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ABSTRACT 
 

BACKGROUND 

Antibiotic resistant bacteria constitute a major global public health threat. Certain 

environments and settings contribute to the dissemination of such bacteria, and of antibiotic 

resistance genes. Understanding how pathogens acquire resistance, and when and where 

humans are exposed to such pathogens in a way that can cause colonization and infection, is 

crucial in tackling antibiotic resistance.  

AIM 

This study examined bacteria exhibiting resistance to fluoroquinolones or with phenotypic 

resistance resembling ESBL/ESBLCARBA in public swimming pools and in freshwater lakes 

used for recreational activities in the Gothenburg area.  

MATERIALS AND METHODS 

Water samples were cultivated on media selecting for gram negative and gram positive 

bacteria as well as enterococci. Gram negative bacteria were tested for resistance towards 

cefotaxime, meropenem, temocillin, and ciprofloxacin.  

RESULTS 

In all but one lake, bacteria exhibiting resistance to at least one antibiotic was found. 

Resistance against cefotaxime was most commonly found. Gram negative bacteria was more 

prevalent after incubation in 30 ℃ compared to 37 ℃. No viable bacteria was found in pools. 

DISCUSSION 

Chlorination of public pools seems effective in killing bacteria. Using freshwater lakes for 

recreational activities may constitute a risk for acquiring antibiotic resistant bacteria.  

IMPLICATIONS 

More research is needed to understand the risk for colonization and symptomatic infection 

associated with using lakes and pools for recreational activities. There is also a need to 

evaluate protocols for cultivation of water from lakes and pools.  
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BACKGROUND 
 

Antibiotic resistance is an acute and rapidly growing problem, affecting people, animals, and 

communities (1). It is widely viewed as one of the most urgent public health threats globally. 

To hinder the progression and reduce the impact of antibiotic resistance, knowledge of its 

origin, development, and dissemination between bacteria, between geographical regions, as 

well as between clinical and non-clinical settings is essential. Some areas in these fields are 

well explored, while others require more research. 

Even though antibiotic resistance in pathogens may have emerged after the utilization of 

antibiotics in medicine and animal production began, antibiotic resistance genes (ARGs) 

themselves can be ancient (2). Phylogenetic and metagenomic studies indicate that some 

resistance genes, for example β-lactamases, originated and spread throughout environmental 

bacteria long before the discovery of antibiotics by humans (3-6). However, our current use of 

these drugs has likely contributed to the accelerated horizontal gene transfer (HGT) of ARGs 

between different bacterial species, including pathogens. HGT is a result of transduction, 

transformation or conjugation which ensues in an exchange of genetic material between 

bacteria (7). For HGT to occur, the donating and receiving bacteria must be in the same 

environment (8). Transfer is more likely between bacteria that are phylogenetically closely 

related, and when stressors are present in the environment (9, 10). It has been shown that 

stress by for example ciprofloxacin can lead to DNA damage and promote transfer of 

integrating conjugative elements which carry several ARGs (11).  

ARGs can be located either on the bacterial chromosome or on mobile genetic elements 

(MGEs) (8). Typically, ARGs on MGEs will either be associated with a negligible fitness 

cost, or, if the fitness cost is not negligible, with a selection pressure contributing to keeping 

the gene in place. Certain environments, for example sewage treatment plants or farms, are 

more likely to present such a selection pressure through the presence of an adequate 

concentration of antibiotics, than other environments, such as glaciers or non-agricultural soils 

(3, 4). In a heavily antibiotic-polluted lake, both ARGs and MGEs were found in high 

abundance compared to in a non-polluted lake (12). Such environments present a higher risk 

for transfer of resistance to clinically relevant bacteria (4). Commonly, more than one ARG is 

found within the same area of the genome, such as the Salmonella genetic island 1 found 

among Salmonella enterica (13). These multi-drug resistance encoding areas are frequently 

associated with integrons (genetic elements allowing acquisition and expression of gene 
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cassettes) and transposons (a type of MGE). Selection for resistance against one type of 

antibiotic is thereby likely to select for resistance against other antibiotics, as the different 

ARGs are often inherited or transferred together. This leads to a more extensive enrichment of 

ARGs. Even in the absence of antibiotics, other environmental factors may indirectly result in 

maintenance of ARGs, as the MGEs they reside on often are associated with genes for heavy 

metal and biocide resistance (3, 4, 8). Other genes giving the host an advantage, such as genes 

for toxin production, may also be located on the same MGE (3). Antibiotic resistance can 

therefore be associated with increased virulence, and environmental pollution can maintain 

the presence and spread of resistance. 

Antibiotic resistance can develop as a result of mutations and spread within a clone, and can 

also be acquired by HGT of ARGs between different bacterial species. It can arise through 

two main mechanisms: through reduction of the concentration of the drug at the target site 

(obtained through efflux pumps expelling the drug, a modified cell wall reducing the ability of 

the drug to penetrate and thereby reaching its target, or enzymes that inactivate the drug), or 

through altering the drug target (target mutation, target replacement, target protection, or 

enzymatic alteration of the target) (4). For example, β-lactam resistance is a result of either an 

altered penicillin-binding protein (PBP) inhibiting the interaction between penicillin and PBP, 

inaccessibility to PBP by increased activity of efflux pumps or decreased numbers of porins in 

the cell wall, or by drug inactivation through β-lactamases (13). As these and other 

mechanisms for resistance spread among (potential) pathogens, antibiotics used in clinical 

settings become increasingly ineffective. 

The latest class of antibiotics with a previously clinically unused mechanism of action, 

oxazolidinones, was discovered in the 1980’s. Explanations for the lack of development of 

new antibiotics include the extensive resources required to identify suitable drug candidates, 

less future profit for pharmaceutical industries (any new drugs would require prudent use to 

ensure their sustained efficiency, costly clinical trials, short treatments compared to other 

types of drugs, etc.). Norrby et al. suggest a higher level of collaboration between academia, 

pharmaceutical and biotechnological companies as well as improved study design of clinical 

trials and legislation encouraging and facilitating the discovery and development of new drugs  

(14).  

