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ABSTRACT 

Antibiotic resistance is inevitable; thus, better understanding the origins and the 

sources that support the spread of resistance genes among microorganisms is 

crucial. The rapid spread of resistance elements among the most prevalent 

bacterial pathogens poses an active threat to public health. 

Indeed, such threat will continue looming if experts fail to control the 

skyrocketing dissemination of antibiotics into the natural environment, through 

mass human migrations, or within clinical, husbandry, or veterinary settings. Any 

policy governing antibiotic administration in human or veterinary medicine must 

consider the transmission of antibiotic-resistant microorganisms between 

environmental sources and humans or animals. In this context, dams and rivers 

represent two major environmental sources of antibiotic-resistant bacteria, acting 

as reservoirs and conduits for resistance genes via horizontal gene transfer. In 

such a scenario, routine surgeries (e.g., cesarean sections, joint replacements) 

would become high-risk procedures due to the absence of prophylactic antibiotics; 

bacterial pneumonia, once easily cured, would revert to its historical status as a 

leading cause of death; and the management of immunocompromised patients 

(transplant recipients, cancer patients undergoing chemotherapy) would be 

severely compromised. The emerging high incidence of antibiotic-resistant or 

multidrug-resistant bacterial infections, coupled with the extant arsenal of 

antibacterial drugs that have waning values and applicabilities, forewarns of an 

imminent and unknown post-antibiotic era—a time when even common infections 

may become untreatable, underscoring the urgent need for global surveillance and 

stewardship. 
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Emergence of antibiotic resistance—a 

formidable challenge 

As progressive development of primitive 

versions of microscopes revolutionized our 

understanding of the bacterial pathogens, so did 

the discovery of antibiotics revolutionize the fight 

against infectious diseases caused by microscopic 

pathogens. Paul Ehrlich, Alexander Fleming, 

Howard Florey, and Ernst Chain are historically 

credited with the initial development and 

introduction of antibiotics to the clinical practice 

(1-3). They shared the Nobel Prize in Physiology 

or Medicine in 1945 “for the discovery of 

penicillin and its curative effects in various 

infectious diseases” (4). 

Before the 1930s, the main bedside strategy 

was to diagnose infectious diseases according to 

their clinical manifestations and subsequently 

administer the relevant traditional medications to 

treat the diseases mainly symptomatically (5, 6). 

However, during the antibiotics’ golden ages (the 

1950s–1960s (7)), the clinical aim shifted to 

eliminating the pathogens. This paradigm shift 

was facilitated by better understanding of medical 

and microbiological nature of infectious diseases 

supported by advanced diagnostic and molecular-

detection techniques, the discovery and clinical 

applications of antibiotics, and by application of 

personalized medicine (8). Gradually, the 

uncontrolled and widespread administration of 

the antibiotics with the aim of eliminating the 

causative agents of infectious diseases—mainly 

misuse or overuse of antibiotics in agricultural, 

medical, and veterinary settings worldwide (9)—

increased the antibiotic pressure by removing the 

susceptible microorganisms (10-12). This led to 

emergence of the antibiotic-resistant and 
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multidrug-resistant (MDR) infections (7, 13, 14) 

as a result of inefficiency of antibiotics in the 

battle against bacterial infections (15-18). 

The MDR strains cause disease outbreaks 

through persistent infections acquired from 

hospitals and communities (19-22). For example, 

statistics purport that around 4% of patients die 

each year as a result of infections with MDR 

bacteria in Germany (23). Moreover, prolonged 

hospitalizations reportedly increase the 

probability of contracting the MDR 

microorganisms (24, 25). Only a small number of 

northern European countries presently have 

maintained their relatively acceptable level of 

antibiotic efficacy against infectious agents (26). 

Recent resurgence of vaccine-preventable 

infectious diseases also threatens the public 

health globally (27-29). Many bacteria have 

become highly resistant to second-line or third-

line antibiotics, thus excluding them as 

therapeutic options (30-33). 

Although antibiotic resistance was first 

recognized in the 1940s (6), subsequent 

worldwide efforts to prevent, or stop the 

progression of antibiotic resistance have failed 

(34-36). Decades after the discovery of 

antibiotics and their consequential miraculous 

therapeutic outcomes against infectious diseases, 

particularly over the World War II period, 

extraordinary rates of resistance to prescribed 

antibiotics were documented (37, 38). For 

example, studies from India report that certain 

superbugs carrying antibiotic resistance are 

alarmingly deadlier than cancer (39). 

Accordingly, many microbiologists, clinicians, 

epidemiologists, and public-health decision-

makers acknowledge that antibiotic resistance is 

now a global threat that needs to be seriously 

considered by experts and politicians alike (6, 40, 

41). Disappointingly, the prospective clinical use 

of antibiotics is complicated because the 

pharmaceutical companies have continually 

subdued their intellectual efforts and investment 

in designing or developing novel or effective 

antibiotics (42-44). Redressing the resistance 

threat to global health, however, is an imperative 

mission of the World Health Organization 

(WHO) (45). WHO reports that antibiotic 

resistance ranks fifth among the ten high-priority 

threats to the human health globally (42, 46, 47), 

thus, ranked after “air pollution and climate 

change,” “non communicable diseases,” “global 

influenza pandemic,” and “fragile and vulnerable 

settings.” 

In 2019, the US’s Centers for Disease Control 

and Prevention reported that fungi and antibiotic-

resistant bacteria are responsible for more than 

35,000 deaths per year in the United States (48). 

Reportedly, more than 223,900 cases needed to 

be hospitalized due to infection with 

Clostridioides difficile, leading to 12,800 deaths 

(48). More than 10 million people have been 

estimated to die per year by 2050 because of 

infection with antibiotic-resistant bacteria, a 

record grimmer than worldwide cancer statistics 

(49). This represents not merely a healthcare 

crisis but a fundamental threat to modern 

medicine, as antibiotics underpin much of 

contemporary medical practice—from surgery 

and transplantation to intensive care and neonatal 

medicine. The economic burden of such a 

scenario has been estimated at US$100 trillion 

globally by 2050. 

In this review, we summarize the 

characteristics of the multidrug-resistant bacteria; 

briefly explore the origins of, and the 

mechanisms underlying, resistance; discuss the 

reasons behind failing therapies; and highlight the 

importance of the rivers and dams in 

environmental propagation of antibiotic 

resistance. 

