021, 55, 15136–15148. [CrossRef] [PubMed]

58. Domingues, S.; Da Silva, G.J.; Nielsen, K.M. Global dissemination patterns of common gene cassette arrays in class 1 integrons.
Microbiology 2015, 161, 1313–1337. [CrossRef] [PubMed]

59. Hastey, C.J.; Boyd, H.; Schuetz, A.N.; Anderson, K.; Citron, D.M.; Dzink-Fox, J.; Hackel, M.; Hecht, D.W.; Jacobus, N.V.; Jenkins,
S.G. Changes in the antibiotic susceptibility of anaerobic bacteria from 2007–2009 to 2010–2012 based on the CLSI methodology.
Anaerobe 2016, 42, 27–30. [CrossRef] [PubMed]

60. Al Salameen, F.; Habibi, N.; Uddin, S.; Al Mataqi, K.; Kumar, V.; Al Doaij, B.; Al Amad, S.; Al Ali, E.; Shirshikhar, F. Spatio-
temporal variations in bacterial and fungal community associated with dust aerosol in Kuwait. PLoS ONE 2020, 15, e0241283.
[CrossRef]

61. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 2014, 30, 2114–2120.
[CrossRef]

62. Andrews, S. FastQC: A quality control tool for high throughput sequence data. Retrieved May 2010, 17, 2018.
63. Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, V.M.; Nikolenko, S.I.; Pham, S.; Prjibelski,

A.D. SPAdes: A new genome assembly algorithm and its applications to single-cell sequencing. J. Comput. Biol. 2012, 19, 455–477.
[CrossRef]

64. Seemann, T. Prokka: Rapid prokaryotic genome annotation. Bioinformatics 2014, 30, 2068–2069. [CrossRef]
65. Seemann, T. ABRicate: Mass Screening of Contigs for Antibiotic Resistance Genes; GitHub: San Francisco, CA, USA, 2016.
66. Bortolaia, V.; Kaas, R.S.; Ruppe, E.; Roberts, M.C.; Schwarz, S.; Cattoir, V.; Philippon, A.; Allesoe, R.L.; Rebelo, A.R.; Florensa, A.F.

ResFinder 4.0 for predictions of phenotypes from genotypes. J. Antimicrob. Chemother. 2020, 75, 3491–3500. [CrossRef]
67. Carattoli, A.; Hasman, H. PlasmidFinder and In Silico pMLST: Identification and Typing of Plasmid Replicons in Whole-Genome

Sequencing (WGS). In Horizontal Gene Transfer. Methods in Molecular Biology; de la Cruz, F., Ed.; Humana: New York, NY, USA,
2020; Volume 2075, pp. 285–294. [CrossRef]

68. Néron, B.; Littner, E.; Haudiquet, M.; Perrin, A.; Cury, J.; Rocha, E.P. IntegronFinder 2.0: Identification and analysis of integrons
across bacteria, with a focus on antibiotic resistance in Klebsiella. Microorganisms 2022, 10, 700. [CrossRef] [PubMed]

69. Finn, R.D.; Tate, J.; Mistry, J.; Coggill, P.C.; Sammut, S.J.; Hotz, H.-R.; Ceric, G.; Forslund, K.; Eddy, S.R.; Sonnhammer, E.L. The
Pfam protein families database. Nucleic Acids Res. 2007, 36, D281–D288. [CrossRef] [PubMed]

70. Finn, R.D.; Clements, J.; Eddy, S.R. HMMER web server: Interactive sequence similarity searching. Nucleic Acids Res. 2011, 39,
W29–W37. [CrossRef] [PubMed]

71. Katoh, K.; Misawa, K.; Kuma, K.i.; Miyata, T. MAFFT: A novel method for rapid multiple sequence alignment based on fast
Fourier transform. Nucleic Acids Res. 2002, 30, 3059–3066. [CrossRef]

101



Antibiotics 2023, 12, 1366

72. Okonechnikov, K.; Golosova, O.; Fursov, M.; Team, U. Unipro UGENE: A unified bioinformatics toolkit. Bioinformatics 2012, 28,
1166–1167. [CrossRef]

73. Price, M.N.; Dehal, P.S.; Arkin, A.P. FastTree 2–approximately maximum-likelihood trees for large alignments. PLoS ONE 2010, 5,
e9490. [CrossRef]

74. FigTree. Molecular, Evolution, Phylogenetic and Epidemiology v1.4.2. Available online: http://tree.bio.ed.ac.uk/software/
figtree/ (accessed on 17 May 2017).

75. Alsarawi, H.A. Developing an Integrated Strategy for the Assessment of Hazardous Substances in Kuwait’s Marine Environment;
University of Plymouth: Plymouth, UK, 2017.

76. Mustafa, A.S.; Habibi, N.; Osman, A.; Shaheed, F.; Khan, M.W. Species identification and molecular typing of human Brucella
isolates from Kuwait. PLoS ONE 2017, 12, e0182111. [CrossRef]

77. Mazel, D.; Dychinco, B.; Webb, V.A.; Davies, J. Antibiotic resistance in the ECOR collection: Integrons and identification of a
novel aad gene. Antimicrob. Agents Chemother. 2000, 44, 1568–1574. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

102



Citation: Abia, A.L.K.; Baloyi, T.;

Traore, A.N.; Potgieter, N. The

African Wastewater Resistome:

Identifying Knowledge Gaps to

Inform Future Research Directions.

Antibiotics 2023, 12, 805. https://

doi.org/10.3390/antibiotics12050805

Academic Editor: Jie Fu

Received: 16 March 2023

Revised: 20 April 2023

Accepted: 21 April 2023

Published: 24 April 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

antibiotics

Review

The African Wastewater Resistome: Identifying Knowledge
Gaps to Inform Future Research Directions
Akebe Luther King Abia 1,2,* , Themba Baloyi 1 , Afsatou N. Traore 1 and Natasha Potgieter 1,*

1 One Health Research Group, Biochemistry & Microbiology Department, University of Venda,
Private Bag X5050, Thohoyandou 0950, South Africa; thembabaloyi17@gmail.com (T.B.);
afsatou.traore@univen.ac.za (A.N.T.)

2 Environmental Research Foundation, Westville 3630, South Africa
* Correspondence: lutherkinga@yahoo.fr (A.L.K.A.); natasha.potgieter@univen.ac.za (N.P.)

Abstract: Antimicrobial resistance (AMR) is a growing global public health threat. Furthermore,
wastewater is increasingly recognized as a significant environmental reservoir for AMR. Wastewater is
a complex mixture of organic and inorganic compounds, including antibiotics and other antimicrobial
agents, discharged from hospitals, pharmaceutical industries, and households. Therefore, wastewater
treatment plants (WWTPs) are critical components of urban infrastructure that play a vital role
in protecting public health and the environment. However, they can also be a source of AMR.
WWTPs serve as a point of convergence for antibiotics and resistant bacteria from various sources,
creating an environment that favours the selection and spread of AMR. The effluent from WWTPs
can also contaminate surface freshwater and groundwater resources, which can subsequently spread
resistant bacteria to the wider environment. In Africa, the prevalence of AMR in wastewater is of
particular concern due to the inadequate sanitation and wastewater treatment facilities, coupled with
the overuse and misuse of antibiotics in healthcare and agriculture. Therefore, the present review
evaluated studies that reported on wastewater in Africa between 2012 and 2022 to identify knowledge
gaps and propose future perspectives, informing the use of wastewater-based epidemiology as a
proxy for determining the resistome circulating within the continent. The study found that although
wastewater resistome studies have increased over time in Africa, this is not the case in every country,
with most studies conducted in South Africa. Furthermore, the study identified, among others,
methodology and reporting gaps, driven by a lack of skills. Finally, the review suggests solutions
including standardisation of protocols in wastewater resistome works and an urgent need to build
genomic skills within the continent to handle the big data generated from these studies.

Keywords: low- and middle-income countries; environmental health; public health; wastewater mon-
itoring; antimicrobial resistance; antibiotic-resistant bacteria; antibiotic resistance genes; wastewater-
based epidemiology

1. Introduction

Antimicrobial resistance (AMR) has been recognised by countries and organisations
worldwide as one of the biggest threats to public health in recent times [1–3]. It is estimated
that without appropriate preventive or remedial measures, the world may experience
approximately 10 million losses of lives and over USD 100 trillion annually in the global
economy by 2050 [4].

Although micro-organisms possess intrinsic resistance to naturally occurring stressors,
the indiscriminate use of pharmaceuticals has been recognised as the most significant
contributor to acquired resistance in these organisms, thus escalating the threat to human
health [5,6]. For example, the massive and increasing demand for animal protein has
engendered an unparalleled use of antibiotics in food animal production, which in 2017
was estimated at 93,309 tons per year globally, with an expected 11.5% increase by 2030 [7].
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Furthermore, in humans, misdiagnosis of infections results in the inappropriate prescription
of many antibiotics [8]. Therefore, to curb this ill, the World Health Organization (WHO) has
identified critical factors driving AMR, including the abusive use of these pharmaceuticals,
nonavailability of clean water, sanitation and hygiene (WASH) for human and animal
use, inadequate measures to control and prevent infections and diseases in health and
animal production settings, inaccessibility to good, and cost-effective medications, vaccines
and test procedures, unawareness and lack of knowledge regarding the problem, and
nonenforcement of legislation [9].

However, a considerable proportion of the antibiotics consumed by humans and ani-
mals are mostly excreted in partially or completely unmetabolised forms, usually containing
active ingredients [10,11]. This results in the inevitable discharge of these pharmaceutically
active compounds into the environment, especially water bodies, with the major conse-
quence being the potential selection for the survival of resistant micro-organisms. With
this, wastewater treatment plants (WWTPs) have been recognised as being among the
hotspots for the discharge of antibiotics, their residues and antibiotic-resistant bacteria into
the environment [12–17].

Despite the perceived role of these WWTPs on the spread of AMR, studies evaluating
their impact are limited, especially in low- and middle-income countries (LMICs) such as
South Africa, where such facilities are usually nonfunctional or function sub-optimally.
Furthermore, where such studies are available, the link between environmental and clinical
isolates is not apparent, probably because of the basic analyses performed that usually have
low discriminating powers to establish such associations. Moreover, the lack of proper
reporting of findings influences the acquisition of such data in the public domain. Thus,
the present review evaluated the existing literature on AMR in Africa between 2012 and
2022, emphasising South Africa as a case study, to identify gaps that need to be filled to
inform future preventive and mitigation measures towards AMR.

2. Overview of African Studies between 2012 and 2022

In Africa, the prevalence of AMR in wastewater is of particular concern due to the
inadequate sanitation and wastewater treatment facilities, coupled with the overuse and
misuse of antibiotics in healthcare and agriculture. African countries, especially in the
sub-Saharan region, have the highest disease burdens in the world, with infectious dis-
eases accounting for over 227 million healthy life years and over USD 800 billion yearly
productivity loss globally [18]. The ripple effect of this health situation has been identified
as the primary factor driving the excessive rate of antimicrobial prescriptions within the
continent [19]. For example, consumption of antibiotics in the WHO Watch list increased
by 165% in LMIC (including African countries) compared to approximately 28% in their
high-income counterparts between 2000 and 2015 [19].

This high antibiotic use implies that wastewater in these countries would be rich
in antibiotic residues, antibiotic-resistant bacteria (ARB) and their associated antibiotic-
resistance genes (ARGs). For example, a study in Ghana investigated resistance genes,
mobile genetic elements (MGEs), from drainage and canalizations before and after three
hospitals and an urban waste treatment plant [20]. The main idea was to establish the
relationship between the hospital and the wastewater resistome. The authors used a
combination of culture-dependent and independent methods, including high-throughput
whole-genome sequencing on two sequencing platforms, Nanopore (long reads) and
Illumina (short reads). The authors recorded higher resistance rates to carbapenems in
the canalization after the hospitals, indicating that the hospital wastewater contributed
significantly to the dissemination of resistant bacteria in the environment. Furthermore,
the study identified several carbapenemase/β-lactamase genes, including novel variants,
such as blaDIM-1, blaVIM-71, blaCARB-53, and blaCMY-172, with some of these genes associ-
ated with MGEs, meaning that these could easily be transferred within and between
bacterial communities.
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In Nigeria, Akpan et al. [21] isolated Gram-negative bacteria from an abattoir’s wastew-
ater and tested them for antibiotic resistance against five antibiotics, to determine the
impact of the abattoir on the environmental resistome. The organisms isolated included
Salmonella spp., E. coli, Klebsiella spp., Shigella spp., Pseudomonas spp. and Enterobacter spp.
The authors observed that a significant proportion of the isolates (~67%) were resistant to all
antibiotics tested, with a 77% multidrug resistance recorded across the samples. However,
no extended-spectrum β-lactamase (ESBL)-producing traits were observed in any of the
isolates. This study demonstrated that abattoirs contributed considerably to AMR in the
aquatic environment.

Tesfaye et al. [22] investigated antimicrobial resistance in Enterobacteriaceae in wastewa-
ter collected from health settings, an abattoir, and a WWTP, including downstream of a river
in Addis Ababa, Ethiopia. The authors obtained 54 isolates, including E. coli, Salmonella
spp., Klebsiella pneumoniae, Enterobacter aerogenes, Citrobacter spp., Klebsiella oxytoca and
Enterobacter cloacae. Antibiotic susceptibility testing revealed that all the isolates were
multidrug resistant, while 2 isolates were resistant to all the 12 antibiotics tested. ESBL
production was also recorded in 27.3% of the resistant isolates. Furthermore, the hospital
wastewater had a higher percentage of resistance than all the other sites, again identifying
hospital wastewater as a hotspot for AMR dissemination.

A major shortcoming in all the studies reviewed is that most of them focused on
a one-off sampling, usually resulting in a very limited number of isolates or samples.
Such small sample sizes would make it challenging to draw strong conclusions and
would require further investigations. Furthermore, many studies used either culture or
sequencing and only a few used both methods. Using only the culture methods could
underestimate the microbial load due to viable but non-culturable isolates, hence reducing
the actual resistome reported. On the other hand, using only genomic approaches could
overestimate the risk associated with AMR in wastewater. Nevertheless, the presence of
any resistance genes and MGEs would signify the possible transmission to other related
or even unrelated species. A summary of some studies on wastewater resistome in Africa
is provided in Table 1.

Table 1. Summary of some studies on AMR in wastewater in Africa between 2012 and 2022.

Country
& Wastewater
Type/Source

Duration of
Study Sample Size Targeted

Resistance
Phenotypic (P)/Genotypic

(G) Resistance Method Reference

* South
Africa WWTP

Two cam-
paigns—actual

duration not
mentioned

# Not indicated Cefotaxime-
resistance P Culture [23]

Algeria WWTP 3 days in
2 months Not indicated

ESBLs and
associated
quinolone
resistance

P, G Culture; PCR [24]

Botswana WWTP
$ One-off
sampling one Overall resistome G Shotgun

metagenomics [25]

Botswana WWTP Monthly for
1 year 72

General resis-
tance—9 anti-
biotics tested

P Culture [26]

Burkina Faso Urban channel 6 months 101 ESBLs P Culture [27]

Burkina Faso WWTP Monthly for
5 months 15

General resis-
tance—19 anti-

biotics
P Culture [28]

Cameroon Open-air canals One-off 6 (composite)
samples Overall resistome G Shotgun

metagenomics [29]

Ethiopia Hospital
wastewater 3 months 27

General resis-
tance—13 anti-

biotics
P Culture [30]
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Table 1. Cont.

Country
& Wastewater
Type/Source

Duration of
Study Sample Size Targeted

Resistance
Phenotypic (P)/Genotypic

(G) Resistance Method Reference

Ethiopia Hospital
wastewater 4 months 40 (composite

samples)

General resis-
tance—13 anti-

biotics
P Culture [31]

Ghana WWTP Month-
ly—6 months 30 General resistance P Culture [32]

Kenya University
WWTP 4 months Not mentioned Overall resistome P, G

Culture;
whole-genome

sequencing
[33]

Kenya Septic tank 2 months Not mentioned General resistance P Culture [34]

Kenya WWTP

6 months
(covering the dry

and rainy
seasons)

24 General resistance P Culture [35]

Nigeria Hospital WWTP Weekly for
4 months Not mentioned ESBLs P, G Culture; PCR Adekanmbi

Senegal
Slaughterhouse
wastewater and

WWTP
Not mentioned Not mentioned

General resis-
tance—16 anti-

biotics
P Culture [36]

South Africa WWTP 7 months (Every
two weeks) 81 Overall resistome P, G

Culture;
whole-genome

sequencing
[37]

Tanzania WWTP 2013/2014
(Not specific) 52

General resis-
tance—14 anti-

biotics
P Microdilution [38]

Tunisia WWTP Not mentioned Not mentioned

intI1, ARGs
blaCTX-M,

blaTEM, qnrA, qnrS,
sul I, ermB

G PCR [39]

Uganda Multiple sources Not mentioned Not mentioned
General resis-

tance—15 anti-
biotics

P Culture [40]

Zambia Wastewater
ponds Not mentioned 5 samples

General resist-
ance—8 anti-

biotics
P Culture [41]

Zimbabwe Abattoir
wastewater 3 months 600 samples

General resis-
tance—16 anti-

biotics
P Culture [42]

* Part of a multinational (22 countries) study in Europe, Asia, Africa, Australia, and North America. # A total of
472 samples were collected from all the countries. $ Analysed once and used to irrigate soil. Focus was not on
the monitoring of the wastewater resistome, but the impact of the wastewater in the soil resistome. & Includes
influent or effluent or both.

Despite the recognised role of WWTPs in AMR, studies on AMR in wastewater are
not evenly distributed within the continent, with most of the studies reported in South
Africa (Figure 1).

However, it is evident that wastewater as a reservoir and source of AMR is gaining
attention in Africa, as seen by the increasing trend of studies focusing on wastewater
(Figure 2).
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3.1. The South African Wastewater Resistome

A 2015 survey assessed antimicrobial use in inpatients in various hospitals globally
and reported that over 50% of African patients received antibiotics [19]. However, a later
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study revealed a 55% inappropriate use of antimicrobials in some South African primary
healthcare facilities [43]. Furthermore, South Africa is among the highest consumers of
antimicrobials used in food animals. For example, the country consumed over 870 tons
of antimicrobials in food-producing animals, and this quantity is estimated to increase to
over 1100 tons by 2030, driven by increased demand for animal protein [19]. These use
patterns could be responsible for the AMR rates observed within the country and could
ultimately result in a significant discharge of chemically active pharmaceutical residues,
ARB and ARGs into the environment through poorly treated or untreated WWTP effluents.

The distribution of WWTPs in South Africa is, Eastern Cape: 123, Free State: 96,
Gauteng: 60, KwaZulu-Natal: 147, Limpopo: 64, Mpumalanga: 76, Northern Cape: 78,
North-West: 48, and Western Cape: 158 [44]. According to the South African Green Drop
evaluation, a WWTP should obtain an overall ≥ 90% Green Drop score to be considered
in an excellent functional state [44]. However, according to the 2022 report, the country’s
WWTPs have experienced a massive decrease in functional capacity, with the number
of WWTPs failing to meet these criteria, significantly increasing from those reported
in the preceding report. Thus, monitoring WWTPs would provide an excellent way of
determining the AMR burden within the country, and this has attracted interest from the
South African scientific community in recent years.

3.2. Distribution of Studies by Province

Several studies have assessed AMR in South African wastewaters. However, a review
of the literature between 2012 and 2022 revealed an uneven distribution of the studies
within the country’s nine regions, with KwaZulu-Natal and the Eastern Cape accounting
for the bulk of the studies identified within the study period (Figure 3).
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Although 36 studies were identified on AMR in wastewater within the study period,
not all of them focused on WWTPs (Figure 4). While most of the studies were on WWTPs,
other sources of wastewater evaluated included hospital wastewater (HWW), abattoirs and
domestic wastewater (DWW).
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3.3. Micro-organisms Targeted

Microbial species in wastewater are diverse, and attempting to identify them all would
not be practical, timewise, resource-wise or technically. Thus, using indicator organisms has
been the gold standard for determining the microbial quality of microbially contaminated
waters [45–49]. Apart from being a good faecal indicator, Escherichia coli has been identified
as a good indicator of AMR in the environment, including wastewater [50]. Thus, in
the current report, E. coli was the most identified organism in all the studies evaluated
(Figure 5). However, the culture methods and media used for the identification of E. coli
and other organisms differed considerably between studies (Table 2).

Table 2. Media and incubation conditions used for the identification of different micro-organisms in
waterwater AMR studies in South Africa between 2012 and 2022.

Organism Media Incubation
Temperature (◦C)

Duration
(Hours) Reference

Brevibacillus spp.; Paenibacillus spp. R2A media Not mentioned
(NM) NM [51]

Acinetobacter baumannii Leeds Acinetobacter Medium 37 24 [52]
Acinetobacter baumannii;

Acinetobacter spp. CHROMagar Acinetobacter 37 18–24 [53,54]

Aeromonas, Exiguobacterium Nutrient agar, Blood agar NM NM [55]
Aeromonas spp. Glutamate Starch Phenol-red (GSP) agar plates 37 24 [56]
Aeromonas spp. Rimler-Shotts agar 37 20 [57]
Aeromonas spp. Aeromonas spp. Isolation agar 37 24 [58]

Bacillus amyloliquefaciens nutrient agar 37 18–24 [59]
Bacillus spp. Nutrient agar, Blood agar NM NM [55]
Bacillus spp. R2A media NM NM [51]

E. coli Eosin methylene blue agar 37 24 [60]

E. coli Membrane Fecal Coliform (mFC) agar supplemented
with 4 mg/L or 8 mg/L cefotaxime antibiotic 37 24 [61]

E. coli Chromocult Coliform Agar (Merck) 37 24 [62]
E. coli E. coli-Coliforms Chromogenic medium 37 24 [63,64]
E. coli CHROMagar ECC 37 24 [65]
E. coli E. coli-coliform selective agar 37 24 [66]
E. coli Chromogenic agar * 37 24 [67]
E. coli Colilert-18TM 37 24 [68]

Enterobacteriaceae Violet Red Bile Glucose (VRBG) agar 37 18 [69]
Enterococcus spp. R2A media NM NM [51]
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Table 2. Cont.