The same ARGs can be found in soil bacteria as in pathogens (2, 15). Resistance genes that 

are identical when comparing nucleotides, and MGEs surrounding such areas in the genome 

in these different bacteria are proof of recent events of HGT (15). Non-clinical environments 
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can therefore be seen as a reservoir for known and unknown ARGs (3, 13, 16). Exposure of 

these environments to antibiotics or other stressors would therefore increase the risk of 

dissemination of resistance within and between bacterial communities. The levels of ARGs in 

soil have slowly increased over time since the beginning of the antibiotic era (17). Antibiotics 

may enter the environment through many different routes, for example from manure and urine 

originating from production animals administered antibiotics (18). Application of manure to 

agricultural land, farm runoffs and irrigation with wastewater can contaminate environments 

such as soils and waters. It has been estimated that up to 75% of antibiotics distributed orally 

to feedlot cattle may be excreted in active form (19). In 2012, approximately 32.2 million 

pounds of active antimicrobial ingredients for use in animals were sold in the U.S., to be 

compared to 7.25 million pounds for use in humans.  

The use of certain antibiotics as growth promoters in the animal production industry has been 

shown to increase resistance to other antibiotics in human pathogens (20). For example, 

avoparcin is such an antibiotic, which selects for vancomycin resistant Enterococcus (VRE). 

Where avoparcin has been used, carriage of VRE is much more common both in humans and 

in production animals and pets than in, e.g., Sweden and the US where avoparcin has not been 

used. The usage of avoparcin on individual farms is correlated to a significantly higher 

prevalence of VRE in the gut flora of the animals on such farms, compared to farms where 

avoparcin is not used (21). Antibiotics that are used for therapeutic care in humans, also those 

that are described by the U.S. Food and Drug Administration as highly important and even 

critical, are today used for growth promotion in the United States (18). β-lactam resistance, 

such as extended spectrum β-lactamases (ESBL), has been increasingly reported from 

production animals (13). Pathogens of animal origin and with zoonotic potential include 

Escherichia coli, Salmonella, Campylobacter, Staphylococcus aureus, Enterococcus, 

Haemophilus influenzae, Mannheimia hemolytica and Pasteurella multocida,  

Humans encounter resistant bacteria mostly through contact with other humans (8). 

Transmission can occur in clinical as well as non-clinical settings. Antibiotic resistant bacteria 

can also spread from animals to humans in different ways, such as through contaminated food 

of animal origin (18, 22). For example, an outbreak of plasmid-mediated multi-resistant 

Salmonella typhimurium in a Canadian nursery ward was shown to have started on a local 

dairy farm (23). The mother of the index patient had consumed unpasteurized milk from the 

farm and was asymptomatically shedding the bacteria upon delivering her baby who then 

became infected. Through suspected cross contamination, S. typhimurium infected other 
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patients in the ward. In 1998, a Danish outbreak of multidrug-resistant and quinolone-resistant 

S. typhimurium was proven to have spread from two pig herds, through the food chain to 

several persons (24). An American study found an association between methicillin resistant 

Staphylococcus aureus (MRSA)-infections in humans and proximity to high density livestock 

production, particularly pig production and the application of manure in crop fields from such 

facilities (21). MRSA has been shown to be transmissible from pigs to pig farmers, and then 

within and beyond the family of the farmers (25). This confirms that transmission between 

animals and humans can also occur through both direct and indirect contact. Farmers, people 

visiting or working on farms, or who share household with such persons are more likely to 

acquire an antibiotic resistant bacteria derived from production animals, than is the population 

in general. This can pose a major threat to the health of individuals, as infections become 

challenging to treat. For example, Salmonella and Campylobacter are common pathogens 

associated with foodborne illness in children (18). In 2013, it was estimated that 8% 

respectively 24% were drug resistant. Alarmingly, 2-3% of tested isolates were resistant to the 

preferred antibiotic treatment in pediatric infections.  

Another route of exposure to resistant bacteria is through water. Shuia et al. showed that 

swimming in public swimming pools alters the skin microbiome and the composition of 

ARGs present on the skin (26). Swimming pools may be a potential health risk for acquiring 

ARGs. However, the study provided no evidence of viable bacteria as the authors did not 

perform any cultivation. Recreational activities involving coastal ocean water have been 

assumed to provide a route of exposure to E. coli exhibiting resistance to third generation 

cephalosporins, through ingestion of water (27). Participation in these types of activities has 

also been associated with an increased risk of illness (symptoms from ears, gut, and any 

illness) when compared to members of the public not exposed to ocean water (28). However, 

such differences could be caused by lifestyle factors, with exposure to ocean water simply 

being a confounder.  

Freshwater bodies, particularly rivers and lakes, can exhibit high amounts of antibiotic 

resistant bacteria compared to other natural environments, thereby having the potential to 

function as reservoirs for ARGs (29, 30). ESBL- and ESBLCARBA-producing 

Enterobacteriaceae, as well as MRSA and VRE, are examples of resistant bacteria that have 

been found in freshwater across the globe and that pose a great threat to healthcare (29). The 

presence of antibiotics in the environment contributes to the selection of ARGs, depending on 

the concentrations of these selective agents. A wide variety of different antibiotics have been 
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detected both in water and sediments as well as in aquatic plants, algae, and animals from 

different lakes around the world (31). Antibiotics can reach freshwater bodies from farmland 

run-off, wastewater treatment plants, sewage water, effluent water from hospitals, drug 

factories, animal and human feces, but also from antibiotic-producing environmental 

microbes (29, 30). These environments can allow for HGT to pathogens to occur, as a 

selection pressure in the form of antibiotics, bacteria carrying ARGs, as well as pathogenic 

bacteria potentially receiving ARGs are all present in the same settings. (29). Humans may be 

exposed to antibiotic resistant bacteria and ARGs when swimming in freshwater, when 

consuming freshwater fish and when freshwater is used for irrigation or as drinking water.  