Antibiotic-resistant and multidrug-resistant 

bacteria 

An antibiotic-resistant bacterium is 

characterized by i) the expression of genes 

conferring resistance and ii) resisting the killing 

by the antibiotics—while the same antibiotics can 

effectively kill the susceptible bacteria. Besides 

carrying the resistance genes, the resistant 

bacteria propagate the resistance phenotype 

among different bacterial populations globally, 

indicating that resistance cannot be restricted to 

bacterial populations in hospitals or certain 

communities (50, 51). 

Genetics of transmission of antibiotic 

resistance among pathogenic bacteria 

Through millions of years of evolution, 

bacteria have evolved mechanisms to enable them 

to resist the compounds with antibiotic properties. 

The genetic mechanisms underlying acquisition 

of the resistant phenotypes differs among the 

various bacteria; however, some general 

mechanisms have been recognized and 
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extensively discussed elsewhere (11, 52, 53). We 

briefly mention these mechanisms below. 

Bacterial mutations 

A large proportion of the bacterial genomes 

consist of plasticity regions that enables 

propagation of a new subset of mutations that can 

be transferred to the new generation of bacteria 

and enable them to resist harsh environmental 

conditions, including acidic microniches, 

exposure to heavy metals, or exposure to 

antibiotics. The new population will be equipped 

with the machinery to propagate the resistance 

and thrive under harsh conditions. 

Acquisition of foreign DNA by horizontal gene 

transfer 

Horizontal gene transfer comprises the 

acquisition of foreign DNA, including resistance 

genes, from the same or different bacterial 

species. Horizontal gene transfer is reportedly the 

most predominant factor underlying distribution 

of resistance genes among the clinically 

important bacteria. Horizontal gene transfer 

includes transduction (mediated by phages), 

transformation (incorporation of external naked 

DNA), and conjugation (plasmid-mediated or 

transposon-mediated gene transfer). Conjugation 

is important whereby cell–cell contact between 

two bacteria is necessary, for example, among 

members of the Enterobacteriaceae family. 

Efflux pumps 

Development of bacterial machineries that 

generally expel toxic compounds can also achieve 

antibiotic resistance. Many different bacterial 

families are known to exploit such a machinery—

that is, the efflux pumps. Efflux pumps are 

classified into five main groups based on their 

requirement for cellular energy, structural 

conformation, range of substrates, and the classes 

of bacteria that exploit them. The five families of 

efflux pumps include the multidrug-and-toxin-

extrusion family, the resistance-nodulation–cell-

division family, the small multidrug-resistance 

family, the ATP-binding-cassette family, and the 

major-facilitator superfamily (52, 54-57). The 

resistance-nodulation–cell-division family is 

specifically expressed in the Gram-negative 

bacteria, whereas the other four families are 

present in both Gram-positive and Gram-negative 

bacteria. Efflux pumps intrinsically have 

relatively high capacity to extrude toxins from the 

cell and show some degree of substrate 

specificity (reviewed in (58)). 

Antibiotic modification 

Antibiotic modification is one of the most 

beneficial mechanisms that achieves antibiotic 

resistance and is known to be used by many 

clinically relevant pathogenic bacteria. Radical 

additions or modifications of some sites on an 

antibiotic may affect its function drastically; for 

example, causing reduction of affinity to 

antibiotics targets (59, 60). The archetypal 

example of this mechanism, which was reported 

some four decades ago, concerns the 

aminoglycoside-modifying enzymes of the 

Streptomyces species (61, 62) that inactivate the 

aminoglycoside antibiotics (reviewed in (63, 64)). 

Another example is the β-lactamase of 

Staphylococcus aureus encoded by the blaZ gene 

(65) which inactivates the antibiotics by 

hydrolysis (reviewed in (66)). 

Modifications of drug targets 

Most of clinically important bacteria use this 

strategy to avoid the lethal effects of the 

antibiotics. They achieve this mainly by 

decreasing an antibiotic's affinity to its target site. 

One of the classical examples of this strategy is 

illustrated by S. aureus. The mecA gene—which 

is part of an extensive genomic cassette called 

Staphylococcal chromosomal cassette 

(SCCmec)— encodes an alternative penicillin-

binding protein—PBP2a—which has low affinity 

for semisynthetic penicillin. Thus, the 

transpeptidase domain of PBP2a is not sensitive 

to the prescribed β-lactams, making the bacterial 

strain resistant (reviewed in (67)). 

Propagation of antibiotic-resistant bacteria 

Antibiotic resistance is mainly driven by 

continual natural selection among bacterial 

populations. Because antibiotic resistance is a 

clonal property, certain groups of bacteria tend to 

obtain the resistance elements by gene-transfer 

mechanisms. Epidemiological studies show that 

clonal strains carrying the same resistance 

elements cause the corresponding disease 

outbreaks under some clinical settings (68-73), 

challenging the global public health. Thus, the 

sources of resistant bacteria and their propagation 

routes are equally important. Presently, screening 

of antibiotic-resistant bacterial strains happens at 

hospitals, which are also checkpoints for 
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controlling the spread of infections. Although 

hospital screening can capture the symptomatic 

patients, it potentially fails to detect the 

asymptomatic population infected with the 

resistant strains. To control cross-border 

dissemination of the resistant bacterial strains, 

screening tests should be performed at entry 

points across national borders before permission 

of entry or residency is granted. A recent meta-

analysis following the 2015 unrest in the Middle 

East suggests that the prevalence of carriage of 

antibiotic-resistant bacteria was more than 25% in 

the migrants into Europe; the carriage was higher 

in the asylum seekers than the other migrant 

groups (74). Presently, screening does not happen 

in target countries; thus, a new wave of infections 

with antibiotic-resistant bacteria could emerge as 

expected due to mass migrations. The alarming 

statistics and lack of proper screening call for 

new policies for timely screening and early 

detection of resistant bacterial strains. The 

transmission of antibiotic-resistant bacteria across 

borders, particularly through migration and 

travel, represents a critical gap in current 

surveillance systems. Without implementing 

screening protocols at entry points, we risk 

introducing resistant strains into new 

geographical regions where they may establish 

endemicity. This underscores the need for 

coordinated international policies to monitor and 

control the global dissemination of resistance. 

