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Antibiotic resistance genes are increasingly seen as emerging environmental contaminants.  
This factsheet provides a non-exhaustive overview, focusing in particular on antibiotic resistance 
in freshwater systems.  

Spread of antibiotic resistance in the aquatic 
environment

What are antibiotics?
Antibiotics, which allow bacterial infections to be effective-
ly controlled, are among the most important types of drugs 
used in human and veterinary medicine. Their history goes 
back to the early twentieth century, when the first synthet-
ic antibacterial agents (sulphonamides) were introduced. 
However, many antibiotics in current use are derived from 
natural substances; the most familiar example is penicillin, 
which is obtained from moulds of the genus Penicillium. 
Over the decades, numerous new classes and new chemi-
cal variants of existing substances were developed, and to-
day’s antibacterial armamentarium includes tetracyclines, 
quinolones, beta-lactams, macrolides and aminoglyco-
sides. More recently – largely as a result of changes in the 
commercial environment – very few new antibiotics have 
been developed. In Germany, the use of antibiotics current-
ly amounts to 600–700 tonnes per year in human medicine 

and over 1700 tonnes in veterinary medicine. In Switzer-
land, the corresponding figures for 2013 are around 35 
tonnes and 53 tonnes [1], Despite the relatively low per 
capita use, Switzerland is notable for substantial regional 
differences: for example, outpatient antibiotic consumption 
was found to be three times higher in Canton Geneva than 
in Appenzell Rhodes [2].

Growth of antibiotic resistance 
With the ever-increasing use of antibiotics, resistance soon 
developed: certain bacterial strains acquired the ability to sur-
vive and grow even in the presence of antibacterial drugs. The 
first observations of resistant pathogens tended to be report-
ed just a few years after a new antibiotic had been intro-
duced. Initially, given the variety of substances available, this 
was not a major concern. Over the years, however, increasing 

Timeline of introduction (top) and first observation of resistance (bottom) for various antibiotics. Only a small number of antibiotics have been intro-
duced since the 1970s [adapted from Clatworthy et al. (2007); Nature Chemical Biology, Vol. 3].
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numbers of resistant pathogens emerged. The incidence of 
antibiotic resistant infections rose, as did the number of mul-
tidrug-resistant pathogens. Today, certain pathogens are re-
sistant to virtually all currently approved antibiotics [3]. From 
2001 to 2006, in order to analyse the situation in Switzerland, 
a National Research Programme on “Antibiotic resistance” 
was conducted (NFP 49) The Final Report concluded that, 
while it continues to be underestimated in Switzerland, the 
antibiotic resistance problem is steadily progressing, and that 
further action is required. At the end of 2014, a draft “Strate-
gy to combat antibiotic resistance” was issued by the federal 
authorities. This calls for cross-sectoral monitoring of resist-
ance and of antibiotic use in human and veterinary medicine, 
in agriculture and in the environment [4]. The final version, ap-
proved by the Federal Council, is due to be published by the 
end of 2015. Furthermore the Federal Council has approved 
a new National Research Programme on antimicrobial resist-
ence in June 2015.

How do bacteria become resistant?
The use of antibiotics exerts a massive selection pressure for 
the bacteria exposed to these substances. A bacterium which, 
as a result of genetic adaptation, shows improved survival in 
the presence of an antibiotic can continue to reproduce, pass-
ing on its acquired resistance to subsequent generations. At 
the same time, bacteria lacking this trait are destroyed by the 
antibiotic. Such adaptation may take various forms:
•	Antibiotics attack specific molecular structures in the bacte	
	 rial cell. If these structures are altered by spontaneous mu-	
	 tations, the antibiotic can no longer locate its target.
•	Existing mechanisms protecting against foreign substances 	
	 are modified so that they also become effective against 	
	 the antibiotic.
•	Resistance genes are absorbed from other microorganisms. 	
	 Free DNA can be taken up from the environment and incor-	
	 porated into the genome. Small, ring-shaped fragments of 	
	 DNA (plasmids) can be actively transferred from cell to cell. 	
	 Bacterial viruses (bacteriophages) can act as vectors (see 	
	 diagram).