Determining the background levels of antibiotic resistance in non-clinical environments, for 

example lakes, where humans (and animals) are at risk of acquiring resistant bacteria, which 

can be pathogenic, commensal or opportunistic, will help in designing interventions to avoid 

transmission of antibiotic resistance in non-clinical settings (3). However, most research in 

the field of antibiotic resistance has been focused on the clinical environment. To safeguard 

our antibiotics, thereby ensuring the availability of efficient treatments for infections now and 

in the future, we must understand how antibiotic resistance emerges and what factors 

contribute to the dissemination of ARGs. This study aims to contribute to increased 

knowledge in this area by addressing antibiotic resistant bacteria present in public pools and 

in freshwater lakes where recreational water activities take place.  

 
RESEARCH QUESTION 
 

The aim of this study is to determine the presence or absence of viable bacteria exhibiting 

resistance to fluoroquinolones or producing ESBL/ESBLCARBA in public swimming pools and 

in freshwater lakes used for recreational activities in the Gothenburg area. 

 

MATERIALS AND METHODS  
 

Sampling and analysis were carried out in accordance with the protocols employed in the 

EMBARK project (http://antimicrobialresistance.eu). This thesis is part of the work 

performed in EMBARK.  



9 
 

In and around Gothenburg, 23 public pool facilities were invited to participate in our study. 

Twelve facilities accepted. Depending on the type and number of pools at each facility, one or 

more pools of varying temperature were sampled. Sampling of each pool was done in the 

morning when none or few visitors had entered the pool, and again in the afternoon after the 

pool had been in use during the day. In addition, tap water was also sampled once at every 

facility as a control. From each pool, a 50 ml Falcon tube of surface water was collected. 

Falcon tubes were filled with lukewarm water from taps. 

Thirteen freshwater lakes in and around Gothenburg commonly used for swimming were also 

sampled. For each lake, a 50 ml Falcon tube was filled with surface water from the shoreline 

at each location. Sampling was carried out in February and March of 2022. After the initial 

sampling, a follow-up sampling was conducted at three of the initially sampled lakes to allow 

comparison of results from this study with results from water quality control conducted by 

municipalities. Again, surface water from the shoreline was collected, and also water from 

around 30 cm depth where the lake was around 1 m deep. The latter samples were collected 

from docks adjacent to the swimming areas. When the municipalities sample water, they 

collect samples from 30 cm depth where the water is 1 m deep(32). The follow-up sampling 

was carried out in April 2022. All samples were transported directly to the laboratory for 

plating or stored overnight at 4 ℃ before being plated at the laboratory.  

For each sample, a set of 6 or 7 different media were used (Table 1). Media was provided by 

Sahlgrenska University Hospital, Clinical Microbiology, Substrate Service. The antibiotics 

used for culturing gram negative (G-) bacteria have been chosen with relevance to public 

health and infection control in mind (Personal communication E Ruppé 28 Apr 2022). G- 

bacteria producing ESBL or ESBLCARBA are currently regarded the largest problem globally 

when it comes to antibiotic resistance. According to guidelines published by the European 

Committee on Antimicrobial Susceptibility Testing (EUCAST), meropenem is the antibiotic 

of choice for detecting carbapenemase production, and resistance towards cefotaxime 

indicates (but does not confirm) production of ESBL (33). Temocillin is used to screen for the 

carbapenemases OXA-48 and OXA-181, which are usually sensitive to meropenem (Personal 

communication E Ruppé 28 Apr 2022). Ciprofloxacin indicates resistance towards 

fluoroquinolones, which is one of the most commonly used classes of antibiotics worldwide, 

justifying its inclusion in this protocol. The concentrations of antibiotics in the different 

media, as seen in table 1, are chosen to comply with World Health Organization’s Global 

Antimicrobial Resistance and Use Surveillance System. Not all samples were cultured on Bile 
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Esculin Agar (BEA) due to problems with agar plate delivery. For pool facilities, see Table 2. 

No lake samples from the initial sampling were cultured on BEA. One lake sample (St 

Stamsjön) was not cultured on MacConkey with meropenem, cefotaxime nor ciprofloxacin at 

37 °C due to media accidentally being mixed up during plating.  

Table 1. Media used for culturing. 

Type of media Abbreviation* Type of bacteria selected for 

MacConkey MC G- 

MacConkey with 32 mg/L temocillin MC+t G- with resistance to 

carbapenem 

MacConkey with 0.25 mg/L meropenem MC+m G- with resistance to 

carbapenem 

MacConkey with 1 mg/L cefotaxime MC+ct G- with resistance resembling 

ESBL 

MacConkey with 0.125 mg/L 

ciprofloxacin 

MC+cp G- with resistance to 

fluoroquinolone 

Bile Esculin Agar BEA Enterococci 

Mannitol Salt MS G+ 
*Abbreviations are used in Table 3 and in Figure 1. G- = gram negative, G+ = gram positive. 

Falcon tubes containing follow-up samples from lakes were vortexed before cultivation. 100 

µL of each water sample from pools and lakes was spread on two plates of each media. Plates 

were incubated for 24 h at 30 ℃ and 37 ℃, respectively. Temperatures were chosen with 

respect to previous work in EMBARK, which has found 30 ℃ and 37 ℃ to yield the highest 

abundance of bacterial growth (Personal communication J Bengtsson-Palme 8 Feb 2022). 

After incubation, the colony forming units/mL (cfu/mL) on each plate were counted.  

As we were collecting and analyzing data from pool facilities, we noticed no growth on any of 

our plates. Therefore, the protocol for cultivation was slightly altered to maximize chances of 

finding viable bacteria (Table 2). For facilities A-F, cultivation was performed as described 

above. For facilities G and H, 1 ml av water from each sample was plated instead of 100 µL. 

Plates were dried in fume cupboard during 2 hours before incubation. For facilities I-L, 

sodium thiosulphate at a concentration of 100 mg/L was added upon arrival to the lab. 

Sodium thiosulphate inactivates chlorine, which is commonly used as a disinfectant in public 

pools.  
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Table 2. Sampled pool facilities. 