Organism Media Incubation
Temperature (◦C)

Duration
(Hours) Reference

Enterococcus spp. KF-Streptococcus agar containing 1 mL of
2,3,5-Triphenyltetrazolium chloride 37 48 [70]

Enterococcus spp. chromogenic 51,759 HiCrome™ Rapid Enterococci
Agar media 37 24–48 [71]

Enterococcus spp. Tryptic Soy Broth 37 18 [67]
Enterococcus spp. Bile Aesculin Azide Agar 37 24 [67]
Enterococcus spp. CHROMagar™ VRE, BBL™ Enterococcosel™ Broth 37 ± 2 ◦C 18 to 24 [72]
Enterococcus spp. EnterolertTM 41 24–48 [68]

Klebsiella spp. Nutrient agar, Blood agar NM NM [55]
Klebsiella spp. HiCrome Klebsiella selective agar 35 24 [73]
Listeria spp. Listeria Chromogenic agar 35 24–48 [57]

Pseudomonas aeruginosa Mineral salt medium 30 18–24 [59]
Pseudomonas aeruginosa CHROMagarTM Pseudomonas 37 24–48 [74]

Pseudomonas spp. Nutrient agar, Blood agar NM NM [55]
Pseudomonas spp. R2A media NM NM [51]
Pseudomonas spp. Pseudomonas Isolation Agar 35 24–48 [75]
Pseudomonas spp. Cetrimide agar 37 24 [58]
Pseudomonas spp. Glutamate Starch Phenol-red (GSP) agar 37 24 [56]

Salmonella spp. Salmonella-Shigella (SS) agar 37 24–48 [76]
Shewanella spp. Nutrient agar, Blood agar NM NM [55]

Staphylococcus aureus Mannitol Salt Agar supplemented with cefoxitin. Not mentioned
(NM) NM [77]

Stenotrophomonas maltophilia Stenotrophomonas selective agar base with Vancomycin
Imipenem Amphotericin B (VIA) supplement 37 18 to 24 [54]

Vibrio spp. thiosulfate-citrate–bile salt-sucrose (TCBS) agar 37 24 [63,78,79]

* Specific media was not mentioned.
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3.4. AMR Determination Methods

The methods used to determine AMR in wastewater samples depend on the aim of
the study. Determination of phenotypic resistance is performed using the disk diffusion,
agar dilution or broth dilution method [80]. Although disk diffusion is commonly used,
automated systems using mainly the broth dilution method have been developed. An
example is the VITEK system [81,82].

On the other hand, genotypic resistance is achieved through polymerase chain reaction
(PCR) using specific primers to target specific genes [83]. However, this method could
be time-consuming and labour-intensive when dealing with many organisms and may
require further sequencing of amplified genes to further differentiate them, like with the tet
genes conferring resistance to tetracycline [60]. Furthermore, recent advances in molecular
techniques have allowed the detection of resistance genes in whole populations directly
from environmental samples without the need for culture [84].

Finally, whole-genome sequencing (WGS) has been used in cases where high-resolution
characterisation of specific isolates is required, as this approach can lead to the identification
of novel genes and mutations related to AMR [85].

In the studies reviewed in the current report, the most used method was disk diffusion
as most studies focused on phenotypic resistance. Furthermore, the disk diffusion is
cost-effective, and flexible, allowing visual growth observation, correct inoculum, mixed
(contaminated) cultures and other irregularities [86]. Although the broth dilution method
has the added advantage of providing the minimum bactericidal concentration (MBC),
the minimum concentration of an antimicrobial that eliminates 99.9% of bacteria [87],
this method is more valuable in clinical settings where treatment is required. This could
influence its reduced use in the studies evaluated here, as they focused on environmental
samples. Where genotypic resistance was investigated, this was mostly achieved through
PCR (conventional and real-time). Only a few studies used metagenomics or WGS. There is
no doubt that WGS provides an unprecedented level of detail regarding AMR, something
that cannot be achieved with culture and other molecular techniques [88]. However, the
cost of sequencing and the need for highly skilled bioinformaticians are major impediments
to its routine use within the African continent. The VITEK automated system was only
used for isolate identification and not for the determination of AMR. Although this system
is highly automated and time-efficient, allowing the simultaneous analysis of hundreds
of samples [87], the cost of instrumentation could be challenging for most researchers in
Africa due to a lack of sufficient research funds. A summary of South African studies that
focused specifically on WWTPs between 2012 and 2022 is provided in Table 3.

Table 3. Summary of AMR studies on WWTPs in South Africa (2012–2022).

Organism(s) Antibiotics Tested
(n = Number Tested)

Phenotypic
Resistance Genotypic Resistance Method Reference

E. coli

n = 23:
Amoxicillin/clavulanic acid, amoxicillin,

amikacin, ampicillin, cefepime,
cephalothin, cefotaxime, cefoxitin,

cefixime, nalidixic acid, ceftazidime,
cephalexin, cefuroxime, chloramphenicol,

ciprofloxacin, gentamicin, imipenem,
meropenem, nitrofurantoin, piperacillin,

tetracycline, tigecycline,
trimethoprim/Sulfamethoxazole.

Amoxicillin/clavulanic acid, amoxicillin,
amikacin, ampicillin, cefepime,

cephalothin, cefotaxime, cefoxitin,
cefixime, ceftazidime, cephalexin,

cefuroxime, chloramphenicol,
ciprofloxacin, gentamicin, imipenem,

meropenem, nitrofurantoin, piperacillin,
tetracycline, tigecycline, nalidixic acid,

trimethoprim/Sulfamethoxazole.

TEM, SHV, CTX-M
DD/PCR-

Sanger
Sequencing

[60]

E. coli

n = 8:
Meropenem, colistin,

amoxicillin/clavulanic,
ciprofloxacin, nitrofurantoin

trimethoprim/sulfamethoxazol,
gentamicin, tetracycline.

Colistin, amoxicillin-clavulanic,
ciprofloxacin, trimethoprim-

sulphamethoxazole, gentamicin,
tetracycline, nitrofurantoin.

TEM, SHV, CTX-M,
VIM, OXA-1,

KPC-2, NDM-1
DD/PCR [61]
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Table 3. Cont.

Organism(s) Antibiotics Tested
(n = Number Tested)

Phenotypic
Resistance Genotypic Resistance Method Reference

S. aureus

n = 20:
Amikacin, Gentamicin,

Amoxicillin/clavulanic acid, Ampicillin,
Oxacillin, Penicillin, Imipenem, Cefoxitin,

Cefozolin, Ciprofloxacin, Norfloxacin,
Vancomycin, Clindamycin, Lincomycin,

Azithromycin, Erythromycin,
Chloramphenicol, Rifampicin, Tetracycline

Sulfamethoxazole/trimethoprim.

Amikacin, Gentamicin,
Amoxicillin/clavulanic acid, Ampicillin,

Oxacillin, Penicillin, Imipenem,
Cefoxitin, Cefozolin, Norfloxacin,

Vancomycin, Clindamycin, Lincomycin,
Azithromycin, Erythromycin, Chloram-

phenicol, Rifampicin, Sulfameth-
oxazole/trimethoprim, Tetracycline.

aac(6′)/aph(2′′), blaZ,
ermC, msrA and tetK, DD/PCR [77]

Klebsiella spp.

n = 16:
Amoxicillin-clavulanic acid,

piperacillin-tazobactam, cefotaxime,
ceftazidime, cefalexin, cefoxitin,

ertapenem, meropenem, doripenem,
imipenem, aztreonam, ciprofloxacin,

norfloxacin, moxifloxacin,
gentamicin, tobramycin.

Amoxicillin-clavulanic acid,
piperacillin-tazobactam, cefotaxime,

ceftazidime, cefalexin, cefoxitin,
ertapenem, doripenem, aztreonam,

ciprofloxacin, norfloxacin, moxifloxacin,
gentamicin, tobramycin.

DD [73]

Aeromonas spp.

n = 20:
Ciprofloxacin, Trimethoprim, Ofloxacin,

Chloramphenicol, Penicillins,
Clindamycin, Ampicillin-sulbactam,

Ampicillin, Gentamicin, Nalidixic acid,
Cefotaxime, Nitrofurantoin, Oxacillin,

Sulphamethoxazole, Cephalothin,
Erythromycin, Tetracycline, Minocycline,

vancomycin, Rifamycin.

Ciprofloxacin, Trimethoprim,
Chloramphenicol, Penicillins,

Clindamycin, Ampicillin-sulbactam,
Oxacillin, Ampicillin, Gentamicin,

Nalidixic acid, Cefotaxime,
Nitrofurantoin, Sulphamethoxazole,

Cephalothin, Erythromycin,
Tetracycline, Minocycline,
vancomycin, Rifamycin.

blaP1class A
β-lactamase

(pse1-PSE-1/CARB-2),
blaTEM, TetC, Class
1 integron, Class

2 integron

DD/PCR [56]

Listeria spp. n = 24:
Penicillin, Cephalothin, Gentamicin,
Kanamycin, Amikacin, Ertapenem,

Meropenem, Cefotaxime, Ceftriaxone,
Vancomycin, Clindamycin, Erythromycin,

Nitrofurantoin, Ampicillin, Colistin,
Nalidixic acid, Mixofloxacin, Fusidic Acid

Ciprofloxacin, Trimethoprim,
Tetracycline, Streptomycin,

Fosfomycin Chloramphenicol.

Penicillin, Cephalothin, Kanamycin,
Ertapenem, Cefotaxime, Ceftriaxone,

Vancomycin, Clindamycin,
Erythromycin, Nitrofurantoin,
Ampicillin, Colistin, Nalidixic

acid, Mixofloxacin,
Trimethoprim, Tetracycline,

DD [57]

Aeromonas spp.

Penicillin, Cephalothin, Kanamycin,
Ertapenem, Meropenem, Cefotaxime,

Ceftriaxone, Vancomycin, Clindamycin,
Erythromycin, Nitrofurantoin,

Ampicillin, Colistin, Nalidixic acid,
Mixofloxacin, Trimethoprim,
Tetracycline, Streptomycin,

Chloramphenicol, Fosfomycin,
Fusidic Acid.

E. coli

n = 13:
Ampicillin, amoxicillin, cephalothin,
cefazolin, ceftazidime, tetracycline,

doxycycline, chloramphenicol, amikacin,
gentamicin, nalidixicacid,
norfloxacin, fosfomycin.

Ampicillin, amoxicillin, cephalothin,
ceftazidime, tetracycline, doxycycline,

chloramphenicol, nalidixic acid,
norfloxacin, fosfomycin.

DD [62]

Klebsiella
Bacillus

Pseudomonas
Aeromonas

Exiguobacterium
Shewanella spp.

n = 6:
Vancomycin, kanamycin, trimethoprim,

oxytetracycline, amoxicillin
and chloramphenicol.

Vancomycin, kanamycin, trimethoprim,
oxytetracycline, amoxicillin and

chloramphenicol.
BD [55]

Enterococcus spp. n = 1:
Vancomycin

erm(B) was, VREfm,
vanA (vanA, vanHA,

vanRA, vanSA, vanYA
and vanZA gene
clusters), vanG
(vanRG), vanN

(vanRN) and vanL
(vanSL), vanC

(vanC1XY, vanSC,
vanRC and vanXYC),

isa(A), et(M), aac(6′)-Ii

WGS [72]
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Table 3. Cont.

Organism(s) Antibiotics Tested
(n = Number Tested)

Phenotypic
Resistance Genotypic Resistance Method Reference

Enterobacteriaceae

n = 18:
Doxycycline, tetracycline, ampicillin,

gentamicin, meropenem
amoxicillin/clavulanic acid, amikacin,
nitrofurantoin, cefuroxime, cefotaxime,

norfloxacin, ciprofloxacin,
chloramphenicol, nalidixic acid, colistin

sulphate, polymyxin, trimethoprim-
sulfamethoxazole, imipenem.

Gentamycin, neomycin, penicillin G,
nitrofurantoin, polymyxin B,

cefuroxime.

ESBL (blaCTX-M, blaTEM,
blaSHV, blaGES, blaIMP,

blaKPC, blaVIM,
blaOXA-1-like,blaPER,
blaOXA-48-like, and
blaVEB), pAmpC
(blaACC, blaEBC,

blaFOX,blaCIT, blaDHA,
and blaMOX),

non-β-lactam (aadA,
catI,catII, strA, sulI,

sulII, tetA, tetB, tetC,
tetD, tetK, and tetM)

DD/PCR [69]

E. coli
n = 18:

Ampicillin, amikacin, imipenem,
meropenem, streptomycin, ciprofloxacin,
chloramphenicol, nalidixic, tetracycline,

trimethoprim, norfloxacin,
Sulfamethoxazole, gentamycin, neomycin,

penicillin G, nitrofurantoin,
polymyxin B, cefuroxime.

blaTEM, blaSHV, blaZ,
blaCTX-M, aadA, strA,

tetA, tetB, tetK
and tetM,

DD/PCR

[63]

Vibrio spp.

Ampicillin, amikacin, imipenem,
meropenem, streptomycin,

chloramphenicol, ciprofloxacin,
nalidixic, tetracycline, trimethoprim,

norfloxacin, Sulfamethoxazole,
gentamycin, neomycin, penicillin G,

nitrofurantoin,
polymyxin B, cefuroxime.

Enterococcus spp.

n = 14:
Chloramphenicol, tetracycline, ampicillin,
nitrofurantoin, ciprofloxacin, levofloxacin,

imipenem, linezolid, erythromycin,
quinupristin-dalfopristin, tigecycline,

trimethoprim-sulfamethoxazole,
vancomycin, teicoplanin.

lsa(A), msr(C), msr(D),
erm(B), and mef (A),
tet(S), tet(M), and

tet(L), aac(60)-aph(200),
ant(6)-Ia, aph(30)-

III, aac(60)-Iid,
aac(60)-Iih, dfrG

DD/WGS [37]

E. coli

n = 17:
Ampicillin, amikacin, imipenem,

meropenem, streptomycin, cefotaxime,
chloramphenicol, cephalexin,

ciprofloxacin, nalidixic acid, tetracycline,
norfloxacin, gentamicin, cefuroxime,

polymyxin B, colistin sulfate,
and nitrofurantoin.

Ampicillin, amikacin, streptomycin,
chloramphenicol, ciprofloxacin,

cephalexin, nalidixic acid, tetracycline,
norfloxacin, gentamicin, cefuroxime,

cefotaxime, polymyxin B, colistin sulfate,
and nitrofurantoin.

strA, aadA, cat I, cat II,
cmlA1, ampC, blaZ,

blaTEM, tetA, tetB, tetC,
tetD, tetK, tetM

DD/PCR [64]

Aeromonas spp. n = 12:
Ampicillin, ceftazidime, cefixime,

polymyxin B, colistin, ciprofloxacin,
levofloxacin, ofloxacin, minocycline,

meropenem, imipenem,
trimethoprim-sulphamethoxazole.

Ampicillin, ceftazidime, cefixime,
polymyxin B, colistin, ciprofloxacin,

levofloxacin, minocycline,
meropenem, imipenem,

trimethoprim-sulphamethoxazole.

blaTEM, blaAmpC,
AmpC/blaOXA, mcr-1,

DD/PCR [58]

Pseudomonas spp.

Ampicillin, ceftazidime, cefixime,
polymyxin B, colistin, ciprofloxacin,
levofloxacin, ofloxacin, minocycline,

meropenem, imipenem,
trimethoprim-sulphamethoxazole.

Enterococci

ermA,ermB and ermC,
tetK, tetM and tetL,

vanA, vanB and vanC,
aph(3‘)-IIIa, ant(4‘)-

Ia,aac(6′)-Ie-aph(2”)-Ia

PCR [71]

Vibrio spp.

n = 13:
Imipenem, nalidixic acid, erythromycin,

gentamicin, Sulfamethoxazole, cefuroxime,
penicillin G, chloramphenicol, polymixin

B, trimethoprim-sulfamethoxazole,
tetracycline, meropenem

and trimethoprim.

Nalidixic acid, erythromycin,
Sulfamethoxazole, cefuroxime, penicillin

G, chloramphenicol, polymixin B,
trimethoprim-sulfamethoxazole,
tetracycline and trimethoprim.

DD [78]

Salmonella spp.

n = 20:
Cephalothin, Imipenem, Cefoxitin,

Cefuroxime, Piperacillin, Ampicillin,
Cefixime, Ceftazidime, Aztreonam,

Gentamycin, Amikacin, Streptomycin,
Chloramphenicol, Tetracycline,

Ciprofloxacin, Norfloxacin, Nalidixic acid,
Nitrofurantoin, Sulfamethoxazole
Trimethoprim/Sulfamethoxazole.

Imipenem, Piperacillin, Ampicillin,
Cefixime, Ceftazidime, Streptomycin,

Nalidixic acid, Sulfamethoxazole.
DD [76]
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Table 3. Cont.

Organism(s) Antibiotics Tested
(n = Number Tested)

Phenotypic
Resistance Genotypic Resistance Method Reference

Pseudomonas spp.

n = 19:
Ampicillin, cefotaxime, cephalothin,

cefepime, chloramphenicol, clindamycin,
erythromycin, gentamicin, minocycline,
nalidixic acid, nitrofurantoin, ofloxacin,

oxacillin, penicillin G, rifampin,
sulphamethoxazole, tetracycline,

vancomycin, ampicillin-sulbactam.

Ampicillin, cefotaxime, cephalothin,
cefepime, chloramphenicol,

clindamycin, minocycline, nalidixic acid,
nitrofurantoin, oxacillin, penicillin G,

rifampin, sulphamethoxazole,
tetracycline, vancomycin,

ampicillin-sulbactam.

DD [75]

Enterococcus spp.

n = 11:
Ampicillin, amoxicillin, penicillin,

neomycin, streptomycin, vancomycin,
chloramphenicol, ciprofloxacin,

tetracycline, trimethoprim, erythromycin.

Ampicillin, amoxicillin, penicillin,
neomycin, streptomycin, vancomycin,

chloramphenicol, ciprofloxacin,
tetracycline, trimetho-
prim, erythromycin.

DD [70]

E. coli

n = 9:
Ampicillin, penicillin, ciprofloxacin,

tetracycline, trimethoprim, cefotaxime,
ceftazidime, imipenem and meropenem.

Ampicillin, penicillin, ciprofloxacin,
tetracycline, trimethoprim,

cefotaxime, ceftazidime.

Alr, blaTEM, blaSHV
and blaCTX-M

DD/PCR [65]

Bacillus,
Pseudomonas,
Enterococcus,
Brevibacillus,
Paenibacillus

n = 3
Penicillin G, vancomycin, erythromycin.

Vancomycin
Erythromycin
Penicillin G

DD [51]

E. coli

n = 12:
Amoxicillin, Cefuroxime, Gentamicin,
Doxycycline, Ciprofloxacin, Ofloxacin,
Trimithoprime, Menopenem, Colistin

sulphate, Erythromycin, Clindamy-
cin, Sulphamethoxazole.

Amoxicillin, Cefuroxime, Gentamicin,
Doxycycline, Ciprofloxacin, Ofloxacin,
Trimithoprime, Menopenem, Colistin

sulphate, Erythromycin, Clindamy-
cin, Sulphamethoxazole.

DD [67]

Pseudomonas spp.

n = 20:
Penicillins, clinamycins, ciprofloxacin,

rafamycin, trimethoprim,
sulphamethoxazole, gentamicin,

chloramphenicol, tetracycline,
erythromycin, minocycline, vacomycin,

cefotaxime, nalidixic acid, nitrofurantoin,
cephalothin, ofloxacin, ampicillin,

ampicillin-sulbactam, oxacillin.

Penicillins, clinamycins, rafamycin,
trimethoprim, sulphamethoxazole,

chloramphenicol, tetracycline,
minocycline, vacomycin, cefotaxime,

nalidixic acid, nitrofurantoin,
cephalothin, ampicillin,

ampicillin-sulbactam, oxacillin.

blaTEM, blaOXA,
blaAmpC, TetC, DD/PCR [89]

Escherichia coli
Enterococcus spp.

n = 22:
Amikacin, ampicillin, azithromycin,

amoxicillin-clavulanic acid, cefepime,
cefotaxime, cefoxitin, ceftazidime,

ceftriaxone, cephalexin, ciprofloxacin,
chloramphenicol, gentamicin, imipenem,

meropenem, nalidixic acid,
piperacillin-tazobactam,
tetracycline, tigecycline,

trimethoprim-sulfamethoxazole. [68]

n = 16:
Imipenem, Ampicillin, tetracycline,

Nitrofurantoin, quinupristin-dalfopristin,
tigecycline, Linezolid, ciprofloxacin,

trimethoprim-sulfamethoxazole,
Levofloxacin, Teicoplanin, vancomycin,

Gentamycin, Streptomycin,
Erythromycin, chloramphenicol.

DD = Disk diffusion; BD = Broth dilution; PCR = Polymerase chain reaction; WGS = Whole-genome sequencing.

3.5. Water Research Funding

One of the driving factors in research is the availability of funds. For example, the
Water Research Commission (WRC) funds most water-related projects in South Africa. This
section identifies past WRC projects, and their main aims, to identify similar studies that
have been reported on AMR in WWTPs (Table 4). Based on their database, of all these
studies, only one focused on antimicrobial resistance in WWTPs (https://search.wrc.org.
za/#!/ (accessed on 3 February 2023)). This archive revealed that only a single project was
specifically funded relating to the wastewater resistome.
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Table 4. Past WRC-funded projects.

SN Report Number Project Title Year Aim WWTP AST

1 1126/1/05

Enteric pathogens
in water sources and stools

of residents in the Venda region
of the Limpopo Province

2005

Identify and characterise enteric
pathogens in water sources and
stool samples of residents in the

Venda region of the
Limpopo Province

No Yes

2 1967/1/13
Investigations into the existence

of unique environmental
Escherichia coli populations

2013
Identify and characterise E. coli

from chosen localities and
different samples

No No

3 2138/1/16

An investigation into the
presence of free-living amoebae
and amoeba-resistant bacteria in

drinking water distribution
systems of health care

institutions in Johannesburg,
South Africa

2016

To establish the occurrence of
free-living amoebae and amoeba

resistant bacteria within the
drinking water distribution

system in health care facilities in
Johannesburg and also

highlight the potential human
health risk implication thereof

Yes No

4 2432/1/18 Cholera Monitoring and
Response Guidelines 2018

The development of cholera
monitoring and response

guidelines for inclusion in the
water resource

monitoring programme.