Research has shown that many resistance factors derive 
from harmless environmental bacteria, where the genes in 
question may originally have served quite different functions. 
In addition, certain antibiotics function as natural protective 
agents in the microbial world. In the course of evolution, pro-
tective mechanisms have been developed by the organisms 
concerned – and also by the potential targets. Resistance 
genes can therefore even be detected at sites not subject to 
any human influences.

Various contributory factors
The likelihood of resistant bacteria evolving can be sharply in-
creased by improper use of antibiotics, e.g. if therapy is dis-
continued prematurely (which frequently occurs with self-
medication). Taking antibiotics when they are not indicated 
(e.g. in viral infections) also promotes the development of re-
sistance. The spread of resistant pathogens can be facilitated 
by poor sanitation – a growing problem especially in less de-
veloped regions.

Certain antibiotics used in veterinary medicine are, if not 
chemically identical, at least closely related to those used in 

human medicine. In animal husbandry, antibiotics are also em-
ployed for preventive purposes or even, in the absence of 
medical need, as growth promoters – a practice now prohib-
ited in Switzerland and the EU. Since some types of bacteria 
can jump from animals to humans, this practice has presum-
ably also contributed to the rise in antibiotic resistance.

Dissemination in the environment
The genetic diversity of environmental bacteria repre-
sents a natural reservoir of resistance genes. In addition, 
large amounts of resistant bacteria enter wastewater with 
faeces. In agriculture, as a result of grazing and manure-
spreading, they end up in the soil, surface waters and pos-
sibly also groundwater. These “releases” of resistant bac-
teria and resistance genes pose a number of risks:
•	Resistance genes and resistant pathogens can be further 	
	 disseminated.
•	If resistance genes accumulate in the environment, they 	
	 are more likely to be acquired by pathogens of concern.
•	Bacterial strains can acquire or develop new forms of 	
	 resistance in the environment.

For processes of this kind, urban wastewater systems, ani-
mal husbandry operations and pharmaceutical industry ef-
fluents are regarded as hotspots. During biological treat-
ment at wastewater treatment plants (WWTPs), resistant 
bacteria and other pathogens in wastewater are in close 
contact with sewage sludge bacteria and other microorgan-
isms well adapted for survival in freshwater. Even if patho-
gens are largely eliminated at WWTPs, wastewater treat-
ment is a site of gene exchange, which can serve as an “in-
cubator” for antibiotic resistance. Because of the presence 
of antibiotics and other contaminants, the conditions aris-
ing at WWTPs facilitate the survival of resistant organisms. 
The same is true of surface waters contaminated with anti-
biotics or other substances exerting selective effects.
In comparison with other countries, levels of antibiotic re-
sistance in Switzerland – from a medical and environmental 
perspective – are fairly lo [5]. However, inputs of resistance 
factors to the environment are measurable here too. In an 

Gene transfer mechanisms [adapted from “Horizontal gene transfer”, Frolich 
(2006); lecture notes Microbiology, Community College of Rhode Island].

http://www.snf.ch/en/researchinFocus/nrp/nrp49-antibiotic-resistance/Pages/default.aspx
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Paths for dissemination of antibiotic resistance and antibiotic residues 
in the environment [adapted from Kim and Aga (2007);  J. Toxicol. Envi-
ron. Health and Baran et al. (2011); J. of Hazardous Materials, Vol. 196].

Eawag study, 21 Swiss lakes were sampled to assess 
whether levels of antibiotic resistance are influenced by 
human activities: it was shown that the abundance of sul-
phonamide resistance genes is related to local WWTP ca-
pacity, and also to eutrophication status [6]. In another 
study, resistance factors were investigated in urban waste-
water from Lausanne. There was evidence that accumula-
tion of resistance genes – and selection of multiresistant 
strains – may occur during wastewater treatment. Close 
to the wastewater discharge pipe, increased levels of re-
sistance genes were detected in lake water and sediment 
[7, 8]. In a Zurich University study, 36% of the Swiss rivers 
and lakes sampled were found to contain multiresistant 
bacteria. The highest levels of contamination were found 
in urban and intensively farmed areas [9]. In a number of 
water bodies, multiresistant Enterobacteriaceae – includ-
ing pathogens – were detected [10].