Pool 

facility 

Sampling sites Temperature 

(℃) 

Comments 

A Exercise pool, tap water 26, lukewarm  

B Exercise pool, teaching pool 

+ children’s pool, tap water 

28, 34.5, 

lukewarm 

 

C Adventure pool, jacuzzi, tap 

water 

27, 37, 

lukewarm 

 

D Exercise pool, tap water 28, lukewarm  

E Adventure pool, teaching 

pool, jacuzzi, tap water 

28, 34, 37 

lukewarm 

 

F Exercise pool, tap water 27.5, 

lukewarm 

Facility uses salt water instead 

of fresh water in pool 

G Teaching pool, tap water 34, lukewarm Not cultivated on BEA; 1 ml of 

sample/plate 

H Exercise pool, teaching + 

children’s pool, tap water 

26.5, 

lukewarm 

Not cultivated on BEA; 1 ml of 

sample/plate 

I Exercise pool, tap water 28, lukewarm Sodium thiosulphate was added 

J Teaching pool, tap water 34, lukewarm Sodium thiosulphate was added; 

only morning samples were 

taken as the pool had not been 

cleaned following use the 

previous day 

K Exercise pool, one cooler and 

one warmer teaching pool, 

tap water 

27, 29, 32, 

lukewarm 

Sodium thiosulphate was added 

L Exercise pool, tap water 27, lukewarm Sodium thiosulphate was added 
The temperatures are presented in the same order as the corresponding sampling sites for each facility. 

Comments indicate when a change of protocol was carried out. 
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ETHICS 
 

Ethical approval is not needed for water samples. Data from pool facilities has been de-

identified so that outcome will not risk causing financial or other type of harm to businesses 

or individuals.  

 
RESULTS 
 

Among the samples collected from pool facilities, only two were found to contain cultivable 

bacteria. The sample from the 34 ℃ pool at facility N had one colony, equivalent to ~10 

cfu/mL, on the mannitol salt agar after being incubated for 72 h at 30 ℃. The initial reading 

after 24 h incubation was uninterpretable (it was unclear if colonies had grown or not), and 

therefore the plate was incubated over the weekend. The tap water sample at facility L 

showed growth at 37 ℃ on MacConkey as well as MacConkey + meropenem. Both plates 

exhibited a “bacterial lawn” (BL), meaning colonies were indistinguishable from each other 

and could not be counted. 

In the initial sampling of lake water, bacteria were found in all samples but one (Table 3). 

Growth on MacConkey agar selecting G- bacteria ranged from 0 to 1300 cfu/mL (2 samples 

being negative) at 30 ℃, and from 0 to 670 cfu/mL (10 samples being negative) at 37 ℃. On 

Mannitol salt selecting for G+ bacteria, 0-20 cfu/mL (10 samples being negative and 1 

uninterpretable) was seen at 30 ℃, and at 37 ℃ seven samples were negative, three had 10 

cfu/mL, and three exhibited BL. Growth on MacConkey + temocillin was seen in 8 and 1 

samples incubated at 30 and 37 ℃, respectively. One sample incubated at 30 ℃ was 

uninterpretable. Growth on MacConkey + meropenem was seen in 10 and 0 samples 

incubated at 30 and 37 ℃, respectively. One sample incubated at 37 ℃ was uninterpretable. 

Growth on MacConkey + cefotaxim was seen in 11 and 2 samples incubated at 30 and 37 ℃, 

respectively. One sample incubated at 37 ℃ was uninterpretable. Growth on MacConkey + 

ciprofloxacin was seen in 2 and 1 samples incubated at 30 and 37 ℃, respectively. One 

sample incubated at 30 ℃ was uninterpretable. Samples were uninterpretable due to 

accidentally being thrown out before being read. 
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Table 3 also shows the results from the follow up sampling. Again, Kåsjön, which did not 

display any bacterial growth in the initial sampling, was without growth. Härlanda displayed a 

marginally higher growth at the shore compared to the dock, whereas Delsjön showed a 

considerably higher bacterial concentration at the shore. In all lake samples combined, G- 

bacteria grew in larger numbers when incubated at 30 ℃, whereas G+ bacteria were more 

prevalent when incubated at 37 ℃. 

 

 

Figure 1. Bacterial growth by media and temperature. 

Number of plates incubated with initial lake samples displaying bacterial growth. Note that not all samples were 

incubated on all types of media due to technical difficulties, and not all plates were interpretable.  

Table 4. Prevalence of plates from the initial lake samples displaying bacterial growth 
by media and temperature 

Type of media 30 ℃ 37 ℃ 
MacConkey (MC) 85% 23% 
MC + temocillin 67% 8% 
MC + meropenem 77% 0% 
MC + cefotaxime 85% 17% 
MC + ciprofloxacin 17% 8% 
Mannitol salt 17% 46% 
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The most common antibiotic resistance in lakes among bacteria incubated at 30 ℃ was 

towards cefotaxime (85%), followed by meropenem (77%), temocillin (67%) and the least 

common out of the four antibiotics used was ciprofloxacin (17%). Prevalence has been 

calculated using results from the initial sampling. For bacteria incubated at 37 ℃, the pattern 

was the same, although the frequency was lower and resistance towards meropenem was not 

detected.  

In summary, antibiotic resistant G- bacteria were found in all but one lake, and in one of the 

pool facilities (in tap water) but in none of the sampled pools. Resistance in lake samples was 

found towards all the types of antibiotics tested, and for temocillin, cefotaxime and 

ciprofloxacin growth was observed both at 30 and 37 ℃. In one tap water sample, G- bacteria 

grew at 37 ℃, both on plates without any antibiotic as well as with meropenem.  

DISCUSSION 
 

This study found that freshwater lakes used for recreational activity in the Gothenburg area 

harbour much more cultivable bacteria, including bacteria resistant to cefotaxime, 

meropenem, temocillin and ciprofloxacin, than public swimming pools in the same area. It 

seems that chlorination is very effective in killing such bacteria, as we observed no 

differences in pool samples taken before and after visitors had used the pools.  

In the sampled lakes, G- bacteria were found in larger numbers and with higher prevalence 

when incubation was performed at 30 °C compared to 37 ℃. The opposite was found for G+ 

bacteria. It is reasonable to assume that bacteria growing at 30 ℃ would be more likely to be 

of types that thrive in the environment but may potentially not pose the same direct threat to 

human health as bacteria growing at 37 ℃, which are more likely to be human pathogens. 