Reasons underlying the failing antibiotic 

therapies Uncontrolled prescriptions 

Today, more than 13 different classes of 

antibiotics constitute the arsenal against the 

bacterial infections (75). Meanwhile, thousands 

of tons of these antibiotics are used yearly in the 

human and veterinary clinics and in farming, 

compromising the susceptibility to antibiotics of 

the human bacterial infections. One of the critical 

causes of antibiotic resistance is unacceptable 

prescription of antibiotics which causes rapid 

emergence of antibiotic-resistant microorganisms 

in both hospitals and communities. This problem 

is ripe among the developing countries where 

policies on infection control are not upheld or 

implemented, and no screening is done to check 

for dosage and susceptibility profiling before 

antibiotic administration. Indeed, uncontrolled 

prescription of antibiotics is a cultural problem 

whereby some patients insist on taking them 

under almost every, or irrelevant, clinical 

situation. Some patients take a prescribed list of 

antibiotics instead of one or two; this problem 

mostly occurs in developing countries with weak 

socioeconomical levels and weak healthcare 

policies or practices. This problem is crucial 

particularly for controlling the Gram-negative 

bacteria because they can be resistant to almost 

all available antibiotics. Spread of MDR isolates 

is another complex problem because excluding a 

single antibiotic and prescribing an alternative 

one does not work as the bacteria are resistant or 

become resistant upon exposure to different 

antibiotics; eradication of MDR isolates thus 

becomes unlikely or difficult. This dilemma 

compromises the management of infectious 

diseases. 

Agricultural and pastoral applications of 

antibiotics 

Application of antibiotics as supplements to 

increase the growth rate of livestock underlies 

promotion of resistance phenotypes among 

certain bacteria (6, 12, 76, 77). This practice in 

pastoral settings has been fiercely debated and is 

presently prohibited in only the European 

countries. Transferability of the antibiotic-

resistant bacteria from the livestock to humans 

has been confirmed in the last two decades. 

Antibiotics fed to animals in farms finally reach 

the human gut following consumption of animal 

products (78). Antibiotics used in farming can 

also easily spread through the environment and 

cause resistance in many bacteria, including 

Enterococci, Salmonella, and Escherichia coli, 

that cause gastrointestinal infections. 

Environmental release of antibiotics used in 

animal farming (through livestock urine or stool) 

can increase the risk of transfer of resistance to 

environmental organisms through acquisition of 

genetic elements responsible for resistance. The 

antibiotic-resistant bacteria in the environment 

can then easily reach humans. Therefore, 

malpractice in animal farming constitutes a 

potential threat for increasing the risk of 

emergence and spread of MDR bacteria in the 

environment and to human hosts. Discharged 

antibiotics from farm animals are mainly blamed 

for increasing the antibiotic-resistance pressure in 

nature. 

Lack of hope for new antibiotics 

Presently, research and development for novel 
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antibiotics is not the highest priority of 

pharmaceutical companies worldwide (79, 80). 

Most recent global economic crises have been the 

rationale for downgrading efforts to develop new 

antibiotics in developing and developed 

countries. Thus, the unpredictable timeline for 

developing new antibiotics reduces the likelihood 

of having better therapeutic options for treating 

infectious diseases in the future. Reportedly, 

some academic efforts in developing new 

antibiotic therapeutics may not be clinically 

relevant or useful (81). Indeed, in most cases, the 

potential outcomes in vivo may not be equivalent 

to findings in vitro. Presently, different 

combinations of available antibiotics are 

prescribed against infectious diseases. Despite the 

grim picture painted on the development of new 

antibiotics, hope is still alive as novel methods, 

such as deep learning and neural networks, are 

being developed and used, at least in some 

academic realms, to develop new and potentially 

effective antibiotics (82). 

Roles of rivers and dams in propagating 

resistance to antibiotics 

In 2006, a significant link was reported 

between increased levels of resistance genes 

isolated from bacteria in rivers and agricultural 

activity around those rivers (83). Thus, assessing 

and documenting elevated concentrations of 

antibiotics in rivers has become a high priority. 

Table 1 lists some of the global studies on some 

antibiotics of which concentrations were 

measured in the last decade. 

Some antibiotics have reportedly exceeded the 

‘‘safe’’ levels by 300-fold (84). Trimethoprim 

was the most prevalent antibiotic found in 307 of 

the 711 tested sites. Seemingly, the roles of rivers 

in facilitating the transfer of the genetic elements 

necessary for antibiotic resistance have been 

underestimated (Figure 1). Related to rivers, the 

roles of dams in maintaining and transferring the 

resistant bacteria or resistance elements are still 

unknown. Although some studies have 

investigated antibiotic concentrations in dam 

reservoirs and impounded water bodies (e.g., Hu 

et al., 2018; Jiang et al., 2014), systematic global 

data on the distribution of antibiotics and 

resistance genes specifically in dam ecosystems 

remain sparse. The roles of dams in maintaining 

and transferring resistant bacteria or resistance 

elements are still insufficiently characterized. 

Thus, rivers and dams may add another 

dimension to the resistance problem and to the 

management of antibiotic resistance. 

Rivers and dams have implications for the 

present design of water-recycling systems; the 

redesign must be able to reduce the chance of 

propagating and transferring the responsible 

resistance elements among the bacteria. The roles 

of rivers in increasing the probability of antibiotic 

resistance is still underappreciated (Figure 2) but 

gradually recognized; thus, urgent action is 

necessary (85, 86). 

Table 1: Concentrations of various antibiotics measured in some rivers worldwide 

Country Year 
[Antibiotics] ng/L 

Reference 
TMP SD TC CIP OTC ERM ROX ERM SMX OFL SMZ NOR 

China 2014 242 24 4278 205 97433 98 622 n.d. n.d. 1582 n.d. n.d. (92) 

China 2011 100 140 26 110 41 n.d. 27 n.d. n.d. 170 n.d. n.d. (93) 

Italy (Milan) 2010 n.d. n.d. n.d. 32 n.d. n.d. n.d. 0.39 n.d. 7.7 n.d. n.d. (94) 

Italy (Como) 2010 n.d. n.d. n.d. 108 n.d. 25 n.d. n.d. n.d. 20 n.d. n.d. (94) 

China 2012 n.d. n.d. n.d. 101 n.d. n.d. n.d. 62 62 9.9 12 118 (95) 

United Kingdom 2006 4 n.d. n.d. n.d. n.d. 4 n.d. n.d. <20 n.d. n.d. n.d. (96) 

Japan 2007 5 <150 n.d. n.d. n.d. 448 n.d. n.d. 23 n.d. n.d. n.d. (97) 

Germany 2004 <30 n.d. n.d. n.d. n.d. 30 n.d. n.d. 30 n.d. <30 n.d. (98) 

China 2012 3.7 3.4 n.d. n.d. n.d. 50 n.d. n.d. 10 n.d. 3.3 n.d. (99) 

France 2008 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 544 55 n.d. n.d. (100) 

Australia 2009 n.d. n.d. 100 n.d. 350 n.d. n.d. n.d. 2000 n.d. n.d. n.d. (101) 

Abbreviation: 

TMP: trimethoprim, SD: sulfadiazine, TC: tetracycline, CIP: ciprofloxacin, OTC: oxyetracycline, ROX: roxithromycin, OFL: 

ofloxacin, ERM: erythromycin, SMX: sulfamethoxazole, SMZ: sulfamethazine, NOR: norfloxacin; n.d: not detected 
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Figure 1: Shahid Rajaei dam in south of Sari, Mazandaran province, Iran. Photo credit: ATBA. Rivers and dams have 

implications for the present design of water-recycling systems; the redesign must be able to reduce the chance of 

propagating and transferring the responsible resistance elements among the bacteria. 