Little studied as yet are the effects of different methods of 
drinking water treatment on antibiotic resistance. In a US 
study published in 1981, multiply antibiotic-resistant bacteria 
were detected in drinking water that had undergone various 
treatment processes [11]. In Switzerland, there are no report-
ed cases of pathogenic resistant bacteria being detected in 
drinking water. Levels of non pathogenic resistant bacteria are 
substantially reduced by treatment.

In contrast to the situation in Switzerland, the above-men-
tioned problems have already assumed serious proportions in 
certain countries with poor sanitation, unsafe drinking water 
supplies and inadequate controls of pharmaceutical produc-
tion. As any resistant pathogens that may emerge can spread 
rapidly in our interconnected world, the problems facing these 
countries are of global concern.

Controlling releases as far as possible
The risk of resistance evolving and spreading among patho-
gens can be increased by releases of resistant bacteria. While 
this risk cannot be precisely assessed at present, analytical 
methods are available for determining the contamination of 
environmental compartments with resistant bacteria. Limit 

values do not yet exist. In addition, risk assessments will vary 
depending on the carrier and type of resistance: if resistance 
is found in harmless environmental bacteria, the risk will be 
considered lower than for pathogens. Pathogens that survive 
and spread in the environment pose a greater risk than those 
which can only be transmitted from person to person, as 
shown by the example of Enterobacteriaceae [10].

It is assumed that what Switzerland has to contend with 
is the spread of antibiotic resistance as a long-term pro-
cess rather than an acute threat. In either case, however, 
it would appear to be advisable to establish barriers, wher-
ever possible, so as to control the evolving and spread of 
resistance – not only in clinical settings (through improved 
hygiene and isolation of pathogens of particular concern) 
but also in agriculture and in the environment.

Since, according to the current state of knowledge, sur-
face waters are the main conduit for the spread of resist-
ance in the environment, one possible approach involves 
improvements in wastewater treatment. In Switzerland, a 
major programme of WWTP upgrades has been launched, 
with the primary aim of removing micropollutants (see 
www.micropoll.ch). Measures such as ozonation or activated 
carbon treatment combined with ultrafiltration reduce not 
only micropollutants (including antibiotics) but also bacte-
rial cell counts. However, the question of which methods 
are most suitable for eliminating antibiotic resistance is 
still under investigation. It has been shown that even 
wastewater which has undergone advanced treatment, 
with chemical disinfection as a final step, can still contain 
quantities of antibiotic resistance genes significantly high-
er than natural background levels [12].

Role of biocides in evolution of resistance
An important role in the evolution of resistant bacteria is played 
not only by antibiotics, but also by disinfectants, heavy metals 
and biocides – often even at low concentrations. In a recent 
study, sublethal concentrations of herbicides were shown to 
increase the expression of efflux pumps in certain bacteria, 
thereby promoting elimination of the toxic substances; but this 

https://www.micropoll.ch/aktuell/
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mechanism can also induce higher levels of antibiotic resist-
ance in bacteria [13]. It is thus also important to avoid or con-
trol releases of such substances into the environment. Sepa-
rate treatment of heavily contaminated (e.g. hospital) waste-
water could be advisable, especially in cases where 
downstream (municipal) wastewater treatment does not guar-
antee effective removal of microorganisms or contaminants.

Reviewing existing barriers
Because resistance factors can again come into contact with 
humans, animals and foodstuffs via water and soil, existing 
barriers in drinking water treatment and the food industry 
should be reviewed and, if necessary, improved. Measures 
should be taken to ensure that drinking water, food and wa-
ters used for recreational purposes are not needlessly con-
taminated with resistance factors. In Switzerland, acute 
risks from antibiotic-resistant pathogens in the environment 
are largely excluded by existing microbiological safety regu-
lations and monitoring programmes (e.g. for bathing waters). 
In developing countries, however, improvements in sanita-
tion should be urgently supported – both through develop-
ment cooperation and appropriate research efforts.
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