Yes Yes

5 2585/1/19

Antibiotic-resistant bacteria and
genes in drinking water.

Implications for drinking water
production and

quality monitoring

2019
Identify and characterise
microbial parameters in
drinking water systems

No Yes

6 2610/1/18 Microplastics in freshwater
water environments 2018

Identify and characterise
microplastics in freshwater,

drinking water
and groundwater

No No

7 2706/1/21

Measurement of water pollution
determining the sources and

changes of microbial
contamination and impact on
food safety from farming to

retail level for fresh vegetables

2021

To determine the link between
water pollution and crop

contamination and to determine
sources of microbial product

contamination, and assess the
impact on food safety from

farming to retail for selected
fresh vegetable supply chains

No Yes

8 2733/1/20
Substances of emerging concern

in South African aquatic
ecosystems

2020

Identify and evaluate different
contaminants of emerging
concern in different water

sources

Yes No

9 1655/1/10

Identification of Arsenic
Resistance Genes in

Micro-organisms from Maturing
Fly Ash-Acid Mine Drainage

Neutralised Solids

2011

To isolate micro-organisms
resistant to arsenic from

matured AMD-FA neutralized
solids, to characterize their

arsenic resistance systems and to
assess whether these organisms
pose a potential ‘threat’ to the

sustained use of
‘Neutralization Solids’

No No
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Table 4. Cont.

SN Report Number Project Title Year Aim WWTP AST

10 KV 360/16

A Scoping Study on the Levels
of Antimicrobials and Presence
of Antibiotic-Resistant Bacteria

in Drinking Water

2016

To provide an overview of the
levels of antimicrobials and the
presence of antibiotic-resistant
bacteria in selected drinking

water treatment systems
(drinking water

production facilities)

No Yes

11 TT 742/1/17

Emerging contaminants in
wastewater treated for

direct potable reuse: the human
health risk

priorities in South Africa

2018

Identify and evaluate different
contaminants of emerging

concern in different
water sources

Yes No

12
The epidemiology and cost of

treating diarrhoea in
South Africa

Identify and characterise enteric
pathogens in water sources and
stool samples of residents in the

Venda region of the
Limpopo Province

No Yes

4. Identifying Knowledge Gaps
4.1. Spatial (Geographical) Gaps

Studies on the WWTP resistome in South Africa have been dominated by two pro-
vinces—KwaZulu-Natal and Eastern Cape. Very few studies have been conducted in
provinces such as the North-West and Gauteng, while others such as Mpumalanga and
Limpopo did not perform such studies within the reviewed period. This provides an
incomplete picture of the country’s WWTP resistome. This gap could be due to the non-
functioning of most WWTPs in these locations, especially in rural settings.

4.2. Methodological Gaps and Associated Challenges

The sampling frequency is not standardised; lower samples may exclude seasonal
variation. Infectious diseases requiring antimicrobial treatment, such as diarrhoea usually
follow a seasonal pattern [90]. This means that antibiotic consumption would vary based on
these seasons. This could therefore affect the type and frequency of resistance observed in
wastewater. One-off samplings recorded by Gumede et al. [60] would paint an incomplete
picture of the wastewater resistome.

On the other hand, Molale-Tom and Bezuidenhout [70] sampled in a single month
(May), while Mbanga et al. [68] sampled for seven months, cutting across different seasons,
although both studies focused on Enterococcus spp. Furthermore, WWTPs experience
periods of peak and low flow [91]. The sampling time could therefore affect the abundance
and frequency of AMR, which would be missed with limited sampling. However, none of
the studies reviewed indicated the sampling times.

The number and the type of antibiotics tested vary per study, even when the same
organisms were tested. For example, Gumede et al. [60], Adegoke et al. [61], Pillay and
Olaniran [62], Adefisoye and Okoh [64], and Nzima et al. [65] tested 23, 8, 13, 17 and
9 antibiotics, respectively, although they were all working on E. coli. Furthermore, Adegoke
et al. [61] tested for colistin which was not tested by the other studies, while Pillay and
Olaniran [62] included norfloxacin and fosfomycin in their panel.

These two factors would pose a significant challenge when comparing different studies.
The studies reviewed indicated that the most used detection method was disk diffusion

and, in some cases, combined with PCR. However, this creates a knowledge gap regarding
the various genes implicated in the observed phenotypic resistance. Although it has
been shown that discrepancies exist between phenotypic and genotypic resistance, some
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organisms may be phenotypically susceptible to the tested antibiotics yet possess genes that
could be expressed under appropriate environmental stress, as observed in WWTP settings.

Moreover, culture-based approaches would introduce selection bias, as only a subset
of isolates is usually selected for downstream analysis. This would also be the case with
WGS, where a selected number of isolates would be subjected to sequencing. On the other
hand, metagenomic approaches would identify genes in a total population, regardless of
the micro-organisms. Despite the advantages of genomic methods for AMR monitoring,
these methods were only used in very few studies during the review period.

This methodological gap is probably fuelled by two main factors: the cost of perform-
ing advanced genomic studies and the lack of technical skills, including bioinformatic skills
for analysing genomic data.

4.3. Micro-organisms Gap

Gram-positive and Gram-negative bacteria differ in the structure of their outer mem-
branes, a characteristic that affects their response to antibiotics. Thus, because of an extra
outer layer, Gram-negative bacteria have been reported to be more antibiotic-resistant than
their Gram-positive counterparts [92,93]. However, most of the evaluated studies focused
on E. coli (Gram-negative), while a few assessed Enterococcus spp. (Gram-positive).

Despite the greater medical importance of Gram-negatives, Gram-positive bacteria
could serve as important reservoirs of ARGs within WWTPs. This reliance on E. coli alone
is also due to the simplicity of its isolation and characterisation, which make it a suitable
organism for monitoring AMR. However, determining the WWTP resistome using E. coli
alone could lead to gross underestimation of AMR in these milieus.

4.4. Reporting Gap

Research findings should be made available for consumption by the general public
and relevant stakeholders as this would foster the implementation of such findings for the
benefit of humanity and its environment [94,95]. However, while the studies reviewed here
were journal articles published in scholarly outlets, such information does not usually get to
the grassroots people, who are more impacted by the problems investigated. Furthermore,
even with the scientific publications, the analysis gaps identified earlier significantly affect
the overall information available on AMR in WWTPs due to the non-standard nature of
the studies. For example, repositories containing the various resistances identified in the
studies are unavailable within the country.

5. Proposed Future Perspective

It is evident that wastewater-based monitoring of AMR is gaining significant ground
globally, including in South Africa. However, this could still be challenging in many African
countries as most LMICs lack structured sewer systems. However, in places such as South
Africa where such facilities are available:

(i). There is a need to standardise protocols for assessing the WWTP resistome. This
should consider the sampling regime, the sampling frequency, the organisms targeted,
which antibiotics need to be tested and which methods should be used.

(ii). There is a need to build capacity in sequencing technologies and bioinformatics, given
the recent drift of the science to big data analysis.

(iii). Funding must be made available to researchers as sequencing technologies are not yet
widespread in the country, and the cost of using these facilities is still considerably high.

(iv). Reporting of works on AMR in WWTPs needs to be improved, and there is a need to
create a repository that would serve as a referral point for future studies.
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Abstract: Antibiotics were once considered the magic bullet for all human infections. However, their
success was short-lived, and today, microorganisms have become resistant to almost all known an-
timicrobials. The most recent decade of the 20th and the beginning of the 21st century have witnessed
the emergence and spread of antibiotic resistance (ABR) in different pathogenic microorganisms
worldwide. Therefore, this narrative review examined the history of antibiotics and the ecological
roles of antibiotics, and their resistance. The evolution of bacterial antibiotic resistance in different
environments, including aquatic and terrestrial ecosystems, and modern tools used for the identifica-
tion were addressed. Finally, the review addressed the ecotoxicological impact of antibiotic-resistant
bacteria and public health concerns and concluded with possible strategies for addressing the ABR
challenge. The information provided in this review will enhance our understanding of ABR and
its implications for human, animal, and environmental health. Understanding the environmental
dimension will also strengthen the need to prevent pollution as the factors influencing ABR in this
setting are more than just antibiotics but involve others like heavy metals and biocides, usually not
considered when studying ABR.

Keywords: antimicrobial-resistant bacteria; antimicrobial resistance genes; public health; environmen-
tal health; horizontal gene transfer; One Health; mitigating strategies; resistome; genomics; evolution

1. Introduction

The term “antibiotics” refers to the substances naturally produced by microorganisms
such as actinomycetes, bacteria or fungi, which can inhibit the growth of other microorgan-
isms and destroy their cells [1]. The introduction of antibiotics into clinical practice was
the most incredible clinical breakthrough forward of the 20th century [2]. The introduction
of the first antibiotics hugely impacted the treatment of various life-threatening bacterial
infections and society by reducing morbidity and mortality [3]. Nonetheless, the most
recent decade of the 20th century and the beginning of the 21st century have witnessed the
emergence and spread of ABR in different pathogenic bacteria worldwide [4]. Continuous
misuse of these valuable compounds has rapidly increased antimicrobial resistance in
various pathogens that are effectively untreatable [2]. Thus, some organisms have become
resistant to more than one antibiotic simultaneously and have been referred to as multidrug-
resistant (MDR); some organisms are even resistant to all known antibiotics and are termed
pan-drug resistant [5]. Furthermore, although initially developed to describe Mycobacterium
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tuberculosis strains resistant to first-line of treatment—“resistance to the first-line agents,
isoniazid and rifampicin, to a fluoroquinolone and to at least one of the three-second-line
parenteral drugs”, the term extremely drug resistance evolved to define any organism
resistant to any standard antimicrobial treatment regimen [5]. Although modern scien-
tific technologies have boosted humanity’s hope regarding developing new antibiotics,
the current scenario shows few novel antibiotics under development. Simultaneously,
antibiotic-resistant bacteria that endure antibiotic treatment are getting increasingly regular,
making accessible antibiotics ineffectual. Hence, humanity is confronted by significant
adverse public and environmental health impacts. This review examines the history of
antibiotics and the ecological roles of antibiotics, and their resistance. In addition, this
article adds information on the evolution of bacterial antibiotic resistance in different en-
vironments, including aquatic and terrestrial ecosystems, and modern tools used for its
identification. Further, the review argues the ecotoxicological impact of antibiotic-resistant
bacteria and public health concerns. Finally, it concludes with the possible strategies for
addressing the challenge of antibiotic resistance.

2. History of Antibiotics

Since the dawn of time, bacterial infections have had a predominant spot in human
diseases [3] and caused death in humans. During ancient times (earlier 1640), Greeks and
Indians used molds and other plants to treat wounds and infections, while farmers in Russia
used warm soils to cure infected wounds. The doctors from Sumerian and Babylonian used
beer soup mixed with turtle shells and snakeskins and a mixture of frog bile and sour milk
to treat diseases. Likewise, the Sri Lankan army used oil cake (sweetmeat) as a desiccant
and antibacterial agent. Despite the lack of a clear idea about the reason for these illnesses,
there were consistent attempts to battle them.

Microorganisms exist in an unfathomably wide variety. The most prominent microbiol-
ogists, including Louis Pasteur (1822–1895) and Robert Koch (1843–1910), strongly believed
that microbes must develop lethal weapons (“antibiosis”) to combat their rivals to thrive in
a competitive environment, and that those that go through the competition have developed
resistance to their opponents’ weapons. They reasoned that because the soil contains the
greatest variety of microorganisms, this is where these mechanisms would be most effective.
A scientist named Selman Waksman (1888–1973) coined the term “antibiotic” (meaning
“against life”) in 1942. He explained that it is something microorganisms make at low con-
centrations to kill or inhibit the growth of other organisms. The term was used throughout
the subsequent 20 years per the abovementioned specification. Although the term is still in
use, it has expanded to include the many semi- and fully-synthetic “antibiotics” developed
by the pharmaceutical industry.

Rudolph Emmerich and Oscar Löw, two German researchers, created the first antibi-
otic, pyocyanase, in the late 1890s. It was produced by growing the bacterium Pseudomonas
aeruginosa in a lab and had questionable efficacy and safety when used to treat cholera
and typhus. Later, Salvarsan, an arsenic-based medication discovered by Paul Ehrlich in
1909, was effective against the syphilis-causing bacterium Treponema pallidum. In other
words, this finding paved the way for future research and development of antimicrobial
drugs [6]. Penicillin, derived from the fungus Penicillium, was the first antibiotic supplied to
doctors in the 1940s. As its development was preceded by years of study and observation
during World War II, it is commonly referred to as “a child of the war” [1]. By the late
1940s and early 1950s, antibiotic chemotherapy was well tolerated in clinical medicine
after the discovery of streptomycin and tetracycline from Actinomycetes. In addition to
being efficient against the bacillus causing tuberculosis, these medicines were also effective
against other pathogenic bacteria [3]. In this context, the filamentous actinomycetes (64%)
were the primary source of most naturally occurring antibiotics, followed by the bacterial
and fungal species (Table 1). On the other hand, synthetic derivatives are believed to be
efficient against pathogenic microbes.
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Table 1. Natural and Synthetic antimicrobials from 1910–2010 [2,7].

Year of Discovery Microorganisms Synthetic
AntimicrobialsActinomycetes Bacteria Fungi

1910–1940
Salvarsan

Sulfonamides
sufapyridine

1940

Streptomycin
Aminoglycosides

Tetrecyclines
Amphenicols

Polypeptides
Bacitracin Penicillins Sulfones

Salicylates

1950
Macrolides

Glycopeptides
Tuberactinomycins

Polymyxins Nitrofurans
Pyridinamides

1960

Ansamycins
Lincosamides

Streptogramins
Cycloserine

Fusidic acid
Cephalosporins

Enniatins

Quinolones
Azoles

Thioamides
Ethambutol
Phenazines

Diaminopyrimidines

1970 Phosphonates
Fosfomycin

1980 Carbapenems Mupirocin
Monobactams

2000 Lipopetides Pleuromutilins Oxazolidinones
linezolid

2010 Liparmycins Diarylquinolines

First-generation cephalosporins, including parenteral medications like cephalothin
(1964) and cefazolin (1970) and oral medications like cephalexin (1967), are the most
effective against Gram-positive bacteria, methicillin-susceptible staphylococci, and non-
enterococcus streptococci [3]. Unlike first-generation cephalosporins, which are effective
against Gram-positive and Gram-negative bacteria, second-generation cephalosporins are
more successful in the clinic against Gram-negative bacteria such as Hemophilus influen-
zae, Enterobacter aerogenes, and some Neisseria spp. [8–10]. Further, extended-spectrum
cephalosporins such as cefpirome (1983), cefepime (1987), and cefaclidine (1989) have
enhanced action against Enterobacter spp., Citrobacter freundii, Serratia marcescens, and severe
P. aeruginosa infections [11–13]. Antibiotics gradually established themselves as life-saving
medications. In the middle of the 20th century, a large increase in the number of novel
antibiotic compounds developed for medical use was observed. Between the years 1935
and 1968, a total of 12 new classes were introduced. However, there was a significant
decline in the number of new classes after this; between 1969 and 2003, merely two new
classes were developed [14].

3. Rise of Antimicrobial Resistance

The term “antimicrobial resistance” (AMR) is used to describe the ability of bacte-
ria and other microorganisms to resist the adverse effects of an antimicrobial to which
they were formerly susceptible [15]. Antimicrobial resistance (AMR) was first noted in
staphylococci, streptococci, and gonococci; penicillin-resistant S. aureus emerged in 1942
following the introduction of penicillin as a commercial antibiotic in 1941 [16]. However, in
the early 1930s, Sulphonamide-resistant Streptococcus pyogenes appeared in human clinical
settings. Later in the 1950s, the problem of multidrug-resistant enteric bacteria became
evident [17]. Furthermore, methicillin, which is linked to penicillin and is a semi-synthetic
antibiotic, was marketed in 1960 to treat S. aureus infections resistant to penicillin. Con-
versely, in the very same year, methicillin resistance emerged in S. aureus [18]. Since their
introduction in the 1980s, fluoroquinolones have revolutionized the treatment of bacterial
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infections. Initially intended for use against Gram-negative bacteria, the emergence of
fluoroquinolone resistance has shown that these medications have also been applied to
combat Gram-positive infections, most notably among methicillin-resistant strains [19].
Furthermore, although Vancomycin has been on the market for 44 years, in 2002, clinical
isolates of Vancomycin-resistant S. aureus (VRSA) emerged [20].

A rise in deaths worldwide is attributed to bacteria resistant to multiple antibiotics.
For example, there are over 63,000 annual deaths in the United States of America (USA)
due to hospital-acquired bacterial infections [21]. Further, in 2019, the Centre for Disease
Control (CDC) reported that over 2.8 million antibiotic-resistant infections occurred annu-
ally in the United States, leading to over 35,000 deaths [22]. The Indian Council of Medical
Research (ICMR) released its annual report on antimicrobial resistance in 2020, which stated
that the overall proportion of MRSA throughout the country had reached 42.1% in 2019,
representing an increase of nearly 10% compared to the previous year [23]. According to the
latest Global Antimicrobial Resistance and Use Surveillance System (GLASS) project report,
data from South and Southeast Asian countries (such as India, Bangladesh, and Pakistan)
reflect a considerable rise in antibiotic resistance levels. For instance, carbapenem-resistant
Acinetobacter was found to be exceptionally high in Pakistan (66.9%), followed by India
(59.4%). Similarly, the highest prevalence of carbapenem-resistant E. coli and carbapenem-
resistant K. pneumonia was recorded in India (16.4% and 34.2%, respectively), followed by
Bangladesh (9.2% and 11.2%) and Pakistan (6.2% and 11.3%) respectively. The other MDR
pathogens, such as fluoroquinolone-resistant Salmonella sp. (80.3%) and MRSA (65%), were
recorded as high in Pakistan [24]. According to the Antimicrobial Resistance Surveillance
System (CARSS) and the China Antimicrobial Surveillance Network (CHINET), the antimi-
crobial resistance profiles of gram-negative bacilli are higher in China. There has been an
increase in the incidence of carbapenem-resistant Klebsiella pneumoniae since 2005, and the
prevalence of extended-spectrum-lactamases and antimicrobial resistance in Acinetobacter
baumannii are both concerning. Furthermore, the incidence of methicillin-resistant Staphy-
lococcus aureus and vancomycin-resistant Pseudomonas aeruginosa both declined between
2005 and 2017 [25]. According to a report published by the European Antimicrobial Re-
sistance Surveillance Network (EARS-Net), between 2015 and 2019, there were shifts in
the frequency of antimicrobial resistance throughout the European Union. These changes
were based on the species of bacteria, with E. coli being the most common (44.2%), followed
by S. aureus (20.6%), K. pneumoniae (11.3%), Enterococcus faecalis (6.8%), P. aeruginosa (5.6%),
Streptococcus pneumoniae (5.3%), E. faecium (4.5%), and Acinetobacter spp. (1.7%) [22].

Due to limited resources and the difficulty of monitoring medicine supply systems
within and outside their borders, many African countries struggle to protect their populations
from unsafe and substandard/counterfeit medicines. Several African countries have not yet
banned oral artemisinin monotherapies for uncomplicated malaria, for example. This is a
major risk for developing resistance to artemisinin-based combination therapies [26]. In all
African regions, S. aureus, Klebsiella sp., E. coli, and S. pneumoniae exhibited lower resistance
to carbapenems and fluoroquinolones than other antibiotic combinations. In West Africa,
Klebsiella spp. resistance to ciprofloxacin was greater than in other regions [27]. In conclusion,
antimicrobial resistance has emerged as a severe threat to human health in the last decades,
responsible for an estimated 700,000 annual deaths worldwide; is is anticipated to result in
millions of deaths by 2050 if not adequately addressed [28].

4. What Caused These Organisms in the Environment to Develop Resistance to
Multiple Drugs?

Bacteria are distinct in that they can acquire genes from the parent microorganism during
division (vertical gene transfer) and from the larger community (horizontal gene transfer),
first demonstrated for aminoglycoside resistance [29]. This horizontal gene transfer has been
observed at every major taxonomic rank, even between bacteria and archaea. A strain that
was once susceptible may acquire and transfer resistance to a new species or genus. Most
antibacterial resistance genes are carried on plasmids (Table 2) and other mobile genetic
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elements (transposons, genomic islands, integrons, and gene cassettes) that can and do spread
to bacteria of different genera and species [28]. Antibiotic resistance due to plasmids is
widespread and includes resistance to many first-line treatments. Notable examples include
fluoroquinolones, aminoglycosides, and cephalosporins, which are used extensively [30].

Staphylococci isolated from the clinical setting frequently contain multiple plasmids,
and this was the first instance of antibiotic-resistant bacteria posing a severe threat to
hospital infection control [31]. Plasmids that encode resistance to sulfonamides and other
antibiotics have been found in multidrug-resistant Salmonella enterica Typhimurium DT104
strains, suggesting that trimethoprim resistance is also encoded in these plasmids [32].
Similarly, vancomycin resistance genes have been found on large plasmids easily trans-
ferable in both E. faecalis and E. faecium [33]. Resistance plasmids in Enterobacteriaceae
frequently contain narrow-spectrum beta-lactamases (such as penicillinases) and extended-
spectrum beta-lactamases (ESBL). Multiple beta-lactamase genes, which can hydrolyse
a wide variety of beta-lactam antibiotics, are frequently discovered to be located on the
same plasmid [34]. Further, Enterobacter spp. harbor plasmids containing the intrinsic
AmpC-lactamases gene, conferring resistance to ampicillin, amoxicillin-clavulanate, and
first- and second-generation cephalosporins [35]. The first instance of plasmid-mediated
quinolone resistance (PMQR) was discovered on a qnr plasmid in K. pneumoniae from a
health centre. Subsequently, qnr was renamed qnrA and families of qnr genes (qnrB, qnrS,
qnrC, and qnrD) due to differences in plasmid copy number and gene expression. Com-
paring the effects of carriage by highly antibiotic-susceptible laboratory strains frequently
reveals the greatest variations [36]. The third group of plasmid fluoroquinolone-resistance
genes are the oqxAB and qepA efflux systems, which code for transporters that can export
fluoroquinolone molecules. Yet again, the carriage of these genes is associated with slight
increases in the resistance to fluoroquinolones [37].