 

Figure 2: Interacting links between environmental and industrial sources that contribute to the crisis of resistance to 

antibiotics. The figure illustrates the complex network of anthropogenic activities—including animal farming, 

wastewater discharge, and agricultural runoff—that introduce antibiotics into water bodies. These environmental 

reservoirs serve as hotspots for horizontal gene transfer, ultimately facilitating the dissemination of resistance genes 

back to clinical and community settings 

Discharge of antibiotics into the river streams 

or any other natural environment inevitably has 

public-health consequences which may not be 

reversible. Accordingly, animal farms close to the 

rivers inevitably contribute to increasing the 

content of antibiotics discharged into the rivers 

(86-88). Policy advisors should encourage the 

governments to revise their current policies on 

managing rivers, dams, and water-recycling 

plants. Any new policy on administration and use 

of antibiotics in human or animal clinics—or in 

pastoral settings—must consider the high chance 

Rivers & dams 

Antibiotics 

Animal 
farms 

Human 
sources 
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of transmission of resistant microorganisms 

between environmental sources and humans or 

animals. 

What measures should be implemented to 

tackle the resistance problem? 

In the presence of antibiotic-resistant bacteria, 

a new approach and a stepwise program is 

necessary to tackle this global threat. 

Unfortunately, almost all global counterprograms 

have failed (41, 89, 90). This universal problem 

worsens because the initiatives for researching 

and developing novel antibiotics have been 

dwindling. Moreover, the disappointing number 

of R&D projects for new antibiotics, even in the 

developed countries, and heightened uncontrolled 

antibiotic resistance must be prioritized higher 

than other topics discussed in medical sciences. 

The prevalence of antibiotic-resistant bacteria and 

also emergence of MDR isolates can be even 

more concerning if we accept that the present 

situation will be followed by worse—and the 

worst—scenarios as time passes (91). A decade 

after the golden ages of antibiotics, clinicians 

have only a few effective antibiotics available. In 

the past, antibiotics were thought to be degraded 

in the environment with time, but studies on 

levels of antibiotics in rivers paint a different 

picture. The moisture content of the soil and soil 

temperature are the two critical factors that 

determine the duration of time required for 

degradation of antibiotics. Therefore, antibiotics 

must be treated as hazardous chemicals before 

they could be found in the natural resources, like 

rivers and dams, because they can persist in the 

environment. Through a boarder perspective, 

antibiotic resistance is a critical issue for 

decision-makers and others involved in managing 

or delivering public-health services. Hence, 

engagement of government politicians and global 

media to initiate and promote new environment-

protection programs is necessary in the 

immediate future. General population must be 

educated about the importance of the present 

preventive programs for ensuring that the 

available antibiotics remain effective. 

Understanding the exact mechanisms resulting in 

transformation of resistance genotypes from 

environmental bacteria to the clinical isolates is 

clearly another enormous challenge. Furthermore, 

genotyping studies to characterize the 

relationships between these strains can be 

promising in the fight against the spread of 

antibiotic resistance, particularly concerning the 

natural water resources. Determining how 

farming-originated antibiotic-resistant bacteria 

are released in the rivers and dams around the 

world and preventing this immense release are 

important in the fight against dissemination of 

resistance. Although our understanding of 

horizontal gene transfer among the bacteria in 

natural ecosystems is limited, generating such an 

understanding will help us manage and control 

the emergence and propagation of resistance. 

Undoubtedly, urgent efforts are needed to control, 

decrease, and prevent the release of high 

concentrations of antibiotics in the river streams 

around the world. Otherwise, the complexity of 

antibiotic resistance will be insurmountable. 

Final remarks 

Current global estimations suggest a 

skyrocketing growth of antibiotic-resistant 

bacterial populations capable of establishing life-

threatening infectious diseases. The policies 

related to the administration and the uncontrolled 

release of antibiotics or other chemical products 

containing antibiotics must be urgently revised. 

National and international entities must initiate 

coordinated measures to prevent the release of 

high concentrations of antibiotics and monitor 

their concentrations in rivers and dams around the 

globe. The challenge demands a multi-pronged 

strategy: (i) implementation of strict regulatory 

frameworks limiting antibiotic discharge from 

agricultural, industrial, and municipal sources; 

(ii) investment in advanced water treatment 

technologies capable of removing antibiotic 

residues and resistance genes; (iii) establishment 

of a global surveillance network for monitoring 

antibiotic concentrations and resistance gene 

prevalence in freshwater ecosystems; and (iv) 

enhanced international collaboration, particularly 

between developed and developing nations, to 

share resources, data, and best practices. Without 

immediate and sustained global action, the 

complexity of antibiotic resistance will become 

insurmountable, and we will face a future where 

even minor infections carry fatal consequences 

Acknowledgements 

The photograph of Shahid Rajaei dam (Figure 

1) was provided by ATBA with permission for 

academic use.  



Al-Hamidawi, Talebi Bazminabadi __________________________________________________________________  

20 

Ethical approval 

Not required. 

Financial support 

No funding was received for writing or 

publishing this manuscript. 

Conflict of interest 

All authors report no conflicts of interest 

relevant to this article. 

Glossary of Terms 

Antibiotic resistance, Conjugation, Efflux 

pumps, Horizontal gene transfer, Multidrug-

resistant (MDR), Plasmid, Transduction, 

Transformation, Transposons, and β-Lactamases. 

References 
1. Bosch F, Rosich L. The contributions of Paul Ehrlich 

to pharmacology: a tribute on the occasion of the 

centenary of his Nobel Prize. Pharmacology. 

2008;82(3):171-9. 

2. Droog S, Fleming A. Commentary on "Penicillin". 

1945. J R Nav Med Serv. 2015;101(1):31-4; 

discussion 4-6. 