However, many bacteria are able to grow at 30 °C even if their optimal growth temperature is 

at 37 °C. In addition, the antibiotic resistant bacteria growing at 30 ℃ may indirectly 

contribute to antibiotic resistance in human-associated bacteria. Previously, it has been shown 

that lakes containing large amounts of ARGs also contain MGEs (12). This would allow for 

events of HGT to human-associated bacteria when environmental bacteria come in contact 

with the human microbiome. Such contact could occur either on the skin or in the gut through 

ingestion of water. Recreational activities involving ocean water may be associated with 

illness of the ears and gut (28). One study identified a higher risk for gut colonization with E. 

coli carrying ESBL among surfers compared to non-surfers in England and Wales (34). 
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Swimming in the ocean has also been shown to alter the skin microbiome and increase the 

abundance of ARGs and genes for virulence factors found on the skin (35). ARGs were 

acquired from the ocean water, and multidrug resistance genes increased by more than 40%. 

Ocean bacteria were still found on the skin 24 hours post exposure, which makes HGT 

possible. Swimming in the ocean can provide a risk of acquiring antibiotic resistant pathogens 

on the skin, which in turn may potentially lead to skin infections. Similar studies on lake 

water have to date not been carried out as far as I am aware of. However, lakes used for 

recreational activities are known to contain pathogenic bacteria as well as ARGs (36, 37). 

Assuming that lakes in this study are representative for freshwater swimming bodies in the 

Gothenburg area, potential pathogens with antibiotic resistance to temocillin, cefotaxime and 

ciprofloxacin can be expected to be commonly encountered, and recreational use of lakes in 

this region may increase the risk of acquiring antibiotic resistant infections. However, before 

the level of risk for such events can be determined, more studies addressing, e.g., the 

pathogenicity of ocean and lake bacteria, the survival of such bacteria on the skin, the 

infectious doses required for colonization and symptomatic infection, the pathogenicity of 

bacteria of the human microbiome recipients of HGT of ARGs, etc., are required. Similar 

studies are also needed to evaluate the risk of symptomatic gut infections through ingestion of 

water, or risks of other illnesses that can be associated with the recreational use of water in 

lakes or oceans. It is important to note that this study only evaluates phenotypic resistance to 

antibiotics, and we cannot draw any conclusions regarding types of or abundance of ARGs, as 

the resistance found through cultivation could also be caused by mutations or intrinsic 

resistance.  

The most common type of resistance detected in the lakes included in this study was against 

cefotaxime. Resistance against meropenem and temocillin was also quite common, whereas 

resistance towards ciprofloxacin was less common. Even though the prevalence of cefotaxime 

resistant bacteria was high among the sampled lakes, it may not have been the most abundant 

type of resistance among bacteria within each lake. Several lakes are likely to have contained 

larger quantities of bacteria with other phenotypic resistances than against cefotaxime. 

Furthermore, this study does not address all types of antibiotic resistance. For example, we 

did not use any media containing tetracyclines or sulfonamides. In a recent study of a Chinese 

lake, ARGs against these antibiotics were the most abundant (38). In that study, the 

temperature, amount of antibiotics in the lake and the abundance of ARGs and certain MGEs 

increasing the risk for events of HGT, varied with season. A positive correlation between 
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most studied ARGs and antibiotics, water temperature and nutrients (the studied lake being 

eutrophic), as well as a negative correlation to dissolved oxygen levels, was seen. This implies 

that the risk of acquiring ARGs when using a lake for recreational purposes also varies 

depending on the time of year. Our study was unfortunately not carried out during the 

summer, when swimming outdoors is most common, and the distribution of resistant bacteria 

might be different during this period. 

During the summer, Swedish municipalities frequently analyze water samples from popular 

swimming areas to evaluate bathing water quality. The results from cultivation of lake 

samples from this study can be compared to the official results for the summer of 2021, 

available through the Swedish Agency for Marine and Water Management. For results from 

lakes that were also represented in this study, see Appendix 1 (note that the unit used for E. 

coli and intestinal enterococci is cfu/100 ml). This corresponds to levels of detected E. coli 

ranging from <0.01 to >10 cfu/ml, mostly in the range around 0.1 cfu/ml, whereas our study 

found G- bacteria in 0 to >1000 cfu/ml, mostly in the range of hundreds of cfu/ml. Since no 

further identification of bacterial species was conducted in this study, we do not know how 

many of the bacteria growing on the MacConkey agar were E. coli specifically. It can 

nevertheless be concluded that this study found significantly larger numbers of bacteria 

through our sampling methods compared to official sampling results. As described by the 

Swedish Agency for Marine and Water Management, sampling by the municipalities is to be 

performed at a location where water depth is at least 1 m, and the sample should be taken 

from 30 cm below the surface (32). This might explain the difference in results between this 

study and official results, as this study mostly sampled water from the surface adjacent to the 

shoreline of each lake. Indeed, the follow up sampling in this study indicates that there might 

be more bacteria found at the shoreline than further out and deeper in the water. However, as 

only three lakes were sampled with the purpose of evaluating this aspect, a larger study would 

need to be carried out before any certain conclusions can be drawn. It can be argued that the 

method of sampling at the shoreline in this study is more relevant to a specific category of 

people using lakes for recreation, namely babies and young children who most often will play 

in shallow waters along the shoreline. This group of children might also be more likely to 

swallow water than older children and adults, suggesting a possible higher exposure of 

antibiotic resistant bacteria.  

Among 18 samples of pool water from 12 different pool facilities, only one sample contained 

low levels of G+ bacteria (~10 cfu/mL). Due to difficulties in reading the plate after 24 h, it 
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was incubated over the weekend for a total of 72 h. All other plates were incubated for 24 h, 

and it is uncertain whether bacteria would have grown also on other plates if they had been 

allowed to grow for longer. No viable G- bacteria were found in any of the pool samples, and 

therefore no antibiotic resistance was detected. After cultivating samples from 6 facilities and 

not detecting any bacteria, we altered the laboratory protocol in two different ways (Table 2) 

to improve the detection limit of our methods. Despite increasing the sample volume 

cultivated for 4 of the remaining samples, and adding sodium thiosulphate to the last 4 pool 

samples, no difference was seen on the outcome. Due to small sample numbers and growth 

only in a single sample, no certain conclusions regarding the ideal cultivation method can be 

drawn from this study.  