Table 2. Plasmid-borne genes for antibiotic resistance in different organisms.

Antibiotic Resistance Plasmid-Borne Genes Resistant Organisms References

Beta-lactams

blaIMP encoding imipenem resistance;
blaVIM (Verona integron- encoded

metallo-β-lactamases)
P. aeruginosa [38,39]

blaOXA encoding oxacillin resistance S. aureus [40]
blaNDM encoding metallo-β-lactamase E. coli [41]

blaNDM-1 gene; blaOXA-23 A. baumannii [42]
blaIMP-9, blaSIM-2, and blaVIM-2 P. aeruginosa [42,43]

blaNDM, blaIMP, blaIMP-27, blaVIM, and blaKPC Enterobacteriaceae [44,45]
blaNDM-1 E. coli [46]

blaIMP Metagenome [39]
blaOXA-23 A. baumannii [42]

blaTEM; blaSHV, blaOXA
H. influenzae; E. coli; K.

pneumoniae [47,48]

blaTEM S. pneumoniae [49]
PBP2a S. pneumoniae; E. coli [50,51]

CTX-M, OXA-30 E. coli [52]
mecA, S. aureus [53]

blaOXA-48 Enterobacteriaceae [54]

Fluoroquinolones

qnrA, qnrB, qnrC, qnrD, qnrS, and aac(6′)-lb-cr
Campylobacter spp., Salmonella

spp., and Shigella sp., K.
pneumoniae, E. coli

[55,56]

gyrA E. coli [57,58]
parC and parE E. coli; K. pneumoniae [57,59]

NorC, NorA and MepA S. aureus [60]
Rv1634 Mycobacterium tuberculosis [61]
MfpA Mycobacterium [62]
qnrS2 Aeromonas [63,64]
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Table 2. Cont.

Antibiotic Resistance Plasmid-Borne Genes Resistant Organisms References

QepA E. coli [65]
OqxAB E. coli [66]

parC and gyrA S. pneumoniae [67,68]
SmeVWX S. maltophilia [69]
Smqnr S. maltophilia [70]

SmeDEF Stenotrophomonas maltophilia [71]
pqsA P. aeruginosa [72]

glpD, ygf A, and yigB E. coli [73]

Glycopeptides

vanA, vanB, vanC, vanD, vanE, vanG, vanL,
vanM, and vanN Enterococci [74–76]

vanRSHAX S. aureus
[76]

sarA [77]
vanA and ermB Enterococci [78]

Aminoglycosides aac(3)-IV E. coli [79]
Polymyxins mcr-1 E. coli [80]

Tetracyclines tet genes Streptomyces [81]
Tn916 B. subtilis [82]
Tet38 S. aureus [83]

Lipopetides pitA S. aureus [84]
Rifampicin purB and purM S. aureus [85]

Cephalosporins blaCTX-M, blaCMY
Kluyvera ascorbata; Kluyvera

georgiana [86]

blaCTX-M-1 and blaCMY-2 E. coli [87]

Vancomycin vanA, vanB, vanH, vanR, vanS, vanW, vanX,
vanY, and vanZ S. aureus [88]

Multidrug resistance
(MDR)

acrB E. coli [89]
SGI1 S. enterica [90]

blaNDM-1 P. aeruginosa [91]

Like plasmids, resistance transposons are mobile genetic elements that carry resistance
genes. For example, many Gram-negative bacteria, especially Enterobacteriaceae, contain
the transposable element Tn5 (encodes resistance to aminoglycosides like kanamycin and
neomycin) and Tn10 (encodes resistance to tetracycline). Other gene clusters include Tn3,
encoding resistance to numerous β-lactam antibiotics, including ampicillin, and Tn21,
encoding resistance to streptomycin, spectinomycin, and sulphonamides [30]. A recent
study investigated Tn7-like transposons in Enterobacterales isolates from food animals. The
study found that 54.9% of the isolates were multidrug-resistant, and high resistance rates
were observed against streptomycin and trimethoprim-sulfamethoxazole [92].

Resistance integrons are conserved sequences that, through site-specific recombina-
tion, can acquire gene cassettes that can transport drug-resistance genes [93]. For instance,
K. pneumonia and K. oxytoca isolates resistant to gentamicin and cotrimoxazole were ob-
served in patients with nosocomial infections. It was found that a significant number of
these isolates carried integrons that contained inserted regions of foreign DNA encod-
ing antibiotic resistance genes [94]. Four known classes of resistance integrons to date.
Class I and II integrons contain multiple gene cassettes that code for antimicrobial re-
sistance mechanisms like dihydroflavonol-4-reductase (dfr), broad-spectrum-lactamase
(bsl), lipoprotein signal peptidase, quaternary ammonium compound (QAC) enzymes,
sul1 (sulfonamide), and aminoglycoside-modifying enzymes (AMEs) [93]. In addition,
these integrons have been observed in Gram-negative organisms such as Acinetobacter,
Aeromonas, Alcaligenes, Burkholderia, Campylobacter, Citrobacter, E. coli Pseudomonas, Kleb-
siella, and Salmonella sp. [95–97]. Class III integrons were first discovered in S. marcescens
transferred by Tn402 in Japan in 1993; however, they are not as active as other classes.
However, the IncQ plasmid from E. coli has recently been found to contain a class III
integron encoding blaGES-1 (an ESBL-encoding gene) [98–100]. In addition, gene cassettes

128



Antibiotics 2023, 12, 28

that confer resistance to fosfomycin and chloramphenicol have been identified in class IV
integrons [101]. However, current research is limited to class I integron and Gram-negative
bacteria. Class I integron on Gram-positive microorganisms, along with classes II, III and
IV, has barely been touched, making such concerns unnoticed about antibiotic resistance
determinants. Further, the complex origin of antibiotic resistance still hinges on several
factors. These include antibiotic overuse and abuse, inaccurate diagnosis, inappropriate
antibiotic medicating, loss of responsiveness in patients, patients self-medicating, poor
healthcare settings, lack of personal hygiene, and pervasive agricultural use [102,103].

5. Mechanisms of Antibiotic Resistance

The development of antibiotic resistance is a natural ecological phenomenon and the
product of billions of years of evolution. However, much attention has been focused on
antibiotic resistance in pathogenic organisms encountered in hospitalized patients and
bacteria responsible for adverse health effects [104]. In addition, microbes in pristine envi-
ronments, such as caves and permafrost, have been studied and found to develop resistance
in the absence of human interference. Antibiotics are used for a wide variety of bacterial
infections in humans and animals. This promotes the generation of resistance or “immu-
nity” genes in the producer organisms and the selection of resistance in environmental
species. The presence of resistance in the natural environment may be a natural occurrence’
this reservoir of resistance genes can be mobilized and transferred into human pathogens,
worse the situation [105–107]. The presence of identical genes in both environmental and
human bacteria demonstrates the movement of resistance genes from different environ-
mental reservoirs, including aquatic and terrestrial environments, into human pathogens
and vice versa. Furthermore, environmental microorganisms already have genes encoding
resistance to antibiotics before they are widely used commercially [108,109].

The development of antibiotic resistance has brought to light a plethora of diverse and
intricate mechanisms responsible for the genesis and propagation of antibiotic resistance
among bacteria of the same species or even among bacteria of different species [110].
Important resistance mechanisms shown in Figure 1 include (i) antibiotic exclusion by the
cell membrane, (ii) antibiotic modification and/or deactivation within the cell, (iii) reduced
sensitivity of the cellular target, (iv) antibiotic exclusion from the cell, and (v) intracellular
sequestration [111]. These multiple processes mediate antibiotic resistance enabling bacteria
to become resistant to all currently available antibiotics. For instance, three biochemical
pathways can lead to fluoroquinolone resistance; these pathways can exist in the same
bacteria at the same time with increased expression and, often, increased resistance levels
such as (i) overexpression of efflux pumps that effectively remove the drug from the cell,
(ii) mutations in genes that encode the target site of fluoroquinolones (DNA gyrase and
topoisomerase IV), and (iii) protection of the fluoroquinolone site of action by a protein
named Qnr [112].

The most common resistance mechanism in Gram-negative bacteria is the production of
beta-lactamases; in Gram-positive organisms, resistance is typically achieved by alteration of
the target site, i.e., penicillin-binding proteins (PBPs) [112]. One of the unique mechanisms of
antibiotic resistance is the efflux pumps system, which pumps antibiotics and other toxins
out of the cell. This mechanism is crucial in bacteria becoming resistant to the antibiotic.
On the other hand, Gram-negative bacteria acquire tetracycline resistance via efflux pump
systems, specifically the tet efflux pumps, which export tetracyclines from cells through
proton exchange [113]. Other MDR efflux pumps that extrude tetracycline are AcrAB-TolC
and MexAB-OprM, found in Enterobacteriaceae and P. aeruginosa [114]. Finally, resistance to
trimethoprim is caused by alterations in metabolic pathways, such as the increased production
of dihydrofolate reductase, an enzyme that lacks the binding site for trimethoprim [115], and
dihydropteroate synthase. This enzyme mediates resistance to sulfonamides [116]. Table 3
explains the different mechanisms is mediating antibiotic resistance.
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Table 3. Different mechanisms of antibiotic resistance with examples.

Antimicrobial Agents Mechanism of Action Examples References

Penicillins and
cephalosporins

Enzymatic inactivation by β-lactamase; enzymatic
modification by acylase and esterase; outer

membrane protein deletion; alteration of
penicillin-binding proteins

β-lactamase containing
gram-negative rods [117–119]

Monobactams Enzymatic inactivation by β-lactamase Haemophilus influenza;
Pseudomonas aeruginosa [120,121]

Carbapenems Enzymatic inactivation by β-lactamase;
outer-membrane protein deletion

Neisseria gonorrhoea; A. baumannii;
Citrobacter portucalensis; K.
pneumoniae; Escherichia coli

[122,123]

Carbacephems Cell wall synthesis inhibition ESBL-producing Enterobacteria [124]
Imipenem Decreased Cell membrane permeability Pseudomonas sp.; K. [125,126]

Vancomycin Inhibition of glycopeptides access S. aureus; Enterococcus sp. [127,128]

Trimethoprim
Increased production of dihydrofolate reductase;

production of trimethoprim-insensitive dihydrofolate
reductase

Streptococcus agalactiae; E. coli;
Burkholderia pseudomallei [129–131]

Sulfonamides

Increased production of p-aminobenzoic acid;
increased production of pteridine; increased

production of sulfonamide-insensitive
dihydropteroate synthetase

Haemophilus influenza; S.
pneumoniae; S. pyogenes; Neisseria

meningitidis
[132]

Aminoglycosides
Enzymatic modification by acetylation,

phosphorylation, and nucleotidylation; ribosomal
alteration; diminished drug uptake

Clostridium perfringens; Bacteroides
fragilis; S. aureus; Bacillus cereus [133–135]

Chloramphenicol Enzymatic inactivation by acetylation; decreased
drug permeability

Streptomyces venezuelae;
Pseudomonas putida; Pneumococcus

sp.; E. coli
[136–139]

Macrolides Enzymatic modification by esterase; alteration of 23S
ribosomal RNA S. pneumoniae, S. aureus [137,140]

Lincosamides Enzymatic modification by nucleotidylation or
phosphorylation; alteration of 23S ribosomal RNA

S. pneumoniae; S. agalactiae;
Acinetobacter baumannii [140–142]

Tetracyclines Active efflux preceded by chemical modification;
ribosomal alterations

E. coli, Shigella sp., S. pneumoniae,
S.s aureus, Clostridium perfringens,

Helicobacter pylori
[143,144]

Quinolones Alteration of subunit A of DNA gyrase; decreased
drug permeability

Stenotrophomonas maltophilia;
Pseudomonas species;

Enterobacteriaceae
[145–147]
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6. Antibiotic Resistance in Different Environments

Excessive antibiotic use results in antibiotics being released into different environ-
ments, including aquatic and terrestrial environments. The reduced effectiveness of antibi-
otics against human and animal pathogens is a significant concern raised by the widespread
release of antibiotics into these environments. Globally, the public and scientific community
are becoming increasingly concerned about antibiotics in the given environment [148].

6.1. Aquatic Environments

Freshwater ecosystems are among the natural settings that have the potential to
become contaminated with antibiotics released into the environment by a wide range
of sources, including agricultural runoffs, sewage discharges, and leaching from nearby
farms [148]. Mobile genetic elements (MGEs) encoding antibiotic resistance spread quickly
through horizontal gene transfer (HGT) in aquatic environments [149] and have played
an essential role in the development and spread of resistant bacteria into the environment,
which can cause infections in both humans and animals. Water bodies like rivers, streams,
wastewater effluents, and lakes are connected ecological habitats that have received in-
creased scrutiny recently due to evidence that they play a significant role in spreading
antibiotic-resistant genes [21].

6.1.1. Wastewater
Wastewater Treatment Plants

Wastewater treatment plants (WWTPs) are a repository for numerous organic com-
pounds, nutrients, and metals [150]. Traditional wastewater treatment plants are very
effective at removing organic compounds and nutrients from wastewater but are not de-
signed to eliminate antibiotics [151]. It was previously thought that biological or chemical
degradation, or sorption to sludge, removed some antibiotics that inevitably made their way
to WWTPs from both human and animal usages [152]. Some approximations can be made
using hydrophobicity and partitioning coefficients for the propensity of antibiotics to sorb
to organic matter in WWTPs [153]. For instance, sulfonamides and trimethoprim are shown
to have a lower sorption potential than fluoroquinolones and tetracyclines, but both sorb
strongly to solids. As evidence, a study found that tetracycline concentrations across ten
Chinese WWTPs were much lower than sulfonamide concentrations [154]. While biodegra-
dation plays another significant role in antibiotic removal during wastewater treatment,
it is typically seen to be less important than sorption in the removal of the most common
antibiotics studied [153,155]. Despite this, sulfonamides and several beta-lactams [153,156]
exhibit low sorption characteristics and have an important removal mechanism through the
biodegradation process. Although there are many stages of treatment in place at WWTPs,
antibiotics in wastewater are not entirely removed and/or degraded, leading to persistent
accumulation. For instance, wastewater treatment facilities have been singled out as a
potential origin of HGT, contributing to the development of antibiotic resistance, which in
turn increases the concentration and overexpression of antibiotic resistance genes (ARGs)
in the wastewater system [157].

The effluents from WWTPs contain high concentrations of antibiotic-resistant bacteria
(ARB) and ARGs [157], typically found in aquatic environments. For instance, WWTP
processes can harbor resistant and MDR bacteria such as Enterobacteriaceae, P. aeruginosa,
E. coli, and Acinetobacter sp. [158]. However, various clinically significant ARBs, including
MRSA, VRE, and a few Gram-negative bacteria, have been identified. These bacteria pro-
duced ESBLs and were resistant to fluoroquinolones and carbapenems [159,160]. Martins
da Costa et al. [161] studied antimicrobial resistance in Enterococcus spp. and reported
that biological treatment at WWTPs was ineffective in preventing the spread of MDR
enterococci from urban sewage and sludge in Portugal. In addition to resistant bacteria
found with culture-dependent methods, genes conferring resistance to all antibiotic classes
have been found in WWTPs effluents globally using culture-independent methods. For
example, 30 ARGs encoding resistance to tetracycline, sulphonamides, quinolones, and
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macrolides were found in the activated sludge of two WWTPs in China. Additionally, ten
ARGs were significantly increased compared to the abundance of the 16S rRNA genes [162].
Similarly, a survey of 16 urban WWTPs across ten European countries found a wide range
of ARGs in the effluent, including sul1, tetM, blaOXA-58, blaTEM, blaOXA-48, blaCTX-M-32, mcr-1,
blaCTX-M-15, and blaKPC-3 and reported that the majority of ARGs were found in water bodies
downstream from WWTP discharge points [163].

Hospital and Pharmaceutical Wastewater

Since the widespread use of antibiotics in hospitals leads to the excretion of their
active forms into the environment, clinical sewage has long been recognized as a significant
source of antimicrobial resistance determinants in aquatic environments [164]. Similarly,
substantial amounts of antibiotics, and other compounds in pharmaceutical wastewater
exert selection pressure even at concentrations well below therapeutic levels [165]. Many
recent investigations have focused on pharmaceutical wastewater (PWW) and hospital
wastewater (HWW) to examine the resistomes and the associated health risk [166–169].
For instance, Obayiuwana and Ibekwe reported that PWW exhibited a variety of ARGs,
including catA1 (58.3%); sulI (31.7%); tetE (30%); aac(3)-IV (28.3%); ermC (20%); blaTEM,
blaCTX-M, blaNDM-1 at (18.3% each), encoding resistance to chloramphenicol, sulfonamides,
tetracycline, aminoglycoside, macrolide-lincosamide-streptogramin, and β-lactams and
penicillins, respectively [170]. Another recent meta-analysis of HWW revealed a similar
pattern, with high levels of resistance genes to carbapenems, sulfonamides, tetracyclines,
and mobile genetic elements. From 2014 to 2018, there was a significant decline in the
number of resistance genes to ESBLs, carbapenems, sulfonamides, and glycopeptides, while
there was an increase in the number of genes that were resistant to tetracycline [171]. Many
previous studies have highlighted the need to increase wastewater treatment capacity in
developing countries, focusing on hospital wastewater. Since untreated wastewater is
sometimes used to irrigate crops, this could result in the spread of resistant bacteria to the
food supply and the local population. Although this poses no immediate risk to produce,
the more prevalent these bacteria are, the more likely AMR might spread, especially among
immune-compromised individuals or those undergoing surgery. The global COVID-19
pandemic has recently resulted in a spike in demand for antibiotics. This is because a
sizable subset of COVID-19 patients also required antimicrobial therapy for secondary
bacterial or fungal infection [172]. This increased the concentrations and diversity of these
pharmaceuticals in HWW. Therefore, inadequate disposal of non-metabolized antibiotics
into hospital sewage systems is also a source of antibiotic-resistant microbes in the aquatic
environment.

6.1.2. Rivers and Groundwater

Rivers are potential compartments where environmental, human, and animal-related
bacteria can coexist, at least in the short term, because they receive ARB from various
sources, such as WWTPs, urban runoff, and industrial or agricultural activities [173]. In
addition, ARGs can be released or spread by ARB and are relatively stable and accessible
to other bacteria, resulting in the evolution of a new generation of bacteria resistant to
antibiotics [174].

Genes for aminoglycoside resistance, such as aac, aph, and ant, are widely dispersed
throughout many different genera, including Aeromonas, Escherichia, Vibrio, Salmonella, and
Listeria spp., which have been isolated from river water [175]. Similarly, ARGs encoding
resistance to other aminoglycoside group antibiotics, such as phosphotransferase genes
encoding resistance to neomycin (nptII) and streptothricin (strAB), have also been detected
in river water in Canada [176] and India [177]. Microorganisms in river water with high
concentrations of antibiotics due to urban and agricultural activities were found to carry
sulphonamide resistance genes like sulI, II, III, and A [178]. However, there is evidence
that some rivers have ARGs, including stretches showing no pollution. The four sul genes
(sulI, II, III, and A) found in bacteria isolated from a pristine river suggest that sulI, as a
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component of class I integrons, can be disseminated and transferred horizontally within
and between bacterial species in river water [179].

Antibiotics can make their way into the groundwater and even a water supply that
people drink via surface water [180]. Not surprisingly, antibiotic exposure in groundwater
was less than in surface water [181]. However, there is substantial evidence in the scien-
tific literature linking microbial contamination of groundwater to adverse public health
outcomes [182–185]. According to a recent review by Murphy et al. [186], there is strong
epidemiological evidence of disease transmission due to groundwater contamination on
a global scale, with an annual estimate of 35.2–59.4 million cases of acute gastrointestinal
infection potentially attributable to groundwater consumption. The global disease bur-
den is already high, and the potential implications of groundwater-borne ARB are even
more alarming.

6.1.3. Marine System

The oceanic ecosystem has received the least attention among the aquatic environ-
ments. There is a possibility that antibiotic release is not subject to significant selection
in oceans because of the high diffusion rates. However, the presence of AMR in marine
environments can potentially be caused by one of three different mechanisms. The first
way is transporting ARB from terrestrial sources to coastal environments via runoff. In
this scenario, ARGs should be present in bacterial taxa that are generally not found in the
ocean. The second mechanism is antimicrobial resistance selection due to anthropogenic
antibiotic runoff, which encourages naturally occurring bacteria to become resistant to the
antibiotics. The third factor is the development of antibiotic resistance as a direct result of
the production of antibiotics in marine environments [187]. Using metagenomic sequenc-
ing, a recent baseline study found ARGs in 12 coastal environmental samples from the
urban coastline of Kuwait. The authors detected 402 ARGs in these samples, with the most
common being patA, adeF, ErmE, ErmF, TaeA, tetX, mphD, bcrC, srmB, mtrD, baeS, Erm30,
vanTE, VIM-7, AcrF, ANT4-1a, tet33, adeB, efmA, and rpsL. The beta-lactams (cephalosporins
and penam) elicited the highest levels of resistance, and 46% of the genes originated from
Proteobacteria. Also, ESKAPEE pathogens (Enterococcus faecium, S. aureus, K. pneumonia,
Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter sp., and Escherichia coli) were
found in low concentrations [188]. Nonetheless, future research into MGEs and integrons
will be necessary to monitor the spread of ARGs in the marine ecosystem and assess their
impact on human health.

6.1.4. Factors Affecting Antibiotic Resistance in the Aquatic Environment

Antibiotic migration, transformation, and fate are analogous to and consistent with
ARG transfer and accumulation in the environment (Figure 2) [189]. Antibiotics have
been implicated in various studies as a critical factor in the spread of ARGs between
species [190,191]. In Beijing, the sul gene correlated well with the concentrations of selected
sulfamethazine [192]. Still, in the study by Xu et al. [190], no such correlation was found for
the same set of ten sulfonamide antibiotics. Based on these results, it is possible to conclude
that antibiotics are used to target the effects they have on ARGs.