3. Geddes A. 80th Anniversary of the discovery of 

penicillin An appreciation of Sir Alexander Fleming. 

Int J Antimicrob Agents. 2008;32(5):373. 

4. Liljestrand G. Award ceremony speech: Nobel Media 

AB 2020; [Available from: 

https://www.nobelprize.org/prizes/medicine/1945/cere

mony-speech/. 

5. Spratt BG. Penicillin-binding proteins and the future 

of β-lactam antibiotics. The Seventh Fleming Lecture. 

J Gen Microbiol. 1983;129(5):1247-60. 

6. Ventola CL. The antibiotic resistance crisis: part 1: 

causes and threats. P T. 2015;40(4):277-83. 

7. Aminov RI. A brief history of the antibiotic era: 

lessons learned and challenges for the future. Front 

Microbiol. 2010;1:134. 

8. Biller JA. Inhaled antibiotics: the new era of 

personalized medicine? Curr Opin Pulm Med. 

2015;21(6):596-601. 

9. Principi N, Esposito S. Antibiotic administration and 

the development of obesity in children. Int J 

Antimicrob Agents. 2016;47(3):171-7. 

10. Martinez JL, Baquero F. Emergence and spread of 

antibiotic resistance: setting a parameter space. Ups J 

Med Sci. 2014;119(2):68-77. 

11. Davies J, Davies D. Origins and evolution of 

antibiotic resistance. Microbiol Mol Biol Rev. 

2010;74(3):417-33. 

12. Witte W. Selective pressure by antibiotic use in 

livestock. Int J Antimicrob Agents. 2000;16:S19-S24. 

13. Pechere JC. Patients' interviews and misuse of 

antibiotics. Clin Infect Dis. 2001;33 Suppl 

3(Supplement_3):S170-3. 

14. Malik B, Bhattacharyya S. Antibiotic drug-resistance 

as a complex system driven by socio-economic 

growth and antibiotic misuse. Sci Rep. 

2019;9(1):9788. 

15. Friedman ND, Temkin E, Carmeli Y. The negative 

impact of antibiotic resistance. Clin Microbiol Infect. 

2016;22(5):416-22. 

16. Carmeli Y, Armstrong J, Laud PJ, Newell P, Stone G, 

Wardman A, et al. Ceftazidime-avibactam or best 

available therapy in patients with ceftazidime-resistant 

Enterobacteriaceae and Pseudomonas aeruginosa 

complicated urinary tract infections or complicated 

intra-abdominal infections (REPRISE): a randomised, 

pathogen-directed, phase 3 study. Lancet Infect Dis. 

2016;16(6):661-73. 

17. Merli M, Lucidi C, Di Gregorio V, Falcone M, 

Giannelli V, Lattanzi B, et al. The spread of multi 

drug resistant infections is leading to an increase in 

the empirical antibiotic treatment failure in cirrhosis: 

A prospective survey. PLoS One. 

2015;10(5):e0127448. 

18. Temkin E, Torre-Cisneros J, Beovic B, Benito N, 

Giannella M, Gilarranz R, et al. Ceftazidime-

avibactam as salvage therapy for infections caused by 

carbapenem-resistant organisms. Antimicrob Agents 

Chemother. 2017;61(2):e01964-16. 

19. Eldholm V, Monteserin J, Rieux A, Lopez B, 

Sobkowiak B, Ritacco V, et al. Four decades of 

transmission of a multidrug-resistant Mycobacterium 

tuberculosis outbreak strain. Nat Commun. 

2015;6:7119. 

20. Karkey A, Thanh DP, Boinett CJ, Cain AK, Ellington 

M, Baker KS, et al. A high-resolution genomic 

analysis of multidrug-resistant hospital outbreaks of 

Klebsiella pneumoniae. EMBO Mol Med. 

2015;7(3):227-39. 

21. Cheng VCC, Wong SC, Chen JHK, So SYC, Wong 

SCY, Ho PL, et al. Control of multidrug-resistant 

Acinetobacter baumannii in Hong Kong: Role of 

environmental surveillance in communal areas after a 

hospital outbreak. Am J Infect Control. 

2018;46(1):60-6. 

22. Kuzi S, Blum SE, Kahane N, Adler A, Hussein O, 

Segev G, et al. Multi-drug-resistant Acinetobacter 

calcoaceticus–Acinetobacter baumannii complex 

infection outbreak in dogs and cats in a veterinary 

hospital. J Small Anim Pract. 2016;57(11):617-25. 

23. Neubeiser A, Bonsignore M, Tafelski S, Alefelder C, 

Schwegmann K, Ruden H, et al. Mortality attributable 

to hospital acquired infections with multidrug-

resistant bacteria in a large group of German hospitals. 

J Infect Public Health. 2020;13(2):204-10. 

24. Lynch JP, 3rd. Hospital-acquired pneumonia: risk 

factors, microbiology, and treatment. Chest. 

https://www.nobelprize.org/prizes/medicine/1945/ceremony-speech/
https://www.nobelprize.org/prizes/medicine/1945/ceremony-speech/


 ______________________________________________________ Environmental propagation of antibiotic resistance 

21 

2001;119(2 Suppl):373S-84S. 

25. Safdar N, Maki DG. The commonality of risk factors 

for nosocomial colonization and infection with 

antimicrobial-resistant Staphylococcus aureus, 

enterococcus, gram-negative bacilli, Clostridium 

difficile, and Candida. Ann Intern Med. 

2002;136(11):834-44. 

26. Machowska A, Stalsby Lundborg C. Drivers of 

irrational use of antibiotics in Europe. Int J Environ 

Res Public Health. 2018;16(1). 

27. Fedele G, Stefanelli P. Pertussis in infants and the 

resurgence of a vaccine preventable disease: what to 

do? Commentary. Ann Ist Super Sanita. 

2017;53(2):100-3. 

28. Paniz-Mondolfi AE, Tami A, Grillet ME, Marquez M, 

Hernandez-Villena J, Escalona-Rodriguez MA, et al. 

Resurgence of vaccine-preventable diseases in 

Venezuela as a regional public health threat in the 

Americas. Emerg Infect Dis. 2019;25(4):625-32. 

29. Kubin L. Is there a resurgence of vaccine preventable 

diseases in the U.S.? J Pediatr Nurs. 2019;44:115-8. 

30. Cammarota G, Martino A, Pirozzi G, Cianci R, 

Branca G, Nista EC, et al. High efficacy of 1-week 

doxycycline- and amoxicillin-based quadruple 

regimen in a culture-guided, third-line treatment 

approach for Helicobacter pylori infection. Aliment 

Pharmacol Ther. 2004;19(7):789-95. 