A Chinese study of microorganisms in public outdoor swimming pools found viable coliforms 

and Pseudomonas aeruginosa in 10.3% and 69.2 % of samples respectively (39). 

Significantly larger volumes of pool water were used in that study (50 L), and samples were 

collected from the bottom of the pools. Sodium thiosulphate was added to each sample. The 

samples were filtered and the retentate was suspended in broth and incubated for 24-48 h at 

37 ℃ before being cultivated on other media than the ones used in this study. Total coliform 

bacteria were found at a concentration of up to 154 most probable number (MPN)/100 mL, 

which corresponds to 0.15 bacteria/100 µL (100 µL being the volume used for cultivation in 

this study). If the levels of coliform bacteria in this study are comparable to the highest 

concentrations found in the Chinese study, we would have expected to find around 2-4 cfu in 

total in the 19 pools sampled. As we found no coliform bacteria (no growth on MacConkey 

media), there seems to be less bacteria in the Swedish pools studied than in the Chinese pools. 

However, these results may be coincidental, given the uncertainty associated with small 

numbers of observations. More sampled Swedish pools would be needed to properly perform 

a comparison between the studies. A Portuguese study used 1000 mL of indoor pool water 

collected 10-20 cm below the surface without adding sodium thiosulphate (40). Microbial 

analysis was carried out within 2-4 days of sampling. 100 mL of each sample were filtered, 

and the filter membrane was placed on different media selective for E. coli and P. aeruginosa 

before incubation at 37 ℃ for 24 h. Out of 60 pool samples, one contained Vibrio spp. A 

Turkish study used yet another method, where 8 L of water from 1 m below the surface was 

collected from each of 13 different public indoor swimming pools (41). Samples were filtered 

and the filter papers were incubated in brain heart infusion broth for 24-48 h before 100 µL of 

the suspension was cultured on different media at 35 ± 2 ℃ for 1 week. Bacterial growth was 
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evaluated daily. In 53.8 % of samples, Streptococcus viridans, Staphylococcus epidermidis, 

Pseudomonas stutzeri, Cryptosporidium and/or Bacillus spp. were found.  

The above-mentioned studies show a variety of different methods for detecting viable bacteria 

in pool water. Unsurprisingly, the results in the studies vary significantly. Using a different 

approach, for example collecting larger volumes of water and filtering before microbial 

analysis, or incubating samples in broth before cultivation, might have allowed detection of 

bacteria also in this study. Furthermore, even if no viable bacteria are detected using 

cultivation methods, there might be extracellular DNA present in the swimming pools, 

allowing for events of HGT. It has been shown that water chlorinated at levels sufficient to 

inactive VRE can still contain the ARG vanA (42). Chlorination of drinking water has also 

been shown to increase the total abundance of ARGs (43, 44). One study found that the 

resistome was profoundly altered, with genes encoding multidrug resistance increasing, and 

resistance genes towards tetracycline and sulfonamide decreasing (43). Also, the abundance 

of Pseudomonas and Acidovorax, bacteria that are known to carry many ARGs, increased 

after chlorination.  

A large variability in cfu counts within samples was noted among the lake samples in this 

study. Our approach to analyzing samples does not with certainty tell us the abundance of 

resistant bacteria, and results might more appropriately be interpreted as presence or absence 

of (resistant) bacteria. For some lakes, particularly Stensjön and Södra Långvattnet, bacterial 

growth was seen in larger numbers on MacConkey media containing antibiotics than on 

antibiotic-free MacConkey plates. An explanation for this could be that the water samples 

were not homogenous upon being spread on the agar plates. Indeed, despite the use of sterile 

glass beads to spread samples as evenly as possible, many plates exhibited colonies 

concentrated to one area and within proximity of each other. This could be caused by biofilm 

keeping bacteria together. Therefore, the (lack of) presence of cultivable bacteria on each 

plate may be more informative than the specific bacterial counts. This might also be a source 

of error where bacteria were not growing on selective plates, as there might have been 

relevant bacteria within the samples that were not successfully transferred onto the plates. 

Antimicrobial resistance, including antibiotic resistance, is by many viewed as a silent 

pandemic with potentially catastrophic consequences. For the individual patient, it increases 

the risk of morbidity and mortality (18, 45). With an increased burden of disease in the 

communities, poverty will grow disproportionately in low-income areas. Socioeconomically 

vulnerable individuals and groups are most likely to be affected by poverty caused by 
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antimicrobial resistance (46). Healthcare systems are expected to become destabilized as 

hospital stays become longer and more costly when treating infections not susceptible to 

standard antibiotic treatment protocols (1). The World Bank estimates that if left without 

meaningful action, antimicrobial resistance will by 2050 have pushed 28 million people into 

poverty, increased healthcare costs globally with up to 1 trillion USD, and will cause a decline 

in livestock production of up to 7.5% (47). Efforts must be focused on understanding and 

managing antimicrobial resistance today and in the future. This study highlights the 

importance of surface water in the spread of antibiotic resistant bacteria. Given that the 

majority of the Swedish lakes, which are often being monitored for water quality and are 

generally not directly used as drinking water, contained cultivable resistant bacteria, this 

problem might be substantially greater in low-income countries. It is therefore important to 

develop monitoring solutions for antibiotic resistance which are cheap and easily 

implementable also in low-resource settings, to allow science-driven policy and decision 

making to protect public health. 

CONCLUSIONS AND IMPLICATIONS 
 

In lakes used for recreational activity in the Gothenburg region, bacteria with phenotypic 

resistance against cefotaxime, meropenem, temocillin and ciprofloxacin were found. 

Exposure to water from these lakes may constitute a risk of acquiring antibiotic resistant 

bacteria. To evaluate the risk of morbidity following such exposure, more research is needed.  

There is a need to evaluate cultivation protocols both for pools and surface water. Using our 

protocol, virtually no bacteria was found in pool water. There might have been viable bacteria 

in the pool water samples that we were unable to detect, or ARGs in the form of extracellular 

DNA. At the same time, our method detected higher abundances of bacteria in lake water than 

the standard methods used by municipalities in monitoring. This highlights the need for 

scientific evaluation of protocols for monitoring of antibiotic resistance in water. 