Heavy metals in the environment are also crucial in the horizontal transfer of ARGs,
alongside antibiotics as the most direct source of selection pressure. Specifically, metal
ions increase the permeability of cell membranes, which in turn promote the horizontal
transfer of ARGs through oxidative stress, the SOS response, and the production of reactive
oxygen species (ROS) [193]. There is growing evidence that the co-selection of heavy metals
significantly impacts the dispersal and propagation of ARG in the natural environment.
Co-selection between ARB and other pathogens could be facilitated by heavy metals used
in livestock and fisheries [194]. Recently, certain metal nanoparticles (nano-alumina and
Nano-TiO2) have been commonly detected as new pollutants in various environments;
studies have shown that nanoparticles and heavy metals can promote the conjugate transfer
of ARGs in the environment [195,196]. Other than these factors, other factors such as non-

133



Antibiotics 2023, 12, 28

antibiotic antimicrobial chemicals, microbial community diversity, and environmental
physical and chemical properties also play significant roles in AR transmission in the
aquatic environment [193].
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6.2. Terrestrial Environments

The origin of ARGs in the terrestrial environment can be traced back to spontaneous
mutations and HGT, just as in the aquatic ecosystem [197]. However, the impact of an-
tibiotics in the soil on persistence and vertical or horizontal gene transport is influenced
by co-selection [197,198] and other factors such as antibiotic structure, hydrophobicity,
mobility, and biodegradability [199]. It has been shown, for instance, that resident, non-
pathogenic soil microbial species can better acquire ARGs in the presence of non-antibiotic
stressors like heavy metals, microplastics, and pesticides [197,200,201]. This is due to a
phenomenon known as cross- and co-resistance. The terms “cross-resistance” and “co-
resistance” refer to two forms of resistance that can develop when the same process reduces
susceptibility to antibiotics and non-antibiotics, respectively [199,202].

6.2.1. Sludge Manure

The sludge produced as a by-product of WWTPs can be used as a plant fertilizer
or a substrate for improving soil remediation [203]. Using sewage sludge as manure
is unquestionably an effective waste management strategy. Sewage sludge is rich in
nutrients and organic matter, making it a good candidate for this use. However, sewage
sludge harbors microorganisms resistant to multiple antibiotics, metals, plastics, and
organic contaminants that pose severe threats to human and environmental health [199,204].
Recent years have witnessed a particular interest in the putative ecotoxicological effects
of pharmaceuticals in the environment [198,205]. A recent assessment of treated sewage
sludge used for agricultural purposes revealed the presence and accumulation of antibiotics
with potential acute and short-term environmental risks [206]. In addition, compounds
harmful to the environment, such as heavy metals, are frequently revealed in treated and
untreated wastewater sludge [204]. In principle, antibiotics consumed by humans and
animals are not entirely metabolized and are released into WWTPs as either parent or
partially metabolized compounds. Together with heavy metals, residual antibiotics are not
completely removed by WWTPs [207], even in advanced wastewater treatment systems

134



Antibiotics 2023, 12, 28

that employ anaerobic digestion, coagulation, lime stabilization, membrane bioreactors,
and inactivation and disinfection processes [204,208]. Therefore, if the sludge materials are
deployed as manure, these compounds eventually get to the soil in concentrations relative
to the treatment method and the source of waste materials. A combination of anaerobic,
aerobic, and inactivation treatment strategies appears to be more effective for containing
the spread of ARGs from wastewater treatment system sludge [204].

6.2.2. Agricultural System

A sustainable strategy for conserving freshwater is the reuse of treated wastewater
for agricultural irrigation [209]. However, wastewater irrigation is another important
source of ARGs in agricultural systems. Multiple studies have shown that irrigating with
wastewater increases the abundance of multidrug-resistant microorganisms and ARGs in
agricultural fields [185,207,210,211]. Several ARGs conferring resistance to rifampicin, chlo-
ramphenicol, tetracycline, trimethoprim, β-lactams, aminoglycosides, fluoroquinolones,
and sulfonamides, as well as tetracycline- and sulfonamide-resistant bacteria have been
detected in wastewater effluent [212].

The risk of ARG spread from agricultural systems into the food chain is also of great
concern. For instance, antibiotics from wastewater irrigation can accumulate in edible
vegetables and, if ingested, can trigger adaptive resistance in the gut microbiome [213].
In addition, Onalenna and Rahube [214] revealed that wastewater irrigation influenced
a structural shift in microbial communities and increased the spread and persistence of
beta-lactamases in irrigated soil and edible vegetables. Furthermore, the distribution and
persistence of ARGs from wastewater irrigation are not limited to topsoils and edible
plants; the accumulation of antibiotic residues in a treated wastewater-irrigated field was
found to promote the spread and persistence of ARGs among groundwater microbial
communities [185]. ARG detection and spread at this depth highlight the importance
of monitoring agricultural systems to control the burden of antibiotic resistance in the
environment effectively.

Accordingly, one important factor determining ARG spread from wastewater irrigation
is the influence of seasonal variation. Pu et al. [207] reported that the abundance of
ARGs in treated wastewater was higher in summer than in winter. Based on the study of
Sun et al. [215], seasonal variation impacts the nutrient content of WWTP influent, and
this has a corresponding effect on the assembly mechanisms and structure of important
microbial species that contribute to the removal of nutrients, pesticides, antibiotics, and
other undesirable compounds during wastewater treatment. Thus, a significant change
in the assembly of important microbial phylotypes due to seasonal variation reduces the
efficiency of WWTPs. Overall, removing ARGs and ARB in both sludge manure and
irrigation wastewater requires advancement in WWTP technologies and the development
of policies that could reduce antibiotics’ misuse. This is critical because the selective
pressure of residual antibiotics on microbial communities is what triggers the spread of
ARGs in WWTP systems and agricultural fields.

6.2.3. Manure from Livestock and Pesticides

Antibiotics are widely employed in animal breeding industries for disease prevention
and treatment. However, such use could lead to the development of ABR in this sector.
For example, Abdalla et al. used the farm-to-fork approach to investigate the presence of
antibiotic-resistant E. coli in intensive pig farming in South Africa [216]. The authors analyzed
1044 pure isolates and observed an 88.5% resistance to at least one of the 20 antibiotics tested.
Of greater concern in this study was that the organisms were resistant to most of the antibiotics
listed in the WHO list of critically important antibiotics. Similarly, Molechan et al. used the
same approach in intensive poultry farming in South Africa and found that close to 80% of
all Enterococcus species isolated in their study were resistant to at least one of the antibiotics
tested [217]. Most antibiotics used by animals (and humans) are excreted in partially metab-
olized or unmetabolized forms [218]. Thus, as a direct consequence, livestock manure is an
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important reservoir of multidrug-resistant microorganisms and ARGs. Fatoba et al. revealed
that soil before chicken manure application had fewer multidrug-resistant Enterococcus species
(10%) than soil after manure application (67.7%) [219]. However, though livestock manure is
rich in nutrients and improves soil quality [220], it is also a source of undesirable materials,
including antibiotics, ARG, multidrug-resistant microorganisms, and heavy metals [221]. The
quantity of these materials that can be released into agricultural systems depends on the source
of the livestock manure [222], the frequency of application, and soil depth [223]. For example,
a recent study revealed that poultry and pig manure holds the largest reservoir of ARGs,
antibiotics, and heavy metals compared to sheep and cattle manure [224]. Also, the accumula-
tion of high-risk ARGs in topsoil depended on the frequency of manure application and the
microbial communities, while the vertical migration of ARG was driven by variations in soil
properties [223]. Furthermore, as with sludge manure, the spread and persistence of ARGs
through livestock manure are also influenced by the co-selection of non-antibiotics like heavy
metals and biocides. For example, in the co-selection of heavy metal and antibiotics resistance,
Cu and Zn were the heavy metals with the strongest influence on ARG proliferation [207].

Pesticides or biocides are used to control soil-borne plant pathogens, including nema-
todes, oomycetes, fungi, bacteria, and other plant pathogenic groups. However, sub-lethal
levels of biocides in agricultural systems impact the metabolic functionality of the soil
microbiota and contribute to the evolution of microbial antibiotic resistance [225,226]. Just
as with other non-antibiotic compounds like heavy metals and microplastics, pesticide
stress aids the acquisition of ARGs in agricultural systems through several mechanisms,
including gene mutation induction, activation of efflux pumps, and outer membrane pores
inhibition [226]. For example, the co-exposure of streptomycin and pesticide in some E. coli
strains, including O157:H7 and O103:H2, induced the emergence of significantly stronger
streptomycin-resistant mutants [227]. Further, Shahid and Khan [228] demonstrated a
correlation between pesticide resistance and antibiotic resistance among bacterial species
recovered from the rhizosphere of edible crops. In most cases, sub-lethal pesticide levels
increased the proportion of MGEs that aided the distribution of ARGs, influenced the
HGT of ARGs and supported conjugation by increasing cell membrane permeability [197].
Overall, the influence of pesticides on the evolution of ARGs can be controlled by drafting
policy documents for the safe use of pesticides in agricultural fields.

6.2.4. Factors Affecting Antibiotic Persistence in the Terrestrial Environment

Cross- and co-resistance phenomena are important factors that determine the spread
and persistence of ARGs in the terrestrial environment. Several studies have demonstrated
the association between environmental ARGs and non-antibiotic compounds like heavy
metals, microplastics, and pesticides [198,229–231]. For example, microplastics in activated
sludge systems have been shown to inhibit the removal of ARGs [232] and increase microbial
cooperation. Similarly, the pattern of antibiotic spread in activated sludge systems of WWTPs
has been demonstrated [233]. According to the findings, stress from high concentrations of
heavy metals promoted the spread of ARGs, firstly, through conjugation and subsequently
through vertical gene transfer, with gram-negative bacteria detected as the highest recipients of
resistant plasmids due to the selection pressure of heavy metals. Accordingly, Niu et al. [234]
revealed that the passivation of heavy metals led to effective control of the abundance of
bacitracin resistance genes in soil compost. Also, reducing the occurrence of cross- and co-
resistance using adsorbents like biochar and clay minerals have been demonstrated as a good
strategy for managing the acquisition of ARGs in the environment [235].

Other factors that influence the spread of ARGs from sludge and wastewater irrigation
include the design of the WWTPs, the source of the WWTP influent, seasonal variation
that impacts important microbial phylotypes, and other abiotic factors like pH and electri-
cal conductivity [236,237]. Redesigning WWTPs to include steps that effectively remove
antibiotics and other compounds of concern, like heavy metals and microplastics, could
effectively reduce the spread of ARG in both wastewater sludge and effluents used for agri-
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cultural purposes, while effective policies for the administration of antibiotics in livestock
farming could minimize the transfer of ARGs into agricultural systems.

6.3. Tools Used for Antibiotic Resistance Studies

One of the key issues with studying resistomes and ARGs is that only a significant
fraction of microbial species can be grown under laboratory conditions [238]. However,
culture remains the gold standard tool for every microbiologist. Therefore, studies in-
vestigating phenotypic resistance would require culturing the microorganisms and then
determining their resistance to selected antimicrobials using disk-diffusion or agar dilution
methods [239]. Despite the success achieved with this approach, working with a large
number of samples is challenging. Therefore, automated systems like the VITEK2 Compact
system have been developed. Apart from determining the susceptibility of microorganisms,
this system has the added advantage of determining the organism’s identity [240]. How-
ever, the need to culture the organisms before determining their resistance profiles limits
these culture-based techniques as the resistome of a large microbial population cannot
easily be determined. Therefore„ next-generation DNA sequencing (NGS) and other ‘omics’
tools are especially helpful in resistome research because some microbial species harboring
ARGs are viable but non-cultivable. The 16S rRNA gene profile PCR assay is a common
method for investigating the resistome. In computational analysis, ARG profiles are linked
to the microbial population using the 16S rRNA gene as taxonomic identity markers. The
use of taxonomic markers in resistome research has some drawbacks, the most significant of
which is the insufficient depth of its sequences; most markers provide an accurate estimate
only to the family or genus level, but not the species level [241]. Nevertheless, an integrated
approach that utilizes 16S rRNA, metagenomics, and other tools can shed light on the
interactions and dynamics of the resistome in bacteria communities, whereas 16S rRNA
genes alone are limited in their ability to achieve this goal.

Next-generation sequencing techniques like high throughput shotgun metagenomics are
valuable when assessing the resistome of entire populations. This involves sequencing total
genomes extracted from a population and analysing the resulting files using different bioinfor-
matic pipelines such as PRAP (Pan Resistome Analysis Pipeline) [242]. While metagenomics
is a powerful tool for investigating ARG abundance at the population level, it is more difficult
because it requires significantly more computational resources than are needed to analyse the
16S rRNA gene. Another significant restriction is that the mere presence of a gene does not
ensure that it is functional or expressed by the microbial cells. Integrating metagenomics with
other methods, such as functional metagenomics, could help fill this information gap [243].
Functional metagenomics does not necessitate a prior understanding of environmental ARGs.
The main techniques include growth in diffusion chambers or expressing metagenomic genes
in surrogate hosts for biochemical studies. These methods are not limited to any particular
culture because they can also be used on non-cultivable organisms [244]. The most significant
drawback is using ARGs in surrogate expression systems, which removes them from their
natural environment. Functional metagenomics causes far more disruption to the natural en-
vironment than other techniques, such as 16S rRNA gene sequencing and metagenomics [245].
Future resistome research will most likely be driven by combined functional metagenomics
and culturomics techniques, particularly when used with third-generation sequencing or
Nanopore sequencing techniques [243].

Protein studies can offer a profound understanding of enzyme activity and the func-
tion of proteins in microbial cells that make up the resistome. Few reports on antibiotic
resistance in microbial populations found in the environment have been analysed using
metaproteomics or metabolomics [246]. Unlike metagenomics and metatranscriptomics,
which are made easier by developments in NGS, metaproteomics and metabolomics de-
pend on technologies that make only incremental leaps forward. These technologies include
two-dimensional or differential in-gel electrophoresis, liquid chromatography with mass
spectrometry, or MALDI-TOF [247,248]. To make these methods applicable to future resis-
tome studies, there is a need for advancements in high throughput sampling techniques.
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Using metaproteomics and metabolomics in resistome research can answer questions about
the mechanisms involved in developing resistomes, although the scope of this research is
limited. Figure 3 depicts modern techniques used in resistome studies.
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6.4. Ecotoxicological Impact of Antibiotics and Antibiotic-Resistant Bacteria

The persistence of antibiotics in the environment can alter the ecosystem’s community
structure and ecological function, including biomass and biodiversity, as well as the sur-
vival, reproduction, metabolism and population of organisms [249]. Multiple investigations
have demonstrated that antibiotics may have physiological effects on non-target organisms
like plants and other living organisms. For instance, many antibiotic classes have been
found to share common receptors in plants; these include those that inhibit chloroplast
replication (fluoroquinolones), transcription and translation (tetracyclines, macrolides,
lincosamides, P-aminoglycosides, and pleuromutilins), metabolic pathways (folate biosyn-
thesis, sulfonamides, and triclosan), and sterol biosynthesis (triclosan and other classes
of statin-type blood lipid regulators) [250]. Similarly, numerous studies have evaluated
the effects of antibiotics on non-target sensitive organisms like zebrafish, Daphnia, algae,
mussels, and other aquatic organisms and have reported general toxicity indicators like
LC50, EC50, and mean inhibitory concentration (IC50) [251]. However, existing standard
ecotoxicology tests used in the regulatory assessment of pharmaceuticals have been ques-
tioned due to possible inadequacies in capturing ecologically significant effects [252]. Due
to a lack of information, a thorough analysis of environmental risks cannot be conducted at
this time. There is still a dearth of primary data on antibiotics and ARGs’ environmental
fate and impacts. Such information must be readily available to conduct accurate risk
assessments and implement effective risk management programs.

7. Antibiotic-Resistant Bacteria and Human Health Concerns

Antibiotic resistance or drug resistance is a worldwide public health crisis requiring
immediate action. In 2019, antimicrobial resistance was linked to 4.95 million deaths,
1.27 million of which were attributed to drug-resistant illnesses alone. Without concerted
action, this number might exceed ten million by 2050, costing more than USD 100 tril-
lion [253]. In recent decades, many pathogenic bacteria have evolved into multi-drug
resistant (MDR) bacteria. For instance, the US Centre for Disease Control and Prevention
(CDC) released a list of the top public threats in 2015, which included drug-resistant dis-
eases and classified them as Urgent, Serious, or concerning threats (Table 4). Four urgent
threats include carbapenem-resistant Enterobacteriaceae and Acinetobacter, drug-resistant
N. gonorrhoeae and Clostridium difficile, causing numerous deaths annually in the US and
other countries. Serious infections include those indicated in Table 4, such as methicillin-
resistant S. aureus (MRSA) and vancomycin-resistant Enterococcus (VRE) infections and
extremely drug-resistant tuberculosis (XDR-TB). Other members of this category include S.
pneumoniae, which accounts for most bacterial pneumonia and meningitis worldwide, and
Acinetobacter, Campylobacter, fluconazole-resistant Candida, Enterobacteriaceae (Pseudomonas
aeruginosa, Salmonella (both typhi and non-typhi) generating a beta-lactamase that has
extensive activity against most penicillins and cephalosporins. It is estimated that this
group is responsible for around 22,500 deaths annually in the United States. In addition,
the presence of streptococci resistant to erythromycin and clindamycin is viewed as “of
concern” [16]. While these concerns focus more on human consumption of antibiotics,
it should be noted that these problematic organisms could also originate from animal
sources—directly through contact with infected animals or indirectly through the consump-
tion of contaminated animal products. For example, hospitalized pets have been recognized
as significant reservoirs and sources of carbapenem-resistant bacteria, including Acineto-
bacter spp. [254], implying a possible direct transmission from these animals to humans.
These carbapenem-resistant bacteria have also been identified in food animals [255,256],
meaning that indirect transmission to humans could occur through the consumption of
these animals as a protein source.
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Table 4. Public threat status of different antimicrobial-resistant organisms.

Threat
Status Organism

Estimated
Clinical Cases

Per Year

Estimated
Healthcare Cost

(US Dollars)
Descriptions

U
rg

en
t

Carbapenem-
resistant

Acinetobacter
8500 (700) 281 million

Carbapenem-resistant Acinetobacter causes pneumonia
and wound, bloodstream, and urinary tract infections.

Nearly all these infections happen in patients who
recently received care in a healthcare facility

Clostridioides difficile
(C. difficile) 223,900 (12,800) 1 billion

C. difficile causes life-threatening diarrhoea and colitis
(inflammation of the colon), mostly in people who
have had both recent medical care and antibiotics.

Carbapenem-
resistant

Enterobacterales
(CRE)

13,100 (1100) 130 million

CRE are a major concern for patients in healthcare
facilities. Some Enterobacterales are resistant to nearly

all antibiotics, leaving more toxic or less effective
treatment options.

Drug-resistant N.
gonorrhoeae (N.

gonorrhoeae)
550,000 133.4 million

N. gonorrhoeae causes the sexually transmitted disease
Gonorrhoea that can result in life-threatening ectopic

pregnancy and infertility and can increase the risk of
getting and giving HIV.

Se
ri

ou
s

Drug-resistant
Campylobacter 448,400 (70) 270 million

Campylobacter usually causes diarrhoea (often bloody),
fever, and abdominal cramps and can spread from

animals to people through contaminated food,
especially raw or undercooked chicken

ESBL-producing
Enterobacterales 197,400 (9100) 1.2 billion

ESBL-producing Enterobacterales are a concern in
healthcare settings and the community. They can

spread rapidly and cause or complicate infections in
healthy people.

ESBLs are enzymes that break down commonly used
antibiotics, such as penicillins and cephalosporins,

making them ineffective.

Vancomycin-
resistant

Enterococcus (VRE)
54,500 (5400) 539 million

Enterococci can cause severe infections for patients in
healthcare settings, including bloodstream, surgical

site, and urinary tract infections.

Multidrug-resistant
Pseudomonas
aeruginosa (P.
aeruginosa)

32,600 (2700) 767 million
P. aeruginosa infections usually occur in people with
weakened immune systems and can be particularly
dangerous for patients with chronic lung diseases.

Drug-resistant
non-typhoidal

Salmonella
212,500 (70) 400 million

Non-typhoidal Salmonella can spread from animals to
people through food and usually causes diarrhoea,

fever, and abdominal cramps. Some infections spread
to the blood and can have life-threatening

complications.

Drug-resistant
Salmonella serotype

Typhi
4100 (<5) 11 to 21 million

Salmonella Typhi causes severe typhoid fever, which
can be life-threatening. Most people in the U.S. become
infected while traveling to countries where the disease

is common.

Drug-resistant
Shigella 77,000 (<5) 93 million

Shigella spreads in feces through direct contact or
contaminated surfaces, food, or water. Most people

with Shigella infections develop diarrhoea, fever, and
stomach cramps.

Methicillin-
resistant S. aureus

(MRSA)
323,700 (10,600) 1.7 billion

S. aureus are common bacteria that spread in healthcare
facilities and the community. In addition, MRSA can

cause difficult-to-treat staph infections because of
resistance to some antibiotics.
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Table 4. Cont.

Threat
Status Organism

Estimated
Clinical Cases

Per Year

Estimated
Healthcare Cost

(US Dollars)
Descriptions

Drug-resistant S.
pneumoniae 900,000 (3600) 4 billion

S. pneumoniae causes pneumococcal disease, ranging
from ear and sinus infections to pneumonia and

bloodstream infections

Drug-resistant
Tuberculosis 847 (62) 1.6 million

TB is caused by M. tuberculosis. It is among the most
common infectious diseases and a frequent cause of

death worldwide.

C
on

ce
rn

in
g

Erythromycin-
resistant Group A

Streptococcus (GAS)
5400 (450) 2.6 million

GAS can cause many infections ranging from minor
illnesses to severe and deadly diseases, including strep
throat, pneumonia, flesh-eating infections, and sepsis.