31. Lauretti L, D'Alessandris QG, Fantoni M, D'Inzeo T, 

Fernandez E, Pallini R, et al. First reported case of 

intraventricular tigecycline for meningitis from 

extremely drug-resistant Acinetobacter baumannii. J 

Neurosurg. 2017;127(2):370-3. 

32. Folgori L, Bielicki J, Heath PT, Sharland M. 

Antimicrobial-resistant Gram-negative infections in 

neonates: burden of disease and challenges in 

treatment. Curr Opin Infect Dis. 2017;30(3):281-8. 

33. Blair JMA. A climate for antibiotic resistance. Nat 

Clim Chang. 2018;8(6):460-1. 

34. Roca I, Akova M, Baquero F, Carlet J, Cavaleri M, 

Coenen S, et al. The global threat of antimicrobial 

resistance: science for intervention. New Microbes 

New Infect. 2015;6:22-9. 

35. Exner M, Bhattacharya S, Christiansen B, Gebel J, 

Goroncy-Bermes P, Hartemann P, et al. Antibiotic 

resistance: What is so special about multidrug-

resistant Gram-negative bacteria? GMS Hyg Infect 

Control. 2017;12. 

36. Kaye KS, Pogue JM. Infections caused by resistant 

Gram-negative bacteria: Epidemiology and 

management. Pharmacotherapy. 2015;35(10):949-62. 

37. Kuehn B. Antibiotic resistance challenge. JAMA. 

2018;320(18):1851. 

38. Antao EM, Vincze S, Hanke R, Klimmek L, Suchecka 

K, Lubke-Becker A, et al. Antibiotic resistance, the 

3As and the road ahead. Gut Pathog. 2018;10(1):52. 

39. Gale J. Superbugs deadlier than cancer put 

chemotherapy into question 2019 [updated 9:2019. 

Available from: 

https://www.bloomberg.com/news/articles/2019-09-

05/superbugs-deadlier-than-cancer-put-chemotherapy-

into-question. 

40. Butler MS, Blaskovich MAT, Cooper MA. Antibiotics 

in the clinical pipeline at the end of 2015. J Antibiot. 

2017;70(1):3-24. 

41. Watkins RR, Bonomo RA. Overview: Global and 

local impact of antibiotic resistance. Infect Dis Clin 

North Am. 2016;30(2):313-22. 

42. Padiyara P, Inoue H, Sprenger M. Global governance 

mechanisms to address antimicrobial resistance. Infect 

Dis (Auckl). 2018;11:1178633718767887. 

43. Bergstrom R. The role of the pharmaceutical industry 

in meeting the public health threat of antibacterial 

resistance. Drug Resist Updat. 2011;14(2):77-8. 

44. Kesselheim AS, Outterson K. Fighting antibiotic 

resistance: marrying new financial incentives to 

meeting public health goals. Health Aff (Millwood). 

2010;29(9):1689-96. 

45. Tartari E, Abbas M, Pires D, de Kraker MEA, Pittet 

D. World Health Organization SAVE LIVES: Clean 

Your Hands global campaign—'Fight antibiotic 

resistance—it's in your hands'. Clin Microbiol Infect. 

2017;23(9):596-8. 

46. Rehman S, Ali Z, Khan M, Bostan N, Naseem S. The 

dawn of phage therapy. Rev Med Virol. 

2019;29(4):e2041. 

47. Kanapathipillai R, Malou N, Baldwin K, Marty P, 

Rodaix C, Mills C, et al. Antibiotic resistance in 

Palestine: an emerging part of a larger crisis. BMJ. 

2018;363:k4273. 

48. Centers for Disease Control and Prevention. Biggest 

threats and data [Web page]. U.S Department of 

Health and Human Services; 2019 [updated November 

14, 2019. Available from: 

https://www.cdc.gov/DrugResistance/Biggest-

Threats.html. 

49. Calderone J. Superbugs will soon kill more people 

than cancer: Insider Inc.; 2015 [updated December 22, 

2015. Available from: 

https://www.businessinsider.com/antibiotic-resistance-

kill-more-people-than-cancer-2050-2015-

6/?r=AU&IR=T. 

50. Xu L, Ouyang W, Qian Y, Su C, Su J, Chen H. High-

throughput profiling of antibiotic resistance genes in 

drinking water treatment plants and distribution 

systems. Environ Pollut. 2016;213:119-26. 

51. Xu J, Xu Y, Wang H, Guo C, Qiu H, He Y, et al. 

Occurrence of antibiotics and antibiotic resistance 

genes in a sewage treatment plant and its effluent-

receiving river. Chemosphere. 2015;119:1379-85. 

52. Munita JM, Arias CA. Mechanisms of antibiotic 

resistance. Microbiol Spectr. 2016;4(2). Doi: 

https://www.bloomberg.com/news/articles/2019-09-05/superbugs-deadlier-than-cancer-put-chemotherapy-into-question
https://www.bloomberg.com/news/articles/2019-09-05/superbugs-deadlier-than-cancer-put-chemotherapy-into-question
https://www.bloomberg.com/news/articles/2019-09-05/superbugs-deadlier-than-cancer-put-chemotherapy-into-question
https://www.bloomberg.com/news/articles/2019-09-05/superbugs-deadlier-than-cancer-put-chemotherapy-into-question
https://www.cdc.gov/DrugResistance/Biggest-Threats.html
https://www.cdc.gov/DrugResistance/Biggest-Threats.html
https://www.businessinsider.com/antibiotic-resistance-kill-more-people-than-cancer-2050-2015-6/?r=AU&IR=T
https://www.businessinsider.com/antibiotic-resistance-kill-more-people-than-cancer-2050-2015-6/?r=AU&IR=T
https://www.businessinsider.com/antibiotic-resistance-kill-more-people-than-cancer-2050-2015-6/?r=AU&IR=T
https://www.businessinsider.com/antibiotic-resistance-kill-more-people-than-cancer-2050-2015-6/?r=AU&IR=T


Al-Hamidawi, Talebi Bazminabadi __________________________________________________________________  

22 

10.1128/microbiolspec.VMBF-0016-2015 

53. Martinez JL. General principles of antibiotic 

resistance in bacteria. Drug Discov Today Technol. 

2014;11:33-9. 

54. Kuroda T, Tsuchiya T. Multidrug efflux transporters 

in the MATE family. Biochim Biophys Acta. 

2009;1794(5):763-8. 