 

 

 

 



21 
 

ACKNOWLEDGEMENTS 
 

I would like to thank my supervisor Johan Bengtsson-Palme and his research group for 

valuable guidance and feedback. Thank you to all the helpful staff I’ve met throughout this 

project at participating pool facilities. Most importantly, thanks to my kickass family Jimmy, 

Juni and Jack, for love, laughs and patience.  

 
REFERENCES 
 

1. Ferri M, Ranucci E, Romagnoli P, Giaccone V. Antimicrobial resistance: A global 
emerging threat to public health systems. Crit Rev Food Sci Nutr. 2017;57(13):2857-76. 
2. D'Costa VM, King CE, Kalan L, Morar M, Sung WW, Schwarz C, et al. Antibiotic 
resistance is ancient. Nature. 2011;477(7365):457-61. 
3. Martínez JL. Bottlenecks in the transferability of antibiotic resistance from natural 
ecosystems to human bacterial pathogens. Front Microbiol. 2011;2:265. 
4. Martinez JL. General principles of antibiotic resistance in bacteria. Drug Discov Today 
Technol. 2014;11:33-9. 
5. Aminov RI, Mackie RI. Evolution and ecology of antibiotic resistance genes. FEMS 
Microbiol Lett. 2007;271(2):147-61. 
6. Song JS, Jeon JH, Lee JH, Jeong SH, Jeong BC, Kim SJ, et al. Molecular characterization 
of TEM-type beta-lactamases identified in cold-seep sediments of Edison Seamount (south of Lihir 
Island, Papua New Guinea). J Microbiol. 2005;43(2):172-8. 
7. Soucy SM, Huang J, Gogarten JP. Horizontal gene transfer: building the web of life. Nat 
Rev Genet. 2015;16(8):472-82. 
8. Bengtsson-Palme J, Kristiansson E, Larsson DGJ. Environmental factors influencing the 
development and spread of antibiotic resistance. FEMS Microbiol Rev. 2018;42(1). 
9. Smillie CS, Smith MB, Friedman J, Cordero OX, David LA, Alm EJ. Ecology drives a global 
network of gene exchange connecting the human microbiome. Nature. 2011;480(7376):241-4. 
10. Philippot L, Andersson SG, Battin TJ, Prosser JI, Schimel JP, Whitman WB, et al. The 
ecological coherence of high bacterial taxonomic ranks. Nat Rev Microbiol. 2010;8(7):523-9. 
11. Beaber JW, Hochhut B, Waldor MK. SOS response promotes horizontal dissemination 
of antibiotic resistance genes. Nature. 2004;427(6969):72-4. 
12. Bengtsson-Palme J, Boulund F, Fick J, Kristiansson E, Larsson DG. Shotgun 
metagenomics reveals a wide array of antibiotic resistance genes and mobile elements in a polluted 
lake in India. Front Microbiol. 2014;5:648. 
13. Li XZ, Mehrotra M, Ghimire S, Adewoye L. beta-Lactam resistance and beta-lactamases 
in bacteria of animal origin. Vet Microbiol. 2007;121(3-4):197-214. 
14. Norrby SR, Nord CE, Finch R. Lack of development of new antimicrobial drugs: a 
potential serious threat to public health. Lancet Infect Dis. 2005;5(2):115-9. 
15. Forsberg KJ, Reyes A, Wang B, Selleck EM, Sommer MO, Dantas G. The shared 
antibiotic resistome of soil bacteria and human pathogens. Science. 2012;337(6098):1107-11. 
16. Martínez JL. Antibiotics and antibiotic resistance genes in natural environments. 
Science. 2008;321(5887):365-7. 
17. Knapp CW, Dolfing J, Ehlert PA, Graham DW. Evidence of increasing antibiotic 
resistance gene abundances in archived soils since 1940. Environ Sci Technol. 2010;44(2):580-7. 