Clindamycin-
resistant Group B

Streptococcus (GBS)
13,000 (720) NA GBS can cause severe illness in people of all ages.

W
at

ch
lis

t

Azole-resistant
Aspergillus
fumigatus NA NA

Aspergillus fumigatus, a ubiquitously distributed
opportunistic pathogen, is the leading agent of
aspergillosis, ranking first among fungal killers.

Drug-resistant
Mycoplasma
genitalium

Mycoplasma genitalium is one of the important causes of
non-gonococcal urethritis.

Drug-resistant
Bordetella perstussis

Pertussis (whooping cough), a highly contagious
respiratory illness caused by Bordetella pertussis

8. Strategies for Addressing the Challenge of Antibiotic Resistance

The challenge posed by antibiotic-resistant bacteria can be categorized into five pri-
mary intervention strategies within the human and veterinary sectors. In the first place,
infection prevention and control principles continue to be the cornerstone in the fight
against the spread of ABR [22]. Second, vaccinations are a critical tool for preventing
infections and decreasing the demand for antibiotics. Although new vaccine initiatives
are being developed for S. aureus, E. coli, and others, vaccines are only available for one
of the six leading pathogens (S. pneumoniae) [257]. Third, reducing exposure to antibiotics
for purposes other than treating human disease is an essential potential risk-reduction
strategy. An increase in ABR in humans has been linked to the widespread use of antibiotics
in agriculture, though the exact cause-and-effect relationship is still up for debate [258].
Intensive farming imposes stress on food animals, forcing farmers to use antibiotics to
treat their animals [259]. However, treating individual sick animals is challenging; hence,
providing antibiotics to all animals on a farm prophylactically through their feed and water
helps reduce the disease burden and improves animal health. This is not without conse-
quences, as ABR is favoured under such conditions. Combating this phenomenon would
require the observation of stringent biosecurity measures [260] and the use of alternatives
to antimicrobials to treat sick animals [261]. Fourth, antibiotics should not be used to treat
viral infections unless necessary. For antimicrobial use can be reduced or stopped when
necessary, it is critical to establish mechanisms that facilitate rapid and accurate diagnosis
of disease by clinicians [262]. Finally, it is essential to continue investing in the pipeline for
developing new antibiotics and providing access to second-line antibiotics in areas that
do not have widespread access [263]. It is an urgent priority to identify strategies that can
reduce the burden of bacterial ABR across a wide range of settings or specifically tailored to
the available resources and the leading pathogen–drug combinations in a particular setting.

The environmental dimension of ABR remains the least addressed component in
the fight against this global ill. This is partly because the environment presents a more
complex scenario involving numerous stressors than humans and animals. Nevertheless,
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wastewater treatment plants have been recognized as hotspots for the dissemination of
ABR in the environment. Therefore, improving the quality of the effluents from these
plants would reduce the discharge of polluted waters containing antimicrobial-resistant
pathogens and ARGs into receiving water bodies. This is, however, challenging for areas
in low- and middle-income countries where such facilities are unavailable. Nevertheless,
greater sensitization and the provision of mobile toilets could prevent open defecation and
pollution of the environment.

Although these strategies have been presented separately, it must be noted that for
effective, sustainable solutions to be achieved in the fight against ABR, firm collaborations
and communication must be established between actors in the One Health triad—humans,
animals, and the environment.

9. Conclusions

Antibiotic resistance remains a significant challenge threatening human, animal and
environmental health. Although ABR has increased over the years due to the indiscriminate
use of antibiotics in human and veterinary settings, ABR is also shown to be a natural
process, with resistance genes discovered in pristine environments with little or no human
interference. Furthermore, although less studied, the environmental dimension of ABMR
constitutes a significant reservoir as a source of ABR through horizontal and vertical
transfer, with plasmids and other mobile genetic elements playing a crucial role in this
process. Within the environment, other less-considered factors like heavy metals and
pesticides also play an important role in selection pressure, inducing resistance in previously
susceptible environmental organisms. Furthermore, wastewater treatment plants remain
major contributors of ARB and ARGs in the environment. Given the broad distribution
of ABR, solutions aiming to curb this ill should be multifacet, involving antimicrobial
stewardship in humans and animals, prevention of environmental pollution and promoting
the discovery of new antibiotics, among others.
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Abstract: Antimicrobial resistance (AMR) is continuing to grow across the world. Though often
thought of as a mostly public health issue, AMR is also a major agricultural and environmental
problem. As such, many researchers refer to it as the preeminent One Health issue. Aerial transport of
antimicrobial-resistant bacteria via bioaerosols is still poorly understood. Recent work has highlighted
the presence of antibiotic resistance genes in bioaerosols. Emissions of AMR bacteria and genes
have been detected from various sources, including wastewater treatment plants, hospitals, and
agricultural practices; however, their impacts on the broader environment are poorly understood.
Contextualizing the roles of bioaerosols in the dissemination of AMR necessitates a multidisciplinary
approach. Environmental factors, industrial and medical practices, as well as ecological principles
influence the aerial dissemination of resistant bacteria. This article introduces an ongoing project
assessing the presence and fate of AMR in bioaerosols across Canada. Its various sub-studies include
the assessment of the emissions of antibiotic resistance genes from many agricultural practices, their
long-distance transport, new integrative methods of assessment, and the creation of dissemination
models over short and long distances. Results from sub-studies are beginning to be published.
Consequently, this paper explains the background behind the development of the various sub-studies
and highlight their shared aspects.

Keywords: antibiotic resistance genes; large-scale monitoring; one Health; culturomics; DNA
sequencing; quantitative PCR; bioaerosols

1. Introduction

Rising levels of antimicrobial resistance (AMR) have caused great concern amongst
policymakers, doctors, and governments in recent years. In 2019, an estimated 4.95 million
deaths were associated with AMR globally, of which approximately 1.27 million were
directly attributable to resistant bacteria [1]. These data likewise revealed stark geographic
trends, with the greatest number of deaths due to AMR found in sub-Saharan Africa
and south Asia, whereas the fewest were observed in Australasia [1]. Unfortunately, this
number is expected to increase, and consequently, so will healthcare and economic costs.
In Canada, AMR could reduce GDP projections by 13–21 billion CAD by 2050, with an
increase in associated healthcare costs from 1.4 billion CAD in 2018 to 8 billion CAD in
2050 [2]. The knock-on effects of the SARS-CoV2 pandemic exemplify the extent to which
novel or re-emerging pathogens pressure economic [3] and healthcare systems [4]. Yet
the problem of AMR represents a convergence of many factors, such as antimicrobial
overuse and misuse, pollution [5], and natural coevolution dynamics [6], and requires a
multidisciplinary approach to mitigate adverse outcomes.
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This reality has led scientists and policymakers to consider AMR as the preeminent
One Health question [7]. Much attention has been directed to studying the spread of AMR—
particularly antimicrobial resistance genes (ARGs)—in the environment reviewed in [5]. To
date, most work focused on ARGs in the broader environment has been conducted in soils,
water bodies, or wildlife [5,8]. For example, animal production is the leading consumer of
antimicrobial agents globally [9], accounting for ~78% of agents used in Canada in 2018 [10].
Run-off from manure application or livestock barns introduces unprocessed antimicrobial
compounds and resistant organisms to soils and watercourses, allowing ARGs to spread to
populations of naïve microbes via horizontal gene transfer [5]. However, airborne ARG
dispersal is increasingly recognized as an important, though severely understudied, route
for disseminating AMR in the environment [5,11,12].

Indeed, Huijbers and collaborators [8] reported 157 studies of AMR bacteria in the
environment as of 2014. Only 5 of these studies (3%) looked at bioaerosols or settled
dust, compared to 25 for soil, 56 for water, and 71 for wildlife. In the intervening years,
there has been a marked increase in the number of studies assessing airborne ARGs in
the environment. Notably, bioaerosols are known to influence the dispersal of resistant
microorganisms through wildlife, domestic animals, soil, water, and humans [8]. Studies
have reported ARG-laden bioaerosols detected approximately 2 km from agricultural
buildings [13] and projected dispersal footprints of up to 10 km [14]. This is of great
concern as bioaerosol emissions are challenging to control.

Understanding the role bioaerosols play in ARG transmission is critical to addressing
AMR in the environment. Yet this requires a multidisciplinary approach that can integrate
data from diverse systems, including indoor (i.e., wastewater treatment, livestock build-
ings) and outdoor environments (i.e., agricultural fields, urban air) or remote areas (i.e.,
clouds, Canadian North, overseas) and produce data that can be integrated into the current
understanding of AMR. To this end, we have launched a multi-year research program dedi-
cated to the airborne dissemination of ARGs. The project is funded by a Natural Sciences
and Engineering Research Council of Canada (NSERC) Discovery Frontiers opportunity,
specifically targeting AMR in the environment (2019 competition), as a major research topic
of the Canada Research Chair on Bioaerosols and a network of Canadian and international
collaborators. Here, we outline the rationale for this undertaking and describe the ongoing
research topics. The purpose of this article is to present (i) the current knowledge gaps in
the roles of bioaerosols in AMR; (ii) our ongoing work to address them; (iii) stimulating
discussion and interest amongst the broader scientific community to further shed light on
the roles of bioaerosols in disseminating ARGs; and (iv) open doors for new collaborations.

2. Bioaerosols

Bioaerosols are particles suspended in the air upon which, microorganisms, living
or dead, microbial fragments, and viruses may be found. Such biological material can be
transported over many kilometres in the environment. Bioaerosols are defined as particles
of less than 100 µm and may remain airborne indefinitely, depending on air currents and
turbulence [15]. The aerial microbial community has been studied for over 150 years,
notably heralded by Pasteur’s observations of airborne bacteria [16]. Sources of bioaerosol
emissions are now well known and include natural and stochastic events (wind, raindrops)
and anthropogenic-associated ones, such as wastewater treatment and agricultural prac-
tices [17]. Much of the literature on bioaerosols has focused on disease propagation [18,19]
and food production processes like brewing [20]. Increasingly, occupational, industrial,
and agricultural bioaerosols have been studied, providing a better understanding of their
ecology and biodiversity. However, a recent synthesis by Šantl-Temkiv and colleagues
highlighted significant gaps in our understanding of outdoor bioaerosols [21]. In particular,
they highlighted an absence of knowledge surrounding airborne communities in natural
and built environments, their emission rates in natural environments, and the impacts of
anthropogenic change on airborne microorganisms. Addressing these knowledge gaps
requires new and integrative methodological approaches.
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Bioaerosols are representative of their sources and together form a combined sample
of multiple origins, although a recent hypothesis tends to support the existence of a
specific atmospheric microbiota [22]. Following transport by bioaerosols, microorganisms
can colonize depositional environments, cause infections, or simply decay after settling;
additionally, their genetic material (free or within cells) can be transferred throughout
the environment. Despite the heavy research focus on human-associated bioaerosols,
most bioaerosols are derived from plants, soil [23,24], and natural bodies of water [25].
Increasingly, researchers have attempted to track the fate of bioaerosols from anthropogenic
sources [11,13,14].

Often researchers rely on modeling approaches or database references to infer the
source community of bioaerosols [26]. Since viable microorganisms can travel thousands of
kilometres by air [27], the role of bioaerosols as a vector for the dissemination of ARGs is
an increasingly important area of research. These organisms may exhibit AMR, making
their aerial transport a significant health concern. Many studies have detected potentially
pathogenic taxa from the air, such as Legionella [28,29] and Staphylococcus [14,30] using
DNA-based methods and culturomics—the use of multiple media and growth conditions
to better facilitate the isolation of bacteria under controlled conditions.

Bioaerosols may play an active role in the dissemination of ARGs in the environment.
In Colorado, concentrated animal feeding operations were shown to emit ARGs detectable
over 2 km from buildings [13]. Furthermore, non-agricultural indoor environments such
as clinics and homeless shelters were found to be a source of ARG in the broader environ-
ment [13]. The richness of ARG types in urban smog exposed to pharmaceutical pollution
is higher than in wastewater or sludge [31]. The high taxonomic and genetic bacterial
diversity of outdoor environments indicates that bioaerosols are a vast reservoir of ARGs
with the potential to be transferred to pathogenic agents.

Particulate matter (PM) present in pollution events harbours ARGs in greater concen-
trations than under ambient conditions [31]. Several studies have revealed the presence
of ARGs in PM in urban areas [31–33] of various cities and the air is now a suspected
transmission route for AMR bacteria from point sources such as wastewater treatment
plants. A recent study assessed the distribution of ARGs worldwide using automobile cabin
filters and found marked geographical variations [33]. Additionally, laboratory studies
have shown that compounds found in vehicle exhaust stimulate bacterial stress responses,
including promoting the expression of plasmid transfer genes, potentially accelerating
ARG transfer in urban air [34].

Recent research has shown that ARGs are present in the indoor air of wastewater
treatment facilities [35] and livestock buildings [14,36,37]. It is expected that ventilation will
expel high concentrations of ARG-laden bioaerosols into the environment. Other activities,
such as manure application, generate bioaerosols that may contain medically important
bacteria or functional genes over wide areas [38]. It is unknown whether occupational
exposure to these organisms in outdoor environments poses health risks. ARG transfer
from the environment to humans is poorly understood, though limited evidence has found
that specific pathways, mainly via water, are viable [39]. Further work is needed to integrate
ambient bioaerosols into exposure models.

Nevertheless, the above examples provide evidence that a significant number of ARGs
are present in bioaerosols. For instance, in their worldwide sampling of dust collected from
vehicle air filters, Li et al. detected ARGs against aminoglycosides, beta-lactams, macrolides,
quinolones, sulfonamides, tetracyclines, and vancomycin [33]. Bioaerosols containing
tetracycline ARGs have been observed in many different locations worldwide [33]; specific
genes such as tetM and tetO have been found in the air of agricultural buildings and
farms [14,37]. Furthermore, in healthcare settings, the tetW gene was common in health
clinics and a homeless shelter in Colorado, USA [13]. In a South Carolina, USA wastewater
treatment plants, macrolide resistance genes ermB and ermC were highly abundant [35].
Yet, there is still much work to be carried out to identify ARGs in bioaerosols and link them
to source locations.
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3. The Frontiers Project
3.1. Project Members

Dr. Caroline Duchaine has spearheaded a multi-year project funded by an NSERC
Discovery Frontiers program to study ARGs in bioaerosols to address these fundamental
questions. The overarching project incorporates studies of indoor environments, their
emissions into the environment and their long-distance transport, novel ARG tracking
and surveillance methods, selective culture approaches, and animal models that can be
incorporated into exposure and risk assessment models (Figure 1). The aspects of each sub-
study can be categorized into several topical areas but at this stage can be best summarized
by methodological approaches and study environments. All aspects of the project follow
a One Health approach. Table 1 presents a summary of all types of samples collected,
sampling sites, number of samples, and expected outcomes.
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Figure 1. Graphical summary of the research program. Depicted are representations of the en-
vironments and objectives of the overarching project. Samples from human-associated sampling
environments include livestock buildings, fish farms, arable fields, hospitals, and wastewater treat-
ment plants to investigate ARG emissions. Environmental samples will also be taken from clouds, the
Canadian North, a transatlantic survey, vehicle filters collected from sites across Canada, and conifer
needles to inform the long-distance dispersal of ARGs. The data generated in these projects will
inform culturomics and enrichment experiments, in vivo ARG transfer studies in animal models, and
exposure models in humans. Finally, selected data will be used to inform risk assessment models.
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Table 1. Summary of sampling sites, number of samples, type of analysis, and outcomes.

Aims Sampling Sites or
Sample Type Number of Samples Analyses Expected Outcome

1 Vehicle cabin filters 478 AC filters
qPCR total bacteria
qPCR ARG panel
DNA sequencing (subset)

Relative abundance of ARGs/bacteria
Network analyses
Mapping ARGs throughout Canada

2

Hospitals 100 air samples DNA sequencing
Culture

Network analyses
Genomic and ARG profiles
ARG enrichment-culturomics

Wastewater treatment
plants

100 air samples from
beside aeration tanks
(outdoor) or in the
ventilation exit
(indoor)

Meteorological data
qPCR total bacteria
qPCR ARG panel
Culture
DNA sequencing (subset)

Relative abundance of ARG/bacteria
ARG transfer in animal model
ARG enrichment-culturomics
Network analyses

Fish farm

24 indoor
24 outdoor
24 downwind
24 upwind

Meteorological data
qPCR fish pathogen and
mobile genetic elements in air,
water, and sediments
qPCR ARG panel

Relative abundance of ARG/bacteria
Detection of mobile genetic elements

Aquatic Containment
Level 2 facility (LARSEM) 18 qPCR fish pathogen and

mobile genetic elements Transmission of ARGs in controlled setup

Swine and poultry farms
in depth analyses

2 swine barns
2 poultry barns
(Quebec)

Meteorological data
DNA sequencing
qPCR ARG panel
qPCR total bacteria
Building ventilation properties

Relative abundance of ARG/bacteria
Network analyses
Emission rates
Transport models
ARG transfer in animal model
ARG enrichment-culturomics
Provincial and climatic variations

2 swine barns
2 poultry barns
(Saskatchewan)

Swine and poultry farms
modest analyses

15 swine barns
8 poultry barns
1 poultry abattoir
1 swine abattoir
(Quebec)

Meteorological data
qPCR ARG panel

Seasonal variations
Variation in emission rates of ARGs

8 swine barns
8 poultry barns
1 poultry abattoir
1 swine abattoir
(Saskatchewan)

qPCR total bacteria
Building ventilation properties
(estimation with CO2)

Transport models
Province and climate variations

Manure spreading

108 Swine slurries
36 Chicken manures
with bedding
36 Chicken manures
without bedding

Moisture content
Meteorological data
qPCR ARG panel
DNA sequencing (subset)
Geolocation and perception
survey

Relative abundance of ARG/bacteria
Network analyses
Variation in emission rates of ARG
Impact of spreading material and method
Geolocation and perception model
Transport models

3
In vitro ARG transfer study using samples from wastewater treatment plants and swine and poultry farms

Animal model of ARG transfer using samples from aims wastewater treatment plants and swine and poultry farms

4 Conifer needles
Sampling gradient
from known source
Source sampling

qPCR total bacteria
qPCR ARG panel

Proof of concept
Transport model validation

4 Northern Canada

Ellesmere Island,
Nunavut (50 samples)
Resolute Bay,
Nunavut (50 samples)

qPCR total bacteria
qPCR ARG panel
DNA sequencing (subset)

Long distance transport of ARGs
Characterize Arctic resistome
Transport model validation

4

Clouds Puy-de-Dôme, France
(15 samples)

qPCR total bacteria
qPCR ARG panel
DNA sequencing (subset)

Long distance transport of ARGs
Describe remote spreading of ARGs
Transport model validation

Transatlantic Transatlantic air
samples (30 samples)

Precipitation Opme meteo station
(15 samples)

4 Dispersion model using data from aims 2 and 3

5 Integrated assessment model using data collected throughout the research program
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This project is led by the Canada Research Chair in Bioaerosols based in the bioaerosol
laboratory, Institut Universitaire de Cardiologie et Pneumologie de Québec, Université Laval
in Quebec City, QC, Canada. A multidisciplinary team of collaborators at Université
Laval, across Canada (University of Saskatchewan, Université de Montréal, University
of Guelph, Western University, Public Health Agency of Canada, Agriculture and Agri-
Food Canada, Mount Sinai Research Institute) and internationally (Université Clermont
Auvergne, France; University of Iowa, IA, USA; Peking University, China) are participating
in the project. They bring expertise in human, veterinary and aquacultural disease, antibi-
otics, virology, bioaerosols, culture approaches, geography, modeling, bioinformatics, and
artificial intelligence.

Together, our team proposes to estimate the contribution of agricultural and sanitation
activities to ARG dispersal across Canada and the potential for long-distance transfers
through a program addressing the following objectives: (i) assess ARG dispersion and
associated bacterial diversity across Canada and their relationships to land use via vehicle
cabin filters; (ii) assess ARG dispersion and associated bacterial diversity of bioaerosols
in representative source locations by using high-volume air samplers; (iii) determine the
subsequent fate of airborne ARGs; (iv) determine the potential for long-distance transport
of ARGs; and (v) adding the role of bioaerosols to an integrated assessment model on
AMR. The findings will significantly enhance the understanding of ARGs in bioaerosols
and provide a framework for future research. It is hoped that the project will stimulate
other researchers to pursue interdisciplinary approaches to studying bioaerosols.

3.2. Bioaerosol Sampling
3.2.1. Short Distance Air Sampling and Local Emission Sources Determination

Evaluating the contributions of various bioaerosol sources is key to exposure and
mitigation strategies. Hospitals, wastewater treatment plants, fish farms, livestock barns —
particularly those of swine and poultry—and manure spreading are being evaluated in this
research. Assessing the emissions of bioaerosols within and around these locations requires
the use of multiple sampling methodologies involving a range of air samplers (Table 2).
These instruments physically collect air and concentrate PM either through filtration or via
gravitational forces reviewed in [40]. Air samples will be collected at multiple locations:
inside buildings and both up- and downwind of emission sources. Active high-volume
air sampling will be performed using a wide range of air samplers (Table 2) to evaluate
bacterial diversity and ARG profile up- and downwind from source locations. Upwind
samples are collected to establish an ambient profile of airborne organisms to which inputs
from source locations can be compared.

While frequently used in indoor environments, the deployment of such samplers
outdoors presents challenges. Decisions in deployment location (both on the ground and
at height) and duration may introduce sampling biases into collection. Sampling is also
limited to relatively short periods, which may not align with ideal weather conditions for
bioaerosol collection. Standardized sampling approaches have been implemented by all
investigators to reduce bias throughout the project. The SASS3100 (Research International,
Seattle, WA, USA) electret sampler is part of most of the sampling campaigns. However, it
is unsuitable for culture techniques and does not maintain microbial viability. For culture
and viability purposes, liquid samplers will be added to protocols, such as the SASS2300
and Coriolis µ (Bertin-Instruments, Montigny-le-Bretonneux, France), where appropriate.