55. Poole K. Efflux pumps as antimicrobial resistance 

mechanisms. Ann Med. 2007;39(3):162-76. 

56. Piddock LJ. Multidrug-resistance efflux pumps—not 

just for resistance. Nat Rev Microbiol. 2006;4(8):629-

36. 

57. Orelle C, Jault J-M. Structures and transport 

mechanisms of the ABC efflux pumps. Efflux-

mediated antimicrobial resistance in bacteria: 

Springer; 2016. p. 73-98. 

58. Nishino K, Nikaido E, Yamaguchi A. Regulation and 

physiological function of multidrug efflux pumps in 

Escherichia coli and Salmonella. Biochim Biophys 

Acta. 2009;1794(5):834-43. 

59. Davies J. Inactivation of antibiotics and the 

dissemination of resistance genes. Science. 

1994;264(5157):375-82. 

60. Lakaye B, Dubus A, Lepage S, Groslambert S, Frère 

JM. When drug inactivation renders the target 

irrelevant to antibiotic resistance: a case story with β-

lactams. Mol Microbiol. 1999;31(1):89-101. 

61. Lopez-Cabrera M, Perez-Gonzalez JA, Heinzel P, 

Piepersberg W, Jimenez A. Isolation and nucleotide 

sequencing of an aminocyclitol acetyltransferase gene 

from Streptomyces rimosus forma paromomycinus. J 

Bacteriol. 1989;171(1):321-8. 

62. Salauze D, Perez-Gonzalez JA, Piepersberg W, Davies 

J. Characterisation of aminoglycoside 

acetyltransferase-encoding genes of neomycin-

producing Micromonospora chalcea and Streptomyces 

fradiae. Gene. 1991;101(1):143-8. 

63. Labby KJ, Garneau-Tsodikova S. Strategies to 

overcome the action of aminoglycoside-modifying 

enzymes for treating resistant bacterial infections. 

Future Med Chem. 2013;5(11):1285-309. 

64. Garneau-Tsodikova S, Labby KJ. Mechanisms of 

resistance to aminoglycoside antibiotics: Overview 

and perspectives. Medchemcomm. 2016;7(1):11-27. 

65. Kirby WM. Extraction of a highly potent penicillin 

inactivator from penicillin resistant Staphylococci. 

Science. 1944;99(2579):452-3. 

66. Tooke CL, Hinchliffe P, Bragginton EC, Colenso CK, 

Hirvonen VHA, Takebayashi Y, et al. β-Lactamases 

and β-lactamase inhibitors in the 21st century. J Mol 

Biol. 2019;431(18):3472-500. 

67. Lakhundi S, Zhang K. Methicillin-resistant 

Staphylococcus aureus: Molecular characterization, 

evolution, and epidemiology. Clin Microbiol Rev. 

2018;31(4). 

68. Albert E, Biksi I, Nemet Z, Csuka E, Kelemen B, 

Morvay F, et al. Outbreaks of a methicillin-resistant 

Staphylococcus aureus clone st398-t011 in a 

Hungarian equine clinic: Emergence of rifampicin and 

chloramphenicol resistance after treatment with these 

antibiotics. Microb Drug Resist. 2019;25(8):1219-26. 

69. Klemm EJ, Shakoor S, Page AJ, Qamar FN, Judge K, 

Saeed DK, et al. Emergence of an extensively drug-

resistant Salmonella enterica serovar typhi clone 

harboring a promiscuous plasmid encoding resistance 

to fluoroquinolones and third-generation 

cephalosporins. mBio. 2018;9(1):e00105-18. 

70. Lee C-R, Park KS, Lee JH, Jeon JH, Kim YB, Jeong 

B, et al. The threat of carbapenem-resistant 

hypervirulent Klebsiella pneumoniae (CR-HvKP). 

Biomed Res. 2018;29:2438-41. 

71. Yair Y, Gophna U. Pandemic Bacteremic Escherichia 

coli Strains: evolution and emergence of drug-resistant 

pathogens. Escherichia coli, a Versatile Pathogen: 

Springer; 2018. p. 163-80. 

72. Bel Hadj Ahmed A, Salah Abbassi M, Rojo-Bezares 

B, Ruiz-Roldán L, Dhahri R, Mehri I, et al. 

Characterization of Pseudomonas aeruginosa isolated 

from various environmental niches: New STs and 

occurrence of antibiotic susceptible “high-risk 

clones”. Int J Environ Health Res. 2020;30(6):605-

614. 

73. Ranjan A, Scholz J, Semmler T, Wieler LH, Ewers C, 

Muller S, et al. ESBL-plasmid carriage in E. coli 

enhances in vitro bacterial competition fitness and 

serum resistance in some strains of pandemic 

sequence types without overall fitness cost. Gut 

Pathog. 2018;10(1):24. 

74. Nellums LB, Thompson H, Holmes A, Castro-

Sanchez E, Otter JA, Norredam M, et al. 

Antimicrobial resistance among migrants in Europe: a 

systematic review and meta-analysis. Lancet Infect 

Dis. 2018;18(7):796-811. 

75. Laxminarayan R, Duse A, Wattal C, Zaidi AK, 

Wertheim HF, Sumpradit N, et al. Antibiotic 

resistance-the need for global solutions. Lancet Infect 

Dis. 2013;13(12):1057-98. 

76. Wierup M. The Swedish experience of the 1986 year 

ban of antimicrobial growth promoters, with special 

reference to animal health, disease prevention, 

productivity, and usage of antimicrobials. Microb 

Drug Resist. 2001;7(2):183-90. 

77. Nauta WJ, Veerkamp RF, Brascamp EW, Bovenhuis 

H. Genotype by environment interaction for milk 

production traits between organic and conventional 

dairy cattle production in the Netherlands. J Dairy Sci. 

2006;89(7):2729-37. 

78. Manyi-Loh C, Mamphweli S, Meyer E, Okoh A. 

Antibiotic use in agriculture and its consequential 

resistance in environmental sources: Potential public 

health implications. Molecules. 2018;23(4):795. 

79. Bush K, Courvalin P, Dantas G, Davies J, Eisenstein 



 ______________________________________________________ Environmental propagation of antibiotic resistance 

23 

B, Huovinen P, et al. Tackling antibiotic resistance. 

Nat Rev Microbiol. 2011;9(12):894-6. 

80. Cooper MA, Shlaes D. Fix the antibiotics pipeline. 

Nature. 2011;472(7341):32. 

81. Alanis AJ. Resistance to antibiotics: are we in the 

post-antibiotic era? Arch Med Res. 2005;36(6):697-

705. 