22 
 

18. Paulson JA, Zaoutis TE. Nontherapeutic Use of Antimicrobial Agents in Animal 
Agriculture: Implications for Pediatrics. Pediatrics. 2015;136(6):e1670-7. 
19. Elmund GK, Morrison SM, Grant DW, Nevins SM. Role of excreted chlortetracycline in 
modifying the decomposition process in feedlot waste. Bull Environ Contam Toxicol. 1971;6(2):129-
32. 
20. van den Bogaard AE, Stobberingh EE. Epidemiology of resistance to antibiotics. Links 
between animals and humans. Int J Antimicrob Agents. 2000;14(4):327-35. 
21. Casey JA, Curriero FC, Cosgrove SE, Nachman KE, Schwartz BS. High-density livestock 
operations, crop field application of manure, and risk of community-associated methicillin-resistant 
Staphylococcus aureus infection in Pennsylvania. JAMA Intern Med. 2013;173(21):1980-90. 
22. Hamer DH, Gill CJ. From the farm to the kitchen table: the negative impact of 
antimicrobial use in animals on humans. Nutr Rev. 2002;60(8):261-4. 
23. Bezanson GS, Khakhria R, Bollegraaf E. Nosocomial outbreak caused by antibiotic-
resistant strain of Salmonella typhimurium acquired from dairy cattle. Can Med Assoc J. 
1983;128(4):426-7. 
24. Mølbak K, Baggesen DL, Aarestrup FM, Ebbesen JM, Engberg J, Frydendahl K, et al. An 
outbreak of multidrug-resistant, quinolone-resistant Salmonella enterica serotype typhimurium 
DT104. N Engl J Med. 1999;341(19):1420-5. 
25. Voss A, Loeffen F, Bakker J, Klaassen C, Wulf M. Methicillin-resistant Staphylococcus 
aureus in pig farming. Emerg Infect Dis. 2005;11(12):1965-6. 
26. Shuai X, Sun Y, Meng L, Zhou Z, Zhu L, Lin Z, et al. Dissemination of antibiotic resistance 
genes in swimming pools and implication for human skin. Sci Total Environ. 2021;794:148693. 
27. Leonard AF, Zhang L, Balfour AJ, Garside R, Gaze WH. Human recreational exposure to 
antibiotic resistant bacteria in coastal bathing waters. Environ Int. 2015;82:92-100. 
28. Leonard AFC, Singer A, Ukoumunne OC, Gaze WH, Garside R. Is it safe to go back into 
the water? A systematic review and meta-analysis of the risk of acquiring infections from recreational 
exposure to seawater. Int J Epidemiol. 2018;47(2):572-86. 
29. Nnadozie CF, Odume ON. Freshwater environments as reservoirs of antibiotic resistant 
bacteria and their role in the dissemination of antibiotic resistance genes. Environ Pollut. 2019;254(Pt 
B):113067. 
30. Su S, Li C, Yang J, Xu Q, Qiu Z, Xue B, et al. Distribution of Antibiotic Resistance Genes 
in Three Different Natural Water Bodies-A Lake, River and Sea. Int J Environ Res Public Health. 
2020;17(2). 
31. Yang Y, Song W, Lin H, Wang W, Du L, Xing W. Antibiotics and antibiotic resistance 
genes in global lakes: A review and meta-analysis. Environ Int. 2018;116:60-73. 
32. Havs- och Vattenmyndigheten. Havs- och vattenmyndighetens föreskrifter och 
allmänna råd om badvatten [Internet]: Gothenburg: Havs- och Vattenmyndigheten; 2016 [cited 2022 
May 11]. Available from: https://www.havochvatten.se/vagledning-foreskrifter-och-
lagar/foreskrifter/register-badvatten/badvatten-hvmfs-201214.html. 
33. The European Committee on Antimicrobial Susceptibility Testing. EUCAST guidelines 
for detection of resistance mechanisms and specific resistances of clinical and/or epidemiological 
importance version 2.0 [Internet]: The European Committee on Antimicrobial Susceptibility Testing; 
2017 [cited 2022 May 11]. Available from: 
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Resistance_mechanisms/EUCAST_
detection_of_resistance_mechanisms_170711.pdf. 
34. Leonard AFC, Zhang L, Balfour AJ, Garside R, Hawkey PM, Murray AK, et al. Exposure to 
and colonisation by antibiotic-resistant E. coli in UK coastal water users: Environmental surveillance, 
exposure assessment, and epidemiological study (Beach Bum Survey). Environ Int. 2018;114:326-33. 
35. Nielsen MC, Wang N, Jiang SC. Acquisition of antibiotic resistance genes on human 
skin after swimming in the ocean. Environ Res. 2021;197:110978. 

https://www.havochvatten.se/vagledning-foreskrifter-och-lagar/foreskrifter/register-badvatten/badvatten-hvmfs-201214.html
https://www.havochvatten.se/vagledning-foreskrifter-och-lagar/foreskrifter/register-badvatten/badvatten-hvmfs-201214.html
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Resistance_mechanisms/EUCAST_detection_of_resistance_mechanisms_170711.pdf
https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Resistance_mechanisms/EUCAST_detection_of_resistance_mechanisms_170711.pdf


23 
 

36. Dong P, Cui Q, Fang T, Huang Y, Wang H. Occurrence of antibiotic resistance genes and 
bacterial pathogens in water and sediment in urban recreational water. J Environ Sci (China). 
2019;77:65-74. 
37. Fang T, Wang H, Cui Q, Rogers M, Dong P. Diversity of potential antibiotic-resistant 
bacterial pathogens and the effect of suspended particles on the spread of antibiotic resistance in 
urban recreational water. Water Res. 2018;145:541-51. 
38. Wang Z, Han M, Li E, Liu X, Wei H, Yang C, et al. Distribution of antibiotic resistance 
genes in an agriculturally disturbed lake in China: Their links with microbial communities, antibiotics, 
and water quality. J Hazard Mater. 2020;393:122426. 
39. Wei X, Li J, Hou S, Xu C, Zhang H, Atwill ER, et al. Assessment of Microbiological Safety 
of Water in Public Swimming Pools in Guangzhou, China. Int J Environ Res Public Health. 2018;15(7). 
40. Reyes-Batlle M, Gabriel MF, Rodríguez-Expósito R, Felgueiras F, Sifaoui I, Mourão Z, et 
al. Evaluation of the occurrence of pathogenic free-living amoeba and bacteria in 20 public indoor 
swimming pool facilities. Microbiologyopen. 2021;10(1):e1159. 
41. Ghasemi F, Hatam GR, Zaravar F, Mardaneh J, Jafarian H, Abbasi P, et al. Investigation 
of the Physical, Chemical Characteristics and Microbial Contamination of the Indoor Swimming Pools. 
Turkiye Parazitol Derg. 2019;43(3):130-4. 
42. Furukawa T, Jikumaru A, Ueno T, Sei K. Inactivation Effect of Antibiotic-Resistant Gene 
Using Chlorine Disinfection. Water. 2017;9(7):547. 
43. Jia S, Shi P, Hu Q, Li B, Zhang T, Zhang XX. Bacterial Community Shift Drives Antibiotic 
Resistance Promotion during Drinking Water Chlorination. Environ Sci Technol. 2015;49(20):12271-9. 
44. Armstrong JL, Shigeno DS, Calomiris JJ, Seidler RJ. Antibiotic-resistant bacteria in 
drinking water. Appl Environ Microbiol. 1981;42(2):277-83. 
45. Friedman ND, Temkin E, Carmeli Y. The negative impact of antibiotic resistance. Clin 
Microbiol Infect. 2016;22(5):416-22. 
46. Ahmad M, Khan AU. Global economic impact of antibiotic resistance: A review. J Glob 
Antimicrob Resist. 2019;19:313-6. 
47. Bank TW. Drug-resistant infections : a threat to our economic future [Internet]: 
Washington DC: The World Bank; 2017 [cited 2022 April 4]. Available from: 
https://documents.worldbank.org/en/publication/documents-
reports/documentdetail/323311493396993758/final-report. 

 

  

https://documents.worldbank.org/en/publication/documents-reports/documentdetail/323311493396993758/final-report
https://documents.worldbank.org/en/publication/documents-reports/documentdetail/323311493396993758/final-report


24 
 

APPENDICES  
 

Appendix 1. Data from lakes sampled by municipalities 2021, available through the Swedish 
Agency for Marine and Water Management. 
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