In terms of study locations, these sampling campaigns will be undertaken in several
locations across the Canadian provinces of Quebec, Ontario, and Saskatchewan. Several
wastewater treatment plants have been selected for study. The presence of ARGs in
bioaerosols was shown by previous work from our research team in swine barns [36,41]
and poultry barns [42,43] in Quebec and Saskatchewan. However, the emissions of ARGs
from these buildings, their subsequent local dispersion and their contribution to the long-
range exposure are not well documented. To that end, comparisons will be drawn from
farms in these two provinces, where intensive agriculture is common, as well as between
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conventional and antibiotic-free farms. Impacts of various manure spreading techniques
on bioaerosol formation and composition are underway at the Institut de Recherche et de
Développement en Agroenvironnement (IRDA) farm at Saint-Lambert-de-Lauzon, Quebec.
Several Quebec fish farms, including the Laboratoire Aquatique de Recherche enSsciences
Environnementales et Médicales (LARSEM) will also be studied. Air will be sampled in
hospitals in Toronto, ON, Canada.

Table 2. Air extractors selected for aims 2 and 4.

Air Sampler Type Flow Rate
(L/min)

Air Volume
(m3)

Type of
Analysis

Indoor/
Outdoor Sites

SASS 3100 Electret filter 300 10 Molecular
biology I/O

Hospitals
Wastewater treatment plants

Fish farms
Livestock buildings
Manure spreading

SASS 4100
Electret filter +

Virtual
impactor

4000 100 Molecular
biology O Northern Canada

Fish farms

SASS 2300 Liquid cyclone 325 10
Molecular

biology and
culture

O

Hospitals
Wastewater treatment plants

Livestock buildings
Manure spreading

Coriolis µ Liquid cyclone 300 6
Molecular

biology and
culture

I/O

Hospitals
Wastewater treatment plants

Livestock buildings
Manure spreading

High Flow Rate
Impinger

Liquid
impaction 530 100

Molecular
biology and

culture
O Puy-de-Dôme, France

3.2.2. Long-Distance ARG Transport

Assessing the long-distance transport of ARGs is a critical objective of this project.
We will address this question using a variety of complementary approaches. The aerial
microbiome of remote locations in the Canadian North will be characterized. Arctic
bioaerosols are a critical blind spot in our understanding of airborne biodiversity [21],
which experience a pronounced set of environmental pressures from a warming climate
and changing population demographics. Losses of polar ice and permafrost may increase
aerosolization rates of particulate matter [44] and, thereby augment the polar bioaerosol
community. Bioaerosols of pristine sites (Ward Hunt Island, Nunavut, Canada) and an Inuit
community (Resolute Bay, Nunavut, Canada) will be collected. Bioaerosols are expected
to be very diluted in these areas, so a complementary approach using a large volume
concentrator (SASS4100) and small volume extractors (i.e., SASS3100) will be used to
maximize sampling potential.

The resistome of clouds will also be characterized. Clouds can be considered as an
oases for microorganisms, providing them with more favourable conditions such as water
or shading against UV radiation [22]. Such situations can potentially affect their atmo-
spheric transport and, therefore, facilitate the atmospheric dispersion of ARGs worldwide.
This project will undertake cloud samplings at the Puy-de-Dôme meteorological station in
Clermont-Ferrand, France (1465 m elevation). Here the continuous collection of multiple
physical and meteorological parameters is undertaken by a team of atmospheric microbiol-
ogists. Bacterial community and ARG content in cloud water will be assessed and related to
the geographical origin of air masses and their physical and chemical features. Clouds have
been sampled using cloud droplet impactors [45] to allow for the characterization of cloud
water chemical properties. In parallel, recently developed high flow rate impingers filled
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with a nucleic acid preservative solution will be used [46] for the molecular monitoring
of ARGs.

The potential for long-distance transport of ARGs will be complemented by a 15-day
low altitude transatlantic survey of airborne bioaerosols aboard a sailboat. Monitoring
ARGs at sea constitutes a novel and innovative approach to better characterize ARG
transport and identify the marine contribution to ARG emission worldwide. The campaign
will be performed with the collaboration of the Blue Observer organization (www.blue-
observer.com). It will consist of a 7000 km trip from Brest, France to Woods Hole, MA, USA,
with daily air sampling using two different types of air collectors. A SASS3100 extractor
will be mounted on the mast of a sailing ship (8–10 m high) and deployed daily for 1 h
each night and each day. In parallel, three filter holders connected to individual pumps
(7 L min−1) will be deployed continuously to perform 24 h sampling.

3.2.3. Integrative Sampling Methods

In addition to using complementary methods and experimental designs, aspects of
this project will incorporate and assess relatively novel methods that integrate air sampling
with the realities and pressures introduced by anthropogenic changes to the environment.
These integrative methods include the study the ARGs present in vehicle cabin air filters
and on the conifer needle phyllosphere as proxies for long-term air sampling. Specifically,
a modified version of the vehicle cabin filter method pioneered by Li and colleagues [33]
and a new approach using the conifer needle phyllosphere as a biomonitor of airborne
ARGs following Galés and colleagues [47]. These methods will allow for monitoring ARGs
over longer temporal and geographic scales. Vehicle air filters have been collected from
every province and territory of Canada and analyses are underway. To our knowledge,
this method has only been performed once before [34]. However, it holds tremendous
potential as the vehicle filters can construct an aggregate PM sample of a wide area at
annual or biannual scales. It will be used to look for regional differences in airborne ARGs
that could be linked to geographical or socioeconomic factors, such as landscape, land use,
or population demographics.

The phyllosphere—referring to the cumulative aboveground plant biomass—is one
of the largest biomes on Earth, 108 km2 [48] supporting an estimated 107 microbial cells
cm−2 [49]. Phyllosphere microbial communities are strongly influenced by anthropogenic
activities that emit microbes or alter deposition patterns [50,51]. Indeed, differences in
ARG diversity of leaf-associated bacteria have been observed between agricultural and
forest plants [51]. A pilot study on the efficacy of conifer needles as biomonitors of airborne
ARGs has recently been published [52]. Briefly, conifer needles were collected near swine
barns and in the farming community as well as the boreal forest to observe the diversity of
ARGs in the phyllosphere from different environments. The needles were homogenized
using a Stomacher (Aes Laboritoire, Bruz, France) and differentially centrifuged to generate
pellets for DNA extraction. Differences were observed between the Boreal forest samples
and those associated with human activities. This method holds great promise and will be
expanded upon in upcoming experiments.

3.3. ARG Detection and Quantification

Determining the presence of ARGs in our diverse range of samples requires standard-
ized methods. A shared ARG panel has been developed for qPCR analyses (Table 3). It
is designed to capture a wide range of AMR. Since this type of nationwide project has
not been previously undertaken in Canada, the panel was designed to be comparable to
previous studies worldwide. The ARGs of interest were primarily selected from an array
proposed by Stedfeldt and colleagues [53], but other genes were included at the suggestion
of collaborators. For example, the colistin resistance gene mcr-1 [54] was included due to its
recent detection in swine feces in Québec [55]. A marker for the 16S rRNA gene will be used
to provide biomass values and a reference point for ARG analyses [56]. We are employing
a Takara SmartChip high-throughput qPCR system (TakaraBio USA, San Jose, CA, USA) to
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expedite sample processing using the shared ARG panel, in addition to validation using
standard qPCR methods. For instance, bacterial biomass will be assessed via qPCR using
the 16S rRNA marker gene.

Table 3. List of shared gene targets and primers used for qPCR analyses. Genes noted by * used a
FAM probe all others used SYBR Green fluorescence.

Gene Gene Type Primer Sequence Ref.

16S rRNA * rRNA gene—used here for
biomass and reference

F: GGTAGTCYAYGCMSTAAACG
R: GACARCCATGCASCACCTG
P:TKCGCGTTGCDTCGAATTAAWCCAC-BHQ

[56]

aac(6′)-II Aminoglycoside resistance F: CGACCCGACTCCGAACAA
R: CGACCCGACTCCGAACAA [53]

aac(6′)-Ib Aminoglycoside resistance F: CGTCGCCGAGCAACTTG
R: CGGTACCTTGCCTCTCAAACC [53]

aac(3)-iid_iii_iif_iia_iie Aminoglycoside resistance F: CGATGGTCGCGGTTGGTC
R: TCGGCGTAGTGCAATGCG [53]

blaCMY2 Beta-lactam resistance F: AAAGCCTCATGGGTGCATAAA
R: ATAGCTTTTGTTTGCCAGCATCA [53]

blaCTX-M-1,3,15 * Beta-lactam resistance
F: CGTACCGAGCCGACGTTAA
R: CAACCCAGGAAGCAGGCA
P: CCARCGGGCZENGCAGYTGGTGAC

[57]

blaGES Beta-lactam resistance F: GCAATGTGCTCAACGTTCAAG
R: GTGCCTGAGTCAATTCTTTCAAAG [53]

blaOXA Beta-lactam resistance F: CGACCGAGTATGTACCTGCTTC
R: TCAAGTCCAATACGACGAGCTA [53]

blaMOX/blaCMY Beta-lactam resistance F: CTATGTCAATGTGCCGAAGCA
R: GGCTTGTCCTCTTTCGAATAGC [53]

blaSHV-11 Beta-lactam resistance F: TTGACCGCTGGGAAACGG
R: TCCGGTCTTATCGGCGATAAAC [53]

blaTEM Beta-lactam resistance F: AGCATCTTACGGATGGCATGA
R: TCCTCCGATCGTTGTCAGAAGT [53]

blaVEB Beta-lactam resistance F: CCCGATGCAAAGCGTTATG
R: GAAAGATTCCCTTTATCTATCTCAGACAA [53]

blaVIM Beta-lactam resistance F: GCACTTCTCGCGGAGATTG
R: CGACGGTGATGCGTACGTT [53]

erm(35) Macrolide resistance F: CCTTCAGTCAGAACCGGCAA
R: GCTGATTTGACAGTTGGTGGTG [53]

ermB Macrolide resistance F: GAACACTAGGGTTGTTCTTGCA
R: CTGGAACATCTGTGGTATGGC [53]

ermF Macrolide resistance F: CAGCTTTGGTTGAACATTTACGAA
R: AAATTCCTAAAATCACAACCGACAA [53]

ermT Macrolide resistance F: GTTCACTAGCACTATTTTTAATGACAGAAGT
R: GAAGGGTGTCTTTTTAATACAATTAACGA [53]

ermX Macrolide resistance F: GCTCAGTGGTCCCCATGGT
R: ATCCCCCCGTCAACGTT [53]

imp-marko Beta-lactam resistance F: GGAATAGAGTGGCTTAATTC
R: GGTTTAACAAAACAACCACC [53]

int1-a-marko Mobile genetic element F: CGAAGTCGAGGCATTTCTGTC
R: GCCTTCCAGAAAACCGAGGA [53]

is26 Mobile genetic element F: ATGGATGAAACCTACGTGAAGGTC
R: CGGTACTTAATCTGTCGGTGTTCA [53]

mcr-1 * Colistin resistance F: CACATCGACGGCGTATTCTG
R: CAACGAGCATACCGACATCG [54]

qepA Quinolone resistance
F: GGGCATCGCGCTGTTC
R: GCGCATCGGTGAAGCC
P: CTACAGACCZENGACCAAGCCGA

[53]
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Table 3. Cont.

Gene Gene Type Primer Sequence Ref.

qnrB Quinolone resistance F: TCACCACCCGCACCTG
R: GGATATCTAAATCGCCCAGTTCC [53]

sul1 Sulfonamide resistance F: GCCGATGAGATCAGACGTATTG
R: CGCATAGCGCTGGGTTTC [53]

sul2 Sulfonamide resistance F: TCATCTGCCAAACTCGTCGTTA
R: GTCAAAGAACGCCGCAATGT [53]

tet32 Tetracycline resistance F: CCATTACTTCGGACAACGGTAGA
R: CAATCTCTGTGAGGGCATTTAACA [53]

tetA Tetracycline resistance F: CTCACCAGCCTGACCTCGAT
R: CACGTTGTTATAGAAGCCGCATAG [53]

tetC Tetracycline resistance F: ACTGGTAAGGTAAACGCCATTGTC
R: ATGCATAAACCAGCCATTGAGTAAG [53]

tetL Tetracycline resistance F: ATGGTTGTAGTTGCGCGCTATAT
R: ATCGCTGGACCGACTCCTT [53]

tetM Tetracycline resistance F:GGAGCGATTACAGAATTAGGAAGC
R: TCCATATGTCCTGGCGTGTC [53]

tetO Tetracycline resistance F: CAACATTAACGGAAAGTTTATTGTATACCA
R: TTGACGCTCCAAATTCATTGTATC [54]

tetQ Tetracycline resistance F: CGCCTCAGAAGTAAGTTCATACACTAAG
R:TCGTTCATGCGGATATTATCAGAAT [54]

tetS Tetracycline resistance F: TTAAGGACAAACTTTCTGACGACATC
R: TGTCTCCCATTGTTCTGGTTCA [54]

tetW Tetracycline resistance F: ATGAACATTCCCACCGTTATCTTT
R: ATATCGGCGGAGAGCTTATCC [54]

tetX Tetracycline resistance F: AAATTTGTTACCGACACGGAAGTT
R: CATAGCTGAAAAAATCCAGGACAGTT [54]

tnpA Mobile genetic element F: AATTGATGCGGACGGCTTAA
R:TCACCAAACTGTTTATGGAGTCGTT [54]

vanA Vancomycin resistance F: GGGCTGTGAGGTCGGTTG
R: TTCAGTACAATGCGGCCGTTA [54]

vanB Vancomycin resistance F: TTGTCGGCGAAGTGGATCA
R: AGCCTTTTTCCGGCTCGTT [54]

vanRA Vancomycin resistance F: CCCTTACTCCCACCGAGTTTT
R: TTCGTCGCCCCATATCTCAT [54]

vanSA Vancomycin resistance F: CGCGTCATGCTTTCAAAATTC
R: TCCGCAGAAAGCTCAATTTGTT [54]

Note: F indicates forward primer sequences; P indicates reverse primer sequences; P indicates FAM probe
sequences.

3.4. Identification of Antimicrobial Resistant Bacteria

A selective culture approach with antibiotics will be used to target airborne antibiotic-
resistant bacteria (ARB) carrying ARGs. Culture can retrieve less abundant bacteria which
is one of the major biases of culture-independent methods [58]. This is the reason why
air samples in the present work will be plated directly on solid agar media as well as
inoculated in broths to enrich specific genera and/or specific types of ARB. Incubation in
different atmospheres will allow the isolation of aerobic, micro-aerophilic, and anaerobic
bacteria. All plates and broths will be supplemented with antibiotics, those of which will be
chosen after known ARGs found in the type of environments studied, clinical isolates and
for enrichment and inhibitory purposes. Isolated and purified colonies will be identified
using MALDI-TOF mass spectrometry and DNA sequencing. Bacterial species will be
further analyzed by antibiotic susceptibility testing against commonly used antibiotics, as
previously described [59]. Whole-genome sequencing will permit species taxonomic assig-
nation and detection of ARGs and their associated mobile genetic elements (MGEs) [60].
A shared DNA sequencing pipeline for metagenomics analyses will be developed and a
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suite of powerful tools for genome assembly, including Ray [61], Ray Meta for metagenome
assembly [62], and Ray Surveyor for comparing metagenomes [63] will be deployed. More-
over, co-investigators have created machine-learning algorithms, such as KOVER [64], that
can investigate important sequence features that can be associated with specific phenotypes
including ARGs. Selective culture approaches will be performed on specific samples from
hospitals, wastewater treatment plants, and livestock farms (Table 2).

Understanding the fate of ARGs and potential risks to human health is a key to this
project. However, bacterial communities are shaped by a complex array of evolutionary,
ecological, and environmental factors. As such, it is difficult to predict the fate of ARGs in
environmental samples. The lack of functional demonstrations for ARGs in environmental
metagenomes is a considerable limitation when characterizing the environmental resistome
and assessing of its clinical relevance. Therefore, a selective culture approach will be
employed to enrich bacterial species from selected samples collected at emission sources
(i.e., hospitals, farms, wastewater treatment plants). The ARGs and or MGEs present in
these isolates will be analyzed.

Furthermore, animal models will be developed to assess the risk of ARG transfer
in vivo. Briefly, C57BL/6 mice will be treated with a mixture of antibiotics to perturb their
gut microbiota over a period of five days. Liquid cultures of sorbitol peptone broth and
bile salts media derived from air samples from selected environments will be introduced to
the mouse gut once daily over the course of the eight-week experiment to mimic chronic
exposure to potentially harmful bioaerosols. Faecal samples will be collected before, during,
and after this process. DNA will be extracted from these samples and will be processed
through the metagenomics pipeline described earlier.

3.5. Modeling

An atmospheric pollutant dispersion model will evaluate the dispersion and fate of
bioaerosols and ARGs emitted from specific activities. Atmospheric dispersion models
have been used extensively for both research and regulatory purposes. Previous research
demonstrates the efficacy of dispersion models to estimate the risk of infection from
bioaerosol exposure for residents near manure application sites [65]. Given the difficulty
and expense of obtaining ambient air pollutant measurements over a large region, plume
dispersion modeling is an effective alternative for assessing the impacts of bioaerosol
sources on air quality in surrounding areas. The AERMOD [66] dispersion model will be
used to determine the spatial distribution of bioaerosols and ARGs in proximity to their
potential sources. AERMOD is approved for regulatory purposes by the U.S. Environmental
Protection Agency and incorporates the Gaussian-plume modeling approach; a plume
emanating from a source is considered to disperse in a manner analogous to the Gaussian
distribution in both the y (lateral) and z (vertical) directions, whereas pollutants move by
advection (wind transport) in the x (downwind) direction. AERMOD treats a pollutant
as a non-reactive contaminant. It requires three fundamental inputs: the source type, the
emission rate of the source, and local meteorological information to assess the emissions,
and resulting downwind concentrations of bioaerosols from continuous emitters.

Maps of ARG and bacterial concentrations will also be produced to provide examples
of plume development in a given direction to demonstrate how concentrations are reduced
with distance away from sources. The same concentration maps will also be used to evaluate
dispersion from short-term emissions, for example, from manure spreading. Results from
this aspect of this research project will contribute to the development of information
to inform policy decisions regarding safe distances from ARG sources to prevent their
transmission to humans and domestic animals.

The roles of exposure pathways, bacterial relationships, co-selective pressures, ARG
transmission, and the combined and cumulative effects of antimicrobial use need to be
brought together in a One Health context. The One Health ethos posits that the intercon-
nectedness of human, animal, and environmental activities are so great that they must be
addressed together in an interdisciplinary manner to ensure health across systems and
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scales [67]. Integrated assessment models (IAM), developed for dealing with complex issues
such as climate change, are a framework for organizing and processing evidence and uncer-
tainties for complex systems in a complex manner, yet are still easily interpreted, ordered,
and computationally efficient manner. An IAM specific to AMR in Canada (iAM.AMR)
has been under development since 2015 [68]. The iAM.AMR quantitatively characterizes
multiple linked transmission pathways of dissemination of AMR among humans, animals,
and the environment. It uses a branching tree probability approach to modify the baseline
probability of AMR using measures of association and the frequency of factor occurrence.

To date, the iAM.AMR framework has been populated with a significant body of infor-
mation on AMR and antimicrobial use from the scientific literature and surveillance data.
Model development has focused on specific antimicrobial/bacteria/pathway combinations
related to the food chain, particularly the poultry, swine, and beef production chains [68].
Our results will be added to the existing iAM.AMR framework to include AMR dissemina-
tion through bioaerosols in environmental pathways. This process will incorporate data
from short and long-distance ARG transport models, as well as in vivo transfer in animal
models. Ultimately, the aerosolized ARG transmission from multiple sources will assess the
relative contributions of total transmission throughout the food chain, healthcare settings,
watershed, and other systems, in order to identify optimal intervention points for AMR
mitigation strategies (Figure 2).
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Figure 2. Conceptual diagram showing the creation of ARG risk assessment models. Data collected
from the various study sites will be assembled to assess ARG emissions at point sources and over long
distances. These will in turn inform ARG transfer studies in animal models and transport modeling.
Together, these data will be used in an integrative ARG health risk assessment model. Ultimately this
model aims to incorporate all relevant data to provide information to policymakers to make informed
decisions to address the antibacterial resistance crisis.

3.6. Data Management

Given the interdisciplinary nature of this project, shared data collection and manage-
ment practices must be implemented. The project will use a shared ARG panel (Table 3) and
metagenomics pipeline. The limited selection of air samplers and standardized sampling
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design allows for uniform sampling techniques regardless of location, thus improving
comparability of results from different locations and environments across Canada.

All researchers will upload their data to a secure, shared data portal. Data entry
will conform to a standardized format to be accessible for all team members. This shared
format will also permit the integration of different sampling campaigns into model design.
These data can be selected or removed from models as needed by the lead statisticians
without lengthy delays in contacting researchers for their data and reformatting them for
specific uses.

4. Conclusions

Presently, the spread of ARGs in bioaerosols is not understood. This research program
has the power to change paradigms by comprehensively addressing ARG emissions,
exposure, and risk models, to inform policy for antimicrobial management and address
AMR in the context of the environment. Antibiotic use and association with bioaerosols and
geographical distribution of ARG across landscapes will be important knowledge produced
from this work. Proof-of-concept for developing surveillance networks in natural and man-
made environments using new rapid detection systems will be presented. Modeling will
allow activity-based estimations of distribution. In addition, studying the contribution of
ARG sources in bioaerosols will better contextualize our understanding of the contributions
of activities to ARGs. The potential routes for transmission of antimicrobial-resistant
bacteria and AMR genes between animals and people are complex and include many
environmental routes beyond direct contact and the food chain. Thus, all data generated in
this project will be made available to inform and expand an integrated exposure model
on AMR.