82. Stokes JM, Yang K, Swanson K, Jin W, Cubillos-Ruiz 

A, Donghia NM, et al. A deep learning approach to 

antibiotic discovery. Cell. 2020;180(4):688-702 e13. 

83. Pei R, Kim SC, Carlson KH, Pruden A. Effect of river 

landscape on the sediment concentrations of 

antibiotics and corresponding antibiotic resistance 

genes (ARG). Water Res. 2006;40(12):2427-35. 

84. University of York. Antibiotics found in some of the 

world’s rivers exceed ‘safe’ levels, global study finds 

York, United Kingdom: University of York; 2019 

[updated 27 May 2019; cited 2020 May 30]. Research 

News]. Available from: https://www.york.ac.uk/news-

and-events/news/2019/research/antibiotics-found-in-

some-of-worlds-rivers/. 

85. Hu Y, Yan X, Shen Y, Di M, Wang J. Antibiotics in 

surface water and sediments from Hanjiang River, 

Central China: Occurrence, behavior and risk 

assessment. Ecotoxicol Environ Saf. 2018;157:150-8. 

86. Sabri N, Schmitt H, Van der Zaan B, Gerritsen H, 

Zuidema T, Rijnaarts H, et al. Prevalence of 

antibiotics and antibiotic resistance genes in a 

wastewater effluent-receiving river in the Netherlands. 

J Environ Chem Eng. 2018;6(5):6494-6503.  

87. Zou S, Xu W, Zhang R, Tang J, Chen Y, Zhang G. 

Occurrence and distribution of antibiotics in coastal 

water of the Bohai Bay, China: impacts of river 

discharge and aquaculture activities. Environ Pollut. 

2011;159(10):2913-20. 

88. Baquero F, Martinez JL, Canton R. Antibiotics and 

antibiotic resistance in water environments. Curr Opin 

Biotechnol. 2008;19(3):260-5. 

89. Khan HA, Baig FK, Mehboob R. Nosocomial 

infections: Epidemiology, prevention, control and 

surveillance. Asian Pac J Trop Biomed. 

2017;7(5):478-82. 

90. Pollack LA, van Santen PL, Weiner LM, Dudeck MA, 

Edwards JR, Srinivasan A. Antibiotic stewardship 

programs in US acute care hospitals: Findings from 

the 2014 National Healthcare Safety Network Annual 

Hospital Survey. Clin Infect Dis. 2016;63(4):443-9. 

91. Jansen KU, Knirsch C, Anderson AS. The role of 

vaccines in preventing bacterial antimicrobial 

resistance. Nat Med. 2018;24(1):10-9. 

92. Jiang Y, Li M, Guo C, An D, Xu J, Zhang Y, et al. 

Distribution and ecological risk of antibiotics in a 

typical effluent-receiving river (Wangyang River) in 

north China. Chemosphere. 2014;112:267-74. 

93. Luo Y, Xu L, Rysz M, Wang Y, Zhang H, Alvarez PJ. 

Occurrence and transport of tetracycline, sulfonamide, 

quinolone, and macrolide antibiotics in the Haihe 

River Basin, China. Environ Sci Technol. 

2011;45(5):1827-33. 

94. Zuccato E, Castiglioni S, Bagnati R, Melis M, Fanelli 

R. Source, occurrence and fate of antibiotics in the 

Italian aquatic environment. J Hazard Mater. 

2010;179(1-3):1042-8. 

95. Zhang R, Zhang G, Zheng Q, Tang J, Chen Y, Xu W, 

et al. Occurrence and risks of antibiotics in the 

Laizhou Bay, China: impacts of river discharge. 

Ecotoxicol Environ Saf. 2012;80:208-15. 

96. Roberts PH, Thomas KV. The occurrence of selected 

pharmaceuticals in wastewater effluent and surface 

waters of the lower Tyne catchment. Sci Total 

Environ. 2006;356(1-3):143-53. 

97. Managaki S, Murata A, Takada H, Tuyen BC, Chiem 

NH. Distribution of macrolides, sulfonamides, and 

trimethoprim in tropical waters: ubiquitous occurrence 

of veterinary antibiotics in the Mekong Delta. Environ 

Sci Technol. 2007;41(23):8004-10. 

98. Wiegel S, Aulinger A, Brockmeyer R, Harms H, 

Loffler J, Reincke H, et al. Pharmaceuticals in the 

river Elbe and its tributaries. Chemosphere. 

2004;57(2):107-26. 

99. Zheng Q, Zhang R, Wang Y, Pan X, Tang J, Zhang G. 

Occurrence and distribution of antibiotics in the Beibu 

Gulf, China: impacts of river discharge and 

aquaculture activities. Mar Environ Res. 2012;78:26-

33. 

100. Tamtam F, Mercier F, Le Bot B, Eurin J, Dinh QT, 

Clement M, et al. Occurrence and fate of antibiotics in 

the Seine River in various hydrological conditions. Sci 

Total Environ. 2008;393(1):84- 

101. Watkinson AJ, Murby EJ, Kolpin DW, Costanzo SD. 

The occurrence of antibiotics in an urban watershed: 

from wastewater to drinking water. Sci Total Environ. 

2009;407(8):2711-23. 

 

 

https://www.york.ac.uk/news-and-events/news/2019/research/antibiotics-found-in-some-of-worlds-rivers/
https://www.york.ac.uk/news-and-events/news/2019/research/antibiotics-found-in-some-of-worlds-rivers/
https://www.york.ac.uk/news-and-events/news/2019/research/antibiotics-found-in-some-of-worlds-rivers/
https://www.york.ac.uk/news-and-events/news/2019/research/antibiotics-found-in-some-of-worlds-rivers/

	Emergence of antibiotic resistance—a formidable challenge
	Antibiotic-resistant and multidrug-resistant bacteria
	Genetics of transmission of antibiotic resistance among pathogenic bacteria
	Bacterial mutations
	Acquisition of foreign DNA by horizontal gene transfer
	Efflux pumps
	Antibiotic modification
	Modifications of drug targets
	Propagation of antibiotic-resistant bacteria
	Reasons underlying the failing antibiotic therapies Uncontrolled prescriptions
	Agricultural and pastoral applications of antibiotics
	Lack of hope for new antibiotics
	Roles of rivers and dams in propagating resistance to antibiotics
	What measures should be implemented to tackle the resistance problem?
	Final remarks
	Acknowledgements
	Ethical approval
	Financial support
	Conflict of interest
	Glossary of Terms
	References