The scientific data and models produced in this project will be accessible. This way,
it is hoped our designs may be applicable to other countries and climates. The program
addresses the complete ARG transport chain from sources, emissions, dispersal, and long-
distance transport to models of exposure potential and risk in humans and animal models to
elucidate the roles of bioaerosols in their transmission and detection of ARGs. These results
have the potential for a far-reaching impact across Canada and internationally through
collaborative team efforts, developing expertise and promoting the study of airborne ARGs
to other anthropogenic and natural activities. Results will be important to policymakers,
stakeholders, and communities to understand and develop strategies for mitigating ARG
emissions. Ultimately, it is hoped that this project will serve as a blueprint for developing
strategies to study bioaerosols and address AMR in the environment.
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Abstract: Antibiotic resistance (ABR) is increasing the mortality and morbidity associated with
infectious diseases, besides increasing the cost of healthcare, saturating health system capacity, and
adversely affecting food security. Framing an appropriate narrative and engaging local communities
through the ‘One Health’ approach is essential to complement top-down measures. However,
the absence of objective criteria to measure the performance of ABR interventions in community
settings makes it difficult to mobilize interest and investment for such interventions. An exercise was
therefore carried out to develop an indicator framework for this purpose. A comprehensive list of
indicators was developed from experiences gathered through community engagement work in a
local panchayat (small administrative area) in Kerala, India and a consultative process with health,
veterinary, environment, and development experts. A prioritization exercise was carried out by global
experts on ABR, looking at appropriateness, feasibility, and validity. A 15-point indicator framework
was designed based on the prioritization process. The final set of indicators covers human health,
animal health, environment management, and Water Sanitation and Hygiene (WASH) domains. The
indicator framework was piloted in the panchayat (located in Kerala), which attained a score of 34
(maximum 45). The score increased when interventions were implemented to mitigate the ABR
drives, indicating that the framework is sensitive to change. The indicator framework was tested in
four sites from three other Indian states with different socioeconomic and health profiles, yielding
different scores. Those collecting the field data were able to use the framework with minimal training.
It is hoped that, this indicator framework can help policymakers broadly understand the factors
contributing to ABR and measure the performance of interventions they choose to implement in the
community as part of National Action Plan on AMR.

Keywords: antimicrobial resistance; National Action Plans; AMR; WASH; IPC; One Health; ASC

1. Introduction

Antibiotic resistance (ABR) was associated with 4.95 million deaths and was the
attributable cause of 1.27 million deaths in 2019 [1]. This is much higher than the previous
estimate of 700,000 deaths per year [2]. The projected cost of ABR is also high, with the
World Bank estimating a 1.1% loss in the global Gross Domestic Product (GDP) by 2050
and an annual reduction of USD 1 trillion per year beyond 2030 in the best-case scenario [3].
The burden of ABR is expected to be much higher in Lower–Middle-Income Countries
(LMICs) due to their dysfunctional health systems, poor agricultural production practices,
and sub-optimal environmental management [4]. Additionally, antibiotic consumption is
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increasing rapidly in many LMICs, thereby increasing ABR [5]. Therefore, action to contain
ABR should be a priority for the public health system, especially in low-resource settings.

The global efforts made to tackle ABR have been anchored in the Global Action Plan on
Antimicrobial Resistance (GAP-AMR) adopted by the World Health Assembly in 2015 [6].
Since then, most countries have adopted their own action plans, but very few of them
have been funded and fully operationalized [7]. The Inter-Agency Coordination Group
on AMR (IACG-AMR) submitted its report to the United Nations Secretary-General on
a globally coordinated response and called for a systematic and meaningful engagement
of all stakeholders at global, regional, national, and local levels. The report conveyed the
need for contextualized interventions based on locally generated data and insights rather
than on a uniform strategy [8]. Engaging local organizations and governance structures for
broad-basing ABR containment efforts has been a consistent recommendation in several
documents since the Jim O’Neill report was released. All of these documents also call
for the engagement of communities in a meaningful and systematic manner [8]. Framing
the right narrative for ABR at the ground level to engage local communities and creating
a bottom-up process to supplement national and sub-national action plans have been
challenging [9]. Studies have shown that there are also language and perceptional issues
associated with ABR [10].

Recently, studies have shown that community-based interventions could be benefi-
cial in reducing inappropriate antibiotic use [11]. Community engagement interventions
could also facilitate ABR behavior change, specifically in LMICs, because they employ a
contextualized approach that supports communities to develop locally relevant and viable
solutions [12]. For successful community engagement in ABR it is important to understand
the local context, develop relationships with key stakeholders, build motivation and trust,
and engage with them on the topic of antibiotics and ABR [13].

While there are some examples of community engagement in ABR, our literature
review did not yield any attempts to quantify ABR at the community level. It was therefore
deemed important to conceptualize a community-centric indicator framework that could
help policymakers (both nationally and locally), local government officials, and other
relevant stakeholders to establish a baseline, understand the issues and factors contributing
to ABR, as well as measure the impact of the interventions they choose to implement
in that community. This paper is therefore a description of such a framework and the
multi-stage process we undertook in its development, so that others may also be able to
use this framework in similar low-resource settings.

In addition, the framework could also be used to aim for ‘antibiotic-smart commu-
nities’. Antibiotic smartness can be explained as the preparedness of a community to
effectively and sustainably tackle ABR by addressing the drivers of ABR with a One Heath
lens such as by taking measures to prevent infections, improve awareness, and promote
the rational use of antibiotics.

2. Methods

ReAct is part of an independent science, policy, and advocacy-based network that has
been working on antibiotic resistance since 2005. ReAct Asia Pacific (RAP) is one of the
regional nodes of ReAct. RAP started working on the concept of an ‘antibiotic-smart com-
munities’ with the hypothesis that the activities for ABR containment are predominantly at
the national and subnational level, and community-level focus on ABR was inadequate.
Developing an indicator framework was meant to help plug this gap.

We selected Kerala as it was the first state to adopt a sub-national action plan on
AMR. Kerala is an Indian state with high levels of literacy and education and a high
human development index [14]. Kerala has a robust collectivist culture that fosters social
cohesiveness and an ingroup aim [15,16]. In addition, Kerala’s strong local governance has
engaged itself in managing and abating the impact of multiple health issues, including the
provision of palliative care services and a decentralized response to COVID-19 rooted in
the grassroots [17,18]. In this context, the investigators chose Kerala as the site to pilot the
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indicator framework since the setting is ideal for community engagement projects. Kerala’s
state government is also supportive of community engagement initiatives given its history
of community engagement [19,20]. This exploratory project was undertaken in a panchayat
in the state of Kerala, India. A ‘panchayat’ is the smallest administrative unit in India’s
three-tier local self-governance system, though the size and functions of a panchayat may
vary widely between states. We selected Mallapuzhasserry, a panchayat with a population
of 11,000 (as per the data from the last national census in India, conducted in 2011) and
spread over a total area of 15 square kilometers. The project took place from 2018 to 2022.
The steps in the project are summarized below in Figure 1.
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Figure 1. Steps in the process of the development of an indicator framework.

Step 1: Literature review and needs assessment: As a first step, a literature review
was undertaken in 2018 to identify existing frameworks. Dialogues were held with local
government officials and other key stakeholders to identify their priorities concerning
antimicrobial resistance. To gain access and build confidence, we used a healthcare delivery
project managed by a local medical school and a community organization for piggybacking.
These interactions gave an overview of ABR in the community and helped to draw a
baseline narrative regarding existing efforts to combat ABR.

Step 2: Meeting with experts from public/human health, animal health, environment,
and agriculture: After the literature review, three consultation meetings were held in 2019,
with experts from different sectors to conceptualize a framework for assessing different ABR
drivers and their components. The experts deliberated on the need for a framework, what
a hypothetical framework should contain, and possible principles that such a framework
should entail to support the bottom-up approach for the development and implementation
of state and national action plans. SDG indicators were used as a starting point for such
discussions. The experts suggested that the framework should reflect drivers from ABR-
specific and ABR-sensitive areas and capture the deficiencies in the system that influence
these drivers. Figure 2 shows the conceptual framework used for developing the antibiotic-
smart communities.
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Step 3: Following the consultative meetings, the findings were consolidated and
discussed internally (within ReAct Asia Pacific). Based on the suggestions from the consul-
tation meetings and internal discussions, an initial set of 34 indicators was identified. A
preliminary method of measurement for each of these indicators at the community level
and the rationale for their inclusion were also drafted. This exercise was done keeping
in mind that the framework will not always be used by research or academic entities but
should be user-friendly for local self-governments and community-based organizations.

The refining of the indicator framework and the prioritization exercise (Step 3 and
Step 4) was conducted between March 2020 and September 2021.

Step 4: Following this internal exercise, 30 international ABR experts were identified
across intergovernmental agencies, academic entities, and civil societies. Twenty of them
responded and agreed to assist in the prioritization. The initial set of 34 indicators, the
proposed methodology for the data collection for each of these indicators, the rationale for
their inclusion, and the methodology for data collection for each one of these indicators
were sent over to these experts for prioritization using Google Formsxx over email. The
experts were asked to prioritize the indicators based on three different criteria:

1. Appropriateness of the indicator in measuring ABR-specific/sensitive activities at the
community level in local communities;

2. Feasibility of measurement in LMIC contexts;
3. Validity of the indicator in detecting changes in response to the intervention on

the ground.

The experts were asked to score each indicator from 1 to 5 after carefully assessing the
framing, measurement methodology, and reason for inclusion. Experts provided qualitative
feedback that was used to draw up criteria for assigning these scores (1–3) to each indicator.
In addition to the conceptual framework and the criteria for assigning scores, the data
collection methodology drawn up by ReAct Asia Pacific was further refined based on the
feedback obtained from the experts. The scores assigned by the experts while evaluating
each indicator ranged from 1 to 5. In contrast, each indicator in the framework during data
collection were assigned scores of 1 to 3.

Based on the scoring and prioritization given by the experts, 15 indicators were chosen
for the final framework. While all indicators were assigned equal weights in the conceptual
framework, each indicator can be assigned a minimum score of 1 and a maximum score of
3 depending on the level of progress made by the community in these respective domains.

3. Results

Throughout the process, both community stakeholders and experts from different
sectors mentioned the need for a framework that can quantify the burden of ABR drivers.
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The literature review yielded different models of community engagement for ABR, but
there were no publications on metrics to quantify ABR drivers or progress made during the
2019–2021 period when this study was carried out. The dialogues with local government
suggested the need for a framework that could help identify AMR drivers simultaneously
and allocate local resources.

During the consultation meetings in 2019, experts pointed out that the framework
should be specifically intended for low resource settings where there are gaps in WASH,
access to medicines, and other challenges and take a holistic One Health perspective. The
experts suggested that the number of indicators should be manageable for measurement
by communities and local government structures. The results of the prioritisation exercise
(Step 4) are given in Table 1.

Table 1. Scores assigned by the international experts after assessment of each indicator with due
consideration of method of measurement and its feasibility, appropriateness, and validity.

Indicator
Total Score

Appropriateness
(Out of 100)

Total Score
Feasibility

(Out of 100)

Total Score
Validity

(Out of 100)

Mean Total Score
(Out of 100)

1. Awareness about antibiotic use and
antibiotic resistance among general public 77 75 70 74.0

2. Over-the-counter availability of antibiotics
in retail pharmacies in the area 85 85 73 81.0 #

3. Proportion of healthcare facilities that have
implemented a written Infection Prevention

and Control (IPC) plan
65 80 60 68.3

4. Proportion of population using safely
managed drinking water services 85 80 82 82.3 #

5. Proportion of healthcare facilities with a
written antibiotic protocol for at least three

disease/syndrome conditions caused
by bacteria

78 80 80 79.3 #

6. Percentage of access antibiotics (as per
AWaRe classification of WHO) in total

antibiotics dispensed in out-patient settings at
healthcare facilities

92 83 83 86.0 #

7. Proportion of healthcare facilities which are
accredited by any standard agency

(government/private) for quality assurance
in delivery of services

77 75 70 74.0

8. Percentage of suspected urinary tract
infections (community- or

healthcare-associated) being subjected to
culture and sensitivity testing

77 67 73 72.3

9. Prevalence of stunting (height for
age < −2 standard deviation from the median

of the World Health Organization (WHO)
Child Growth Standards)

48 67 48 54.3

10. Average under-5 mortality rate (number
of deaths among children under 5 years of

age compared to number of live births) in the
area for the past 3 years

72 83 63 72.6

11. Average out-of-pocket expenditure on
healthcare by households in the area 62 68 60 63.3

12. Access to healthcare 70 68 65 67.6
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Table 1. Cont.

Indicator
Total Score

Appropriateness
(Out of 100)

Total Score
Feasibility

(Out of 100)

Total Score
Validity

(Out of 100)

Mean Total Score
(Out of 100)

13. Coverage for pediatric vaccines listed in
the immunization schedule published by the

competent national authority
90 87 88 88.3 #

14. Availability of laboratory services in
healthcare facilities within the community 75 78 75 76.0

15. Hygiene facilities in primary and
secondary schools in the community 90 87 92 89.6 #

16. Educational initiatives in the past one year
to increase awareness about antibiotic or

biocide use among farmers
80 80 70 76.6 #

17. Use of highest priority critically important
antibiotics in agriculture 88 80 85 84.3 #

18. Regulatory oversight regarding best
farm management practices and

biosecurity measures
78 78 70 75.3

19. Presence of veterinary health facilities
in the community 78 80 75 77.6 #

20. Vaccination coverage for farm animals
in the community 82 75 72 76.3

21. Government subsidies or incentives for
infrastructural improvement in farms for

better infection control practices
70 78 65 71.0

22. Availability of veterinary laboratory
services for disease diagnostics 85 83 82 83.3 #

23. Incentive system for farmers who make
products without routine use of antibiotics 80 70 73 74.3

24. Presence of schemes to promote local or
household-based production of food 63 73 63 66.3

25. Proportion of wastewater treated using
any established wastewater treatment

technologies, as per WHO’s guidelines on
sanitation and health (2019)

80 77 80 79.0 #

26. Biomedical waste management system
in healthcare facilities 92 83 82 85.6 #

27. System for disposal of antibiotics and
other medicinal waste generated

from households
85 65 75 75.0

28. Use of chemical/synthetic pesticides,
herbicides, and other biocides in farms 83 72 82 79.0 #

29. Farm waste contaminating water
resources in the community 87 70 80 79.0 #

30. Proportion of households having access to
Individual Household Latrine (IHHL) with

water supply within the premises of
their houses

88 87 55 76.6 #
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Table 1. Cont.

Indicator
Total Score

Appropriateness
(Out of 100)

Total Score
Feasibility

(Out of 100)

Total Score
Validity

(Out of 100)

Mean Total Score
(Out of 100)

31. Proportion of population covered by at
least one social insurance or assurance

schemes for health protection
62 70 58 63.3

32. Proportion of population below the
nationally accepted poverty line 68 78 65 70.3

33. Proportion of children between ages 5 and
14 receiving nutritional support

from government
68 78 68 71.3

34. Female literacy rate 72 77 80 76.3

Legend: # indicates the final indicator.

The final set of 15 indicators (see Table 2 below) covered human health, animal health,
Agriculture, environment management, and trans-sectoral domains.

Table 2. Final list of 15 indicators after prioritization exercise.

1 Hygiene facilities in primary and secondary schools in the community

2 Access to Individual Household Latrine (IHHL) with water supply
in households

3 Coverage for pediatric vaccines as per the national immunization schedule

4 Percentage of access antibiotics (as per AWaRe classification of WHO) in total
antibiotics dispensed in outpatient settings at healthcare facilities

5 Antibiotic protocols in healthcare facilities

6 Over-the-counter (OTC) availability of antibiotics in retail pharmacies in the area

7 Access to safely managed drinking water services

8 Use of highest priority critically important antibiotics in agriculture

9 Presence of functional veterinary health facilities and services in the community

10 Veterinary laboratory services for disease diagnostics

11 Educational initiatives on antibiotic use among farmers

12 Biomedical waste management system in healthcare facilities

13 Treatment of wastewater generated in households

14 Use of chemical/synthetic pesticides, herbicides, and other biocides in farms

15 Farm waste contaminating water resources in the community

As seen from Table 2, the indicators use a ‘One-Health’ approach.
The selection of indicators was based on the scores during the prioritization exercise,

no other criterion was applied, and stratification was not carried out. Some of the indicators,
such as the ‘over-the-counter’ availability of antibiotics, are specific drivers of the ABR
problem in the communities. However, some others, such as the ‘Proportion of households
having access to Individual Household Latrine (IHHL) with water supply within the
premises of their house’, are linked to systemic capacities to reduce the load of infections in
the community and thereby limit the use of antibiotics.

Piloting the indicator framework: The indicator framework was piloted in the com-
munity that we were working with to assess its ease of application and feasibility of
obtaining information from relevant stakeholder groups. A facilitator from the ReAct
Asia Pacific team trained a field worker on the data collection methods using a handbook

177



Antibiotics 2024, 13, 63

prepared on data collon. A single trained field worker was employed for data collection
after the necessary permissions were obtained from the local self-government body and
other concerned institutions.

The piloting of the indicator framework was carried out from October to December
2021 in the selected community in the state of Kerala, India. The ease of application and
data availability during the data collection process were optimal. The trained field worker
was able to successfully undertake the data collection, and 5% of the collected data were
validated through phone calls and in-person visits. In addition, the validity of the data was
checked by comparing it with publicly available datasets like the National Family Health
Survey. The final results from the piloting process are shown in Table 3.

Table 3. Results of the piloting of the indicator framework carried out in a selected community
in India.

Indicator Performance of the Community Score

Hygiene facilities in primary and
secondary schools in the community Good Reasonable Inadequate 3

Access to Individual Household Latrine
(IHHL) with water supply in households All Most Some 3

Coverage for pediatric vaccines as per the
national immunization schedule High Reasonable Low 3

Percentage of access antibiotics (as per
AWaRe classification of WHO) in total

antibiotics dispensed in outpatient
settings at healthcare facilities

High Reasonable Low 2

Antibiotic protocols in healthcare facilities All Some None 2

Over-the-counter (OTC) availability of
antibiotics in retail pharmacies in the area Poor OTC availability Partial OTC availability Free OTC availability 1

Access to safely managed drinking
water services All Most Some 3

Use of highest priority critically important
antibiotics in agriculture None Some High 2

Presence of functional veterinary services,
health facilities, and services

in the community
Fully functional Semi-functional Not functional 3

Veterinary laboratory services for
disease diagnostics Fully functional Semi-functional Not functional 2

Educational initiatives on antibiotic use
among farmers Fully functional Semi-functional Not functional 1

Biomedical waste management system in
healthcare facilities All Some None 2

Treatment of wastewater generated
in households All Most Some 2

Use of chemical/synthetic pesticides,
herbicides, and other biocides in farms Low Significant High 2

Farm waste contaminating water
resources in the community High Some None 3

Final score 34/45

To test the sensitivity of the indicators to measure change in One Health ABR drivers,
targeted context-specific activities were undertaken in the community over a period of
six months in collaboration with the community members and local self-government in 2022.
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A re-assessment that was undertaken following the intervention showed an improvement
in the score. The score increased from 34/45 to 38/45. The framework not only aided the
research team in considering drawing up an action agenda to address multiple ABR drivers,
but it also acted as an entry point for action in the community.

To check the ease of application and validity of the ASC framework, the ASC indicator
framework was piloted in four other communities in India in 2022. The four sites were
situated in Himachal Pradesh, Bihar, and Assam. The collaborators and local field workers
were trained using the standardized data collection handbook. All of these sites successfully
piloted the framework, yielding varying scores.

4. Discussion

The iterative process to design an indicator framework was based on a shared under-
standing of the need to engage communities on the ABR issue and to create greater local
ownership and sustainable resource mobilization. In the past, there have been attempts in
low-resource settings to use performance appraisal frameworks and systematic account-
ability frameworks to achieve specific programmatic outcomes in the implementation of
vertical health programs [21,22]. This approach to mobilize communities has been used
in health program implementation in the past with good success [21]. Such measurement
frameworks can also provide robust data to funders, program managers, and researchers
to assess the real impact of their interventions and help them in prioritizing activities for
ABR containment [23]. The authors of this work focused on emulating the success of these
approaches/frameworks for ABR, measuring the ‘antibiotic smartness’ of a community
through the Antibiotic Smart Communities’ project. Such indicator frameworks can be used
for advocacy by comparing the performance of similarly placed regions or local contexts.
Since ABR can be considered as an issue with systemic drivers, the containment efforts
should be able to reflect the need for systemic changes on the ground [24]. Engaging local
communities may be essential for increasing the local ownership of ABR interventions,
enhance accountability in implementing machinery, robustly mobilizing resources, and
improving the general understanding of the issue [25]. Additionally, it has been demon-
strated that community-level behavioral change efforts can be more successful when the
relevant local stakeholder groups are fully involved in the efforts [26]. Such a framework
which we are proposing can therefore also be a tool for local engagement with the ABR
issue and a self-assessment of where the local community stands.

While drafting the methodology of data collection for the indicator framework, the
researchers and the experts involved have emphasized the feasibility of collecting data.
Therefore, the data collection methodology was made as simple as possible to ensure that
trained field workers could collect data in a short duration of time. Some of the piloting
data generated using the indicator framework was cross-verified with reports such as
the National Family Health Survey 5 (NFHS) [27]. There were no discrepancies between
the piloting data and the data gathered through larger and more intensive surveys such
as the NFHS. However, the NFHS does not capture data on all indicators in the ASC
indicator framework.

One limitation of this indicator framework is that it was developed based on a con-
ceptual framework, which is focused on low-resource settings and not applicable for
high-resource settings. The utilization of a consultative process to select and refine the
indicators, instead of standard statistical methods, is another limitation. However, the
authors have followed the criteria laid down by Statistics New Zealand to select the indica-
tors to overcome the issue of not using statistical techniques (Good Practice Guidelines for
Indicator Development and Reporting) [28]. Another limitation was that a cut-off of 15 was
chosen, considering that feasibility and other frameworks adopt similar cutoffs and are not
analyzed on the basis of scores [28,29].
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5. Conclusions

The Antibiotic-Smart Communities indicator framework is meant to be a measurement
and advocacy tool that can help mobilize local communities in LMICs. An analysis of
some of the existing national action plans on antimicrobial resistance has shown gaps in
accountability, sustainability, behavioral economics, and local community engagement.
This tool can serve to address these gaps, and provide policymakers a way to improve
the situation on the ground through appropriate interventions towards optimizing and
implementing their national action plans on AMR.
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